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Abstract of the Dissertation

Investigating Electroweak Physics at the Large Hadron Collider

by

Pin-Ju Tien

Doctor of Philosophy

in

Physics

Stony Brook University

2015

The basic principle of naturalness has driven the majority of the Large Hadron Collider
(LHC) program, but so far all searches for new physics beyond the Standard Model (SM)
have come up empty. On the other hand, a few existing measurements of SM processes
contain interesting anomalies, for instance in the measurement of the WW cross section.
The deviation of WW cross section was seen both at ATLAS and CMS and both at 7 and 8
TeV. The discrepancy also became larger at 8 TeV. Combined results with LHC 7 TeV and
8 TeV implies around a three sigma deviation from the SM NLO calculation. This allows for
the possibility of new physics with mass scales very close to the Electroweak Scale. We show
that the addition of physics beyond the SM at electroweak scale can improve the agreement
with the data. In particular supersymmetric models involving charginos, stops and sleptons
all provide better fits with the data. In the case of models of sleptons that agree better with
the WW data, they can also explain dark matter and the (g-2) anomaly. Furthermore, we
show that there are several different classes of stop driven scenarios that not only evade all
direct searches, but improve the agreement with the data in the SM measurement of the
WW cross section. We also demonstrate that even if these anomalies are not due to new
physics, the WW channel can also be used to derive new exclusion limits which are more
powerful than existing results using the same ATLAS and CMS datasets. By examining the
differential WW cross section we show that the gap between LHC and LEP exclusions can
be start to be closed. In particular, we lay out a program under which the difficult to search
for regions of new physics models with large SM backgrounds can be investigated.
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1 Introduction

1.1 Why do we need new physics?

The Standard Model(SM) has been a successful theoretical model providing a remarkable

description of nature. In particular, it explained the existence of lepton, quark, gauge bosons

and the Higgs boson. Some of which of course were known before the SM and some were the

predictions of the SM that have since been confirmed. It successfully explains eletromagnetic,

weak and strong interaction. However, there are still some unsolved problems in nature

which can not be explained by the SM. They are the hierarchy problem, dark matter, dark

energy, baryon asymmetry, strong QCD phase, finite neutrino mass and the flavor structure.

Although the discovery of Higgs boson in 2012 [14] makes the SM complete, the SM does

not predict the Higgs mass. The Higgs Lagrangian of the SM is

LH = |Dµφ|2 + µ2φ†φ− λ(φφ†)2. (1.1)

where φ is a complex scalar field. When electroweak symmetry is broken and φ obtains

a VEV, at tree level the Higgs mass mH =
√

2µ and v = µ/
√
λ. Before the discovery of

the Higgs, v was the only parameter which was known but µ and λ were not determined

completely.

At 1-loop, see Fig.1(a), there is a quadratic divergence to the Higgs mass when we

integrate out loop momentum with cut-off Λ. Thus, m2
H ∼ (µ2 + Λ2) ∼ Λ2 assuming Λ� µ.

This implies that the cut-off scale Λ should be around the TeV scale or else mH , v ∼ Λ must
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be larger than v which would be a contradiction. The hierarchy problem is about how to tune

m2
H ∼ Λ2

Planck to m2
H ∼ v2. More explicitly, the main point is how to cancel this quadratic

divergence “naturally” since the discovery of the Higgs boson. If new physics exists at the

TeV scale, the Higgs mass can be potentially explained. However, ATLAS and CMS have

not discovered any new physics with mass less than around O( TeV) yet. Even if the new

physics is found, we still need a mechanism to explain the relation between the Planck scale

and the new physics scale.

Currently, there are two general sets of ideas for solutions to the hierarchy problem.

One is supersymmetry, which we will primarily focus on. The other is the shift symmetry

associated with the sigma model. The shift symmetry idea started from the papers of Georgi

et al. [21] trying to realize the Higgs boson as a pseudo Nambu-Goldstone boson(pNGB). For

example, in a composite Higgs model, the Higgs boson might be a bound state of a strongly-

interacting dynamics associated with a composite scale instead of an elementary field. This

composite scale is above the weak scale but not far away from it. If the Higgs boson is

realized as a pNGB of a enlarged global symmetry of strong dynamics, it can be naturally

light [22] compared to the scale of compositeness. For example, in order to construct a

composite pNGB Higgs, there are two conditions needed to be satisfied. First, assume G is

global symmetry, the SM electroweak group GSM = SU(2)L × U(1)Y must be embedded in

an unbroken group, H1. G → H1 ⊃ GSM . As global symmetry breaking G → H1 implies that

there are n = dim(G)− dim(H1) Goldstone bosons. n0 = dim(H0)− dim(H1) of Goldstone

boson are “eaten” to give mass to vector boson with H0 = GSM . Secondly, G/H1 contains at

least one SU(2)L doublet that is recognized as a Higgs doublet. When those two conditions
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are satisfied, GSM is unbroken at tree level. The global symmetry G is explicitly broken by

the couplings of the SM to the strong field that is not invariant under G. More details can

be found at [23]. In models of PNGB, the strong dynamics scale is near TeV scale. Thus, we

need a UV completion immediately if we hope to explain other problems. Supersymmetry

(SUSY) is often more preferred theoretically than the shift symmetry because it solves the

quadratic divergent issue in a weakly coupled manner up to the Planck scale.

1.2 A brief introduction of Supersymmetry

Before discussing SUSY in detail, let’s consider a toy model to understand how the

hierarchy problem could be solved in a weakly coupled theory. If a Higgs field couples to a

fermion f via a term in L by −λfHf̄f , the 1-loop correction to the Higgs mass (see Fig.1(a))

is given by

∆m2
H = −|λf |

2

8π2
Λ2 + ... (1.2)

where Λ is a cut-off scale [1]. Suppose there is a complex scalar particle S coupled to the

Higgs field by −λS|H|2|S|2. Its 1-loop correction to the Higgs mass (see Fig.1(b)) is given

by

∆m2
H =

2λS
16π2

× (Λ2 − 2m2
S ln(Λ/mS) + ...) (1.3)

where mS is the mass of scalar S. Note that the sign of fermionic 1-loop contribution and

bosnoic 1-loop contribution are opposite. If one assumes λS = |λf |2, this quadratic divergence
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can be exactly cancelled. Even if the cut off scale Λ is the Planck scale, total contributions

to the Higgs mass from fermion and boson are very small because 2λS
16π2 ln(ΛPlanck/mS) could

be smaller than 1.

H
f S

H

(a) (b)

f

Figure 1: Higgs mass quantum corrections in 1-loop level in a toy model. (a) fermion
correction, −λfHf̄f (b) complex scalar correction, −λS|H|2|S|2.

Supersymmetry provides those conditions which make the cancellation of the quadratic

divergence happen to all orders. The N = 1 supersymmetry algebra, assuming Q is a

supersymmtry generator and P µ is a four-momentum, is the following:

{Q,Q†} = P µ (1.4)

{Q,Q} = {Q†, Q†} = 0 (1.5)

[P µ, Q] = [P µ, Q†] = 0 (1.6)

N denotes the number of supersymmetry generators. There are other SUSY models but

only N = 1 leads to the chiral theories such as the SM.

Q and Q† are fermionic operators with spin angular momentum 1/2. They transform

bosonic state to fermionic state and vice versa. A number operator N is proportional to
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Q†Q and QQ†. It can be defined as N = (−1)2s{Q,Q†} with spin s. Taking trace of states

of operator N implies nF = nB. In addition, Q and Q† commute with gauge generators. It

implies that both a particle and its superpartner have the same gauge quantum numbers.

Also, [P 2, Q] = [P 2, Q†] = 0 guarantees that both particle and its superpartner share the

same mass.

The single-particle states of N = 1 SUSY can be described by irreducible representations

of supersymmetry algebra, called superfields. For this purpose, there are two kinds of su-

perfields. One is a chiral superfield. The other is a vector superfield. In Tables 1 and 2, the

chiral and vector superfields that make up the particle content of the Minimal Supersym-

metric Standard Model(MSSM) are shown. Every superfield includes both fermionic and

bosonic states. In order to explain the corresponding relation of λS = |λf |2 in the MSSM,

let’s understand the interactions in the MSSM. LSUSY consists of three parts in the following.

The superpotential is responsible for the non-gauge interactions. It must be holomorphic.

The definition that the superpotential is holomorphic means the superpotential depends on

φ only or φ∗ only instead of dependence both on φ and φ∗. The Kähler potential explains

the gauge interaction parts as well the kinetic terms for the matter fields. The others are

gauge kinetic terms. The superpotential in the MSSM is

WMSSM = ūyuQHu − d̄ydQHd − ēyeLHd + µHuHd. (1.7)

where Hu, Hd, ū, d̄, ē, Q and L are chiral superfields. yu, yd and ye are dimensionaless

Yukawa couplings and they are a 3 × 3 matrix in family space. WMSSM can describe the
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Yukawa interaction using F-term Fk = −W ∗
k and W k = ∂W/∂φk (φk is a scalar part in a

superfield.). F-term can generate the interaction between sfermion and the Higgs boson.

For example, ∂W/∂ũ ∼ yuQ̃Hu. W kWk contains y2 which corresponds to λS in the toy

model. On the other hand,
∫
d2θ ×W results in the SM Yukawa couplings ūyuQHu. Thus,

y corresponds to λf in the toy model. Therefore, the relation of λS = |λf |2 in the toy model

is realized in the MSSM.

Furthermore, the terminologies in the MSSM are discussed in the following. For fermion’s

superpartner, we call it sfermion. On the other hand, for gauge boson’s superpartner, we

call it gaugino. In Table 1, Q, ū, d̄, L, ē, Hu and Hd are chiral superfields. The spin-0 fields

are complex scalars and spin-1/2 fields are left-handed Weyl ferminos. In Table 2, (gluino,

gluon), (wino, W bosons) and (bino, B boson) are vector superfields. The spin-1/2 is gaugino;

the spin-1 is gauge boson. In SU(3)C QCD interaction, gluon(spin-1) and gluino(spin-1/2).

The electroweak interaction SU(2)L × U(1)Y contains gauge bosons, W±, W 0 and B0. In

addition, their superpartners, wino and bino, are W̃± and B̃0. After electroweak symmetry

breaking, W 0 and B0 are mixed to generate mass eigenstates, Z0 and γ. Similarly, W̃ 0 and

B̃0 result in Z̃0(zino) and γ̃(photino).

The particle content of MSSM contains two Higgs superfields. There are two reasons why

we need two Higgs superfields instead of one. First, if we only have one Higgs superfield,

there is one fermion (Higgsino) in this superfield. As we know the SM is gauge anomaly free,

this additional fermion (Higgsino) can generate a gauge anomaly through a triangle loop.

Second, in order to keep superpotential holomorphic, we need two different Higgs superfields

Hu and Hd which are responsible for mass of up-type and down-type fermion respectively.
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spin-0 spin-1/2 SU(3)C ,SU(2)L,U(1)Y

(s)quark Q (ũL,d̃L) (uL,dL) (3, 2, 1
6
)

ū ũ∗R u†R (3̄, 1, −2
3
)

d̄ d̃∗R d†R (3̄, 1, 1
3
)

(s)lepton L (ν̃,ẽL) (ν,eL) (1, 2, −1
2
)

ē ẽ∗R e†R (1, 1, 1)

Higgs,Higgsino Hu (H+
u ,H0

u) (H̃+
u ,H̃0

u) (1, 2, 1
2
)

Hd (H0
d ,H−d ) (H̃0

d ,H̃−d ) (1, 2, −1
2
)

Table 1: Chiral superfields in the MSSM. Spin-0: complex scalars. Spin-1/2: left-handed
two-component Weyl fermions. We uses the same notations as in [1].

spin-1/2 spin-1 SU(3)C ,SU(2)L,U(1)Y

gluino, gluon g̃ g (8,1,0)

Wino, W boson (W̃±,W̃ 0) (W±,W 0) (1, 3, 0)

Bino, B boson B̃0 B0 (1, 1, 0)

Table 2: Vector superfields in the MSSM. Spin-1: gauge boson. Spin-1/2: gauginos, two-
component Weyl fermion. We uses the same notations as in [1].

In the SM, φ is responsible for down-type fermion mass, λdQ̄φdR. On the other hand, φ† is

used to construct up-type fermion mass, λuεQ̄φ
†uR. In other word, φ plays a role likes Hd

in the MSSM. The role of φ† corresponds to Hu in the MSSM. Therefore, to avoid gauge

anomaly and to keep the superpotential holomorphic, two Higgs superfields are necessary.

In the MSSM, there are some terms resulting in baryon or lepton number violation even

if they are constructed by gauge invariance and supersymmetry. Those terms look like
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LLē, LQd̄, LHu, ūd̄d̄ (1.8)

with B = 1/3 for Q, B = −1/3 for ū, d̄ and L = 1 for L, L = −1 for ē. Those terms allow a

proton decay (see Fig. 2). If these terms are unsurppressed, the coupling constants between

quarks and squark must be small because of the proton life time τproton > 1031 year [92]. We

can remove those terms by imposing so-called R-parity. For SM particles, they have even R-

parity (R = +1). Their superpartners have odd R-parity (R = −1). Those states in the same

superfield do not have the same R-parity. Therefore, if R-parity is preserved, the coupling of

quark-quark-squark is not allowed. Furthermore, the lightest sparticles with R-parity= −1

are called LSP, lightest supersymmetric particles and it is a stable particle. If it is electrically

neutral, it can become a good dark matter candidate because of its weak interaction with

ordinary particles. Every non-LSP supersymmetric particles eventually decays into a final

state having an odd number of LSPs. If R-parity is preserved and the LSP is electrically

neutral, this has important implications for experimental searches. For example, in the pair

production of SUSY particles, the final states includes LSPs contributing to missing energy

and it provides a guidance to how to search for physics beyond the SM. With experimental

data from LHC and dark matter search, physicists can impose constraints on LSP mass that

will be discussed in more detail in this dissertation. In addition, SUSY does not require the

presence of R parity because the coefficient in front of those R-parity violations can be very

small and they generate different phenomenologies in the colliders.

8



d

u
u

s
e

u*
u

~

Figure 2: Proton decay: p→ e+π0

1.3 Supersymmetry breaking

In SUSY, both ẽL and ẽR have the same mass as e, 0.511 MeV. It implies that SUSY must

be broken because we do not find any sparticles with the same mass as their superpartners

in experiments. But, even when SUSY is broken, we would like to hold the advantages

SUSY provides, vanishing quadratically divergence in ∆m2
H , to solve the hierarchy problem.

Thus, the soft supersymmetric breaking terms are introduced, Lsoft and it has been shown

that they are consistent with the cancellation of quadratic divergence up to all orders [2].

It contains only mass terms and coupling parameters with positive mass dimension. For

example, M1, M2 and M3 are Bino, Wino and Gluino mass terms respectively and they can

be complex scalars. The a-term is a 3× 3 complex matrix in family space. The m2 is a soft

mass and a Hermitian matrix. The b term can be a complex scalar. The dimensions of m2

and b are 2. The other parameters are dimension 1. It keeps the necessary relation between

λS and λf which are held even if SUSY is broken. Thus, the Lagrangian of the MSSM can

be written as

L = LSUSY + Lsoft (1.9)
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Explicitly, the soft SUSY breaking terms below follow the notation of Ref. [1]. Lsoft

provides around 105 masses and phases. Those parameters are good sources to CP violating

phases. They also contribute to electric dipole moments and rare decays. The soft SUSY

breaking terms are

Lsoft = − 1

2
(M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c)

− (˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eaeL̃Hd + c.c)

− Q̃†m2
QQ̃− L̃†m2

LL̃− ˜̄um2
ū

˜̄u† − ˜̄dm2
d̄

˜̄d† − ˜̄em2
ē
˜̄e†

− m2
HuH

∗
uHu −m2

Hd
H∗dHd − (bHuHd + c.c). (1.10)

There are several reasons to separate the SUSY breaking sector and the SUSY preserving

sector. In order to spontaneously break SUSY, it would be a problem to generate gaugino

mass terms. For example, there are no supersymmetric terms, scalar-gaugino-gaugino, which

can give rise to gaugino mass when the scalar gets a VEV. Moreover, the spontaneous break-

ing in the MSSM implies vanishing of supertrace [3]. The supertrace describes the relation

of mass square between the SM particles and its superpartner. Take electron/selectron for

an example.

