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We have solid evidence for dark matter:

Only NP beyond SM 
discovered so far!
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Dark matter candidate?
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Dark matter candidate?

- We know very little. Vast range of possibilities
Can be 10-31 GeV to 1050 GeV.
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Dark matter candidate?

- We know very little. Vast range of possibilities
Can be 10-31 GeV to 1050 GeV.

- Looking for a compelling story.
Not so different from the particles we know

Weak scale mass, couplings not too large or small

Measure the properties in the lab.

Not so dependent on the history of the early 
universe.

Because we don’t know too much about it. 

Idea: thermal equilibrium in early universe.
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Dark matter candidate?

- We know very little. Vast range of possibilities
Can be 10-31 GeV to 1050 GeV.

- Looking for a compelling story.
Not so different from the particles we know

Weak scale mass, couplings not too large or small

Measure the properties in the lab.

Not so dependent on the history of the early 
universe.

Because we don’t know too much about it. 

Idea: thermal equilibrium in early universe.

WIMP
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WIMP miracle

- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV

We get the right relic abundance of dark matter.

- Major hint for weak scale new physics!

DM

DM

SM
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WIMP miracle

- More precisely, to get the correct relic abundance

- Much of the parameter space out of reach for the 
LHC. 

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆
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WIMP miracle

- More precisely, to get the correct relic abundance

- Much of the parameter space out of reach for the 
LHC. 

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆

Will use 100 TeV for comparison here.
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“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

Sunday, February 23, 14



“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

No discovery
 yet
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“standard” story.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy ⇒ higher reach
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Back to the basics
- pair production + additional radiation.

- Mono-jet, mono-photon, mono-...

- Have become “Standard” LHC searches.

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

DM

DM

SM
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Effective operator approach

DM

DM

SM
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Effective operator approach

DM

DM

SM

momentum exchange 
q∼100 MeV << mΦ 

effectively,  
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Effective operator approach

DM

DM

SM

momentum exchange 
q∼100 MeV << mΦ 

effectively,  

Use colliders to constrain and probe
the same operator 
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Effective operator approach

- Effective? 
Valid? Could be in some parameter region.

Representative of possible UV completion? And, 
representative of possible signals?

Consider possible mediators.

14 New Particles Working Group Report
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Figure 1-7. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities using the D5 or D8 operator as a function of m�. From Ref. [156].

Figure 1-8. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities when requiring a b-quark in the final state, as a function of m�. From Ref. [24].

model of the Z 0 interaction has 1

M⇤
= gZ0

MZ0
fixing the relationship between gZ0 and MZ0 . Figure 1-9 shows

the expected limits in terms of gZ0 on the Z 0 model at the variety of pp facilities under consideration. The
g0 expected limits can be compared to the curve with gZ0 = MZ0

M⇤
.

1.3.2.2 Searches at lepton colliders

The same mechanism which allows pp colliders to be sensitivie to the coupling of the initial-state quarks
to WIMP pairs allows e+e� colliders to proble the couplings of electrons to WIMP pairs, see Fig 1-6. The
couplings of WIMPs to leptons could be mediated by di↵erent operators with di↵erent suppression scales than
the WIMP-quark (gluon) couplings. Therefore e+e� colliders will add important complementary information
to the WIMP picture [38, 59, 98].

The final state is a high-pT photon with missing momentum due to the invisible � pair. The dominant
background is production of neutrino pairs via a Z boson, with a photon from initial state radiation. The
sensitivity reaches up to nearly

p

s/2.

Community Planning Study: Snowmass 2013

8
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FIG. 9: Limits at 95% CL on WIMP pair annihilation for di↵erent facilities using the D5 (left) or D8 (right) operator as a
function of m�.
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FIG. 10: Sensitivity at
p
s = 14 TeV, L = 300 fb�1 to a dark matter pairs produced through a real Z0 mediator. Left,

expected limits on the coupling gZ0 versus Z0 mass for two choices of m� for events with 6ET > 550 GeV; also shown are the
values of gZ0 which satisfy g0/mZ0 = 1/M⇤, where M⇤ are limits from

p
s = 7 TeV, L = 5 fb�1. Right, production cross section

as a function of Z0 mass, compared to expected limits, where gZ0 depends on mZ0 as in the left pane.

Zhou, Berge, LTW,  Whiteson,  Tait, 1307.5327 
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Simplified mediator models

𝜙 can be scalar or Z’ 

IIT-CAPP-13-06, ANL-HEP-PR-13-38

Dark matter with t-channel mediator: a simple step beyond contact interaction

Haipeng An1, Lian-Tao Wang2, and Hao Zhang3,4,5
1Perimeter Institute, Waterloo, Ontarrio N2L 2Y5, Canada

2Kavli Institute for Cosmological Physics and the Enrico Fermi Institute,
The University of Chicago, 5640 S. Ellis Ave, Chicago, IL 60637

3 Illinois Institute of Technology, Chicago, Illinois 60616-3793, USA
4 High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5 Department of Physics, University of California, Santa Barbara, California 93106, USA
(Dated: January 2, 2014)

E↵ective contact operators provide the simplest parameterization of dark matter searches at
colliders. However, light mediator can significantly change the sensitivity and search strategies.
Considering simple models of mediators is an important next-step for collider searches. In this
paper, we consider the case of a t-channel mediator. Its presence opens up new contributions to the
monojet+ 6 ET searches and can change the reach significantly. We also study the complementarity
between searches for processes of monojet+ 6 ET and direct pair production of the mediators. There
is a large region of parameter space in which the monojet+ 6 ET search provides the stronger limit.
Assuming the relic abundance of the dark matter is thermally produced within the framework of
this model, we find that in the Dirac fermion dark matter case, there is no region in the parameter
space that satisfies the combined constraint of monojet+ 6 ET search and direct detection; whereas
in the Majorana fermion dark matter case, the mass of dark matter must be larger than about 100
GeV. If the relic abundance requirement is not assumed, the discovery of the t-channel mediator
predicts additional new physics.

