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The talk is based on the following works

Missing Energy Signatures of Dark Matter at the LHC
arXiv:1109.4398

LEP Shines Light on Dark Matter
Phys. Rev. D84, 014028 (201 1).

See also

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd,

T. M. P. Tait, A. M. Wijangco, and H. -B. Yu

LHC Bounds on Interactions of Dark Matter

arXiv:1108.1196
Constraints on Dark Matter from Colliders
Phys. Rev. D82, 116010 (2010)
Constraints on Light Majorana dark Matter from Colliders

Phys. Lett. B695, 185-188 (2011)
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Main question

How can colliders help to solve the

(in-)direct detection anomalies?
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The Direct Detection bound
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100 o 102 1© o |t contains the information we

WIMP massm, [GeV]
) need.

’ . |
Ahmed et al. (10), Angle et al. e |et’s start to build a model!

(08), Kopp et al. (10)

“/
Yuhsin Tsai  yt237@cornell.edu Current Collider Bounds on Dark Matter 44 y



Well...wait a sec...

There’s something | haven’t told you...

dR
d Er

Vesc d
NT / dv dEva( v)

There is a lot of uncertainties hidden in this equation.

® DM density po ~ 0.3GeVcm~3

® Recoil energy Egr = Eopy / quenching gna = 0.3 £ 0.1, g = 0.09 + 0.03
® Velocity distribution f(v) Maxwell-Boltzman

® Escape velocity Vesc ~ 650 kms™1

® Vi, (in-)elastic scattering?

® Spin Independent o, Spin Dependent o (V).

& XXXX
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Well...wait a sec...

There’s something | haven’t told you...

dR oo (v . do
109 90% C.L. —_— — NT* / d3V Vf(V)
“E 107 d ER mX Vmin d ER
S 10® DAMA (q+33%) =" 1
S e ———
ﬁ 107 .
§ 10 Recoil Energy Er= Eqby / q
E 1074
3 9
ERU Channeling may enhance q.
d 10%
= 45
=HC Spin—independent
1074
10° 10t 10? 10
WIMP massm, [GeV]
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Well...wait a sec...

There’s something | haven’t told you...

dR oo (v . do
109 90% C.L. —_— — NT* / d3V 174 f(V)
“E 10738 d ER mX Vmin d ER
g 10°® _DAMA (q + 33¢%) et
g0 S

Local DM density pg

Velocity Distribution 7(v)

WIMP-nucleon cross
&
&

1074
SR Depend on the Halo Structure
" Spin—independent
T 10 17 10
WIMP massm, [GeV]
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Well...wait a sec...

There’s something | haven’t told you...

dR oo [V . do
109 90% C.L. —_— — NT* / d3V Vf(V)
“E 1078 d ER mX Vmin d ER
g 0% _DAMA (q + 33¢%) s
g 0w N\ o - .
g o Minimum velocity vy,
S g
3 . . .
gwe Depend on if the scattering is
] \—44 . .
£ (in-)elastic.
=10 Spin—independent
10-%
10° 10t 102 10°
WIMP mass m, [GeV]
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More problems...

e Light DM is interesting, but hard to measure. (Eg threshold)
e The Spin Dependent bounds are bad. (velocity suppression)

10°%

T 90% C.L. _ 90% C.L.

810 510

g g

S 0% DAMA (q=33%) =" | c 10%} DAMA cameds ”
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<] = CoGeNT é S
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S 10% B 0%

? A0 % 10

a 1074 OnN- a

= e 2 107

= 10°% . s .

104 Spin-independent o Spin—dependent
10° 10t 107 10° 10° 10 107 10°
WIMP mass m, [GeV] WIMP massm, [GeV]

Bernabei et al. (08), Angle et sl. (08), overlinenabe-Heider et al. (05), Behnke

etal. (10), Girard etal. (11)
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Want to have a measurement...

¢ independent of astrophical and experimental assumptions.
¢ good bounds on light DM.

e good bounds on spin dependent case.

Does this measurement exist?
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Want to have a measurement...

¢ independent of astrophical and experimental assumptions.
¢ good bounds on light DM.

e good bounds on spin dependent case.