STr(m2) ≡
∑
j

(−1)j(2j + 1)Tr(m2
j) (1.11)

m2
ẽ1

+ m2
ẽ2
− 2m2

e = 0
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mẽ1,2 are selectron mass and me is electron mass. This implies that there is one selectron

having a mass lighter than electron mass. It should have been seen in experiment already.

For these reasons, we expect that the soft terms in the MSSM are generated radiatively

rather than generated at tree level. Supersymmetry breaking happens in a “hidden sector”

and the chiral superfields in the MSSM occur in a “visible sector” (see Fig.3). If there is

a mediation between these two sectors, the square mass sum rules are not necessarily held.

Thus, the particle spectrum become acceptable. In addition, if this mediating interaction is

flavor-blind, the soft terms in Lsoft can be reduced into the following,

m2
Q = m2

Q1, m
2
ū = m2

ū1, m
2
d̄ = m2

d̄1, m
2
ē = m2

ē1 (1.12)

au = Au0yu, ad = Ad0yd, ae = Ae0ye

Im(M1,2,3) = Im(Au0) = Im(Ad0) = Im(Ae0) = 0

Gauge-mediated supersymmetry breaking (GMSB) scenario is one of many mediation

models describing the mechanism of separation between a hidden sector and a visible sector.

Messengers are introduced to be responsible for the interaction shared by the hidden sector

and the visible sector. These messengers are chiral superfields with gauge interactions,

SU(3)c × SU(2)L × U(1)Y . Thus, it is automatically flavor-blinded. When SUSY is broken

and get a VEV, the messenger particles generate soft mass terms through loop contributions.

For example, they generate gaugino mass by 1-loop contributions and sfermion mass by 2-

loop contributions. a-terms are assumed to be zero. In minimal GMSB, the gaugino mass
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and sfermsion mass can be determined by two parameters only. There are many other

mediation mechanisms, for example anomaly mediation [4, 5]. They each provide their own

patterns of soft terms.

Figure 3: A separation between a SUSY breaking sector and a MSSM sector.

1.4 Electroweak Symmetry Breaking

Electroweak symmetry breaking (EWSB) in the MSSM is slightly different from SM

because of the presence of two Higgs doublets. After electroweak symmetry is broken and

both Hu and Hd get VEV, the mixture of LSUSY and Lsoft make those sparticles massive.

After Hu and Hd get VEV and H+
u = H−d = 0, the scalar potential in the MSSM becomes:

V = (|µ|2 +m2
Hu)|H0

u|2 + (|µ|2 +m2
Hd

)|H0
d |2 − (bH0

uH
0
d + c.c)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (1.13)

where only µ-term is a SUSY term and other terms are from Lsoft. There are two complex

SU(2)L Higgs doublets implying eight real scalars. When EWSB happens, three of eight

scalars are Goldstone bosons contributing to the longitudinal components of Z and W±
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bosons. There are remaining five Higgs scalar mass eigenstates. Two CP-even neutral

scalars h0 and H0, one CP-odd neutral scalar A0, and two charged scalars H±.

In order to bound V from below and ensure EWSB, two inequalities need to be satisfied.

2b < 2|µ|2 +m2
Hu +m2

Hd
(1.14)

b2 > (|µ|2 +m2
Hu)(|µ|2 +m2

Hd
) (1.15)

To relate to particle phenomenology, the VEVs vu and vd are related to the Z-boson mass,

v2
u + v2

d = v2 = 2m2
Z/(g

2 + g′2) (1.16)

The ratio of VEVs is written as tan β = vu/vd. Thus, we can write mZ in terms of m2
Hu

,

m2
Hd

, µ and sin 2β.

m2
Z =

|m2
Hd
−m2

Hu
|√

1− sin2(2β)
−m2

Hu −m2
Hd
− 2|µ|2 (1.17)

m2
Hu

and m2
Hd

are SUSY soft breaking parameters. The requirements of EWSB and natu-

ralness also require light EW states, for example Higgsino (see Eq. 1.17). µ, m2
Hu

and m2
Hd

are all similar. In order to get correct Z-bson mass, µ must be around ∼ msoft. There is one
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method to achieve it, called spurion. µ can be promoted to a field. Once SUSY is broken,

this field gets a VEV, µ.

From the Higgs potential V , Eq. 1.13, we can obtain the lighter Higgs mass mh0 in

tree-level. The tree-level Higgs mass is:

mh0 = mZ | cos 2β|. (1.18)

Given that the Higgs mass has been measured to be around 125 GeV, the tree-level

contribution to the Higgs mass is not enough to get the correct mass. The next leading

contribution comes from stop contributions in 1-loop level.

m2
h0 = m2

Z | cos 2β|2 +
3m4

t

4π2v2
{ln(

M2
S

m2
t

) +
X2
t

M2
S

(1− X2
t

12M2
S

)} (1.19)

where mt is top quark mass. M2
S = mt̃1mt̃2 and Xt = At − µ cot β. There is no quadratic

divergence in the Higgs mass correction as we expect in SUSY model. A 125 GeV Higgs

mass naively requires stops above a TeV. This can easily be accommodated within the

MSSM but somewhat counteracts the supersymmetric solution to the hierarchy problem,

since the same particles which give radiative contributions to the quartic term in the Higgs

potential also cancel its quadratic divergences. This tension, with heavy stops required

for a heavy Higgs but light stops required for naturalness, is the so-called “little hierarchy
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problem” of the MSSM. There are many model building solutions to the little hierarchy

problem within SUSY. Two important examples of theories which generate new Higgs quartic

contributions without heavy stops are the NMSSM/λSUSY [31, 32] and additional D-term

contributions [33]. In these models, SUSY can in principle be fully natural, solving the

hierarchy problem without fine-tuning, provided that the stops are sufficiently light. This

has motivated an extensive LHC program at both ATLAS and CMS in an attempt to cover all

possibilities to search for light stops [34,35,40,45–47]. This logic also extends to other BSM

models that solve the hierarchy problem, with both major LHC collaborations [48] working

to pin down generic top partners [49, 50]. Despite these efforts, no 3rd generation partners

of SM particles have been found, and lower limits on the masses of particles potentially

responsible for naturalness are becoming uncomfortably stringent [34,35,40,45–48].

The MSSM provides a method for breaking radiatively the electroweak symmetry (REWSB).

REWSB relies on the renormalization group evolution (RGE) from a grand unification scale

ΛGUT to weak scale. This is a contrast to the SM, which does not explain why EWSB oc-

curs. At ΛGUT , there is a simple input of a boundary condition and electroweak symmetry

is unbroken. For example, at ΛGUT , m2
Hu

= m2
Hd

is held in tree level of GMSB. The RGEs

of m2
Hu

and m2
Hd

are driven by |yt|2 and |yb|2 respectively. m2
Hu

naturally has a smaller value

than m2
Hd

at electroweak scale. Therefore, it helps the Higgs fields obtain nonzero VEV and

EWSB is achieved.

Gauge unification is an attractive consequence in the MSSM. The 1-loop RG equations

for gauge couplings g1, g2, g3 are
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βga =
d

dt
ga =

1

16π2
bag

3
a (1.20)

(b1, b2, b3) =


(41/10,−19/6,−7) Standard Model;

(33/5, 1,−3) MSSM.

where t = ln(Q/Q0), Q is RG scale. The conventional electroweak gauge couplings g and

g′ satisfy e = g sin θw = g′ cos θw. The normalization for g1 is g1 =
√

5/3g′ and g2 = g.

Consider αa = g2
a/4π

d

dt
α−1
a = − ba

2π
(1.21)

In Fig.4, compared to the evolutions of gauge couplings in the SM, the gauge unification in

the MSSM is much better than that in the SM.

SUSY can also be a potentially promising solution to the matter-antimatter symmetry in

our universe. The cause of the matter-antimatter asymmetry in our universe (Baryon Asym-

metry of the Universe, BAU [6]) is still an open fundamental question in particle physics. The

Sakharov conditions [6] for baryogenesis are CP violation, baryon number violation and non-

equilibrium processes. Many models, for instance, electroweak baryogenesis [7–9] (EWBG),

leptogenesis [10] and Affleck-Dine baryogenesis [11], can potentially explain the BAU. But,

the common thing among these models is the need of more CP violation phases because CP

violation phases in the Standard Model (SM) are not enough to explain the BAU because

SM only provides two CP violation phases, θQCD and Kobayashi-Maskawa(KM) phase. It

is also quite generic in any model of Beyond Standard Model (BSM) physics to have new
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Figure 4: Gauge coupling evolutions in Standard Model and MSSM. Left: gauge coupling
evolutions in Standard Model. Those three gauge couplings are not unified at GUT scale.
Right: gauge coupling evolutions in the MSSM. Those three gauge couplings are unified at
GUT [12].

sources of CP violation even without having a particular explanation for BAU. Supersym-

metry is an example of where additional sources of CP violation arise in a motivated model.

Electroweak baryogenesis is more compelling than other kind of baryogenesis because it is

weak scale physics and testable. The Light Stop scenario (LSS) in the MSSM is required to

achieve successful EWBG. But, Higgs decay and production channels performed by ATLAS

and CMS excluded LSS above 90% confidence level [13]. It is possible that the extended-

MSSM can release this tension.
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1.5 Experimental Search for SUSY in LHC

Experimental physicists have been looking for new physics hints at the Tevatron and

the LHC for many years. The impressive performance of the LHC has thrust theoretical

physics into a state of some confusion. The discovery by ATLAS and CMS of the Higgs

boson [14], or something very much like it, is an unparalleled triumph. That being said,

it also brings the naturalness and hierarchy problems to the fore. We now have to directly

confront the possibility that a fundamental scalar has been discovered in nature. In general,

any weakly coupled solution of the hierarchy problem should feature new states below the

TeV scale. Unfortunately, no such new states have been discovered so far by either ATLAS

or CMS [18,19].

Although SUSY is a calculable solution to the hierarchy problem, it is this very calcu-

lability which naively places it under stronger tension than most other potential solutions.

This is because MSSM predicts the Higgs quartic coupling solely within the IR sector of

the theory. While this predictive nature of the MSSM is one of its more desirable features,

accounting for the exact mass of the Higgs discovered by ATLAS and CMS requires radiative

corrections to the quartic coupling from particles within the MSSM.

Fig.5 presents SUSY searches performed by ATLAS and CMS [15]. They included the

current mass constraints on squark, electroweak gaugino, slepton and gluinio searches. LHC

pushed these mass bounds toward to higher energy scale. For example, in stop searches, they

show stop mass limit at different kinds of decay channels, t̃ → tχ̃0 and t̃ → b(χ̃± → Wχ̃0).

The stop mass limit is pushed to around ∼ 500 GeV. Those mass bounds vary for different
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search channels. In Fig.6, both CMS and ATLAS performed stop pair productions with

20/4.7fb−1 and 8/7 TeV. They presented 95% exclusion regions for stop decay via t/c quark

or W boson. For example, they searched 1-lepton,0-lepton, monjet stop or hadronic stop in

t̃ → tχ̃0
1/cχ̃

0
1 and considered the stop decay 100%. The observed limits are quite similar to

the expected limits. Moreover, those searches almost rule out stop mass from 200 GeV to

700 GeV and there are still some regions allowing stop living around 200 GeV.

In addition, they also performed those searches for the electroweak production of charginos

and neutralinos based on 20.3fb−1 and 8 TeV. In Fig.7, they presented 95% exclusion region

in LSP-neutralino/chargino mass plane. The chargino decay channels included the decay

via H/W/Z or slepton, for example, χ̃0
2χ̃
±
1 → (H/Zχ̃0

1)(Wχ̃0
1), χ̃±1 → l̃νl and χ̃0

2 → l̃l with

Br(χ̃0
2 → l̃l)=0.5,1. With these decay models, they searched for these events with final

states having multi-leptons. In general, as neutralino/chargino mass smaller than 700 GeV,

they ruled out the possibility of the case that LSP has a mass smaller than 100 GeV. In

most cases, expected limits are similar to observed limits except χ̃±1 χ̃
0
2 via WZ. The observed

limit has less stringent than the expected limits because the data exceed the expectation

in three-lepton regions [75, 76]. Besides SUSY searches, ATLAS and CMS have also been

working on exotics searches [17], for example, extra dimension, W’/Z’, vector-like quark and

leptoquarks. For exotics results in Fig.8, the new physics masses are pushed to around 1

TeV.

However, because of lack of any new physics evidence, not even the most promising theory,

SUSY, physicists question about SUSY itself. For example, “Does SUSY really exist?”,

“Does SUSY exist in much higher scale because there is nothing interesting happened below
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Figure 6: Stop Searches in CMS and ATLAS [15]. The stop mass from 200 GeVto 700
GeVare excluded. However, there are still some regions allowing the stop living around 200
GeV. Left: Stop searches in CMS. It includes t̃→ t/cχ̃0

1 with varied final states having zero
or multiple leptons. Right: Stop searches in ATLAS. In addition to t̃ → t/cχ̃0

1, t̃ → bff ′χ̃0
1

and t̃→ Wbχ̃0
1 are included.

TeV scale except Higgs?”, “Are physicists in the right direction to detect SUSY?”, “Does

SUSY sit around the corner but somehow we miss it?”. Large background has been a serious

issue that might make SUSY hints invisible. In general, in order to shed light on the non-

SUSY situation, there are several directions to deal with this huge background issue. First,

in the SM side, people can work to calculate higher order QCD corrections and try to find

whether the high-order QCD corrections are able to arise sufficient large deviations away

from the data. At the same time, people may need to consider whether our understanding of

QCD calculations is good enough. Second, creating and applying jet analysis, for example

jet substructure [24], on QCD backgrounds, may be able to distinguish signal from the SM
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Figure 7: Electroweak gaugino Search in CMS and ATLAS [16] with 8TeV and 20fb−1.
Left: χ̃0

2χ̃
±
1 pair production. LSP - neutralino/chargino mass plane in CMS. It includes

χ̃0
2 → χ̃0

1H/Z and χ̃±1 → W±χ̃0
1. Right: Beside χ̃0

2χ̃
±
1 , it also includes χ̃±1 χ̃

∓
1 . LSP - neu-

tralino/chargino mass plane in ATLAS.

background robustly. Third, given the present data, even if they are all negative results, those

channels with a small deviation from the SM predictions may be a new physics hint [26]. So

far, we see only one possible SUSY hint, which has a three sigma deviation from the SM. As

good physicists, we should put much more attentions on investigating these small deviations.

The LHC has made amazing strides forward in understanding the SM at the TeV scale,

and what could possibly lie beyond the SM. However, the LHC as with all hadron colliders,

produces colored states with much larger cross sections than Electroweak (EW) states of

the same mass. For more than a decade the results of the LEP experiments have generally

set the most stringent constraints on new EW states beyond the SM despite the full run of
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high
∑

pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R
→ tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

Figure 8: Exotics Searches in CMS and ATLAS [17]. Both of them included squark, elec-
troweak gaugino, slepton and gluino search. Up: Exotics search in CMS. Down: Exotics
search in ATLAS.
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the Tevatron physics program. However, with the large energy and luminosity of the LHC,

ATLAS and CMS have started to probe and set constraints beyond LEP for very generic

EW final states [25].

Despite the impressive achievements of the LHC, we are still relatively insensitive to

new EW physics with mass O(100) GeV. It is always possible that new particles are “just

around the corner” at higher mass scales, but naturalness prompts us to look for lower-

lying hiding places. A remarkable possibility is that new physics could still be very close

to the electroweak scale. Searches are typically based on being able to maximally separate

new physics from SM backgrounds. However, if new physics is very close to the EW scale

it becomes difficult to disentangle and searches lose their sensitivity. Related to this is the

even more interesting possibility that new physics already contaminates measurements of SM

processes. At this energy range, backgrounds for new physics are dominated by SM gauge

boson processes, and thus kinematical handles that searches rely on to separate signal from

background are much less powerful. This typically results in a gap in searches/exclusions

between LEP [27,92] and the new ATLAS and CMS bounds [29,30].