PACS numbers: 95.35.+d,95.30.Cq

I. INTRODUCTION

The identity of dark matter (DM) is one of the central
questions in particle physics and cosmology. Many exper-
imental e↵orts are underway to search for the answer. It
is also one of the main physics opportunities of the Large
Hadron Collider (LHC). In recent years, there have been
significant progress in using simple e↵ective field theory
to combine the results of the LHC searches with limits
from direct detection experiments [1–17]. There have also
been earlier studies for similar search channels [18–20].
The contact operator approach is based on the sim-

plified assumption that the particles conducting the in-
teraction between DM and the SM particles are heavy,
and therefore can be integrated out. The constraints on
the energy scale of these e↵ective operators from the LHC
searches are around several hundred GeV scale. However,
with the ability to probe up to TeV energy scale, the uni-
tarity constraints might be violated at the LHC. As a re-
sult, the constraints from contact operator studies cannot
be applied directly to UV complete models. Therefore,
it is useful to consider the case in which the mediator
is lighter and within its energy reach. This would in-
evitably introduce more model dependence. Therefore,
it is useful to consider the simplest extensions first.
One such simple scenario is the so-called “s-channel”

model, in which the scattering of the DM with nucleus
is mediated by the exchange of a mediator particle �, as
shown in the left panel of Fig. 1. At colliders, it can
be produced as a s-channel resonance through the qq̄ !
� ! ��̄ process. Hence, the limit from monojet+ 6 ET
type searches can be a↵ected significantly. At the same
time, direct searches for resonance �, such as in the di-jet

� �

�

q q q q

�
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FIG. 1: Diagrams for direct detection mediated by s-channel
(left panel) and t-channel (mediators).

channel, provides complementary information. This has
been demonstrated in the case that the mediator � is a
massive spin-1 particle [21–23].

In this paper, we consider the other simple possibility
in which the DM nucleus interaction is mediated by go-
ing through a intermediate state. We call this t-channel
mediator. We focus on the cases that the DM is ei-
ther a Dirac or Majorana fermion. In this case, the
light mediator also plays an important (and di↵erent)
role in the collider searches. In particular, it contributes
to the monojet+ 6 ET searches by being directly produced
and decaying into q + �, as shown in (d1-d4) of Fig. 2.
Moreover, in the most monojet+ 6 ET search by the CMS
collaboration [24] , a second hard jet is also allowed to
increase the signal rate. As a result, this search is also
sensitive to the di-jet+ 6 ET processes, especially in the re-
gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-

𝜙 squark like
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- Contact operator ~ heavier, more strongly coupled 

mediator. 

- EFT also don’t  capture SUSY, Mmed ≈ MDM

____________ 
MD � 50 GeV

____________ 
MD � 150 GeV

- - - - - - - - - - 
MD � 50 GeV Contact Interaction

- - - - - - - - - - 
MD � 150 GeV Contact Interaction

0 200 400 600 800 1000 1200 1400

0.5

1.0

1.5

2.0

MZ '�GeV⇥

⇥
�pb⇥

Figure 1: Cross section for monojet + MET at Tevatron as a function of MZ0 with di↵erent dark
matter masses. gZ0/MZ0 , and hence the direct detection cross section �direct, is fixed. We assume
gZ0 = gD.

to investigate how the constraints change if we relax this assumption and allow g
Z

0/g
D

to

vary.

In collider production of dark matter particles, the relevant momentum scale, q, can be

comparable with M
Z

0 and the dependence of the signal rate on the model parameters are

in general more complicated, thus the contact interaction approximation is not always a

good one. To demonstrate this, we study the production cross section as a function of Z 0

model parameters, particularly the Z 0 mass, fixing the combination g
Z

0g
D

/M2

Z

0 = 1/⇤2

and hence the direct detection rate. We further assume g
Z

0 = g
D

for simplicity. We have

at parton level,

�̂
collider

/ g4
Z

0

(q2 �M2

Z

0)2 + q2�2

Z

0(q2)
=

1

(q2 ⇤

2

M

2
Z0

� ⇤2)2 + a2 (q

2
)

2

(12⇡)

2

, (2.3)

where �
Z

0(q2) is the width of Z 0 with M2

Z

0 replaced by q2, and a is a constant depending

on couplings and the number of degrees of freedom.

Fig. 1 shows the monojet + MET cross section (to be discussed in detail in the next section)

at Tevatron as a function of M
Z

0 with ⇤ fixed to 300 GeV, for two di↵erent values of M
�

.

