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Standard Model-like 
Higgs!
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MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0541.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃→qqqq""("")χ̃
0
1χ̃

0
1 2 e,µ (SS) 3 jets Yes 20.7 m(χ̃

0
1)<650 GeV ATLAS-CONF-2013-0071.1 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ 0 Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ 0 Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <200 GeV ATLAS-CONF-2013-0541.14 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<100 GeV ATLAS-CONF-2013-053100-630 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048220 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(t̃1)-m(χ̃

±
1 )=10 GeV ATLAS-CONF-2013-048150-440 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV ATLAS-CONF-2013-053150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ 0 Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±1 χ̃
0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W ∗χ̃01Z

∗χ̃01 3 e,µ 0 Yes 20.7 m(χ̃
±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 0 1 jet Yes 4.7 1<τ(χ̃

±
1 )<10 ns 1210.2852220 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057857 GeVg̃

GMSB, stable τ̃ 1-2 µ 0 - 15.9 5<tanβ<50 ATLAS-CONF-2013-058385 GeVτ̃

Direct τ̃τ̃ prod., stable τ̃ or "̃ 1-2 µ 0 - 15.9 m(τ̃)=m("̃) ATLAS-CONF-2013-058395 GeVτ̃

GMSB, χ̃
0
1→γg̃ , long-lived χ̃

0
1 2 γ 0 Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

χ̃01→qqµ (RPV) 1 µ 0 Yes 4.4 1 mm<cτ<1 m, g̃ decoupled 1210.7451700 GeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ 0 - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ 0 - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ 0 Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ 0 Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6 jets - 4.6 1210.4813666 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]
10−1 1√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: LP 2013

ATLAS Preliminary∫
L dt = (4.4 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

No sign of 
new physics...



Timothy Cohen [SLAC]                  of 54

Reading the Tea Leaves

7

WIMP Dark Matter

Light Stops

RPV

Low-scale
Flavor

Composite
Higgs

Tuned Electroweak Scale
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Supersymmetry

9

Data	
  consistent	
  with	
  fundamental	
  scalar	
  Higgs.

Mass	
  should	
  be	
  protected	
  from	
  Planck	
  slop.

SUSY	
  to	
  the	
  rescue!

WIMP	
  dark	
  matter.

Gauge	
  coupling	
  unification.

Little	
  hierarchy	
  problem	
  changing	
  our	
  view	
  of	
  SUSY.
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SUSY Models
TeV	
  scale	
  SUSY

Model	
  building	
  challenges

1)	
  Flavor
2)	
  CP	
  Violation

3)	
  125	
  GeV	
  Higgs	
  boson

10

Draper, Meade, Reece, Shih [arXiv:1112.3068]

Sparticles
W/Z

Vanilla	
  gauge	
  mediation
Solves	
  1)	
  and	
  2)

3)	
  Small	
  A-­‐terms	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10	
  TeV	
  scale	
  (or	
  higher)

Build	
  more	
  complicated	
  models?
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Complicated SUSY
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Sparticles
W/Z

MSSM Complicated
Mediation

SUSY
Breaking

Required Setup
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Another Approach
PeV	
  scale	
  SUSY

Decoupling	
  solves

1)	
  Flavor
2)	
  CP	
  Violation
Consistent	
  with

3)	
  125	
  GeV	
  Higgs	
  boson
Also	
  get	
  

dark	
  matter	
  candidate	
  +
gauge	
  coupling	
  unification.

12

Wells [arXiv:hep-ph/0411041]

Sparticles

W/Z

Some	
  tuning...
but	
  simple.
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SUSY Breaking
Ignore	
  preconceptions	
  about	
  fine-­‐tuning.

Explore	
  “simplest”	
  SUSY	
  breaking	
  scenarios.
Gravity	
  mediation.

Assume	
  SUSY	
  breaking	
  spurion	
  is	
  not	
  gauge	
  singlet.
	
  Anomaly	
  mediation	
  and	
  small	
  A-­‐terms.