Does this measurement exist?

YES

Collider Expermients
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‘Collider bounds’ in this talk

Collider Bounds

The 0 — m, bounds given by constraining the effective couplings
between DM/SM using colliders.

Collider Direct Indirect

Q|

>

Q
Ql
=
Ql

I /
Yuhsin Tsai  yt237@cornell.edu Current Collider Bounds on Dark Matter 44‘



Earlier Results

Monojet @ Tevatron

Y. Bai, P. J. Fox, and R. Harnik, JHEP 12, 048 (2010)
J. Goodman et al., Phys. Rev. D82, 116010 (2010)
J. Goodman et al.,, Phys. Lett. B695, 185 (2011)
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DM in Monojet Searches

Tevatron Direct Detection

X X X

X q

Ql

g
e Assume fermionic DM.

e 4-fermi interactions:

Oy = (Y%x/)\gﬁv“q) 05 = (Yx/)\gﬁq)

On XV sx) (@7 59) 0, — (x9)(ax)
A — /\2 t — /\2
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Monojet @ Tevatron

e |n search of Large Extra Dimension (ADD)

e New physics channels: qg — gG,qg — gG, g8 — gG.
e Main Cuts: Jet Et and 7t > 80 GeV.

e Background: Jet + (£ — vv, W — v /), QCD...

—— Data
—— SM Prediction
CDF Il Preliminary (1.0 fb™

Luminosity: 1fb~*

SM BG Events: 8663 + 332

Events / 10 GeV

Observed Events: 8449

100 150 200 250 300 350 400

Leading Jet E;, GeV
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Bounds from gg — Jet + y x
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Ts1-p (em?)
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This is what we want!

¢ |ndependent of astrophical and experimental assumptions.

® Good bounds on Light DM.

® Good bounds on spin dependent couplings.

-
\
1036k 10734 — o' urry’y \
~ \
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Can we do better?

e The Monolet bound @ Tevatron is limited by the theoretical
uncertainty of the QCD background.

2200

20000 + —— Data
~——— SM Prediction
18001 —— EWK Background

—— QCD Background

1600
3 CDF Il Preliminary (1.0 fb™)

14001
1200-
21000
c
2 800
i

6001

400
2000 —"L._LL‘__

o

100 150 200 250 300 350 400
Leading Jet E;, GeV
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Can we do better?

e The Monolet bound @ Tevatron is limited by the theoretical
uncertainty of the QCD background.

2200
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¢ Different process! MonoPhoton Search at LEP
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Can we do better?

e The Monolet bound @ Tevatron is limited by the theoretical
uncertainty of the QCD background.

2200

20000 + —— Data
~——— SM Prediction
18001 —— EWK Background

—— QCD Background

1600
3 CDF Il Preliminary (1.0 fb™)

14001
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21000
c
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i

6001
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2000 —"L._LL‘__

o

100 150 200 250 300 350 400
Leading Jet E;, GeV

¢ Different process! MonoPhoton Search at LEP

e Higher jet P7? The searches at LHC
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DM coupling to leptons

MonoPhoton @ LEP

P. J. Fox, R. Harnik, J. Kopp, and YT, 1103.0240

With ILC
A. Birkedal, K. Matcheyv, and M. Perelstein, hep-ph/0403004
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Jet — Photon Tevatron — LEP

e |n search of Large Extra Dimension (ADD)
e New physics channels: e€ — v G

350] DEL Pl 60 pbt ‘ " o Experiment: DELPHI

300¢ ® Fieam: 90 — 105 GeV

[ DELPHI MC

- e Use the cuts in [ 1],

(E, 210GeV).
Background: ete™ — v
We use CompHEP.

Events/ 650 pb™*
°

02 04 06 08 10
X, = Ey/Ebeam

[IT DELPHI Collaboration, hep-ex/0406019.
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Direct Detection Bound

e Assume DM particle is a Dirac fermion.

e Use shape analysis (x?) to contraint the size the coupling

et

Need the coupling to quarks!