For comparison, we have also shown the production rates predicted by using a contact

interaction with coe�cient 1/⇤2. When M
Z

0 < 2M
�

, Z 0 cannot be on shell in this process.

The parton level cross section for qq̄ ! (Z 0⇤ ! ��) +X can be written as

�̂
collider

⇠ 1
✓

4M

2
�

M

2
Z0

◆
2

⇤4 + a2
(4M

2
�)

(12⇡)

2

. (2.4)

The cross section is suppressed by (M2

Z

0/4M2

�

)2 at small M
Z

0 . In the case that M
Z

0 > 2M
�

,

Z 0 can be produced on shell. Using the narrow width approximation,

�̂ ⇠ �̂
prod

(Z 0)⇥ Br(Z 0 ! ��̄) . (2.5)

– 5 –
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FIG. 13: Sensitivity at
p
s = 100 TeV, L = 3000 fb�1 to a dark matter pairs produced through a real Z0 mediator. Top,

expected limits on the coupling gZ0 versus Z0 mass for two choices of m� for events with 6ET > 5500 GeV; also shown are the
values of gZ0 which satisfy g0/mZ0 = 1/M⇤, where M⇤ are limits from

p
s = 33 TeV, L = 3000 fb�1. Bottom, production cross

section as a function of Z0 mass, compared to expected limits, where gZ0 depends on mZ0 as in the top pane.

Tevatron rate,  Z’ vs effective operator
An, Ji, LTW, 1202.2894 Zhou, Berge, LTW,  Whiteson,  Tait, 1307.5327 

keep gZ’/MZ’ fixed (fixing σdirect) 
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Possible to discover the mediator first! 

Assume gZ’ = gD

Atlas LowPT

Atlas HighPT

Atlas VeryHighPT

CDF monojet

CDF dijet poleLHC reach

Atlas dijet pole

100 200 500 1000 2000

10�42

10�40

10�38

10�36
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S
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Figure 4: Monojet and dijet constraints on direct detection cross sections for gZ� = gD and MD = 5
GeV. The solid, dashed and dotted red curves are for Atlas Monojet constraints with VeryHighPT,
HighPT and LowPT cuts described in Table 2. The green solid curve is the monojet constraint
from CDF. The dashed green and blue curves are constraints from CDF and Atlas dijet resonance
searches. The solid blue curve is LHC 5� reach assuming a centre-of-mass energy of 14 TeV and a
luminosity of 100 fb�1.

CDF 1 fb�1
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Figure 5: Monojet constraints on direct detection cross sections in the case of small MZ� , assuming
gZ� = gD and MD = 5 GeV.

matter nucleon reduced mass M� = MNM�/(MN + M�). However, this dependence is
rather weak for M� � O(10) GeV since M� � MN . Putting this together, we expect the
limits derived from collider searches are rather insensitive to the dark matter mass M�.
In contrast with the steep weakening of the direct detection bound for light dark matter,
collider searches are particularly powerful in this regime. In order to be quantitative,
we present results assuming gZ� = gD for several values of MZ� . The visible ”kink”-
like feature around 2M� ⇤ MZ� in the curves are due to the transition from 2 ⇥ 2

– 9 –

An, Ji, LTW, 1202.2894

For t-channel mediator, squark like searches

5σ discovery reach: Z’B

14

Discovery reach
4.5 TeV @ 14 TeV LHC, 300 fb-1

5.5 TeV @ 14 TeV LHC, 3 ab-1

28 TeV @ 100 TeV, 3 ab-1

Could discover resonances with 
gB as small as 0.35 to 0.5

Felix Yu, talk at LPC Jan. 31
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Back to SUSY

- Not just because we love SUSY. 

- SUSY LSP ⇒ a set of good examples of  more 

generic WIMP candidates. 
Bino ⇔ singlet fermion dark matter

Higgsino ⇔ Doublet. Heavy exotic lepton.

Wino ⇔ EW Triplet DM 

Can have co-annihilation regions
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Back to SUSY

- Not just because we love SUSY. 

- SUSY LSP ⇒ a set of good examples of  more 

generic WIMP candidates. 
Bino ⇔ singlet fermion dark matter

Higgsino ⇔ Doublet. Heavy exotic lepton.

Wino ⇔ EW Triplet DM 

Can have co-annihilation regions

Good starting point to investigate more 
general WIMP candidates
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Narrowing parameter space.
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Figure 5: Spin-independent cross section versus the DM mass m�0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
⌧̃ , ⌫̃⌧ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3�) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ⇢0 = 0.3 GeV/cm3. CRESST
contours are 2� regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) �0
1�

0
1 ! H,A ! SM predictsm� ⇡ mA,H/2 ⇠ 0.2�0.5 TeV, theH/A-funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: �0
i�

0
j , �0

i�
±
j ! SM.

II-B (magenta) Sfermion assistance [88–90]: �0
1⌧̃ , �

0
1t̃, �

0
1b̃ ! SM ; t-channel ⌧̃ , ⌫̃ in �0

i�
0
j .

We categorize model points as scenario I if the di↵erence between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)

– 12 –

Han, Liu, Natarajan, 1303.3040
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Possible scenarios (not over-closing)

- Higgsino ≲ TeV

- Wino ≲ 3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914
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Possible scenarios (not over-closing)

- Higgsino ≲ TeV

- Wino ≲ 3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914

Common feature: 
 very small mass splitting   “compressed”
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SUSY DM signal in the compressed case

The “usual” story
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...
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SUSY DM signal in the compressed case

- Back to the basic mono-jet, mono-photon...