13

Some examples since 125 GeV Higgs:
Arvanitaki, Craig, Dimopoulos [arXiv:1210.0555]; Hall, Nomura, Shirai [arXiv:1210.2395]; 
Kane, Kumar, Lu, Aheng [arXiv: 1112.1059]; Ibe, Yanagida [arXiv:1112.2462]; 
Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]

Wells [arXiv:hep-ph/0411041]; Arkani-Hamed and Dimopoulos [arXiv:hep-th/0405159]; 
Giudice and Romanino [arXiv:hep-ph/0405159]
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Anomaly + Gravity Mediation
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1)	
  Gravity	
  mediation	
  for	
  scalars:

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2)	
  Anomaly	
  mediation	
  for	
  gauginos:

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Wino	
  or	
  Higgsino	
  LSP	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3)	
  Giudice-­‐Masiero	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Wino	
  LSP!

With	
  Higgsino	
  thresholds	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

14

Giudice, Luty, Murayama, Rattazzi [arXiv:hep-ph/9810442]; 
Randall and Sundrum [arXiv:hep-th/9810155]

Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]

m ef ⇠ m3/2

me� ⇠ ↵i bi
16⇡2

m3/2

b2 < b1 < b3 M2 < M1 < M3

µ ⇠ m3/2

M3 ' 6⇥M2
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Higgs Mass

15
Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]

ta
n
�

1

1.5

2

3

5

7

10

105 106 107 108 109 1010

m ef [GeV]

	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  (mt ± 1�)

172.3 GeV < mt < 174.1 GeV

	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  (mh ± 2�)

123.4 GeV < mh < 126.6 GeV
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Flavor

16
Altmannshofer, Harnik, Zupan [arXiv:1308.3653]

(�A)ij = 0.3

Current

Projected

         phasesO(1)

PeV

Already obsolete!
ACME colloberation [arXiv:1310.7534]
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Simplest Scenario
Where	
  has	
  simplicity	
  led	
  us?

1)	
  A	
  thermal	
  wino	
  relic	
  with	
  a	
  3	
  TeV	
  mass
or

Allow	
  non-­‐thermal/subdominant	
  winos.
2)	
  Gluino	
  with	
  a	
  ~	
  16	
  TeV	
  mass	
  (likely	
  displaced	
  decays).
3)	
  Scalars	
  a	
  loop	
  factor	
  heavier	
  with	
  O(100	
  TeV)	
  masses.

No	
  problems!	
  
How	
  can	
  we	
  test	
  this	
  model?!?

17
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Heavy SUSY
Dark Matter

18
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Wino Dark Matter

19

Introduce	
  an	
  electroweak	
  triplet	
  fermion	
  	
  	
  	
  	
  	
  ,
with	
  the	
  Lagrangian:

In	
  components:

� =

0

@
�+

�0

��

1

A Neutralino Chargino

L = LSM + �̄
�
i /D +M2

�
�

�
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Mass Splitting
Electroweak	
  symmetry	
  breaking	
  splits	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

chargino	
  and	
  neutralino.

In	
  pure	
  wino	
  limit	
  (with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )
	
  

to	
  two-­‐loop	
  order.

What	
  about	
  tree-­‐level	
  mixing?

Leading	
  splitting	
  operator	
  is	
  dimension	
  7:

Implying	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  a	
  robust	
  prediction.
20

� = 0.1645± 0.0004 GeV

Ibe, Matsumoto, Sato [arXiv:1212.5989]

M2 = 2 TeV

O� ⇠ �a�b
�
H†T aH

� �
H†T bH

�

� ' 0.17 GeV

µ ⇠ m3/2 ⇠ O(100 TeV)
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Observing winos

21

Direct 
Detection:

see nuclear 
recoils

Indirect Detection: 
see cosmic rays

SM

SM

DM

DM

Colliders:
(don’t) see missing energy
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Winos and Direct Detection

	
  No	
  tree	
  couplings	
  to	
  the	
  Z	
  or	
  the	
  Higgs
Leading	
  process	
  at	
  1-­‐loop:

22

+ = c1 + . . .