The idea of capturing all possible new physics hints is to investigate all channels pre-

sented both by ATLAS [29] and CMS [30] and to pay more attentions on those experimental

measurements that are slightly deviated from the SM prediction, see Fig.11 and Fig.12.

For example, electroweak gauge boson productions are WW , WZ and ZZ. Electroweak

theory has been understood very well. In most of electroweak channels, the SM predic-

tions are consistent to the experimental measurements. Both ZZ and WZ can be explained

by the SM predictions very well (within 1σ deviation). However, WW deviated from the
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Figure 9: SUSY theoretical cross sections at 8 TeV [28] with 20fb−1. Colored sparticles
have much larger pair production cross section than other sparticles. For example, stop pair
production cross section is larger than slepton cross section by greater than three order.

SM next-leading-order (NLO) calculation in all experimental measurements and at all en-

ergies. This WW deviation becomes even larger in 8 TeV than one in 7 TeV. Recently,

CMS updated WW cross section at 8 TeV result by considering next-to-next-leading-order

(NNLO)calculations [39]. The deviation between the data and prediction becomes smaller

than 1 sigma. But, for WZ and ZZ, they can be explained very well by the SM NLO predic-

tions within one sigma. Furthermore, Ref. [97] also performed QCD higher order calculation

up to NNLO which can reduce the WW deviation by around 10%. In these cases, the SM

NNLO effects may bring up disagreements on WZ and ZZ channels. In the following about

the WW discrepancy, they are all based on the comparison to the SM NLO calculations. In

Fig.12, it shows the ratios of data to the theoretical predictions. Blue bar is the result of 7

TeV. Red bar is the result of 8 TeV. The combined sigma deviation from 7 TeV and 8 TeV in

the WW channel is about 3σ. Because we did not see any new physics yet, this deviation is
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definitely worth being explored in detail. In [52–54], we pointed out that not only could new

physics be hiding in searches, but based on existing LHC measurements it could in certain

cases improve the fit to the data, compared to the SM alone. In other channels involving

colored particles, for example, HggF , tt̄W ...etc, those error bars are larger compared to elec-

troweak productions, more data or background analysis technique are needed to reduce those

error bars. It will become more clear whether the difference between their measurement and

predictions are large or not. Here, we focus on electroweak processes. Searching for W+W−

events is looking for those events with final states having opposite sign diplepton and missing

energy.

The dominant W+W− cross section, see Fig.10, comes from quark-antiquark annihilation

(both s- and t-channels, qq̄ → W±W∓). These quark-antiquark cross sections are ∼ 90%

of W+W− total cross section. Beside, there are gluon fusion contributions via a quark loop

(both gg → W±W∓ and gg → H → W±W∓). This describes measurements of W+W−

total cross section as well as the fiducial cross section in pp collisions. The measurement of

fiducial cross section is using l±νl∓ν̄ with jet-veto in the final states. The main backgrounds

are Drell-Yan, top quark, other diboson productions (WZ, ZZ and Wγ∗) and W production

associated with a jet. These productions have dilepton and missing energy that are the

same as W+W− final states when jets are misidentified as a lepton or photons as a lepton.

Those selection requirements are used to achieve a high W+W− signal efficiency and reduce

those backgrounds. For example, in order to prevent WZ contamination from WW signal

(multiple leptons in the final state), those events are rejected if they have additional isolated

leptons with pT > 7 GeV. In addition, Drell-Yan events are suppressed by requiring an
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invariant dilepton mass that does not lie within 15 GeV of the Z-boson mass. This means

|mll −mZ | > 15 GeV. Furthermore, Drell-Yan process can be suppressed by requiring large

Emiss
T , large pmissT and small ∆φ. ∆φ is the azimuthal angular difference between ~Emiss

T and

the closest selected jet or lepton in the event. Other top events with jets in the final state

can be rejected by requiring zero number of jet (jet-veto requirement). Therefore, the total

measured WW production cross section is given by:

σ(pp→ WW ) =
Ndata −Nbg

AWW × CWW × L×BR2
(1.22)

where Ndata and Nbg are the numbers of observed data events and estimated background

events respectively. L is the integrated luminosity. BR is the branching ratio of W leptonic

decay, BR(W → lν) = 0.108. CWW is the correction factor, defined as the ratio of the

number of reconstructed WW events in the fiducial region with electrons and/or muons in

the final state over the number of WW events generated in the fiducial region and including

only prompt electrons and muons. AWW is the acceptance factor defined as the ratio of MC

signal event yield passing the fiducial selection at generator particle level to the total number

of generated signal MC events.

In order to come up with possible SUSY solutions [52–54, 61, 62] about this W+W−

anomaly, understanding cross section of pair production of SUSY particle and how they

decay play an important role in this study. Fig. 9 demonstrates that colored sparticles have

larger cross section than electroweak gaugino. The cross section for electroweak gaugino

pair production is larger than for slepton. In general, the new physics contributions are
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Figure 10: Standard Model W+W− total cross section. Left: t-channel quark-antiquark
annihilation. Middle left: s-channel quark-antiquark annihilation. Middle right: gluon
fusion via a quark loop. Right: gluon fusion via a quark loop, which includes virtual Higgs
production decaying into two W bosons.

proportional to r×σ×L×BR, where r is the rate of new physics events passing experimental

requirement. To find suitable SUSY contributions to explain WW anomaly, we can tune

both σ and BR. Thus, smaller cross section (slepton) having BR ∼ 1 can have as similar

contribution as large cross section(stop) having smaller BR.

In summary, it is possible that colored SUSY particles are hiding even though their

production cross section is large. Hiding stops at low masses has been investigated by many

groups in the past [51]. Particular attention has been paid to the idea that stops could be

at the same mass as the top quarks, or that they could decay via R-parity violation into a

jet-rich final state. In both of these scenarios the stop is very difficult to find. The absence of

any anomalies means bounds are set by living within the error bars of current measurements.

The works of [52–54] were based on the W+W− cross section as measured by both

ATLAS [56] and CMS [57] at 7 TeV and with low luminosity at 8 TeV by CMS [58]. Both

experiments observed a total cross section ∼ 15−20% above the SM expectation, disagreeing

with the SM at the 1− 2σ level individually, with a combined significance of about 3σ. Fur-
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Figure 11: Standard Model total cross section both in 7 and 8 TeVpresented by CMS and
ATLAS. Right: SM production cross sections in ATLAS. Left: SM production cross sections
in CMS.

thermore, the excess seems to be concentrated near the center of the kinematic distributions

at moderate pT and invariant masses, while the tails are very well modeled by the SM. These

shape differences, apart from raising the significance of the excess, could be suggestive of

an additional kinematically distinct contribution to the `` + MET final state in which the

W+W− cross section is measured.

In addition to the anomalies in the SM measurements, the control region for h→W+W−

with 0-jets is also higher than expected for run I [59]. In order to improve W+W− SM

differential distributions, there are two directions to construct SUSY solutions. One is that

SUSY particles, chargino or stop, can produce a real W boson. The other is the SUSY

particle, sleption, generates a pair of dilepton and missing energy in the final state directly

instead of producing a real W. Although slepton has smaller cross section, it have larger BR

than the other two.
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∫
L dt

[fb−1] Reference

– σfid(ZZ∗ → ℓℓνν) σ = 12.7 + 3.1 − 2.9 ± 1.8 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

– σfid(ZZ∗ → 4ℓ) σ = 29.8 + 3.8 − 3.5 + 2.1 − 1.9 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

– σfid(ZZ → 4ℓ)
σ = 25.4 + 3.3 − 3.0 + 1.6 − 1.4 fb (data)

PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)
σ = 20.7 + 1.3 − 1.2 ± 1.0 fb (data)

MCFM (theory) 20.3 ATLAS-CONF-2013-020

– σtotal(pp→ZZ→4ℓ)
σ = 76.0 ± 18.0 ± 4.0 fb (data)

Powheg (theory) 4.5 arXiv:1403.5657 [hep-ex]
σ = 107.0 ± 9.0 ± 5.0 fb (data)

Powheg (theory) 20.3 arXiv:1403.5657 [hep-ex]

σtotal(pp→ZZ)
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

MCFM (theory) 4.6 JHEP 03, 128 (2013)
σ = 7.1 + 0.5 − 0.4 ± 0.4 pb (data)

MCFM (theory) 20.3 ATLAS-CONF-2013-020

– σfid(WZ → ℓνℓℓ) σ = 99.2 + 3.8 − 3.0 + 6.0 − 6.2 fb (data)
MCFM (theory) 13.0 ATLAS-CONF-2013-021

σtotal(pp→WZ)
σ = 19.0 + 1.4 − 1.3 ± 1.0 pb (data)

MCFM (theory) 4.6 EPJC 72, 2173 (2012)
σ = 20.3 + 0.8 − 0.7 + 1.4 − 1.3 pb (data)

MCFM (theory) 13.0 ATLAS-CONF-2013-021

– σfid(WW → eµ) σ = 262.3 ± 12.3 ± 23.1 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

– σfid(WW → µµ) σ = 73.9 ± 5.9 ± 7.5 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

– σfid(WW → ee) σ = 56.4 ± 6.8 ± 10.0 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

σtotal(pp→WW)
σ = 51.9 ± 2.0 ± 4.4 pb (data)

MCFM (theory) 4.6 PRD 87, 112001 (2013)
σ = 71.4 ± 1.2 + 5.5 − 4.9 pb (data)

MCFM (theory) 20.3 ATLAS-CONF-2014-033

σfid(W±W±jj) EWK σ = 1.3 ± 0.4 ± 0.2 fb (data)
PowhegBox (theory) 20.3 arXiv:1405.6241 [hep-ex]

σtotal(pp→WW+WZ)
σ = 72.0 ± 9.0 ± 19.8 pb (data)

MCFM (theory) 4.7 ATLAS-CONF-2012-157

– [njet = 0] σ = 1.05 ± 0.02 ± 0.11 pb (data)
MCFM (theory) 4.6 PRD 87, 112003 (2013)

σfid(Zγ → ℓℓγ) σ = 1.31 ± 0.02 ± 0.12 pb (data)
MCFM (theory) 4.6 PRD 87, 112003 (2013)

– [njet = 0] σ = 1.76 ± 0.03 ± 0.22 pb (data)
MCFM (theory) 4.6 PRD 87, 112003 (2013)

σfid(Wγ → ℓνγ) σ = 2.77 ± 0.03 ± 0.36 pb (data)
MCFM (theory) 4.6 PRD 87, 112003 (2013)

σfid(γγ)[∆Rγγ > 0.4] σ = 44.0 ± 0.0 + 3.2 − 4.2 pb (data)
2γNNLO (theory) 4.9 JHEP 01, 086 (2013)
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Figure 12: ATLAS diboson cross section measurements. It is the ratio of data to theoretical
prediction. Blue bar is the result of 7 TeV. Red bar is the result of 8TeV. Both WZ and ZZ
pair productions can be explained well by SM prediction within 1σ level. However, WW pair
production cross section is away from SM prediction by more than 1σ level. This deviation
becomes robust at 8TeV.

The simplest new physics explanation of the W+W− cross section increase is to intro-

duce a new source of W gauge bosons. The challenge lies in avoiding additional particle

production, since the jet veto and strict OS (opposite sign) dilepton cut used in the W+W−

measurements basically requires the new physics to produce nothing but l+l−+ MET in the

final state. This avenue was explored in [52], where chargino pair production followed by the

subsequent decay to W gauge bosons and MET was studied, for example, χ± → W± + χ0.

Another direction based on stop production was explored in [54, 61], where it was demon-

strated that the process pp→ t̃t̃∗ → bb̄χ+χ− → bb̄W+W−χ0χ0 can contribute to the W+W−
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cross section provided that the b jets are soft enough.

Ref [52,54] proposed one possible explanation for this anomaly. It was shown that certain

Electroweakinos could improve the χ2 of the W+W− differential distributions significantly

compared to the SM, while evading all other direct searches at the time. Subsequent to this,

it was also shown that scenarios involving a single squeezed stop [54,61] or light sleptons [53]

could also fit the data. This of course is not a smoking gun for new physics, but it was shown

that new physics can significantly improve the χ2 for all differential measurements of these

cross sections.

In our stop research [54], we show that there are several more scenarios involving stops

than proposed in [61] that can also fit the W+W− anomaly. In particular we show that

there are scenarios where the third generation alone plays the role of generating the signal,

rather than relying upon a particular squeezing between a stop and chargino as in [61].

Additionally, we also show that both stop eigenstates can be light and explain the W+W−

signal, thereby satisfying all naturalness constraints in the most important sector of SUSY

models. Finally it is also possible, in principle, to combine these results with sleptons in [53],

where the g − 2 anomaly and the relic density of DM in the universe are also explained.

In considering these light stop scenarios we do not address the Higgs mass within SUSY,

implicitly relying on one of the above-mentioned mechanisms for generating additional con-

tributions needed to account for the observed value of ≈ 125 GeV. More explicitly speaking,

the MSSM with two light stops ≈ 200 GeV can not explain Higgs mass ≈ 125 GeV unless

there is a new sector beyond the MSSM which can save Higgs mass. This puts the discus-

sion of naturalness within SUSY on equal footing with, for instance, many composite Higgs
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models [63]. In principle the spectra and types of particles investigated here do not have to

be realized within a supersymmetric framework, and an alternative model with top partners

could also explain the W+W− excess with low mass particles.

Even putting aside the Higgs mass, there are other measurements that can indirectly

bound stops by their radiative contributions to Higgs couplings [68–70]. The introduction

of light stop partners can significantly enhance the h→ gg production process, constraining

the mass scales we are interested in. However, these constraints rely on combined cou-

pling fits, and the differences between ATLAS and CMS measurements significantly weaken

constraints [69,74].

Taking all this into account, along with other relevant bounds from direct searches, we

demonstrate that stops can still be very light, allowing them to contribute their part of the

naturalness puzzle while simultaneously fitting the LHC data better than the SM alone.

In the slepton scenario [53], we explored an alternate scenario for explaining the measured

W+W− cross section without producing actual W gauge bosons. In a SUSY model where

sleptons are light enough to be directly produced at the LHC, their subsequent decay l̃ →

lχ0 can also contribute to the l+l− + MET final state. Typically this spectrum will be

harder than in scenarios with W partners as previously described, since the MET will come

from 2 missing particles rather than being spread amongst 4. However, as we will show

there is a region of ml̃ − mχ0 parameter space where similar to [52, 61] the χ2 of the SM

W+W− cross section can be significantly improved. There is an important quantitative and

qualitative difference between slepton and chargino based models. In slepton models only the

flavor diagonal contribution is realized in the W+W− cross section measurement, whereas
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charginos will contribute exactly as SM W ’s with respect to flavor. At this point the (publicly

available) data from the W+W− cross section in the flavor separated measurements is not

sufficient to favor either of these two possibilities over the other, but it will be an important

phenomenological handle in the future.

Light sleptons can also cast light on several other important puzzles. In models with

neutralino dark matter (DM) that is mostly Bino, light sleptons are required to achieve the

correct relic density (unless the Bino is tuned to lie close to the Higgs resonance region or the

sneutrino co-annihilation region). They are also favored as an explanation to the anomalous

measurement of (g − 2)µ [92]. Finally, if the h → γγ rate is higher than the SM rate as

hinted at by the ATLAS measurement, then light τ̃ ’s are a possible explanation.

We will show in the slepton-only scenario that, remarkably, the same region of slepton-

bino parameter space preferred by the W+W− cross section measurement also naturally

accounts for the correct dark matter relic density and the g-2 anomaly. A slight increase in

the h→ γγ rate can also be accommodated at the price of introducing violations of Lepton

Flavor Universality (LFU) at a level well below experimental constraints on LFU violation,

and dark matter direct detection cross sections are below current bounds set by XENON100

but would be discovered by the next generation of experiments.