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...

Signal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14
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14 vs 100 TeV

- Higher energy, higher rates

- Expecting large improvement from 14 to 100.
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Wino LSP
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Basic Monojet channel

- A factor of 4-5 enhancement from 14 to 100 TeV.

Matthew Low, LTW, in prep

Sp
B + �2B2 + �2S2

, � = (1� 2)%, � = 10%significance: 

Band: varying systematic error of background, λ, between 1-2%

Recent works on mono-jet for electroweak-inos
Schwaller, Zurita, 1312.7350
Baer, Tata, 1401.1162
Han, Kribs, Martin, Menon, 1401.1235
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pT(jet) > 300 (1200) GeV, 
for 14 (100) TeV Ecm
lepton veto ... 

mono-γ and mono-W/Z 
don’t add that much.
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- Dominated by systematical error of background. 

- simple scaling with luminosity gives .5% (even 
remotely realistic?)

- Useful to keep in mind in designing detectors.
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Wino, interplay with indirect detection10
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FIG. 4: The current bounds from H.E.S.S. [blue, solid] and Fermi [red, dashed] for Burk(0.5 kpc),
Einasto, NFW, and Burk(10 kpc) [bottom to top]. The green band is excluded by direct searches
at the LHC and the yellow shaded circle corresponds to the thermal wino scenario. The dotted
grey line demarcates where the DM fraction constitutes all of the relic density. The dot-dashed
black line represents the fraction of the DM predicted by a thermal cosmological history. All cross
sections are computed in the tree-level-SE approximation. One-loop e↵ects have been shown to
reduce the cross section to line photons by as much as a factor of 4 (see Sec. III B).

with r
s

= 20 kpc and � = 0.17. Finally, the Burkert profile [61]

⇢
Burk

(r) =
⇢
0

(1 + r/r
s

)(1 + (r/r
s

)2)
(8)

is an example of a cored profile that results in a large range of predictions for the J-factor for

di↵erent choices of r
s

. The NFW and Einasto profiles are favored by N -body dark matter

only simulations,5 see for example [64], but there is observational evidence for shallower or

cored profiles in some dwarf galaxies [65].

These di↵erent density profiles are illustrated in Fig. 3 and the table lists the correspond-

ing J-factors in the H.E.S.S. region of interest, which is a 1� circle at the Galactic Center,

with the Galactic plane masked out (|b| � 0.3�). The J-factor can vary over several orders

5 These N -body simulations only include collisionless dark matter. Recent work suggests that baryonic

processes can substantially modify the inner structure of dark matter halos, either flattening or steepening

them. Milky-Way-like halos in simulations that model these processes have been found to possess NFW-

like profiles into ⇠ 2 kpc from the GC [62], although a larger ⇠ 10 kpc core has been found in one

simulation [63].
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FIG. 8: The same as Fig. 4, except that the orange shaded regions are for the 5 hour CTA projection
of [77, 80].

V. CONCLUSIONS

In this paper, we explored the limits on wino DM. Thermal winos comprise all of the

DM at a mass of ⇠ 3.1 TeV; this provides a motivation for the presence of gauginos at

the weak scale in models with split supersymmetry spectra. Although collider and direct

detection prospects for TeV-scale wino DM are limited, we have shown that Cherenkov

telescopes such as H.E.S.S. and (in the future) CTA are remarkably powerful at exploring

this well-motivated DM candidate.

Assuming a thermal history, winos are excluded by H.E.S.S. from 3.1 TeV, where they

comprise all of the DM, down to ⇠ 1.6 TeV for an NFW profile. Assuming a non-trivial

cosmology, where some additional process is required to keep the wino density at ⌦h2 = 0.12

for a given mass, H.E.S.S. excludes winos down to 500 GeV for an NFW profile; the Fermi

constraint on continuum annihilation to W+W� from observations of dwarf spheroidals

excludes masses below 500 GeV.

These limits are highly sensitive to uncertainties in the DM density profile. For example,

the line photon annihilation cross section for a 3.1 TeV wino is excluded to 95% confidence

by factors of ⇠12, 22, and 12000 for NFW, Einasto, and Burk(0.5 kpc) profiles, respectively.

It is not excluded for a Burkert profile with 10 kpc core by more than an order of magnitude.

However, winos near the Sommerfeld resonance at ⇠ 2.4 TeV are safely excluded for these

HESS
CTA

Cohen, Lisanti, Pierce, Slatyer,  1307.4082

See also Fan, Reece, 1307.4400 
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Wino decay 

- Main decay mode 𝞆± → π± + 𝞆0 

- Charge track ≈ 10(s) cm 

Figure 3: The mass splitting as a function of M2 for tan β = 10. The solid curves, from top
to bottom, represent µ = 2M2, µ = 3M2, µ = 5M2, and µ = ∞. The dashed curves are the
same except for the opposite sign of µ. The dot-dashed curve is the charged pion mass mπ± .