Figure 1: Matching condition for quark operators. Double lines denote heavy scalars, zigzag
lines denote W bosons, dashed lines denote Higgs bosons, single lines with arrows denote
quarks, and the solid square denotes an e↵ective theory vertex. Diagrams with crossed W
lines are not displayed.

with derivatives acting on �v or involving �5, since these lead to spin-dependent interactions
that are suppressed for low-velocity scattering. The basis of operators is then

L�0,SM =
1

m3
W

�⇤
v�v

⇢X

q


c
(0)
1q O

(0)
1q + c

(2)
1q vµv⌫O

(2)µ⌫
1q

�
+ c

(0)
2 O

(0)
2 + c

(2)
2 vµv⌫O

(2)µ⌫
2

�
+ . . . , (19)

where we have chosen QCD operators of definite spin,

O
(0)
1q = mq q̄q , O

(0)
2 = (G

A
µ⌫)

2
,

O
(2)µ⌫
1q = q̄

✓
�{µiD⌫} � 1

d
g
µ⌫
iD/

◆
q , O

(2)µ⌫
2 = �G

Aµ�
G

A⌫
� +

1

d
g
µ⌫
(G

A
↵�)

2
. (20)

Here A{µB⌫} ⌘ (A
µ
B

⌫
+ A

⌫
B

µ
)/2 denotes symmetrization. We employ dimensional regu-

larization with d = 4 � 2✏ the spacetime dimension. We use the background field method
for gluons in the e↵ective theory thus ignoring gauge-variant operators, and assume that ap-
propriate field redefinitions are employed to eliminate operators that vanish by leading order
equations of motion. The matrix elements of the gluonic operators, O

(S)
2 , are numerically

large, representing a substantial contribution of gluons to the energy and momentum of the
nucleon. To account for the leading contributions from both quark and gluon operators, we
compute the coe�cients c

(S)
2 through O(↵s) and c

(S)
1q through O(↵

0
s).

4 Weak scale matching

The matching conditions for quark operators in the nf = 5 flavor theory at renormalization
scale µ = µt ⇠ mt ⇠ mW ⇠ mh are obtained from the diagrams in Fig. (1):

c
(0)
1U(µt) = C


�

1

x2
h

�
, c

(0)
1D(µt) = C


�

1

x2
h

� |VtD|
2 xt

4(1 + xt)3

�
,

c
(2)
1U(µt) = C


2

3

�
, c

(2)
1D(µt) = C


2

3 � |VtD|
2xt(3 + 6xt + 2x

2
t )

3(1 + xt)3

�
, (21)

where subscript U denotes u or c and subscript D denotes d, s or b. Here C = [⇡↵
2
2(µt)][J(J +

1)/2], xh ⌘ mh/mW and xt ⌘ mt/mW . We ignore corrections of order mq/mW for q =
u, d, s, c, b, and have used CKM unitarity to simplify the results.

6

SpN, S0

SpNlat, Sslat

100 120 140 160 180 200
10-49

10-48

10-47

10-46

mhHGeVL

s
Hcm

2 L

Figure 3: Cross section for low-velocity scattering on a nucleon for a heavy real scalar in the
isospin J = 1 representation of SU(2). The dark shaded region represents the 1� uncertainty
from perturbative QCD, estimated by varying factorization scales. The light shaded region
represents the 1� uncertainty from hadronic inputs.

including contributions to �/g through O(↵4
s) and �m through O(↵3

s). The residual µ0 scale
variation is insignificant compared to other uncertainties. We perform the RG running and
heavy quark matching from µt to µc at NLO. Hadronic input uncertainties from each source
in Table 1 and Table 2 are added in quadrature. We have ignored power corrections appearing
at relative order ↵s(mc)⇤2

QCD/m
2
c ; typical numerical prefactors appearing in the coe�cients of

the corresponding power-suppressed operators [18] suggest that these e↵ects are small.
Due to a partial cancellation between spin-0 and spin-2 matrix elements, the total cross

section and the fractional error depend sensitively on subleading perturbative corrections and
on the Higgs mass parameter mh. We find

�p(mh = 120GeV) = 0.7±0.1+0.9
�0.3⇥10�47cm2 , �p(mh = 140GeV) = 2.4±0.2+1.5

�0.6⇥10�47cm2 ,
(33)

where the first error is from hadronic inputs, assuming ⌃lat
s and ⌃lat

⇡N from Table 1, and the
second error represents the e↵ect of neglected higher order perturbative QCD corrections. For
the illustrative value mh = 120GeV, and as a function of the scalar strange-quark matrix
element ⌃s, we display the separate contributions of each of the quark and gluon operators in
Fig. 4.