Another important aspect of this thesis is how to search in regions around weak scale for

new physics when the SM backgrounds become huge. In principle, even if these anomalies

aren not due to new physics, the question remains, can new physics be right under our

nose at the EW scale. We demonstrate that the WW channel can also be used to derive

new exclusion limits which are more powerful than existing results using the same ATLAS
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and CMS datasets. By examining the differential WW cross section we show that the gap

between LHC and LEP exclusions can be start to be closed. We obtain these exclusions

using two different methods. First, if the SM background is assumed to be correct, the

sum of new physics contributions and the SM backgrounds can be used to define a powerful

exclusion region. Second, if the overall rate of the SM background is assumed to be unsure,

but the shape is robust, we renormalize the SM background and the additional new physics

to be bounded by equal to the data to perform a more conservative exclusion. We call this

method a shape-only exclusion. In the end it is informative to compare these two methods

of exclusion. Beside using these exclusion methods on the WW cross section, they can also

be applied on other SM channels. For example, the top pair production cross section can be

used to obtain new stop exclusion limits [60].

The rest of this dissertation is organized as follows. Section 2 briefly introduce possible

BSM candidates. For example, chargino, slepton and stop. One part is the scenario pro-

ducing real W boson. The other is the scenario producing dilepton directly not through W

decay. In Section 3 and Section 4, we present the detailed discussions about slepton and

stop scenarios respectively. In Section 5, we summarize the possible solutions to the WW

anomaly.

2 BSM Explanations for the W+W− Excess

Both ATLAS and CMS measure the W+W− cross section by counting the number of

events in the l+l−+MET final state, intending to capture mostly W+W− → l+νl−ν̄ decays.
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There are other SM contributions to this final state: the contribution of tt̄ and other QCD

final states is reduced with a jet veto, while mll and pT cuts are used to reduce the Drell-

Yan contribution and further isolate the W+W− contribution. As has been demonstrated in

[52–54,61], even with these cuts it is possible for BSM events to contaminate the l+l−+MET

final state. This leads to significant deviations in both the measured overall W+W− cross

section as well as the shape of the associated kinematic distributions. In this section we will

explore the utility of the W+W− measurement not as a Standard Model Standard Candle,

but as a search for BSM physics. This has only become feasible at the LHC, both due to

the high statistics of the measurement as well as the low theoretical errors on the modern

W+W− cross section prediction, which are now interpreted as a SM background.

The BSM scenarios in [52, 54, 61, 62] explained the observed W+W− excess using real

W production of new particles, while [53] discusses the possibility of generating a pseudo-W

signal by new particles. In each case, the new particles decay to a ``+ MET observable final

state and mimick the dileptonic W+W− signal. Any such spectrum has to escape detection

by a multitude of new physics searches for lepton-rich final states. Ultimately this led to a

handful of viable scenarios to explain the W+W− excess while remaining consistent with all

other LHC data, which we review briefly below. We also outline the new light stop scenarios

we study in this work.
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2.1 Data Analysis Methods

We create a grid of SLHA spectrum files (for example, mX-mY parameter plane) with

decay tables using CPsuperH 2.3 [103] and SUSY-HIT [104] and simulate the pair produc-

tions of new physics particles. The showers of these new physics particles are generated us-

ing Pythia 6.4/8.15 [105] and FastJet 3.0.2 [106]. Additionally, the next-leading-order

(NLO) normalizations are using Prospino 2.1 [108]. These procedures generate various

kinematic distributions shown in the W+W− cross section measurements. We can obtain

the chi-square

χ2(rSM , rBSM ;mY ,mX) =
∑

all bins

rSM × SM + rBSM × New Physics (2.1)

by comparing to experimental data and the contributions from the SM and new physics in

all kinematic distributions. Then, we can define a χ2 ratio

χ2(1, 1;mY ,mX)

χ2(1, 0)
(2.2)

to evaluate how much the stop contribution improved (< 1) or degraded (> 1) agreement

with data compared to the SM at each mass point. The analysis of exclusion were obtained

from the W+W− measurements in two ways. To be conservative, one could decide not to

trust the SM prediction for the total W+W− cross section. In this case, we defined the
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best-fit χ2 for each point by minimizing with respect to rSM :

χ2
float(mY ,mX) ≡ min

rSM
χ2(rSM , 1;mY ,mX). (2.3)

Stronger exclusions can be obtained by trusting the normalization of the SM contribtions.

In that case we simply define

χ2
fixed(mY ,mX) ≡ χ2(1, 1;mY ,mX). (2.4)

Contours where χ2
float(mY ,mX) and χ2

fixed(mY ,mX) gave a p-value of 0.05 are given as 95%

CL exclusions. The bound obtained with floating SM contribution should be very robust even

in light of possible future corrections to the SM W+W− cross section calculation, unless

they significantly change the expected shape of kinematic distributions. The exclusions

regions obtained by using these methods are more powerful than the exist searches at ATLAS

and CMS. Moreover, we use micrOMEGAs 2.4.5 [90] to perform dark matter analysis and

CPsuperH 2.3 [103] to the anomalous (g − 2)µ measurement.

2.2 Pseudo-W scenario: slepton

Sleptons have low production cross sections and are difficult to study at the LHC. That

makes them a natural test bed for our methods. The typical mass scale for slepton bounds

prior to the LHC was set by LEP-II at approximately 100 GeV [27], with some variation

depending on the particular flavor of the slepton. Most of the early LHC bounds on slep-
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tons were based on producing them in cascade decays from new EW states. These bounds

typically constrained heavier mass sleptons, but depended crucially on other parts of the

BSM spectrum. Recently, however, CMS has set a bound on direct LH (left-handed) slep-

ton production [30] which complements LEP in a different region of the neutralino-slepton

mass plane (assuming degenerate LH selectrons and smuons). This is done by exploring

the difference in kinematics between SM W+W− and sleptons using the MCT⊥ variable,

which essentially encodes the mass scale separation of the mother particles that produce the

charged leptons and the particles that make up the MET in the event. In the case of direct

slepton production and decay to l±χ̃0
1, if there is a larger mass splitting than the background

which is dominated by SM W ’s, then strong bounds can be set on the slepton mass. How-

ever, in the region where the slepton-neutralino mass scale separation becomes more similar

to mW , the bounds disappear because of the large SM backgrounds.

In summary, slepton bounds from LEP are relatively insensitive to mχ̃0
1

but only go as

high as 100 GeV, while slepton searches at the LHC probe higher masses but loose sensitivity

for ml̃−mχ̃0
1
<∼ mW . However, it is exactly in this “WW -like funnel” that the W+W− cross

section measurement would be most sensitive to contamination by slepton decay products.

This motivates using the cross section measurement to set bounds in order cover the entire

slepton-neutralino mass plane.

In [53] we showed that ∼ 130 GeV sleptons decaying to dileptons and ∼ 75 GeV Binos

also have the correct cross section and kinematics to account for the W+W− anomaly.1 The

1 ˜̀→ Wν̃ is not suitable. m˜̀
L
−mν̃L is too small for LH slepton production to give correct kinematics

for the `` + MET final state, but large enough for it to be excluded by LEP searches if the RH slepton is
on top of the spectrum to explain the W+W− excess.
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light slepton scenario is compelling, since the spectrum preferred by W+W− also generates

the correct dark matter relic density by providing a sufficiently large t-channel annihilation

process for the Bino, and explains the anomalous (g − 2)µ measurement. The smoking gun

of this possibility is a predicted flavor-diagonal excess in W+W− . Ref. [53] also sets new

constraints on slepton scenarios by using the W+W− measurement as a new physics search.

The observation that diboson measurements can provide new BSM constraints orthogonal

to traditional high-MET SUSY searches (which cut away diboson background) is a general

one, and should apply to other scenarios as well.2

f

f

l

l~

~
l

l

0~

Figure 13: Slepton scenario for producing W+W− signal. every slepton decay to lepton and
neurtalino. Neutralino contribute to MET. Final states are OS dilepton and MET without
jets.

2We checked whether the W+W− measurements provide new constraints on chargino pair production
scenarios, but the low cross section and preference of W+W− data for light charginos means that in this
case no new constraints can be derived. Ref. [80] directly searched for χ̃±

1 → W + χ̃0
1 and also specifically

the Chargino model presented in [52], but does not have sensitivity to cross sections relevant for SUSY.
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2.3 Real-W scenario: chargino

Ref. [52] pointed out that not only could new physics be hiding in searches, but based on

existing LHC measurements it could in certain cases improve the fit to the data, compared

to the SM alone. The work of [52] was based on the W+W− cross section as measured by

both ATLAS [56] and CMS [57] at 7 TeV and with low luminosity at 8 TeV by CMS [58].

Both experiments observed a total cross section ∼ 15 − 20% above the SM expectation,

disagreeing with the SM at the 1 − 2σ level individually, with a combined significance of

about 3σ. The authors in [52] considered gauge-mediated scenario. Charginos can be as

light as ∼ 100 GeV and the neutralino can be massless. These mass range are allowed by

experiement [55]. The cross sections of χ̃±χ̃∓ and χ̃0χ̃0 are O(1−10)pb. In that letter, they

performed χ2 fit of SM + EWino in W+W− differential cross section. The combined χ2 fit

of SM+EWino is better than SM-only. In addition to W+W− signal, χ̃±χ̃0 can generate

Wh, WZ and Wγ signals. However, the trilepton searches, Wh and WZ, have a strong

constraint. Only some cases of χ̃± and χ̃0 can pass this constraint.

In the gauge-mediated model with gravitino LSP(G̃), χ̃±1 can decay to W± + G̃ and

χ̃0
1 → χ̃±1 +W∓ in Fig.14. The small mass difference between χ̃± and χ̃0 emit off-shell W. It

results in same-sign(SS) dilepton signal in final state. This SS dilepton in this model is in

a great tension with experimental data. To get most preferred benchmark by W+W− , it

is chargino-NLSP scenario, mχ̃±
1
≈ 110GeV, mχ̃0

1
≈ 113GeV and mχ̃0

2
≈ 130GeV. Low tan β

and a large higgsino components make mχ̃0
1,2
> mχ̃±

1
.

On the other hand, in gravity-mediated model with neutralino LSP (χ̃0
1), we would have
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Figure 14: Electroweakino pair production with gravitino LSP. Left: χ̃±χ̃∓ cross section.
χ̃±1 → W±+ G̃. It corresponds to OS (opposite sign) lepton+MET in the final state. Right:
χ̃±1 χ̃

0
1 cross section. This result include one off-shell W. It has same-sign dilepton signals in

the final state [52].

χ̃±1 → W±+ χ̃0
1. This contributes to W+W− signals, OS (opposite sign) dilepton+MET, as

in Fig.15. But, χ̃±1 χ̃
0
2 pair production results in tri-lepton final states that can be bounded

by Wh and WZ searches. In this case, χ̃0
2 → χ̃0

1 +Z/h. The tri-lepton searches WZ [75,76]

ruled out this neutralino wino-LSP possibility. While Higgsino-like LSP are not ruled out

by [77, 78], their cross sections are too small to make a significant contribution to improve

χ2 fit of W+W− .

Although this chargino scenario has some issues with experimental measurement, it is

still an interesting idea to know which parameter space in χ̃±1 −χ̃0
1 can improve the chi-square

fit of W+W− or have an exclusion power. In Fig 16, we present the chargino-neutralino

plane. Both ATLAS 7 and CMS 8 prefer χ̃±1 ∼ 120GeV and χ̃0
1 ∼ 20GeV. However, W+W−

does not have any exclusion power here.

For example, in CMS 8 TeV of Fig.16, in neutralino-LSP scenario, χ̃±1 → W ∗χ̃0
1. The

W+W− preferred region is χ̃0
1 ∼ 20GeV,χ̃±1 ∼ 110GeV. In order to understand the behavior
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Figure 15: Electroweakino pair production with neutralino LSP. χ̃±1 → W± + χ̃0
1.

of this plot, keeping the same χ̃0
1 mass, as χ̃±1 becomes lighter, σ(χ̃±1 χ̃

∓
1 ) becomes larger

but the pT of lepton from W ∗ is softer because the kinematic region becomes narrower.

Thus, only few lepton pass lepton isolation condition. For fixed χ̃0
1, as χ̃±1 becomes heavier,

the cross section becomes lighter. The contributions to WW become smaller as χ̃±1 becomes

heavier. On the other hand, as χ̃±1 become heavier, the chargino pair production cross section

becomes smaller and its contribution to W+W− is not sufficient. Therefore, the heavier χ̃±

is not preferred by W+W− that much. If χ̃0
1 has larger mass, the allowed kinematic region

becomes more narrow. Furthermore, the shape of preferred region(Blue contour line) follows

the line of mχ̃±
1
− mχ̃0

1
∼ mW . However, W+W− does not have any interesting exclusion

power in the plane of χ̃±1 and χ̃0
1 and all p-values in chargino-neutralino plane are greater

than 0.05.
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ATLAS 7TeV CMS 7TeV

CMS 8TeV

Figure 16: In the chargino-neutralino plane, we calculate the chi-square ratio of the SM and
chargino to the SM. The smaller chi-square ratio implies the WW preferred region. At the
result of ATLAS 7 TeV and CMS 8 TeV, the WW preferred region is χ̃±1 ∼ 120 GeV and
χ̃0

1 ∼ 20 GeV. However, W+W− does not have any interesting exclusion power because all
p-values in the chargino-neutralino plane are greater than 0.05.
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Figure 17: The four types of stop spectra which could account for the W+W− excess via
stop pair production, labelled Scenarios A - D. The top and bottom of the spectrum are
at ∼ 200 GeV and ∼ 100 GeV, with W ’s (green) being produced when decaying across the
big gap in the spectrum. Small gaps are . 10 GeV. The 2-body decays of each state are
shown as blue vertical arrows, with SM decay products on the right of each spectrum. The
red color for Z and b indicates that these are not produced from stop pair production but
from a different processes (direct χ̃0

2χ̃
±
1 and b̃1b̃

∗
1 production). The soft b’s (orange) should

be practically undetectable.

2.4 Real-W scenario: stop

The above two possibilities involve relatively simple spectra, but the scale of new physics

has to be lower than about 150 GeV, otherwise the electroweak production cross sections

are too low to account for the W+W− excess. This restriction can be avoided if the BSM

states decaying to W ’s (or dileptons + MET) are colored. As mentioned in Section 1, [61]

proposed a squeezed stop scenario where a relatively light stop decays to a chargino (and

a soft, presumed undetectable b) with a mass gap of mt̃1 − mχ̃±
1

. 10 GeV. In Fig. 17

this is called Scenario A. It effectively gives the chargino a strong production cross section,

allowing it to be as heavy as ∼ 250 GeV while still providing enough events in the W+W−

signal region to potentially explain the excess. The authors of [61] performed no differential
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analysis within the signal region, but to replicate the kinematic shape fit of our original

chargino scenario [52], the mass difference between the chargino and neutralino LSP would

have to be about mW .

Ref. [52] explored electroweak production of charginos decaying into W +LSP. At a mass

of ∼ 110 GeV, a wino-like chargino has the required direct production cross section of a few

pb to explain the W+W− excess. However, this possibility is ruled out in simple gravity-

mediated scenarios, since χ̃0
2χ̃
±
1 associated production yields a large WZ signal which is

thoroughly excluded at that mass scale [75,76]. While Higgsino-like scenarios above the LEP

limit are not yet excluded [77, 78], their chargino pair production cross section is too small

to explain the W+W− excess. This led Ref. [52] to consider a gauge-mediated scenario [79]

with a ≈ 110 GeV chargino NLSP decaying to a massless gravitino. Neutralinos χ̃0
1,2 at ≈ 113

and 130 GeV decay to charginos via off-shell W± emission, which is mostly too soft to be

detected. This further enhances the chargino signal. Adding the chargino contribution to the

W+W− signal expectation in [56–58] greatly improves fit to data, both in terms of overall

cross section and shape agreement in all differential distributions. Strikingly, the signal

bins in which the SM correctly accounts for the data are not modifed, while the chargino

contribution is concentrated in exactly those bins where the SM expectation is below the

data. A side-effect of this spectrum is a sizable same-sign dilepton signature, which serves

as a smoking gun of the chargino NLSP scenario.