Higgs potential. For |µ|/M2 = 5 we find from Figs. 2 and 3 that the mass splitting is

significantly above mπ± such that W̃± → W̃ 0π± is kinematically allowed and is the dominant

decay mode. This remark is also true even for extraordinarily large values of µ as long as

M2
>∼ 80 GeV.

3.2 Finding supersymmetry with dileptons

The precise calculation of the mass splitting is crucial since in ref. [10] it was demonstrated

that if mπ± <∼ mχ̃±

1

− mχ̃0
1

<∼ 1GeV then the W̃± will decay too fast to use a quasi-stable

charged particle analysis, with dedicated triggers. However, the decays are not prompt, and

so analyses of events triggered by other means could see a stiff charged particle track that

subsequently terminates in the vertex detector. The difficulty is triggering the event.

One way to trigger such events is to produce the Winos in associated production with a

standard model particle, such as a gluon at hadron colliders or a photon at e+e− colliders.

Triggering on high-pT monojets or high-energy photons at these colliders then may be an

14

Figure 1: In (a), we show the lifetime of χ̃−
1 for the case M1 ! M2 " |µ|. ∆mχ̃1

is the
chargino–neutralino mass difference. In (b), we give the corresponding branching ratios of χ̃−

1 .
For ∆mχ̃1

≤ 1.5 GeV, the branching ratio for “hadronic” decays is computed as the sum of
the branching ratios for 1, 2 and 3 pion final states, while for larger mass splittings the parton
model result has been used.

implying that a χ̃−
1 or χ̃+

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for 〈β〉 >∼ 0.7). This is probably sufficient to
recognize the χ̃±

1 track as being clearly heavily ionizing. For 160 MeV < ∆mχ̃1
< 190 MeV,

7 cm > cτ > 3 cm and the χ̃±
1 will typically pass through at least two layers. Even though

these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the χ̃±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to have large deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse

momentum of order its momentum, pπ ∼
√

∆m2
χ̃1

− m2
π, in the χ̃±

1 rest frame. For 160 MeV <
∆mχ̃1

< 190 MeV, pπ ∼ 77 − 130 MeV. The corresponding impact parameter resolution
(taking pT

π ∼ pπ), bres ∼ 300 − 170 µm (these are the 1σ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the χ̃
±
1

track for the cτ range being
considered.

Gherghetta, Giudice and Wells, hep-ph/9904378 Chen, Drees and Gunion, hep-ph/9902309
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that if mπ± <∼ mχ̃±
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charged particle analysis, with dedicated triggers. However, the decays are not prompt, and

so analyses of events triggered by other means could see a stiff charged particle track that

subsequently terminates in the vertex detector. The difficulty is triggering the event.

One way to trigger such events is to produce the Winos in associated production with a
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Figure 1: In (a), we show the lifetime of χ̃−
1 for the case M1 ! M2 " |µ|. ∆mχ̃1

is the
chargino–neutralino mass difference. In (b), we give the corresponding branching ratios of χ̃−

1 .
For ∆mχ̃1

≤ 1.5 GeV, the branching ratio for “hadronic” decays is computed as the sum of
the branching ratios for 1, 2 and 3 pion final states, while for larger mass splittings the parton
model result has been used.

implying that a χ̃−
1 or χ̃+

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for 〈β〉 >∼ 0.7). This is probably sufficient to
recognize the χ̃±

1 track as being clearly heavily ionizing. For 160 MeV < ∆mχ̃1
< 190 MeV,

7 cm > cτ > 3 cm and the χ̃±
1 will typically pass through at least two layers. Even though

these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the χ̃±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to have large deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse

momentum of order its momentum, pπ ∼
√

∆m2
χ̃1

− m2
π, in the χ̃±

1 rest frame. For 160 MeV <
∆mχ̃1

< 190 MeV, pπ ∼ 77 − 130 MeV. The corresponding impact parameter resolution
(taking pT

π ∼ pπ), bres ∼ 300 − 170 µm (these are the 1σ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the χ̃
±
1

track for the cτ range being
considered.

Gherghetta, Giudice and Wells, hep-ph/9904378 Chen, Drees and Gunion, hep-ph/9902309
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Rates (with long tracks)

- Disappearing track, stub, kink...

- Could also be long lived
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Disappearing track + background

Figure from ATLAS disappearing track search twiki
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ATLAS search

- Essentially free of physics background.

- Dominated by pT mis-measured tracks.

- Promising reach, much better than mono-jet

ATLAS, 1310.3675

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for mχ̃±

1

= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/final-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger efficiency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction efficiency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

fit to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the different backgrounds derived in Sec. V. In the
fit, the yields of the signal, interacting-hadron, and pT-
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The effects of
systematic uncertainties on the yields and the parameters
describing the pT-distribution shapes of the background
tracks are also incorporated into the likelihood function.
The number of observed events having a high-pT dis-

appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only fit in the pT range below 75 GeV, are given in
Table III. No significant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (σ95%

vis ) at 95% confidence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
fit in the full pT range: the best-fit values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT-mismeasured tracks are 2187 ± 71, 852 ± 35, 23 ± 8
and 212 ± 33, respectively. Three selected examples for
the signal are also shown in the figure.
An excess with a corresponding significance of ∼ 2σ is

seen in Fig. 5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
significant differences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in Ta-
ble III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track-pT spectrum obtained by the background-only fit. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track-pT spectrum is shown at the bottom of the figure.