7 Summary

We have presented the e↵ective theory for heavy, weakly interacting dark matter candidates
charged under electroweak SU(2). Having determined the general form of the e↵ective la-

12

Hill and Solon [arXiv:1111.0016, 1309.4092]

10-­‐47	
  cm2

almost	
  too	
  small	
  
to	
  observe
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Observing winos
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Direct 
Detection:

see nuclear 
recoils

Indirect Detection: 
see cosmic rays

SM

SM

DM

DM

Colliders:
(don’t) see missing energy
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Winos at colliders
LHC	
  searches	
  for	
  charged	
  stubs	
  in	
  the	
  tracker

24

Ibe, Matsumoto, Sato [arXiv:1212.5989]

 0

 5

 10

 15

 100  150  200  250
 0

 0.1

 0.2

 0.3

 0.4

 0.5

c 
τ
 [c

m
]

τ
 [n

s]

mchargino [GeV]

two-loop
one-loop

Figure 6: The lifetime of charged wino evaluated by using δm at the one-loop (green

band) and two-loop (red band). We neglected the next-to-leading order corrections

to the lifetime of the charged wino estimated in terms of the pion decay rate, which

is expected to be a few percent correction. The black chain line is the upper limit

on the lifetime for a given chargino mass by the ATLAS collaboration at 95%CL

(
√
s = 7 TeV, L = 4.7 fb−1) [28]. The blue line shows the constraints which are

given by the LEP2 constraints [30]–[33].

14

7	
  TeV	
  with	
  5	
  c-­‐1

ATLAS [arXiv:1210.2852]

LEP

New	
  limit	
  using	
  8	
  TeV	
  with	
  20	
  c-­‐1	
  extends	
  to	
  280	
  GeV
ATLAS [arXiv:1310.3675]

108	
  GeV
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Observing winos

25

Direct 
Detection:

see nuclear 
recoils

Indirect Detection: 
see cosmic rays

SM

SM

DM

DM

Colliders:
(don’t) see missing energy
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Sommerfeld Enhancement
Non-­‐perturbative	
  effect	
  at	
  low	
  velocities

26

S ⇠ ↵

v
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Computing Cross Section
Take	
  non-­‐relativistic	
  limit	
  and	
  assume	
  s-­‐wave.

Example:	
  Spin	
  singlet	
  neutralino-­‐chargino	
  system.

Want	
  to	
  solve

with

27

 

00(x) =

 
V (x)

E

� 1

!
 (x)

V (x)

E

=

0

@
0 �

p
2
⇣

↵

W

m

�

x p

⌘
e

�m

W

x

p

�
p
2
⇣

↵

W

m

�

x p

⌘
e

�m

W

x

p

2m

�

�

p

2 � ↵

W

m

�

s

2
w

x p

�
⇣

↵

W

m

�

c

2
w

x p

⌘
e

�m

Z

x

p

1

A

Potential	
  matrix	
  index	
  structure:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  =	
  neutralino	
  +	
  neutralino;	
  2	
  =	
  chargino	
  +	
  chargino

Yukawa

Mass splitting Coulomb

Hisano, Matsumoto, Nagai, Saito, Senami [arXiv:hep-ph/0610249]
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Computing Cross Section
Boundary	
  Conditions:

28

 i(1) =

8
<

: exponentially falling [below threshold]

outgoing wave [above threshold]

 i(0) = �ij

and

sij =  i(1)Sommerfeld	
  matrix:

Cross	
  section: �i v = ci
X

j,j0

sij �jj0 s
⇤
ij0

c = 2 (1) for	
  identical	
  (distinct)	
  particles.