In this work we suggest a qualitatively different mechanism for accounting for the W+W−

excess via QCD production as well as two other extended scenarios. Rather than using stops

to produce electroweakinos, W ’s can be produced directly from electroweak stop decay to a
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light sbottom, which then has to be close in mass to a neutralino LSP to be undetectable.

This is Scenario B in Fig. 17. In Section 4 we perform a fully differential fit of both single

stop scenarios to the W+W− data, identifying the regions in the stop-neutralino mass-

plane that are preferred (or excluded) by the W+W− measurement while escaping stop and

sbottom direct search constraints. The best-fit point for both single stop scenarios is near

(mt̃1 ,mχ̃0
1
) ∼ (220, 130) GeV.

While Scenarios A and B in Fig. 17 are intriguing in providing ways to describe the

W+W− excess using colored particles, ultimately light stops are theoretically motivated

for reasons of naturalness. The single light stop scenarios are certainly interesting in this

regard, but in both cases the rest of the third generation squarks have to generically be

heavy (near a TeV) to avoid direct stop and sbottom searches [34, 81]. Therefore, in those

cases naturalness in the stop sector is only partially accommodated. This motivates us to

explore the possibility of not just one stop, but both stops and at least one sbottom below

∼ 250 GeV, shown in Fig. 17 as Scenarios C and D. In both cases the stops are close in mass

and decay either to charginos or to W directly, generalizing the above single-stop scenarios.

As we will see below, both of these scenarios are viable, meaning the W+W− excess could

already be pointing towards a completely natural light SUSY spectrum.

Going beyond W+W− and naturalness, the new stop scenarios we propose could also

replicate some of the phenomenological success of the slepton scenarios in [53]. Firstly, the

presence of light sbottoms could generate a thermal Bino DM particle. Secondly, in the

absence of a chargino (Scenarios B and D), sleptons could sit between the LSP and the

stop(s). This slepton could then account for the (g − 2)µ anomaly without being excluded
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by direct searches. A plethora of new particles may await discovery below 250 GeV.

3 Slepton scenario

Fig. 18 shows our results. We derived slepton mass bounds for selectrons and smuons

at the same mass decaying into a neutralino, for each of the performed LHC W+W−

measurements and all of them combined. To do this we create a grid of SLHA spectrum

files with decay tables using CPsuperH 2.3 [103] and simulate direct slepton production1

using Pythia 6.4/8.15 [105] (hard process/shower), normalized to the NLO cross section

calculated using Prospino 2.1 [108]. Since the source of the observed W+W− excess is

unclear, we obtained slepton limits in two ways. The solid lines indicate bounds obtained by

analyzing only the shape of the various kinematic distributions in the W+W− measurements,

normalizing the SM theoretical expectation so that the SM + BSM overall expected event

count matched the measurement. This bound should be very robust, even in light of possible

future corrections to the SM W+W− cross section calculation (unless they significantly

change the expected shape of kinematic distributions). On the other had, the dashed lines

show bounds obtained by comparing kinematic distributions of expected SM + BSM to the

data, without renormalizing the SM prediction. These bounds can be significantly more

powerful, but might be less robust. Comparing the two bounds can be instructive.

We show those bounds along-side LEP and CMS bounds2, and the complementarity of

1Our FastJet 3.0.2 [106] based analysis code took into account lepton isolation requirements and geo-
metrical acceptances but did not simulate detector effects. Given the nature of our final state this will not
invalidate our results.

2The explicit cross section bounds in [30] are not of high enough resolution in the slepton-neutralino
mass plane to compute a useful mass exclusion curve for the LH + RH slepton case. (It is enough to show,
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LH ẽ/µ̃→ `+ χ̃0
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Figure 18: 95% Exclusions in the neutralino-slepton mass plane for degenerate ẽ, µ̃ decaying
to e/µ+ χ̃0

1. Magenta regions are excluded by the CMS 9fb−1 LHC8 slepton search [30] (see
text footnote). Orange regions are excluded by LEP [27]. The regions below the Purple
(ATLAS LHC7 [36], Blue (CMS LHC7 [37]), Red (CMS LHC8 [38]) and Black (combined)
lines are new exclusions we obtained from the respective W+W− measurements. Solid
(dashed) lines represent limits obtained by (not) renormalizing the SM expectation in all
kinematic distributions to match the SM + BSM normalization to data. The CMS8 W+W−

measurement was so high that only the region inside the red dashed line is not ‘excluded’
when normalization is taken into account.
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our WW -derived bounds is clear – they help fill in the WW -like funnel, inaccessible to

both LEP and CMS dedicated slepton searches. We can see that the gap between the LEP

measurement and the LHC can now start to be closed. Our bounds also represent the first

LHC bounds on direct RH-only slepton production for degenerate selectrons and smuons,

but the LHC still cannot set any bounds for just a single RH slepton generation.

For the 7 TeV ATLAS and CMS measurements, the bounds obtained by our two analysis

methods are almost identical. This is due to the relatively small size of the WW -excess in

those measurements, compared to the slepton cross section dependence on slepton mass. The

situation is very different for the 8 TeV CMS measurement: while the shape-only bound looks

as one might expect, the bound obtained without renormalizing the SM expectation seems to

‘exclude’ the entire slepton mass plane with the exception of a small island centered around

m˜̀∼ 100 GeV,mχ̃0
1
∼ 60 GeV. This is not due to any extraordinary exclusion power of the

CMS8 measurement, but rather because the measurement of the W+W− cross section is so

high that, under the assumptions of the un-renormalized analysis, the Standard Model itself

is excluded at better than 95% CL. Only within the small island is the slepton contribution

so large as to push the p-value of the kinematic fit above 0.05.

This result underscores the utility of setting bounds conservatively, using the shape of

kinematic distributions only, but also serves as motivation for going one step further: using

the W+W− measurement not just for exclusion, but for discovery of a possible BSM signal.

however, that CMS sets no bounds on RH sleptons only.) Therefore we use the CMS supplied LH slepton
mass bound in the LH + RH plot as well, which makes it slightly conservative: the magenta region should
be roughly O(5 GeV) ‘larger’ in every direction than shown.
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3.1 Hint of New Physics

We will now consider a simplified model with light sleptons and bino dark matter, realized

within the MSSM, that can improve agreement with the W+W− measurement while also

accounting for a range of other anomalies.

The basic parameter space of our scenario is the (Mbino,Mslepton)-plane, where Mbino ≡

Mχ̃0
1

and Mslepton ≡ MẽR ≈ MẽL ≈ Mµ̃R ≈ Mµ̃L (all within about a GeV of each other) for

universal slepton soft masses, which we will mean to also imply m˜̀
L

= m˜̀
R

unless otherwise

stated. Assuming the squarks and gluinos to be above ∼ 500 GeV or so along with the heavy

higgs scalars (decoupling limit), the remaining relevant parameters are µ, tan β,M2 and Aτ .

We first show in Section 3.2 that all the W+W− measurements prefer a particular region

of the (Mbino,Mslepton)-plane. This is completely independent of µ, tan β,M2 and Aτ , and

depends only on the kinematics of selectron and smuon decay. However, since very light

sleptons are preferred, slepton soft mass universality and LEP bounds on the stau mass

prefer Aτ ∼ 0.

Bino-like dark-matter can have sufficient annihilation cross section through t-channel

slepton exchange to obtain the correct relic density, while higgs-mediated direct detection is

automatically below current bounds but within reach of the next generation of experiments.

In Section 3.3 we show that, for wide ranges of the other parameters, the W+W− -preferred

region and the region of correct relic density intersect in the (Mbino,Mslepton)-plane. The

most important parameters here are µ and tan β, since Aτ is preferred to be small (see

above) and M2 has little effect on the properties of a bino-like LSP. We also explore the
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departures from slepton soft mass universality to achieve light highly mixed staus and raise

Br(h→ γγ), but we find that a tension between the diphoton rate and the dark matter relic

density limits the size of the enhancement to about ∼ 15%.

In Section 3.4 we demonstrate how smuon-bino loops can account for the 3 σ deviation

between observation and SM expectation of the muon anomalous (g− 2). This contribution

depends, apart from (Mbino,Mslepton), mostly on µ and tan β, and we find that our scenario

naturally generates a correct size contribution.

We explore the consequences of the slepton soft mass non-universality that is required

to moderately enhance Br(h→ γγ) while achieving the correct dark matter relic density in

Section 3.5. The resulting lepton-flavor violating operators are tightly constrained, and we

show that our scenario would still be well within bounds.

The main success of our scenario is that light sleptons and bino dark matter explain

the W+W− excess as well as the measured deviation in the muon anomalous (g − 2) while

producing the correct dark matte relic density. This is shown in Section 3.2.

3.2 Sleptons in W+W−

Sleptons have a much lower pair production cross section than Charginos [52] or Stops [54,

61]. As a result, even with their higher acceptance in the ATLAS and CMS searches and

their 100% dileptonic branching fraction, they have to be very light in order to meaningfully

contribute to the W+W− cross section. To make this statement more quantitative it is

instructive to revisit the slepton bounds we derived in Section 2.
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Figure 19: 95% Exclusions in the neutralino-slepton mass plane for degenerate ẽL, ẽR, µ̃L, µ̃R
decaying to e/µ + χ̃0

1. Same color coding as Fig. 18, but now we also show contours of
rχ2 = χ2

SM+sleptons/χ
2
SM where rχ2 < 1, i.e. the slepton contribution improves the fit to data.

The overall most preferred point is m˜̀≈ 120 GeV, mχ̃0
1
≈ 80 GeV.
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Fig. 19 shows the bounds for the RH+LH slepton scenario for each experiment. In

addition to the mass bounds, we also show regions where sleptons improve the fit to data, as

indicated by contours of rχ2 = χ2
SM+sleptons/χ

2
SM where rχ2 < 1. In those regions the W+W−

measurement obviously cannot set a bound. Note that all the measurements separately

or combined prefer the same region in the bino-slepton mass plane, defined roughly by

m˜̀− mχ̃0
1
≈ mW/2 and m˜̀ <∼ 150 GeV, with the most improvement achieved for m˜̀ <∼

120 GeV. This is squarely in the WW -like funnel and invisible to dedicated slepton searches.

Some kinematic distributions from the ATLAS7, CMS7 and CMS8 W+W− measure-

ments are shown in Fig. 20. The slepton contribution for one of the most preferred points,

m˜̀≈ 110 GeV and mχ̃0
1
≈ 70 GeV, is added. Note how the BSM contribution affects the bulk

of the distributions where the experimental excess lies, and not the hard tail where the SM

is in good agreement with data (and anomalous triple gauge couplings would contribute).

This is contrary to one possible naive expectation, namely that the two-body decay of slep-

tons to a lepton + MET would produce a much harder spectrum than WW or charginos.

The improvement is particularly stark for the CMS8 measurement: the p-value of the SM

expected kinematic distributions fitting the observed data is ∼ 10−3, improved to 0.13, 0.15

or 0.57 by adding sleptons, a 125 GeV SM higgs, or both respectively.

It is important to point out that these conclusions do not depend on all the variables of our

scenario. In fact, they only depend on the slepton and neutralino masses (and the assumption

that mẽL ≈ mẽR ≈ mµ̃L ≈ mµ̃R , and that all ẽ/µ̃ decay to e/µ+ χ̃0
1). This is because slepton

production at the LHC is through an s-channel γ∗/Z∗ with fixed gauge couplings (unlike at

LEP where t-channel neutralino contributions are important for selectrons). Staus are also
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unimportant — they give almost no contribution to the W+W− measurement since two

taus have a low dileptonic branching fraction of ∼ 10%, and the leptons resulting from that

three-body decay are so soft (in our regime of interest) that they do not pass the lepton pT

triggers and cuts of the W+W− analysis. The tau three-body decay follows τ → fν̄fντ with

f = e, µ. However, under the assumption of slepton soft mass universality, the light first and

second generation sleptons preferred by the W+W− measurement prohibit large stau mixing

to avoid LEP bounds on mτ̃1 [27]. This implies moderately-sized |Aτ − µ tan β| <∼ 3 TeV,

pointing to tan β ∼ 5, µ ∼ 500 GeV for Aτ ∼ 0.

3.3 Dark Matter

Dark Matter has long been one of the motivations for physics at the TeV scale, and in

particular for Supersymmetry. While the LHC has ruled out a great deal of SUSY DM

parameter space, this is always obliquely through an assumption about charged states, since

after all there was a longstanding possibility of heavy Higgsino DM alone which gave both the

right relic density and improved unification [71] 1. The real tension for generic WIMP dark

matter is the consistently strong limits placed by direct detection on EW-scale candidates, up

to the occasional claims for discovery or odd events. In particular, if a WIMP carries SU(2)

quantum numbers and can interact with nucleons through a Z boson directly it is generally in

significant tension with direct detection experiments. This statement is model-independent

and does not depend on supersymmetry.

In the context of the MSSM, one candidate for DM with a small interaction cross section

1This has most recently been ruled out by the HESS measurements [72].
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Figure 20: Some kinematic Distributions from the W+W− measurements done by ATLAS
[36] and CMS [37, 38] with slepton contributions for Mslepton ≈ 110 GeV, Mbino ≈ 70 GeV
overlaid. The uncertainty refers to the SM prediction. We have also included the effect of a
125 GeV SM higgs, which is a small but non-negligible contribution.
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for direct detection experiments is a neutralino that is mostly Bino-like. This is a double-

edged sword however, since suppressing the direct-detection cross section can also render the

annihilation or co-annihilation cross section very small. This in turn leads to a relic density

that is much too high compared to the very precisely measured value given by the Planck

satellite [89]:

ΩCDMh
2 = 0.1196± 0.0031. (3.1)

To generate the correct relic density for a bino-like neutralino, it has been long known

that other super partner states are needed to increase the annihilation cross section and

achieve the correct relic density (see e.g. [1] for a review). However, it has been pointed

out that the window for this is relatively small when resonant annihilation or coannhilation

are not relied upon [88]. In particular, by analyzing the t-channel annihilation contribution

(see Fig.21) from a single RH slepton (which has the largest coupling to the Bino) the relic

density away from those special regions is well described by [88]:

ΩB̃h
2 ≈ 1.3× 10−2

( mẽR

100 GeV

)2 (1 + r)4

r(1 + r2)

(
1 + 0.07 log

√
r100 GeV

mẽR

)
, (3.2)

where r = M2
1/m

2
ẽR

. Without relying upon coannihilation r ∼ 1 or a particular resonance

such as Z or h, what naively appears to be a very constrained acceptable region given in (3.2)

is precisely the region favored by the W+W− cross section measurements which improves

the fit to the data.

We start by considering the case of Aτ = 0 and M2 = 600 GeV. Fig. 22 and Fig. 23 show
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the DM abundance in the (Mbino, Mslepton)-plane for µ = 400 GeVor 600 GeVand tan β = 4

or 6. To understand the dark matter constraints on our scenario we make the following

remarks:

• Increasing tan β from 4 to 12 decreases the relic density by a factor of ∼ 2 away from

the s-channel annihilation regions, and while the neutralino is still the NLSP. This is

mostly due to the increased τ̃ -mixing decreasing the mass of τ̃1, which increases the

annihilation cross section. Increasing tan β also decreases the prominence of the higgs

resonance region while it increases the prominence of the Z resonance region. Ignoring

the small and unchanging wino component, this behavior can be understood from the

structure of the neutralino couplings. The coupling to the Z is doubly suppressed by

the higgsino-component of the bino-like neutralino, which couple with opposite sign

since their T3 charge is ±1
2
. The H̃0

u, H̃0
d components of χ̃0

1 are proportional to sin β,

− cos β, yielding

gχ0
1χ

0
1Z
∝ g

cW
(sin2 β − cos2 β) ×

[
sWmZ

µM1

]2

∼ tan2 β for sizable tan β. (3.3)

The term in square brackets is the double mixing suppression of the small higgsino

fraction. On the other hand, the coupling to the scalar higgs vanishes in the decoupling

limit, with the lowest order term in mA being

gχ0
1χ

0
1h
∝ m2

h +m2
Z

M2
A

1

tan β

[
sWmZ

µM1

]
+ O

(
1

m4
A

,
1

tan3 β

)
(3.4)
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This term, while only singly-suppressed by higgsino mixing, decreases with tan β.