VIII. RESULTS

In the absence of a signal, constraints are set on mχ̃±
1

and τχ̃±
1

. The upper limit on the production cross-section

for a given mχ̃±
1

and τχ̃±
1

at 95% CL is set at the point
where the CL of the “signal+background” hypothesis,
based on the profile likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed τχ̃±

1

–mχ̃±
1

parameter space is shown in Fig. 6.
The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass difference is
shown as the LEP2 result. This constraint is largely in-
dependent of tanβ or the sign of µ.
The analysis is not performed for signals having τχ̃1

>
10 ns (corresponding∆mχ̃1

being below the charged pion
mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the

9
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FIG. 7. The constraint on the allowed ∆mχ̃1
–mχ̃±

1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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(Rough) Extrapolation from ATLAS search

- Scale the ATLAS background rates according to 
hard jet + MET rates. 

- Band: varying background estimate by 2 either 
way.
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Wino summary

- In combination with indirect detection, there is 
hope to “completely cover” the wino parameter 
space. 

HESSCTA
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Higgsino
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Mono-jet
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Tracks?

- Depends on detector design
How long the track needs to be?

Background discrimination?

- Can change mass splitting in extended models.
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Well-tempered 

- Adding soft lepton

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Giudice,  Han,  Wang and LTW,  1004.4902
Schwaller, Zurita, 1312.7350
Han, Kribs, Martin, Menon, 1401.1235
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Figure 2: The parameters of the well-tempered B̃/H̃ consistent with the dark-matter con-
straint within 2σ. We have taken tan β = 2, mH = 115GeV, and heavy supersymmetric
scalars, and chosen the convention M1 > 0. We have considered only |µ| > 100 GeV, to
satisfy the experimental limit on chargino masses.

and µ substantially smaller than 1 TeV. This requires a large mixing angle with the B̃ to

reduce the Higgsino annihilation cross section. This is why in fig. 2, the region with |µ| < M1

is more prominent in the positive-µ branch since, in the negative-µ branch, θ− is suppressed

by the moderate value of tan β. The dip of the negative-µ branch in fig. 2 corresponds to the

threshold for tt̄ production (mχ0 > mt), below which a higher degree of degeneracy is needed

to obtain the same value of ΩDM. For small µ, the behaviour of the curves with positive

and negative µ is quite distict. Indeed, when eqs. (12)–(14) are approximately valid, the

mass splitting in the positive-µ branch is (tβ + 1)/(tβ − 1) times larger than in the negative

branch. For tanβ = 2 (the case shown in fig. 2) the mass splitting for moderate and positive

µ becomes large enough to make coannihilation irrelevant. Then the dominant annihilation

channel is into Higgs and longitudinal gauge bosons. This explains why the tt̄ threshold is

less important for µ > 0, while the Higgs threshold has a dramatic effect.

When µ is very close to its minimum value determined by the limit on chargino masses,

we cannot really talk about a well-tempered neutralino, since µ and M1 are comparable to

MZ . In this case, the neutralino becomes a natural mixture of current eigenstates. The

supersymmetric dark-matter impasse can be resolved in this region, where µ ∼ M1 ∼ MZ .

However, experimental bounds on chargino masses strongly limit the size of this region.
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Figure 3: The bands show the parameters of the well-tempered B̃/W̃ consistent with the
dark-matter constraint within 2σ. We have taken heavy supersymmetric scalars.

diation. However, this is not the case if µ is much larger than M1,2. Indeed, renormalization

effects below the scale of the heavy Higgs doublet mass (mA) generate additive contributions

to the gaugino masses proportional to µ. Let us consider the one-loop corrected gaugino

masses, including terms enhanced by a logarithm or proportional to µ [30]

M1 = M1(m2
A)
[

1 + α
8πc2

W

(

11 log
m̃2

q

m2
A

+ 9 log
m̃2

!

m2
A

+ log µ2

m2
A

)]

+ α
8πc2W

µs2βf
(

µ2

m2
A

)

(23)

M2 = M2(m2
A)
[

1 + α
8πs2

W

(

9 log
m̃2

q

m2
A

+ 3 log
m̃2

!

m2
A

+ log µ2

m2
A
− 12 log M2

2

m2
A

)]

+ α
8πs2

W
µs2βf

(

µ2

m2
A

)

(24)

f(x) =
2 log x

1 − x
, (25)

where all coefficients on the right-hand sides of eqs. (23)–(24) have to be evaluated at the scale

mA. The gaugino masses at the scale mA are obtained by evolving high-energy boundary

conditions using renormalization-group flow. For gaugino-mass unification and for anomaly

mediation, respectively, we have

M1(mA) =
5α(mA)

3c2
WαGUT

MG, M2(mA) =
α(mA)

s2
W αGUT

MG (gaugino unif.) (26)

M1(mA) =
11α(mA)

4πc2
W

m3/2, M2(mA) =
α(mA)

4πs2
W

m3/2 (anomaly med.) (27)
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Well-tempered, mono-jet + soft lepton 

- Adding soft lepton. S/B is O(1).

- Mitigating factor: Higher lepton threshold (?) at 
100 TeV. 