Hard	
  
annihilation	
  

matrix

Index	
  structure:	
  1	
  =	
  neutralino	
  +	
  neutralino;	
  2	
  =	
  chargino	
  +	
  chargino
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Sommerfeld Resonance
Resonant	
  enhancement:

mass	
  splitting	
  	
  	
  	
  	
  	
  	
  binding	
  energy	
  

Position	
  of	
  resonance	
  sensitive	
  to	
  mass	
  splitting

Assume	
  only	
  EW	
  contribution	
  to	
  splitting

29

'

↵W mW ' ↵2
W M2

(M2)res '
mW

↵W
' 2.4 TeV

Loop	
  factor
times	
  W-­‐mass

“Rydberg”	
  
constant
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Thermal Wino

Mass	
  of	
  “thermal	
  wino”:	
  

30

Planck Collaboration [arXiv:1303.5076]

0.5 1.0 1.5 2.0 2.5 3.00.00

0.05

0.10

0.15

M2 @TeVD

W
h2 ⌦Planck h
2 ± 5%

�
M2

�
thermal

' 3.1 TeV
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FIG. 1: The χ0-pair annihilation cross sections to 2γ and W +W− when δm = 0.1 GeV (slid lines) and 1 GeV (dashed lines).
χ0 is the SU(2)L-triplet or doublet DM. Here, v/c = 10−3. The leading-order cross sections in the perturbation are also shown
for δm = 0 (dotted lines).

conditions at r = 0 are g<(r)|r→0 = 0, g′
<(r)|r→0 = 1,

and g>(r)|r→0 = 1. In the following, we assume E <
2δm so that a pair annihilation of χ0 does not produce
on-shell χ−χ+. As the result,

g>(r)|r→∞ =

(

0 0
d1eikr d2eikr

)

. (7)

In this case, the χ0-pair annihilation cross sections are
(σv)V V ′ = ci

∑

ab Γab|V V ′dad!
b , as expected. It is enough

to calculate d in order to evaluate the cross sections.
In Fig. (1) we show the annihilation cross sections of

the SU(2)L-triplet DM pair to 2γ and W+W− as func-
tions of m. We evaluated the cross section numerically.
Here, we take v/c = 10−3, which is the typical averaged

velocity of the DM in our galaxy, and δm = 0.1 GeV and
1 GeV. The perturbative cross sections are also plotted.
Large δm leads to unreliable numerical calculation for
large m, and then some curves are terminated at some
points. However, δm should be suppressed around the
regions.

When m is around 100 GeV, the cross sections to 2γ
and W+W− are almost the same as the perturbative
ones. The cross section to 2γ is suppressed by a loop fac-
tor there. However, when m >∼ 0.5 TeV, the cross sections
are significantly enhanced and have the resonance struc-
ture. Especially, the cross section to 2γ becomes com-
parable to that to W+W− around the resonance. This
suggests that the 2χ0 state is strongly mixed with χ+χ−.

The qualitative behavior of the cross sections around
the first resonance may be understood by approximating
the EW potential by a well potential. Taking cW = 1 for
simplicity, the EW potential is approximated as

V(r) =

(

2δm − b1α2mW −b1

√
2α2mW

−b1

√
2α2mW 0

)

, (8)

for r < R(≡ (b2mW )−1). Here, b1 and b2 are numerical
constants. By comparing the annihilation cross sections
to 2γ in this potential and in the perturbative calculation
for small m, we find b1 = 8/9 and b2 = 2/3. Under
this potential, two-body states 2χ0 and χ−χ+ have the
attractive and repulsive states, whose potential energies
are λ± = 1/2(V11 ±

√

V2
11 + 4V2

12) with Vij(i, j = 1, 2)
elements in V. The attractive state is − sin θφC+cos θφN

with tan2 θ = λ−/λ+.
When δm % b1α2mW /2(∼ 1 GeV), θ is not suppressed

by δm and χ−χ+ and 2χ0 are mixed under the potential.
In this case, the cross section to 2γ is given as

(σv)2γ =
4πα2

9m2

(

1

cos(k−R)
−

1

cosh(k+R)

)2

, (9)

where k2
± = |λ±|m. Here, we neglect the Γ term contri-

bution to the wave function for simplicity and take E & 0.