• Increasing µ from 400 to 1000 GeV will also decrease the relic density by an O(1)

factor. This is partially due to decreasing mτ̃1 , but also from decreasing the higgsino

fraction of χ̃0
1. (The higgsino fraction reduces the neutralino-slepton coupling since

it destructively interferes with the dominant hypercharge contribution.) Increasing µ

also decreases the prominence of the higgs- and especially the Z-resonance regions, as

expected due to the neutralino-mixing suppression in the respective couplings.

• The value of M2 has minimal effect on the dark matter properties so long as it remains

dominantly bino to comply with direct detection constraints which forbid significant Z-

mediated WIMP-nucleon interactions. Changing M2 can affect the prominence of the

resonant annihilation regions due to a wino contribution to the relevant couplings, but

the qualitative picture does not change, with t-channel slepton exchange dominating

the annihilation of the bino-like dark matter.

• Switching on an Aτ term would have no effect other than to increase τ̃ -mixing and

decrease mτ̃1 . This would make the ν̃τ or τ̃1 the LSP for higher values of Mslepton while

decreasing the dark matter density, pushing the best-fit region beyond Mslepton >∼

130 GeV for Mbino >∼ mh/2. As we saw, this would reduce the overlap with the

WW -preferred region.

• For similar reasons, values of µ, tan β significantly higher than those shown in Fig. 22

are disfavored by WW -data, since they also increase τ̃ -mixing.
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The dark matter relic density in our scenario depends not just on the the slepton and

bino masses but also on µ,M2, tan β and Aτ . This of course just comes from the parametric

dependencies of the τ̃ mass/coupling, and the mixing of the Bino with the other neutralino

gauge eigenstates. These parameters matter most when there is either a resonant annihilation

region or when the τ̃1 (or ν̃τ ) becomes lighter and reaches a co-annihilation regime. Within

the simple ansatz of our scenario, the dark matter is always predominantly bino and the τ̃1

mass is never too different from the first and second generation sleptons, the only splitting

coming from mixing effects. This automatically leads to the overlap of the preferred W+W−

collider region with the correct relic abundance in the bino-slepton mass plane. We have also

shown that for moderate ranges of µ,M2, tan β and Aτ our results are also unaffected and

the preferred parameter spaces agree. Finally the spin-independent direct detection cross

section in our parameter space is always a factor of a few to ∼ 10 below the current bounds

of ∼ 10−45cm [102] for dark matter masses Mbino ≈ 20 − 200 GeV. Our scenario therefore

avoids all bounds from direct detection, but interestingly enough does predict a potential

signal for LUX or XENON1T.

In Fig. 22 we summarize the relation of the relic density and direct detection limits to our

collider parameter space by showing two representative examples of how different µ and tan β

change the DM constraints in our slepton-bino mass plane. The dark matter relic density

and direct detection cross section was computed using micrOMEGAs 2.4.5 [90]. It is amusing

to note that the resonant annihilation regions that once could be used to accommodate the

correct relic density for Bino DM are the same regions that are ruled out by the collider

bounds. This is even more obvious in Fig. 18, where the mχ̃0
1
≈ mh/2 and mZ/2 bands are
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almost completely excluded by LEP limits and our new slepton exclusion from the CMS8

WW measurement.

0

0~

~

l
~

l

l

Figure 21: Dark matter t-channel annihilation. Here, the neutralino is a dark matter candi-
date. With a light slepton, it can reduce dark matter relic density to a range allowable by
experiment.

3.4 (g − 2)µ

As it appears in the muon magnetic moment ~M = gµ
e

2mµ
~S, the gyromagnetic ratio gµ is 2

classically. Since that value receives quantum corrections, the anomalous magnetic moment

is defined as aµ ≡ gµ−2

2
. This quantity has been the subject of intense theoretical and

experimental scrutiny in the last few decades, and the measurement is persistently about 3σ

higher than the SM prediction [92]:

δaµ = aexpµ − aSMµ = (28.7± 7.98)× 10−10 (3.5)

The muon anomalous magnetic moment is very sensitive to the existence of BSM charged

states that couple to the muon, making it an interesting probe of low-energy supersymmetry.
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Figure 22: The dark matter relic density ΩCDMh
2 in the (Mbino,Mslepton)-plane with universal

slepton soft masses (m˜̀
L

= m˜̀
R

). The thick dashed and solid lines indicate the best-fit
value ΩCDMh

2 = 0.1196 and the ±3 × 0.0031 values. Grey (Orange) shaded regions are
excluded by the LEP bound on mτ̃1 (mẽ,µ̃) [27]. The magenta region is excluded by the
CMS slepton search [30], while the black lines indicate our combined slepton bounds from
the W+W− cross section measurement, see Fig. 18. Regions below the solid (dashed)
purple line have a stau (sneutrino) LSP. Regions below the green line are excluded by the
XENON100 direct detection bound [102] on the WIMP-nucleon cross section of ∼ 10−45cm2

for Mbino ≈ 20− 200 GeV. M2 = 600 GeV and Aτ = 0 in this plot.

Our scenario features light smuons and binos which, as has been long known, can contribute

to aµ at one-loop level, see Fig. 24. (The corresponding two-loop contributions are small.)

It therefore offers a possible explanation for the observed value of δaµ, with the one-loop
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(c) tan β = 4, µ = 600 GeV (d) tan β = 6, µ = 400 GeV

Figure 23: The dark matter relic density ΩCDMh
2 in the (Mbino,Mslepton)-plane with universal

slepton soft masses (m˜̀
L

= m˜̀
R

). This caption is the same as Fig. 22.

contributions explicitly given by [73]:

aµ
(
χ̃0
)

=
−1

8π2

2∑
i=1

4∑
j=1

mµ

mµ̃i

{(
|gχ̃

0
jµµ̃i

L |2 + |gχ̃
0
jµµ̃i

R |2
) mµ

mµ̃i

G2

(
m2
χ̃0
j

m2
µ̃i

)

+ Re[
(
g
χ̃0
jµµ̃i

R

)∗
g
χ̃0
jµµ̃i

L ]
mχ̃0

j

mµ̃i

G4

(
m2
χ̃0
j

m2
µ̃i

)}
(3.6)

aµ
(
χ̃−
)

=
1

8π2

mµ

mν̃µ

2∑
i=1


(
|gχ̃

−
j µν̃µ

L |2 + |gχ̃
−
j µν̃µ

R |2
)
mµ

mν̃µ

G1

m2
χ̃−
j

m2
ν̃µ


+ Re[

(
g
χ̃−
j µν̃µ

R

)∗
g
χ̃−
j µν̃µ

L ]
mχ̃−

j

mν̃µ

G3

m2
χ̃−
j

m2
ν̃µ

 (3.7)

The Gi are loop integrals. This formula is convenient for computation but not very

illuminating. It is more instructive to examine the contributions in the gauge-eigenstate
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basis [73]:

aµ(B̃, µ̃L − µ̃R) =
g2
Y

8π2

m2
µµ tan β

M3
1

Fb

(
m2
µ̃L

M2
1

,
m2
µ̃R

M2
1

)
(3.8)

aµ(B̃ − H̃, µ̃L) =
g2
Y

16π2

m2
µM1µ tan β

m4
µ̃L

Fb

(
M2

1

m2
µ̃L

,
µ2

m2
µ̃L

)
(3.9)

aµ(B̃ − H̃, µ̃R) = − g2
Y

8π2

m2
µM1µ tan β

m4
µ̃R

Fb

(
M2

1

m2
µ̃R

,
µ2

m2
µ̃R

)
(3.10)

aµ(W̃ 0 − H̃, µ̃L) = − g2

16π2

m2
µM2µ tan β

m4
µ̃L

Fb

(
M2

2

m2
µ̃L

,
µ2

m2
µ̃L

)
(3.11)

aµ(W̃± − H̃, ν̃µ) =
g2

8π2

m2
µM2µ tan β

m4
ν̃

Fa

(
M2

2

m2
ν̃

,
µ2

m2
ν̃

)
(3.12)

A dash, as in µ̃L − µ̃R, indicates a corresponding mixing insertion. First, notice that all

contributions are proportional to µ tan β, which is due to smuon mixing2. (There is additional

dependence on µ in the loop functions Fa,b but this comes from higgsino mixing.) The

neutralino contributions (3.8 − 3.11) are all neutralino contributions corresponding to Eq.

(3.6). These contributions dominate for bino dark matter and large M2. While this may

be intuitively obvious, the prefactor of M2 in Eq. (3.12) might imply the contribution to

grow with chargino mass. However, the loop functions Fa,b(x, ) decrease with increasing x, y,

meaning for our realm of interest for our scenario (M2 >∼ 200 GeV) the chargino contribution

is smaller than the bino contribution by a factor of ∼ 4− 8.

Fig. 25 shows the δaµ in the (Mbino,Mslepton)-plane for different µ, tan β, computed in

CPsuperH 2.3 [103]. Increasing the slepton mass decreases δaµ, but the dependence on

Mbino has two different regimes: for small M1 Eq. (3.8) dominates and δaµ increases with

2Aµ is assumed to be zero.
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Figure 24: aµ contributions from neutralinos and charginos in terms of mass eigenstates.

M1; for large M1, Eqns. (3.9), (3.10) give an overall negative contribution that grows with

M1 (mµ̃L = mµ̃R in our scenario). This explains the maximum value of δaµ when Mbino ∼

Mslepton.

Within the regions not yet excluded by slepton bounds, δaµ and ΩDM have very similar

scaling with µ, tan β, and there are ranges of both parameters where the best-fit regions

for both observables overlap to one sigma. Remarkably, that overlap region also lies in the

region preferred by W+W− measurements.

3.5 h→ γγ and LFU Violation

The LHC has recently discovered a ≈ 125 GeV resonance [14], properties of which seem

consistent with those of the SM Higgs boson at the 2σ level. A mild excess in the diphoton

channel, pp → h → γγ, has been reported by the ATLAS experiment [41] while a similar

excess which had been reported by the CMS experiment earlier in 2012 [42] has considerably

reduced after the new analysis in 2013 [43]. Though it is not immediately clear whether the

diphoton excess will survive the test of time, it is nevertheless an interesting possibility that
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(a) tan β = 4, µ = 400 GeV (b) tan β = 6, µ = 600 GeV

Figure 25: Variation of δaµ in the (Mbino,Mslepton)-plane with universal slepton soft masses
(m˜̀

L
= m˜̀

R
). Red lines are contours of δaµ, with the dashed line indicating the experimen-

tally preferred value of 2.87 × 10−9 and each contour spacing corresponding to 0.8 × 10−9

(one σ of the experimental measurement). Grey (Orange) shaded regions are excluded by
the LEP bound on mτ̃1 (mẽ,µ̃) [27]. The magenta region is excluded by the CMS slepton
search [30], while the black lines indicate our combined slepton bounds from the W+W−

cross section measurement, see Fig. 18.

new physics at the electroweak scale can lead to deviations in the h→ γγ effective coupling

through loop induced processes. In particular, the possibility of light staus enhancing the

Higgs diphoton rate has been well-studied in the literature [44]. A diphoton rate enhancement

of ∼ 50% requires large stau-mixing with |Aτ − µ tan β| >∼ 18 TeV and the lightest stau of

mass mτ̃1 ∼ 90 − 100 GeV. This rather narrow stau window constrains the soft masses of

the third generation sleptons to be m2
L3
≈ m2

E3
≈ mτ (Aτ − µ tan β). Therefore, a large

mass-splitting between the stau eigenstates is induced by electroweak symmetry breaking

(EWSB) in this scenario. It also explains why our simple MSSM scenario cannot improve
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the W+W− measurement while enhancing the higgs diphoton rate: under the assumption

of slepton soft mass universality, the first and second generation sleptons would be too heavy

to significantly influence the measured W+W− cross section.

This motivates us to explore, within our MSSM scenario, a departure from slepton soft

mass universality, allowing mτ̃L = mτ̃R to differ from the first and second generation m˜̀ =

m˜̀
R

3. Since the muon (g−2) is not sensitive to the stau parameters, our task is to understand

whether the correct bino relic density is compatible with enhancing h → γγ by increasing

both stau mixing and stau soft masses.

To answer this question, we investigated the three-dimensional parameter space (µ, tan β,Xτ ),

where Xτ = 1
mτ
{M2

τ̃ }LR, which is (Aτ − µ tan β) at tree-level. (Using Xτ instead of Aτ dis-

entangles stau mixing effects from bino-higgsino mixing effects.) We fixed mh ≈ 125 GeV,

as well as Mbino ≈ 80 GeV and Mslepton = 110 GeV to minimize tension in the WW mea-

surements. To maximally increase the h → γγ rate we fixed mτ̃1 = 100 GeV by choosing

appropriate soft masses m2
τ̃L

= m2
τ̃R

for a given µ, tan β and Xτ (equivalently, Aτ ).

Examining the dependence of ΩDM, Br(h→ γγ) and (g−2)µ across this parameter space,

we found that the requirements of correct relic density and significantly enhanced h → γγ

are impossible to satisfy simultaneously. Increasing the diphoton rate requires large stau

mixing, which introduces additional diagrammatic contributions to t-channel neutralino an-

nihilation and reduces dark matter density. Since the presence of first and second generation

sleptons at ∼ 110 GeV (from WW measurements) already guarantees a relic density close

to ΩDMh
2 ≈ 0.1, introducing mixed staus increases the annihilation cross section beyond

3The situation is not changed when allowing L and R soft masses to vary independently.
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acceptable values. This is readily demonstrated in Fig. 26(a), which shows the opposite

dependency of the relic density and diphoton rate on stau mixing in the above-described

scenario for the tan β = 10 slice. (With the Xτ parameterization of stau mixing, the remain-

ing explicit tan β dependence of ΩDM and Br(h→ γγ) is small.) In general, requiring correct

dark matter relic density limits the maximum diphoton rate enhancement to about 15% for

first and second generation sleptons lighter than 145 GeV. It also requires µ to be in the

few hundred GeV range, as demonstrated by Fig. 26(b): increasing µ decreases the higgsino

fraction of the neutralino, which as explained above significantly reduces relic density due

to more efficient annihilation, even when stau mixing is kept constant.

This paints a very clear picture. If the WW measurements are interpreted as implying

light first and second generation sleptons near 110 GeV and a neutralino near 80 GeV,

the resulting dark matter annihilation is so efficient that both µ and stau-mixing must be

relatively small. The maximum higgs diphoton enhancement that can be achieved is about

15%, and requires stau soft masses of ∼ 300 GeV compared to first and second generation

slepton soft masses of ∼ 100 GeV, as well as first and second generation sleptons slightly

heavier (∼ 120− 130 GeV) than what is ideally preferred by W+W− measurements.

While our scenario cannot explain a 50% enhancement, as the measurements of the higgs

diphoton rate become more precise a smaller but nonzero enhancement may still be desirable.