Consider Two Possibilities:
e Equal Coupling: to quarks and leptons.
e Leptophilic: coupling to leptons only.
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Equal couplings

Equal couplingsto all SM fermions Equal couplingsto al SM fermions
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Leptophilic: no direct coupling to g’s

e Get loop suppression. O, Os vanish at one loop.

¢ Leptophilic model proposed to explain DAMA or CoGeNt is
ruled out.

Couplings to leptons only

WIMP-proton cross section o [cm?

A0
)(ENO‘\\ 3
—co
1074
© Spin-independent 90% C.L.
10~
10° 10t 107 10°

WIMP mass m, [GeV]
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MonoPhoton from LHC

The CMS MonoPhoton search

Yuhsin Tsai

yt237@cornell.edu

cm?]

WIMP-nucleon cross section oy

10°%
10—37
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10°%
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1074
107%
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107

CMS7TeV, 1.14 fb~! Mono—photon

Solid : Observed 90% C.L.
Dashed : Expected

Spin—independent TEN
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WIMP mass m, [GeV]
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The higher energy search

Monojet @ LHC

P.J. Fox, R. Harnik, J. Kopp, and YT, 1109.4398

A. Rajaraman, W. Shepherd, T.M.P. Tait, A.M. Wijangco ,
1108.1196
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How to improve the bounds?

There are two ways we can go

o Getting more data.

 Looking at the higher pt region.

1000 ‘ — 2—+3 VS. 22
CMS7TeV,36pb
100 ~+ cmsdaa p % p
>
3 £ Z
& 10
4] p X p
o
i

The shapes are different!

0.1

200 300 400 500
Er [GeV]
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How to improve the bounds?

There are two ways we can go

e Getting more data.

 Looking at the higher pt region.

At the current stage

Optimizing the higher pt search is more important!

We can get some idea from the following Mono-|et searches:
e CMS36pb~"

e ATLAS 1fb!': LowPt, HighPt and veryHighPt.
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How to improve the bounds?

There are two ways we can go

e Getting more data.

 Looking at the higher pt region.

At the current stage

Optimizing the higher pt search is more important!

We can get some idea from the following Mono-|et searches:
e CMS36pb~*

e ATLAS 1fb!: LowPt, HighPt and veryHighPt.
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Mono-Jet search at CMS

arXiv:1106.4775

1000

cMs7Tev,36pbt | e 7 TeV, 36 pb_1

- omsdaa e Search: Mono-Jet + Er.
] CMSBG

100

$ e Background:
§ 10 Jet + (Z — vv, W — vl).
:% . e Main cuts:
E+ > 150 GeV, pr,; > 110 GeV.
01 e Result: 275 (297 +£ 45 for the BG).

200 300 400 500
Fr [GeV]
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Mono-Jet search at ATLAS ( LowPt)

ATLAS-CONF-2011-096

ATLAS7TeV,1fbL, LowPt

1000 -} ATLASdata
[ ATLASBG

i our MC

10 [ DM signa

Events/ GeV

0.1

o 7TeV,1fb™}
e Search: Mono-Jet + £ .
e Background:
Jet+ (Z = vv, W — vl).
e Main cuts:
Er > 120GeV, pr j; > 120 GeV.

e Result: 15740 (15100 + 170 £ 680).
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Lower bound on the cutoffs

e Bound for vector op

CMS 7TeV,36pb?

e ‘
erator (xvx/{# from counting.

ATLAS 7TeV,1fb?

700 700,
90% C.L. 90% C.L.

500 XYy Uy,u 500 .
N N Xy'x Uyu
Q [}
8 8
< 300 < 300
§ §
5 200 5 200
5 5
O O

150 150

LowPt
108. 1 1 10 100 1000 108. 1 1 10 100 1000
WIMP mass m, [GeV] WIMP mass m, [GeV]
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Lower bound on the cutoffs

N )
* Bound for vector operator (xvx/{# from counting.
CMS 7TeV,36pb? ATLAS 7TeV,1fb?
700 700
90% C.L. 90% C.L.