Giudice,  Han,  Wang and LTW,  1004.4902
Schwaller, Zurita, 1312.7350
Han, Kribs, Martin, Menon, 1401.1235
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Co-annihilation, monojet

- Driven by stop/squark production. 

- Impressive reach from mono-jet.

- Could consider soft lepton in the stop case.
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Conclusion and outlook
- Significant enhancement in reach by going to 100 TeV. 

A factor of 4-5 in mono-jet channel

- Wino can be “completely covered”. 

- Motivation for optimizing detector design
Systematics in mono-jet, track-pT measurement... 

Discrimination against mis-measured tracks

How soft can lepton be?
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Conclusions and outlook

- Further studies: 
Careful detector simulation for disappearing 
tracks...

Do more with higgsino-like and well-temper (or 
nearly degenerate) case.

More general scenarios in addition to the bench 
marks considered here. 

Electroweakino+higgsino?

Heavy flavor, VBF ...
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extras
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More broadly

- Also link to a possible dark sector.

- Strategy at collider searches strongly correlated 
with potential discovery at in direct/indirect 
detection. 

LHC VLHC 
100 TeV

Lepton collider

MDM ~102s GeV MDM ~TeV
MDM ~ 0.5 Ecm 

Spin, coupling
Is it WIMP?
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Cuts, monojet

1.1 Analysis 1 Channel I: Monojet

the detector unseen the monojet search looks for an ISR emission o↵ the incoming quarks or gluons
leading to a hard jet and missing energy from the dark matter particles.

Typically the cross-section for a process with an ISR jet is lower by a factor of ↵s. In this case
pair production requires the initial state qq̄. One ISR jet opens up the gq and gq̄ initial states
while two ISR jets open up the gg initial state. The increase in acceptance is helpful enough that
monojet searches at proton-proton colliders usually accept events with one or two hard jets.

1.1 Analysis

The monojet analysis is designed to look for a hard jet recoiling against missing energy. A second
jet is allowed provided it is not back-to-back with the first jet, since this is characteristic of QCD
events, but anymore jets are vetoed. Because the signal and background distributions look similar
there is no gain in allowing additional jets (in fact this increases the top background). In the
standard model missing energy comes from neutrinos which are often accompanied by leptons, so
leptons are vetoed. The cuts can be summarized as

p
s = 8 TeV (CMS analysis)

Jet cuts Lepton vetoes /ET cuts

pT (1) > 110 GeV pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 300 GeV

pT (2) > 30 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 350 GeV

|⌘(2)| < 4.5 /ET > 400 GeV

njet  2 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

The various /ET cuts define the various overlapping signal regions. The regions have di↵erent
systematic uncertainties because of the pT dependence of experimental quantities and the decreasing
statistics in the higher /ET regions. Whichever region has the highest expected significance for a
given signal is used to set limits on the model.

At higher energies the jet cuts all need to be increased. It is unclear if the lepton vetoes need
to be increased, this is a detector-specific question, but to be conservative we do increase them
a little. Keeping the lepton veto as low as possible is actually very important for the searches in
practice. One of the potentially large and hard-to-reduce systematic uncertainties comes from the
shape di↵erence between the background Z(⌫⌫) + jets and Z(µµ) + jets, which is increased with
lepton threshold.

For higher energies we use the following cuts

2

1.1 Analysis 1 Channel I: Monojet

p
s = 14 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 300 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

pT (2) > 60 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 400 GeV

|⌘(2)| < 4.5 /ET > 450 GeV

njet  2 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 1200 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 1800 GeV

pT (2) > 200 GeV pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2000 GeV

|⌘(2)| < 4.5 /ET > 2200 GeV

njet  2 /ET > 2400 GeV

��(1, 2) < 2.5 /ET > 2600 GeV

/ET > 2800 GeV

/ET > 3000 GeV

/ET > 3200 GeV

/ET > 3400 GeV

/ET > 5000 GeV

We have looked at a few values of pT (1) and pT (2) and the cuts above give among the better
results. We have also tried to go a little bit beyond the current cuts and try more aggressive cuts
given the high luminosity scenario imagined. In particular, we tried adding a third jet, which did
not help. There is also a di↵erence in the signal and background �R(1, 2) distributions. At high
energies the V +2j events are roughly three massless particles recoiling against each other leading to
a peak at �R(1, 2) ⇡ 2⇡/3. The neutralinos are heavy, however, and the jets come from ISR/FSR
emissions which could be in any direction. From the collinear singularity the jets do prefer to be
collinear with the neutralino, so when there are two emissions from the same neutralino �R will
be small. So the signal slightly prefers smaller �R. In practice to get any discriminating power
one needs to drastically reduce the e�ciency. The overall impact is negative on significance.
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Cuts, monojet