Since our scenario requires a departure from slepton soft mass universality to achieve a 15%

enhancement, it is prudent to check that the bounds on LFU violation do not exclude this

possibility. There are two sources violating lepton flavor universality (LFU) in this scenario :

(i) the EWSB induced term proportional to tau Yukawa, mτ (Aτ −µ tan β), which is large in
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Figure 26: The dark matter relic density (blue solid line) and Br(h → γγ) (purple dashed
line, normalized to SM) as functions of Xτ and µ in the tan β = 10 slice. Xτ ≡ 1

mτ
{M2

τ̃ }LR =
(Aτ − µ tan β) at tree-level. Mbino,Mslepton and mτ̃1 were fixed at 80, 110 and 100 GeV. In
(a) relic density increases with decreasing stau mixing. The sudden fall-off near Xτ = 0 is
from tau sneutrinos becoming light due to the small stau soft masses with minimal mixing,
giving rise to stau-neutralino co-annihilation or even a stau LSP.

the region where the diphoton rate is enhanced and, (ii) non-degenrate soft SUSY parameters

in the slepton sector, which is a necessary condition if both W+W− and Higgs diphoton

anomalies are to be reconciled. Even if one is agnostic about the diphoton excess, there are

regions in the light slepton parameter space where LFU violation can be non-negiligible.4

Bounds on LFU violation can be parameterized by different effective Fermi constants for

different leptons. Considering for example tau vs muon decay, we can define the quantity

∆rµ/τ [65] as follows:

∆rµ/τ =
(Rµ/τ )

(Rµ/τ )SM

− 1

=
Γ(µ→ eνµνe)/Γ(τ → eντνe)

Γ(µ→ eνµνe)SM/Γ(τ → eντνe)SM

− 1

=
G2
µ/G

2
τ

(G2
µ)SM/(G2

τ )SM

− 1

(3.13)

4There is also a possibility of lepton flavour violation from flavour off-diagonal terms in the slepton mass
matrix but we do not consider them here since they are known to be small [64].
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Figure 27: ∆rµ/τ × 105 (red contours) as a function of Xτ = 1
mτ
{M2

τ̃ }LR (which is (Aτ −
µ tan β) at tree-level) and msoft

τ̃ , the common τ̃L, τ̃R soft mass. The gray contours are
the τ̃1 mass eigenvalue (all in GeV), and only regions where mτ̃1 > 80 GeV are of interest
[27]. Across the entire range, ∆rµ/τ is much smaller than the upper experimental bounds,
which are O(10−3) − O(10−2) depending on the process [65]. For this plot, the first and
second generation slepton soft mass is 100 GeV, M1 = 80 GeV, µ = 400 GeV, tan β = 4,
M2 = 600 GeV and Aµ = 0, but changing these parameters will not increase ∆rµ/τ beyond
experimental limits.

where Gτ (Gµ) is the Fermi decay constant for tau (muon) decay. Depending on the process

for which ∆rµ/τ is evaluated, its absolute value is bounded to be smaller than O(10−3) −

O(10−2). [65, 67].

To a good approximation, the theoretical prediction for ∆rµ/τ is process-independent.

The relation between the measured Fermi constant and the W boson mass receives loop

corrections depending on the process under consideration and is parametrized by ∆rf (not
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to be confused with ∆rµ/τ ):

Gf =
πα√

2M2
W s

2
w

(1 + ∆rf ) , f = µ, τ (3.14)

where sw is the sine of the weak mixing angle and α is the electromagnetic constant. Plugging

this relation back in Eq. (3.13), we get

∆rµ/τ =

∣∣∣∣ 1 + ∆rµ

1 + ∆rµSM

∣∣∣∣2 ∣∣∣∣1 + ∆rτSM

1 + ∆rτ

∣∣∣∣2 − 1

≈ 2(∆rµSUSY −∆rτSUSY)

(3.15)

From the above expression, it is clear that any lepton-universal contributions to ∆rµ/τ cancel

out. Analytic expressions for supersymmetric contributions to ∆r are presented in [66] but

are too lengthy to reproduce here. The most important input is the splitting between the stau

soft masses and the first/second generation soft masses, and the stau mixing Xτ , and includes

both sources of LFU violation mentioned above. Fig. 27 shows ∆rµ/τ for representative

choices of parameters, and it is always orders of magnitude below experimental bounds for

the relevant parameter ranges. Therefore, while our scenario does not naturally account for

a h→ γγ enhancement, a moderate enhancement of ∼ 15% may be accommodated.

4 Light Stop Scenarios

In this section we will show how each of the light stop scenarios in Fig. 17 could account

for the W+W− excess. In each case a χ2-fit over all kinematic distributions of the W+W−
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cross section measurements [56–58] is performed, with preferred regions of the stop-neutralino

mass plane identified by smaller values of χ2
SM+stops/χ

2
SM. We include in our analysis the

constraints from stop, sbottom and chargino direct searches, and find that they do not

exclude one or two light stops as explanations for the W+W− excess. In fact, as we outline

below, chargino searches may already hint at an independent confirmation of certain types

of spectra.

The presence of light sbottoms in Scenarios B-D allows the Bino to be a thermal DM

candidate with correct relic density. The absence of charginos in Scenarios B & D also allows

light sleptons to be included, which can account for the measured deviation in (g− 2)µ. The

corresponding treatment of these issues for Scenario B in Section 4.2.1 carries over to the

subsequent scenarios. We also discuss Higgs coupling constraints on Scenario C & D with

two light stops in Section 4.3.1. They are not prohibitive, but will be an interesting probe

at the next run of the LHC.

4.1 Scenario A: One Light Stop, W from EWino

This is Scenario A in Fig. 17, originally proposed by [61]. A single light stop is pair-

produced and decays via soft b-jets to wino-like charginos, which then decay to a W and

a Bino LSP. The second stop could evade detection if it hides in the tt̄ background with a

mass of mt̃2 ≈ mt +mχ̃0
2
, but then sbottom constraints would exclude this scenario, see Fig.

29. Therefore we assume the second stop to be heavier than ∼ 700 GeV to evade t̄t+ MET

searches [34].
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(a) ATLAS 7 TeV 5 fb−1 [56] (b) CMS 7 TeV 5 fb−1 [57]

(c) CMS 8 TeV 3.5 fb−1 [58]

Figure 28: Regions of the stop-neutralino mass plane excluded and preferred by the different
W+W− cross section measurements in Scenario A (”One Light Stop, W from EWino”). We
fix ∆m = t̃1 − χ±1 ≈ 10 GeV to avoid hard b-jets. Solid (dashed) orange line: 95% exclusion
from the W+W− measurement with fixed (floating) normalization of SM contribution.
Thin blue contours show values of χ2

SM+stops/χ
2
SM, with the thick contour indicating the

region most preferred by the W+W− measurement. Exclusions from ATLAS stop searches
shown in red [82] and green [47]. Observed (expected) exclusion from ATLAS trilepton χ0

2χ
±
1

search [75] shown as solid (dot-dashed) brown line: note how an excess compatible with the
W+W− preferred region pushes the observed bounds down in Bino mass.

72



Fig. 28 shows the stop-neutralino mass plane, with mχ̃±
1
≈ mt̃1 − 10 GeV. (If the mass

difference were much larger the stop events would fail the jet veto of the W+W− mea-

surements.) The region above the red contour is excluded by the 13 fb−1 ATLAS 8 TeV

low-MET t̃ → b + χ̃±1 search.1 Lighter stop masses mt̃1 < 150 GeV are constrained by a

5 fb−1 7 TeV ATLAS search [47]. Applying the cuts from this search, and rescaling our

efficiency by 0.5 to reproduce the acceptances quoted in [47], excludes the region below the

green curve. Finally, the observed (expected) limits on χ0
2χ
±
1 → W + Z + 2χ0

1 from the

ATLAS 20fb−1 8 TeV trilepton search [75] are shown as a solid (dot-dashed) brown line.

Note the deviation between observed and expected chargino limits, which is due to a 2σ

excess in the SR0τa-bin01 of that search.

The solid (dashed) orange line shows the constraint obtained on this stop scenario by

each of the published W+W− measurements under the assumption of fixed (freely floating)

SM contribution. The obtained limits close the gap between the two stop searches, but are

superseded by the trilepton limits.

The thin blue lines are contours of χ2
SM+stop/χ

2
SM for the full shape fit across all published

differential distributions in each W+W− search. The actual value of this ratio is not very

meaningful, since the public data does not allow us to take all correlations into account for

the shape fit. Nevertheless, the result that some regions in the mass plane are preferred

over others and improve the fit compared to the SM alone is robust, and we indicate the

“most preferred regions” with a thick blue contour to guide the eye. Its vertical extent

is mostly given by the stop production cross section. A stop-neutralino mass-difference of

1A recent 20 fb−1 update [46] does not significantly change the limits in our mass region of interest.
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∼ mW is preferred to give roughly at-rest W ’s from chargino decay, improving agreement

in all kinematic distributions of the W+W− measurements. (If the kinematics were very

different, the stop contribution would fill in the wrong bins and worsen the disagreement

between expectation and data.) The best-fit point is near (mt̃1 ,mχ̃0
1
) ≈ (220, 130) GeV.

The WW -preferred region is not excluded by either stop or chargino bounds. In fact, the

ATLAS trilepton search [75] should be sensitive to the stop spectra in part of the preferred

region, but the observed 2σ excess pushes the exclusion away from the preferred region.

This might be interpreted as very tentative evidence for this light stop scenario, from a

signal which is completely uncorrelated with the dilepton + MET final state in the W+W−

measurement.2

The pure Bino is a slightly problematic DM candidate within the MSSM, requiring non-

standard cosmological history to have the correct relic density. This is discussed further in

Section 4.2.1.

4.2 Scenario B: One Light Stop, W from Stop

In contrast to the first example where charginos were required to produce the W ′s in

their decays, W ′s can be produced with colored cross section simply via electroweak stop

decay. This is Scenario B in Fig. 17.

For simplicity, t̃2 is again assumed to be heavier than ∼ 700 GeV to evade direct searches

and demonstrate the minimal working parts necessary. The presence of a light sbottom

decaying via b̃1 → b + χ̃0
1 is highly constrained, most importantly by a 12.8 fb−1 ATLAS

2The CMS trilepton search [76] has no sensitivity in this mass region.
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Figure 29: Bounds on a single sbottom decaying via b̃1 → b+ χ̃0
1. Black: LEP

√
s = 208 GeV

[83]. Purple: low-MET ATLAS 8TeV 12.8 fb−1 search [81]. Green: D0 5.2 fb−1 [85]. Orange:
CMS 4.7 fb−1 mono-jet recast by [86]. Gray: mb̃1

= mχ̃0
1

kinematic limit.

search [81], see Fig. 29. However, these bounds can be avoided if mb̃1
−mχ0

1
. 10 GeV, since

for such small mass gaps sbottom decay is poorly understood, and it is possible for such

spectra to evade searches by failing b-jet requirements or single-track vetoes.

Again for simplicity we assume mostly right-handed t̃1 and b̃1 to decouple mb̃1
from mt̃1

and easily allow for mb̃1
∼ mχ0

1
. (Mixed sbottoms can also be accommodated by adjusting

sbottom mixing, see Section 4.3.) Both states, t̃1 and b̃1, have to carry at least a small LH

component to ensure Br(t̃1 → b̃1 + W+) ≈ 1 and avoid a large t̃ → c + χ̃0
1 signal. Higgs

coupling measurements are not yet sensitive to a single light stop [69], while deviations due

to sbottoms are generically small, certainly so if the other sbottom is very heavy [87].

The kinematics of the BSM signal in the W+W− measurement is very similar to Sce-
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nario A, so most of Fig. 28 applies here as well. The same stop search limits apply, but

there are no bounds from the ATLAS trilepton searches since there is no light wino-like

chargino/neutralino pair. With mb̃1
−mχ0

1
≈ 10 GeV there are no sbottom bounds, and a

nearly identical region of the stop-neutralino mass plane is preferred/excluded by the W+W−

measurements. In the absence of a trilepton signal, these new bounds fill an important gap

between the stop searches.

4.2.1 Thermal Bino Dark Matter and (g − 2)µ

The pure Bino is a slightly problematic dark matter candidate within the MSSM. If it

is the LSP, its annihilation cross section is typically very small, leading it to overclose the

universe. (For a discussion see e.g. [88].) Scenario A can therefore not be realized within

the standard MSSM, and some additional mechanisms to dilute the Bino density must be

present.

Bino annihilation can be enhanced in three ways. Firstly, if the Bino-like LSP has a non-

negligible Wino (Higgsino) fraction and its mass is near mZ/2 (mh/2), annihilation proceeds

through an s-channel Z (h) resonance. Secondly, if there is another sfermion close in mass

it is possible to co-annihilate both LSP and NLSP particle populations. Thirdly, if there is

a relatively light sfermion carrying hypercharge then it can mediate sizable annihilation via

t-channel exchange. Scenarios B - D feature light sbottoms between LSP and stops in the

spectrum. The presence of this additional degree of freedom makes it possible to enhance

Bino annihilation to either make it a subdominant dark matter component, or to act as a

thermal relic with the correct relic density ΩCDMh
2 = 0.1196± 0.0031 [89].
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To understand the impact of a light sbottom we computed the Bino DM relic density

ΩBino using micrOMEGAs 3.6.9.2 [90] for different mχ̃0
1
,mb̃1

assuming either b̃1 = b̃R or

b̃1 = b̃L.3 In either case, we find that t-channel annihilation is insufficient to avoid overclosure,

due to the small hypercharge of sbottoms compared to sleptons. The only way to satisfy

ΩBino = ΩCDM with light sbottoms is via co-annihilation. For the Bino masses most of

interest, mχ̃0
1
∼ 130 GeV, this requires mb̃1

≈ mχ̃0
1

+ 15 GeV for both b̃L and b̃R. This is

just on the border of exclusion in the ATLAS sbottom search [81] (see Fig. 29), so this

mechanism for generating the correct thermal relic density may be called marginally viable.

At any rate, if the sbottom is closer in mass to the Bino than 15 GeV then the Bino makes

up some fraction of the total DM density. This means the light sbottom scenarios are not

excluded by cosmological considerations.

Regardless of cosmological history, if a Bino-like LSP constitutes a significant dark matter

component then its higgsino fraction must be low enough to give a Higgs-mediated direct

detection cross section below current bounds. We have checked that LUX direct detection

bounds [91] are satisfied for µ & 500 GeV.

Sbottom-Bino co-annihilation can make the LSP in Scenarios B - D a thermal relic in the

WW -preferred region. There is, however, potential to address yet another anomaly which

may hint at new physics. The absence of charginos in Scenarios B and D makes it possible

to insert sleptons into the spectrum between the stop and the LSP without affecting the

W+W− signal from stop pair production. High-MET SUSY searches are not sensitive to

3We assume mh = 125 GeV is generated by the heavy second stop or by some new physics beyond the
MSSM for the scenarios with two light stops, so we fix the Higgs mass manually in the SLHA spectrum files.
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sleptons in the “WW -funnel”, m˜̀−mχ̃0
1
. mW [75]. In [53] we showed that such sleptons

below ∼ 150 GeV could account for the W+W− anomaly while simultaneously providing a

thermal Bino relic and serving as an explanation for the long-standing 3σ deviation in the

measured value of the muon anomalous magnetic moment (g − 2)µ [92]. Inserting sleptons

above ∼ 150 GeV into the spectrum of Scenarios B and D would not significantly affect the

W+W− signal or the relic density (which is annihilated away by sbottom co-annihilation)

but could still explain (g − 2)µ.

In summary, light stop Scenario B can explain the W+W− excess, while also generating

the correct thermal Bino relic density and accounting for the venerable (g − 2)µ anomaly.

The conclusions of this subsection regarding relic density and direct detection can be

applied verbatim to the next two scenarios as well, since they do not meaningfully depend

on the stop spectrum or the composition of the lightest sbottom quark.

4.3 Scenario C: Two Light Stops, W from EWino

In the context of naturalness, one light stop is good but two light stops are better. In

this section and the next we will demonstrate that Scenarios A and B can be modified to

have two light stops.

Scenario C in Fig. 17 represents a simple extension on Scenario A, making the second

stop similarly light as the first one. The mass difference between the two stops has to be

fairly small to ensure that b-jet from t̃2 → χ̃±1 + b decay does not trigger the jet veto in the

W+W− measurements. This means the stops cannot have large mixing.
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Making both unmixed stops near-degenerate will also introduce the left-handed sbottom

into the spectrum. Using the notations of [93], setting stop mixing to zero (Xt = 0) via

judicious choice of At for a given µ and tan β fixes the left-handed 3rd generation squark soft

mass at tree-level to be

M2
Q = m2

t2
−m2

t +
1

6
M2

Z(4 sin2 θW − 3) cos 2β, (4.1)

where we take mt2 to be the LH stop mass. (In practice there will also be some small stop

mixing and hence mass difference, to ensure both stops can decay to a chargino.) For zero

sbottom mixing, this gives a LH sbottom mass

mbL =
√
m2
t2 +m2

b −m2
t +M2

Z(sin2 θW − 1) cos 2β

≈ 1.6mt2 − (200 GeV), (4.2)

where the approximation in the second line holds to a few GeV in our stop mass range of

interest mt̃ ∼ 180− 260 GeV when tan β & 3. Without sbottom mixing we therefore expect

most of this Scenario’s parameter space to be ruled out by sbottom searches. However, one

can always lower the mass of the lightest sbottom by increasing mixing to satisfy mb̃1
−mχ̃0

1
.