The cross section (9) is reduced to 4πα2α2
2/m2

W for
α2m <∼ mW . On the other hand, it is not suppressed by a
one-loop factor for α2m >∼ mW and has a correct behavior
as ∼ 1/m2 in a heavy m limit. When k−R = (2n−1)π/2
(n = 1, 2, · · · ), the zero energy resonance, whose binding
energy is zero, appears and the cross section is enhanced
significantly. In Fig. (1), the n-th zero energy resonance
appears at m = m(n) ∼ n2 × m(1), while the well poten-
tial predicts m(n) ∼ (2n− 1)2 ×m(1). We guess that the
Yukawa potential might be approximated better by the
Coulomb potential for the higher zero energy resonances.

When the zero energy resonance exits, the cross sec-
tions σv are proportional to v−2 for v % 1. However,
this is not a signature for breakdown of the unitarity.
We find from study in the one-flavor system under the
well potential V that when v % mV Γ, σv is saturated
by the finite width Γ and the unitarity is not broken.

We also show the annihilation cross sections for the
SU(2)L-doublet DM in Fig. (1). The SU(2)L-doublet DM
has the smaller gauge charges compared with the SU(2)L-
triplet DM. As the result, the cross section is smaller, and
the first zero energy resonance appears at 5 TeV.

The enhancement for the DM annihilation rates gives
significant impacts on the indirect searches for the DM

10�22

10�24

10�26

10�28

cm
3
/s

0.1 1 10
M2 [TeV]

Sommerfeld Enhancement

31

Hisano, Matsumoto, Nojiri [arXiv:hep-ph/0307216]

�0 �0 ! � �� = 0.1 GeV

Thermal
Wino
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Indirect Detection
H.E.S.S.	
  Line	
  Search

Ground	
  based	
  imaging	
  atmospheric	
  Cherenkov	
  telescope

Search	
  in	
  1	
  degree	
  region	
  at	
  galactic	
  center	
  (plane	
  excluded)

Assuming	
  NFW	
  profile

32

H.E.S.S. Collaboration [arXiv:1301.1173]



Timothy Cohen [SLAC]                  of 54

Indirect Detection
Fermi	
  Stacked	
  Dwarf	
  Limit

10	
  Milky	
  Way	
  satellite	
  galaxies
24	
  months	
  of	
  data

Marginalizes	
  over	
  profile	
  uncertainty
33

Fermi Collaboration [arXiv:1108.3546]
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Constraints

34

See also Fan and Reece [arXiv:1307.4400]
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Constraints

35

See also Fan and Reece [arXiv:1307.4400]
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Caveat: Halo Profile

36
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Using CTA

37
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Bergstrom, Bertone, Conrad, Farnier, and Weniger [arXiv:1207.6773]
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Caveat: NLO

Results	
  use	
  Sommerfeld	
  enhanced	
  tree-­‐level	
  
hard	
  annihilation	
  cross	
  section

What	
  is	
  the	
  impact	
  of	
  including	
  NLO	
  
corrections	
  to	
  hard	
  annihilation	
  cross	
  section?

Subtlety	
  in	
  order	
  to	
  not	
  double	
  count.

38

Hryczuk & Iengo [arXiv:1111.2916]

�i v = ci
X

j,j0

sij �jj0 s
⇤
ij0



Timothy Cohen [SLAC]                  of 54

Caveat: NLO

Factor	
  of	
  ~	
  4	
  reduction	
  for	
  thermal	
  wino.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Large	
  logs:	
  breakdown	
  of	
  perturbation	
  theory?

39
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Hryczuk & Iengo [arXiv:1111.2916]
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Summary
Wino	
  dark	
  matter	
  is	
  well	
  motivated.

(Resonant)	
  Sommerfeld	
  enhancement	
  is	
  important.

Indirect	
  detection	
  places	
  strong	
  constraints.