1.1 Analysis 1 Channel I: Monojet

p
s = 14 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 300 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

pT (2) > 60 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 400 GeV
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p
s = 100 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 1200 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 1800 GeV

pT (2) > 200 GeV pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2000 GeV

|⌘(2)| < 4.5 /ET > 2200 GeV

njet  2 /ET > 2400 GeV

��(1, 2) < 2.5 /ET > 2600 GeV

/ET > 2800 GeV

/ET > 3000 GeV

/ET > 3200 GeV

/ET > 3400 GeV

/ET > 5000 GeV

We have looked at a few values of pT (1) and pT (2) and the cuts above give among the better
results. We have also tried to go a little bit beyond the current cuts and try more aggressive cuts
given the high luminosity scenario imagined. In particular, we tried adding a third jet, which did
not help. There is also a di↵erence in the signal and background �R(1, 2) distributions. At high
energies the V +2j events are roughly three massless particles recoiling against each other leading to
a peak at �R(1, 2) ⇡ 2⇡/3. The neutralinos are heavy, however, and the jets come from ISR/FSR
emissions which could be in any direction. From the collinear singularity the jets do prefer to be
collinear with the neutralino, so when there are two emissions from the same neutralino �R will
be small. So the signal slightly prefers smaller �R. In practice to get any discriminating power
one needs to drastically reduce the e�ciency. The overall impact is negative on significance.
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Cuts, soft lepton
2.1 Analysis 2 Channel II: Soft Leptons

p
s = 8 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 110 GeV 0-bin: pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

pT (2) > 30 GeV 0-bin: pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

njet  2 0-bin: pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

p
s = 14 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 300 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 350 GeV

pT (2) > 60 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 450 GeV

njet  2 0-bin: pT (⌧) > 30 GeV and |⌘(⌧)| < 2.3 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 1200 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 1, 2-bin: 40 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 2000 GeV

pT (2) > 200 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2250 GeV

|⌘(2)| < 4.5 1, 2-bin: 40 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2500 GeV

njet  2 0-bin: pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2750 GeV

��(1, 2) < 2.5 /ET > 3000 GeV

/ET > 3250 GeV

/ET > 3500 GeV

/ET > 3750 GeV

/ET > 4000 GeV

/ET > 5000 GeV
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Cuts, soft lepton

2.1 Analysis 2 Channel II: Soft Leptons

p
s = 8 TeV
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10 GeV < pT lepton < 30 GeV
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Sommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.

Matched calculation
Fermi H1305.5597L
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Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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where the scale radius of the halo Rs = 20 kpc and for the Einasto profile, we use ↵ = 0.17. The characteristic
density ⇢s is determined by the local dark matter density at the sun, ⇢(r�). The distance between the sun and the
galactic center is taken to be r� = 8 kpc throughout this paper.2

Now we illustrate the uncertainties in calculating the J factor by varying ⇢(r�) and thus ⇢s in dark matter
profiles. A recent study of microlensing and dynamical observations of our galaxy mapped out 2� boundaries of
⇢(r�) for NFW and Einasto profiles [49]. For the NFW profile, ⇢(r�) = 0.29� 0.54 GeV/cm3 and for the Einasto
profile, ⇢(r�) = 0.25� 0.48 GeV/cm3 at the 2� level fixing r� = 8 kpc. We rescale the bounds in [42], which used
exclusively the lower (conservative) end of the 2� range of Ref. [49], and plot the band of bounds in Fig. 1 by
varying ⇢(r�) in the 2� ranges listed above. As the Einasto profile has a steeper inner slope than NFW, it leads to a
bigger J factor and thus a stronger bound for searches concentrating near the galactic center, all else being equal.
This is demonstrated in Fig. 1, in which the lighter shaded band of bounds from Einasto profiles is lower than the
darker shaded band of bounds from NFW profiles. In Fig. 1, we also plot the bound assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3, which is a common value used in setting bounds, as a darker reference curve. In Sec. 2.3, we
will discuss dark matter profiles with softened cusps such as cored profiles.

We also present the production cross section as a function of neutralino dark matter mass in Fig. 1. In cal-
culating the wino annihilation cross section, we take into account the Sommerfeld enhancement and one-loop
corrections using the fitting functions in [50]. For the higgsino annihilation cross section, we use fitting functions
in [51], which only take into account Sommerfeld enhancement. For the plot, the splitting between the charged
and neutral winos is set to be 0.2 GeV and the higgsino mass splitting is 0.5 GeV. These are reasonable approxi-
mations to the expected splittings, which have little effect on these tree-level rates. We review the physics of these
mass splittings in Appendix A.

From Fig. 1, one could see that conservatively, the Fermi dwarf galaxy data rules out pure wino dark matter
up to around 385 GeV and pure higgsino dark matter up to around 160 GeV. The dwarf galaxy data also rules out
wino dark matter with mass around 2.4 TeV, where the first resonance enhancement peak lies. The galactic center
photon continuum data rules out wino dark matter up to around 700 GeV and higgsino dark matter up to 300 GeV
for either NFW or Einasto profiles.
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Figure 1: Constraints on the cross section of annihilation into W W (+ZZ ) final state and wino/higgsino annihilation cross
section as a function of neutralino mass. The black dot-dashed curve is the constraint from the continuum photon spectrum
of Milky Way satellite galaxies [41]; the dark blue curve is the constraint from the photon continuum in our galactic center
assuming an NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc [42]. The blue (lighter blue) bands are derived by varying
⇢(r�) of NFW (Einasto) dark matter profiles as discussed in the text. The burgundy solid (cyan dashed) curve is the cross section
of wino (higgsino) annihilation into W W (+ZZ ) final states.

2A popular choice of r� in setting the bounds is 8.5 kpc, which corresponds to larger ⇢s for fixed ⇢(r�) and thus stronger bounds.
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profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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