10 GeV, which removes sbottom constraints as discussed for Scenario B in Section 4.2. The

presence of light sbottoms could also help generate a thermal Bino DM relic (or annihilate

away the primordeal Bino abundance so it is a subdominant dark matter component), see

Section 4.2.1.
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Two stops near 200 GeV would make the SUSY spectrum very natural, but within the

MSSM they can not generate sufficient loop corrections to lift the Higgs mass to 125 GeV.

There are, however, a myriad of extensions to the MSSM which introduce additional Higgs

mass contributions. As outlined in Section 1 we will therefore assume some such contribution

is present, and concentrate on direct consequences of these light stops.

Fig. 30 and Fig. 31 show the stop-neutralino mass plane for this scenario with mt̃2 ≈ mt̃1

and small sbottom mixing. The labeling is the same as Fig. 28, and the region preferred by

each W+W− measurement is shown by the thick blue contour. The purple line indicates the

constraint from the ATLAS sbottom search [81]. For unmixed sbottoms it excludes much of

the WW -preferred region, though some remains. However, increasing sbottom mixing can

remove the this constraint. The fully natural scenario with W+W− from electroweakinos is

therefore viable, and the trilepton excess in [75] could still be taken as tentative corroboration

of this spectrum.

4.3.1 Higgs Coupling Constraints

Two light stops can generate significant corrections to the loop-induced Higgs couplings

(see e.g. [69,87]). Higgs signal strength measurements in different channels can already give

significant constraints on such deviations.

As discussed recently in [69], these measurements naively exclude two light unmixed stops

near 200 GeV at the 3σ level. There are, however, important caveats to this conclusion.

Firstly, [69] assumes no other light particles in the spectrum. The presence of other Higgs

coupling modifications could loosen this constraint, especially considering that two light
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(a) ATLAS 7 TeV 5 fb−1 [56] (b) CMS 7 TeV 5 fb−1 [57]

Figure 30: Regions of the stop-neutralino mass plane excluded and preferred by the different
W+W− cross section measurements in Scenario C (”Two Light Stops, W from EWino”). We
fix ∆m = t̃1 − χ±1 ≈ 10 GeV to avoid hard b-jets, and make the two stops degenerate mt̃1 ≈
mt̃2 . There is no large sbottom mixing, so mb̃1

is given by Eq. (4.2). Solid (dashed) orange
line: 95% exclusion from the W+W− measurement with fixed (floating) normalization of
SM contribution. Thin blue contours show values of χ2

SM+stops/χ
2
SM, with the thick contour

indicating the region most preferred by the W+W− measurement. Exclusions from the
ATLAS stop search shown in red [82]. Observed (expected) exclusion from ATLAS trilepton
χ0

2χ
±
1 search [75] shown as solid (dot-dashed) brown line. The purple line is the ATLAS

sbottom search [81], but this constraint can be removed by increasing sbottom mixing.

stops already indicate the presence of additional new physics to raise the Higgs mass beyond

the MSSM expectation. Secondly, and more importantly, the CMS [94] measurement of

h→ γγ is about 2σ lower than ATLAS [95], which is somewhat above the SM expectation.

When only ATLAS Higgs measurements are considered, two 200 GeV unmixed stops are not

excluded [74].

The general lesson here is that constraints on SUSY spectra from Higgs coupling fits

must be taken with a degree of caution until disagreement between the two experiments is

resolved. Once the measurements converge they can be used to test Scenarios C and D.
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(c) CMS 8 TeV 3.5 fb−1 [58]

Figure 31: This caption is the same as Fig. 30

Ignoring small sbottom corrections, the WW -preferred region of this scenario in Fig. 30 and

Fig. 31 predicts a hgg and hγγ coupling that is 20− 35% larger and ≈ 10% smaller than the

SM, respectively. The larger hgg coupling results in h→ V V ∗ signal strengths ∼ 40− 60%

larger than SM, serving as an important prediction of these natural stop scenarios in the

absence of other coupling corrections.

4.4 Scenario D: Two Light Stops, W from Stop

Direct production of W+W− from stop decay can be made fully natural in a similar

fashion to W+W− from EWinos. This is shown as Scenario D in Fig. 17. Similar to

Section 4.3, the two stops are again near-degenerate with mixing that is small but nonzero,

to allow both Br(t̃1,2 → χ̃±1 b) ≈ 1. There is some mixing in the sbottom sector to guarantee

mb̃1
− mχ̃0

1
. 10 GeV to escape sbottom searches, but the Higgs coupling correction of

this mixed b̃1 can always be made negligible with a heavy b̃2 [87]. Other Higgs coupling
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considerations are identical to Section 4.3.1 and do not exclude this scenario.

The preferred region of the stop-neutralino (or stop-sbottom) mass plane is very similar

to that shown in Fig. 30 and Fig. 31, except by construction the sbottom bounds do not

apply, and the absence of charginos means there are no trilepton bounds. As discussed in

Section 4.2.1 it is possible for the Bino to be a thermal relic with correct abundance, and for

sleptons inserted between the stops and the neutralino to account for the deviation in the

measured (g − 2)µ.

4.5 W from Sbottom

One could imagine inverting the scenarios shown in Fig. 17: Producing sbottoms instead

of stops, and possibly hiding stops by setting their mass very close to the neutralino LSP.

However, this is either not viable or already excluded.

Scenarios A and C, with W from EWino decay, cannot be inverted because the b̃→ χ̃±1 t

decay is 4-body and highly suppressed if the mass difference is small, and highly visible if it

is not.

Inverted Scenarios B and D, with one sbottom near ∼ 200 GeV and one or two stops

near the neutralino, could generate the required W+W− signal. This requires a tuned

sbottom mixing to ensure Br(b̃1 → χ̃0
1b) � Br(b̃1 → t̃1,2W

−) ≈ 1, which is equivalent to

tuning away the effective hypercharge of b̃1. The light stops then decay via the loop-induced

process t̃ → cχ̃0
1. However, such squeezed stops are the subject of dedicated ATLAS and

CMS searches [45], which exclude mt̃ < 250 GeV for arbitrarily small mt̃ −mχ̃0
1
. Since the

83



bottom of the spectrum has to be below ∼ 150 GeV to generate a suitable W+W− signal,

this eliminates the inverted Scenarios B and D as possibilities.

5 Conclusion

Naturalness prompts us to expect something beyond the SM near the electroweak scale.

In light of this expectation, the absence of convincing new physics signals in all searches

to date might be interpreted as painting a somewhat pessimistic picture. This has led to a

degree of soul-searching within the field, questioning the basic assumptions on which these

expectations are built [111–113] or to already plan for higher energy colliders. While this is

a necessary exercise, it is important to understand that the possibilities for electroweak-scale

new physics are far from exhausted.

By investigating just one SM standard candle, the W+W− cross section, we have un-

covered a wealth of possible information about new EW states at the LHC. In the search

for new EW states at the LHC prior to this study, a gap had consistently remained between

LEP and the LHC for low mass EW states. By examining the differential W+W− cross

section we have shown that this gap can be closed or new physics can hide in this gap when

investigating simplified models based on supersymmetry particle productions. For example,

chargino, slepton and stop can improve the agreement with the data both at ATLAS and

CMS. In the slepton simplified model space we also discovered a region analogous to [52],

where new EW states can fit the W+W− differential cross section data better than the

SM alone. Sleptons give significantly different predictions compared to the chargino [52] or
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stop [61] explanations of the W+W− cross section anomaly, most notably that the excess

in W+W− should be flavor-diagonal. They can also account for the correct relic density

of dark matter in the universe, provide a signal for future direct detection experiments, and

explain the longstanding (g − 2)µ discrepancy. Sleptons can also potentially explain some

increase in the h→ γγ rate that may be slightly favored when combining both ATLAS and

CMS results.

The excess in all W+W− cross section measurements [56–58] can be interpreted as (i) a

statistical fluctuation, (ii) an unexplained SM effect, or (iii) a genuine signal of new physics.

The first possibility is, by definition, somewhat unlikely, with the combined significance of

the excess being about 3σ, more if shape differences in expected and observed distributions

are taken into account. The second possibility would require those effects from QCD higher

order corrections [39,96,97,100,101]. In fact recently, CMS updated WW cross section at 8

TeV result by considering NNLO calculations and NNLL pT resummation [39]. The deviation

between the data and prediction becomes smaller than 1 sigma. But, for WZ and ZZ, they

can be explained very well by the SM NLO predictions within one sigma. However, these SM

NNLO effects may bring up disagreements on WZ and ZZ channels. The cross section for

ZZ production was first calculated at full NNLO in [98], the effects compared to NLO were

found to be quite small provided that the gg → V V contribution to the cross section was

included separately at NLO (which it is by both ATLAS and CMS in their W+W− and ZZ

measurements). While this calculation is not the full NNLO W+W− calculation, there is

reason to believe they should be similar in size for these EW processes. Furthermore, if there

were additional unexpected QCD behavior, it should manifest itself in the measurement of
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ZZ production, but both ATLAS and CMS measure that cross section to be in perfect

agreement with the SM prediction [99]. Additionally, the pT resummation calculation [100]

used in the most recent CMS study to model the jet veto [39] would also predict that the

pT spectrums in other diboson channels should be different than their MC predictions.

In [52, 54] and [53] we showed that charginos or sleptons could account for the W+W−

excess, or, depending on one’s interpretation, that such low-lying spectra below 150 GeV

could not be excluded and remain open as possibilities. Producing W ’s by decaying stops

to charginos was first proposed in [61], realizing what we call Scenario A from Fig. 17.

This suggested the intriguing possibility that natural SUSY spectra might be hiding in the

W+W− signal, or (again) at the very least are not excluded.

In stop scenarios, our work shows, in fact, several classes of spectra featuring one or two

light stops can serve as viable explanations of the W+W− excess without being excluded

by other searches. These new possibilities are shown in Fig. 17, and their phenomenological

consequences are summarized in Table 3. Scenario B introduces a qualitatively novel way of

producing W ’s from strong production via direct electroweak stop decay, while Scenarios C

and D make both strong W+W− production mechanisms fully natural. In each of these sce-

narios, the W+W− signal is explained by one or two light stops with masses near ∼ 220 GeV

and a neutralino LSP near ∼ 130 GeV. All of these scenarios predict additional particles,

charginos (A, C) and/or sbottoms (B, C, D) close in mass to the stops and neutralino re-

spectively. The light sbottoms might allow the Bino DM to be a thermal relic by opening up

a co-annihilation channel, and certainly remove overclosure bounds from the scenario, even

for standard cosmological histories.
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Scenario Explains W+W− Explains trilepton Natural SUSY thermal (g − 2)µ
excess [56–58] excess [75] spectrum DM relic

A Yes Yes partial No No
B Yes No partial possible possible
C Yes Yes Yes possible No
D Yes No Yes possible possible

Table 3: Summarized phenomenological consequences of the four stop scenarios illustrated
in Fig. 17. A thermal DM relic requires light sbottoms close to the Bino mass. Explaining
(g − 2)µ requires sleptons to be inserted into the spectrum. See Section 4 for details.

Clearly any possible hints of new physics that SM standard candles shed light on should be

investigated to the fullest. However, regardless of whether or not this particular anomalous

region remains with larger luminosity or higher energy runs, the importance of using SM

standard candles is clear. Current search strategies are typically based on looking in regions

where the SM contributes a small number of events. To investigate the actual EW scale,

where the only new particle discovered by the LHC lurks, we must confront these regions by

understanding the SM in greater detail. Given that this prohibits the use of straightforward

data-driven techniques it is important for experimentalists to measure these regions in as

much detail as possible, while theorists must continue to improve their calculations of SM

processes. Top physics has often been the hallmark of where to search for new physics,

given that it couples so strongly to the Higgs. However, EW gauge bosons also couple

strongly to the source of EWSB, and can provide just as important of window into the

physics associated with EWSB. Both experimentalists and theorists need to explore the SM

EW sector in exhaustive detail, otherwise we risk missing an important opportunity for

discovering new physics, or understanding where it can and cannot exist.
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A Appendix

A.1 Stop case in scenario B, D

In order to know the relation between ∆m(t̃1− b̃1) and the preferred region, we performed

two cases, ∆m(t̃1 − b̃1) ∼ 85GeV and ∆m(t̃1 − b̃1) ∼ 100GeV. we consider t̃1 → b̃1W with

∆m(t̃1 − b̃1) ∼ 100 GeV in Fig.32. The preferred region(Blue) is t̃1 ∼ 200 GeV and χ̃0
1 ∼

70 GeV that is excluded LEP and ATLAS 8 TeV sbottom exclusion. WW exclusion region

(orange line) is different from that in t̃1 → χ̃±1 b. For example, in CMS 8 TeV, as t̃1 ∼ 180 GeV

and χ̃0
1 increases from 50 GeV to 80 GeV, the larger χ̃0

1 is ruled out by WW. As χ̃0
1 increases,

b-jet becomes softer. There are too many events passing jet-veto and result in too many WW

signal contributions and they are not preferred. In t̃1 → b̃1W and b̃1 → bχ̃0
1, χ̃0

1 controls b-jet

energy instead of lepton energy. However, in t̃1 → χ̃±1 b and χ̃±1 → W (∗)χ̃0
1, χ̃0

1 controls lepton

energy instead of b-jet. Furthermore, as ∆m(t̃1 − b̃1) ∼ 85 GeV in Fig.33, the preferred

region is in the allowed region. Compared to ∆m(t̃1− b̃1) ∼ 100 GeV, ∆m(t̃1− b̃1) ∼ 85 GeV

has heavier b̃1 and b-jet is more energetic. Thus, jet-veto does not allow too many WW

contributions.

In addition, with sbottom exclusion information, there is a narrow funnel among purple,

black and gray line that are still allowed by collider searches. We would like to understand the

WW preferred region when we consider two light stops and one sbottom that are all allowed

by collider searches. In Fig.34, χ̃0
1 and b̃1 are chosen 160 GeV and 175 GeV respectively. In

this stop1-stop2 plane, both ATLAS 7 TeV and CMS 8 TeV have WW preferred region. The

most preferred region (Blue contour) is t̃1 ∼ t̃2 ∼ 260 GeV. This point is allowed by sbottom
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(a) ATLAS7 (b) CMS7

(c) CMS8

Figure 32: Stop scenario at W+W− search. t̃1 → b̃1W with t̃1 − b̃1 ∼ 100 GeV. All regions
inside purple, green and black lines are excluded. The region below the gray line is excluded
because sbottom is LSP. The most W+W− preferred region are excluded by sbottom search.
Both orange and blue are the same as previous plots. Purple line is ATLAS 8TeV 12.8fb−1

[81]. Green is D0 5.2fb−1 [85]. Light green is CMS mono-jet search [84]. Black line is LEP√
s = 208 GeV [83].

searches and WW search simultaneouly. For larger χ̃0
1 and b̃1 that are allowed by sbottom

searches, for example (200,218) GeVand (240,261) GeV, WW prefered region is not robust

because stop pair production cross section is too small.
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(a) ATLAS7 (b) CMS7

(c) CMS8

Figure 33: Stop scenario at W+W− search. t̃1 → b̃1W with t̃1 − b̃1 ∼ 85 GeV. All regions
inside purple, green and black lines are excluded. The region below the gray line is excluded
because sbottom is LSP. The most W+W− preferred region are excluded by sbottom search.
Both orange and blue are the same as previous plots. Purple line is ATLAS 8TeV 12.8fb−1

[81]. Green is D0 5.2fb−1 [85]. Light green is CMS mono-jet search [84]. Black line is LEP√
s = 208 GeV [83].
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