500 W ty,u 500 .
%' %' XYy Uy
o o
< 300, < 300,
2 <
g g
£ 200 £ 200
5 5
(@] (@]

150 150

LowPt
108.1 1 10 100 1000 108.1 1 10 100 1000
WIMP mass m, [GeV] WIMP mass m, [GeV]

36pb~! — 1fb~! doesn’t buy us much!
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ATLAS LowPt VS. CDF 1fb !

A. Rajaraman, W. Shepherd, T. Tait, A. Wijangcoar (I106.4775)

2000
B\
1000, LHC Discovery Reach o W
*%f LHC Current Bounds * Majorana DM
- 200 Tevatron e 20 for Current
g 100 | Bounds.
» e 50 assuming
0 100fb~" for
10 Discovery Reach.
10 20 50 100 200 500 : 1000

my (GeV)
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Events/ GeV

Mono-Jet search at ATLAS ( HighPt)

Go to the higher pr region!

ATLAS-CONF-2011-096

ATLAS7TeV, 1fb™%, HighPt

1000 -} ATLASdata
[] ATLASBG

o 7TeV, 1fb7}
e Search: Mono-Jet + F .

e Background:
Jet+ (Z = vv, W — vl).

e Main cuts:
E+ > 220GeV, prj, > 250 GeV.

e Result: 965 (1010 + 37 £ 65).
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Mono-Jet search at ATLAS ( veryHighPt)

Go to the higher pr region!

ATLAS-CONF-2011-096

1000 ATLAS7TeV , 1o, veryHighPt | o 7 TeV, 1 fb~t
100 + ATLASdaal| o Search: Mono-Jet + £ 1.
[] ATLASBG
3 10 71 our MC e Background:
5 . [ DM signa Jet +(Z — vv, W — vl).
5
o o ——_____| * Main cuts:
- E+ > 350 GeV, pr,j, > 300 GeV.
001 == e Result: 167 (193 £ 15 = 20).
300 400 500 600 700
Er (GeV]
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Higher p1 rocks!

from counting.

e
e Current bounds: vector operator (xvx/%#

ATLAS 7TeV,1fb?!

90% C.L. -
8000 veryHighPt i

ﬂ
8

HighPt

(o2}
S

LowPt

Cutoff scale A [GeV]

3

CMS
Xy Uy,
1 10 100 1000
WIMP mass m, [GeV]

w
S
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Higher p1 rocks!

W from counting.

e Expected bounds: vector operator

ATLAS 7TeV,1fb?!

90% C.L. -

goor  veryHighPt

8

HighPt

g

LowPt

Cutoff scale A [GeV]

3

CMS
XYix Uy,u

8

1 10
WIMP mass m, [GeV]
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Bounds from higher pt searches

Spin-independent case

e Using ATLAS 1fb~* veryHighPr.

e Direct detection bound for universal coupling g € (u, d).

ATLAS 7TeV,1fb? ATLAS7TeV, 1fb~! VeryHighPt
900, . ; : -
Solid : Observed 90% C.L. o 1077} Solid: Observed 0% CL.,
00| Dashed : Expected ] 5 1g®
zZ
XY Uyu 5 10-39
< 700) XY X Wy ] g 10
& §:§ 104
f) 600} ] g 104
B s} mrdy % 104
B BN °
S 1043
3 400 20
d 104
300 2 o
veryHighPt 3 Spin-independent
208 L L L 10746 = a
.1 1 10 100 1000 10 10° 10 10? 10°
WIMP mass m, [GeV] WIMP mass m, [GeV]
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Bounds from higher pt searches

Spin-dependent case

e Using ATLAS 1fb~*

veryHighPt.

e Direct detection bound for universal coupling g € (u, d).

ATLAS 7TeV,1fb?!