Thermal	
  scenario:	
  probed	
  above	
  1.6	
  TeV;
Gluinos	
  below	
  ~	
  10	
  TeV!

Non-­‐thermal	
  scenario:	
  probed	
  full	
  mass	
  range.

40



Timothy Cohen (SLAC)                   of 54

Heavy SUSY 
at Colliders

41
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Future Proton Colliders

42

Want	
  to	
  study	
  the	
  following	
  collider	
  scenarios:
Know	
  we	
  get

14(ish)	
  TeV	
  LHC	
  with	
  300	
  c-­‐1	
  
(50	
  mean	
  pile-­‐up)

Probably	
  we	
  get

14(ish)	
  TeV	
  LHC	
  with	
  3000	
  c-­‐1

(140	
  mean	
  pile-­‐up)

Will	
  hope	
  for

33	
  to	
  100	
  TeV	
  proton	
  collider	
  with	
  3000	
  c-­‐1

(140	
  mean	
  pile-­‐up)
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The next Proton collider?

100	
  km	
  tunnel:	
  CERN	
  versus	
  China?
100	
  TeV	
  needs	
  16	
  Tesla	
  magnets	
  (100	
  km	
  ring)

Current	
  technology	
  ~	
  11	
  Tesla
43
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A Monte Carlo Challenge
Generate	
  top	
  backgrounds:

Require	
  factor	
  of	
  10	
  MC	
  more	
  than	
  expected	
  events

Each	
  event	
  ~	
  1	
  kb

24	
  Terabytes	
  for	
  tops	
  (per	
  pileup	
  setting)

44

L = 3 ab�1

�NLO

�
p p ! t t

�
= 0.8 nb

10⇥ � ⇥ L = 2.4⇥ 1010

Need	
  new	
  Monte	
  Carlo	
  approach!
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After many months...
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Simplified	
  Models

(Assuming	
  prompt	
  decays)

Simplified Models
We	
  have	
  backgrounds

What	
  should	
  we	
  do	
  with	
  them?

Want	
  to	
  assess	
  reach	
  of	
  future	
  machines
Want	
  transparent	
  results

Want	
  to	
  study	
  all	
  kinematic	
  regions

46
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Jets + MET

Analysis	
  stradegy

47

Preselection

Search	
  strategy
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Jets + MET

Dominant	
  background:	
  
W/Z	
  +	
  jets	
  @	
  14	
  TeV

	
  	
  	
  @	
  100	
  TeV
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Optimal Cuts
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Results

gluino-­‐neutralino
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Exclude	
  13.5	
  TeV	
  gluino!
(with	
  60	
  events)

Discover	
  11	
  TeV	
  
gluino!x
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Results

gluino-­‐squark
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Summary
Interested	
  in	
  the	
  reach	
  of	
  future	
  colliders.
Simplified	
  Models	
  well	
  suited	
  to	
  this	
  task.

Overcame	
  Monte	
  Carlo	
  challenges.
Among	
  first	
  realistic	
  projections	
  for	
  33	
  TeV	
  and	
  100	
  

TeV	
  machines.
With	
  100	
  TeV,	
  can	
  discover	
  11	
  TeV	
  gluinos.

Implications
Thermal	
  winos	
  below	
  1.6	
  TeV	
  implies	
  

gluinos	
  below	
  10	
  TeV
Direct	
  test	
  of	
  “simple”	
  scenario!
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Conclusions

53
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Conclusions

54

Models	
  of	
  heavy	
  SUSY	
  are	
  compelling.
Need	
  concrete	
  experimental	
  tests.

Demonstrated	
  wino	
  dark	
  matter	
  can	
  be	
  
probed	
  with	
  data.

Computed	
  mass	
  reach	
  for	
  future	
  collider	
  
experiments.

Anticipating	
  improved	
  limits	
  (discovery?)	
  for	
  
winos	
  using	
  CTA!

Tons	
  of	
  interesting	
  new	
  physics	
  questions	
  to	
  
consider	
  for	
  proton	
  collisions	
  at	
  100	
  TeV!