ATLAS7TeV, 1fb~! VeryHighPt

900 ‘ : : 10—
Solid : Observed 90% C.L. < Solid : Observed 90% C.L.
I Dashed : Expected ] £ 10-35| Dashed : Expected ==
800 E,
XY x WU € 10® DAMA s N
< 700 c Ao 4
3 § (q + 35%) - O\)??
o 10-% \/
< 600} 4 9\1\?\‘ ;
T S 1038 /
ﬁ S5 Gy 45 3]
3 500 X'y xdyyd c
g T % 10°%
3 400} Dl N . A1
d 10 -
3000 s
veryHighPt =104 Spin-dependent
281 1 10 10 10° 10t 102

WIMP massm, [GeV]

Yuhsin Tsai  yt237@cornell.edu

Current Collider Bounds on Dark Matter

WIMP mass m, [GeV]

10°
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Bounds for Indirect Detections

YN

9% May, 2011
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Bounds for Indirect Detections

Two things to compare:
e Thermal-relic bound

e Fermi observation bounds.
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Comparing to the thermal relic bound

How to read the plot?

Annihilation into gq

1072
102
102

EZT y

Solid : Observed ,

" Dashed : Expected 5 e DM is a thermal relic.

103 / . . .
102 = / ¢ DM mainly annihilate into
(S~ g

10 = L quarks.
10-2671\> X2 - Thermal relic
1077 % ’7. - &

[~ i N®
W0 B THEN
1072 s *

<A
107 %% (v2)) =024 (freeze—out) |
| | | |

31
1o 100 10t 10? 108

WIMP mass m, [GeV]

* m, with ov smaller than
Thermal relic case is
excluded!

Cross section (o Vi) for Yx - qq [cm3/s]
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Bounds from LEP

Equal coupling to all charged leptons Annihilation only into e*e”
mz 1072 T

- 90% C.L. ] s 90% CL.
"E 102 S 107%F 1
s ‘i?& ) o102} 1
€ 102 N > cat® 4 3 1072 Thermal relic 1
T ; 3041 / x
& 102 W <
s 4 & 1
3 74 13 ]
C Thermal relic ; B
S 10 = 1
ﬁ e Hooper/Goodenough k)

iy (Fermi—LAT, WMAP haze) g 4
8 1027 7 T 2 .
g /2 1 2 10 (vZ)) = 0.24 (freeze—out) |

+ Only (v2,)—independent models S 103 | 1
1025 o T T S 100 10! 102 10°
WIMP massm, [GeV] WIMP mass m, [GeV]
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Future Bound:

Invisible Higgs Search

A
Wt

E.' i
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Invisible-higgs search at LHC

When DM couples through higgs portal

ATLAS 30 fb* upper bound ( projected ) CMS Higgs combined lower bound

_120 GeV)

WIMP-nucleon cross section oy [cm?]
WIMP-nucleon cross section oy [cm?]
8

8

1074
Spin—independent Spin-independent
104 10-%
10° 10* 10? 10° 10° 10t 10? 10°
WIMP mass m, [GeV] WIMP mass m,, [GeV]
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Conclusion

Collider bounds are awesome!

Can do what direct detections cannot do.

Mono-v at LEP gives competitive bounds.

MonoJet at LHC gives the best current bounds.

Stringent bounds on DM annihilation.

Many other interesting possibilities: DM coupling to Higgs,
Light mediator,...
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Conclusion

Collider bounds are awesome.

® |ess dependence on astrophysical and experiemntal issues
® good Light DM and spin-dependent bound

Mono-v at LEP gives competitive bounds.

® rule out Leptophilic model explaining DAMA/CoGeNT.
MonoJet at LHC gives the best current bounds.

® Motivation for the high p7 search.
® |mportant constraints for the gluon and spin dependent couplings.

Colliders put stringent bounds on DM annihilation

® Strong constraints for thermal relic DM.
® Better bounds than Fermi for light DM.
Many other interesting bounds.

® |nvisible Higgs search, light mediator;...
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Backup Slides
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Annihilation cross sections

os and o, are velocity suppressed:

OsVier = 3 (mi —m7) Vi
1 8m* — 4m2m? + 5m?
ovve = ¢ (24(2mi+mf) T jn% V2
X )
1 8m? —22m2m? + 17mj
OAViel = =0 24m§—|— e = ' v2, .
6 ( m2 — m? re
1 (my+me)?(8m2 — 16m, my + 11m?)
OtVeel = ﬂﬁ (24(mx+m[)2 + = IT/;2 — m? * ! V,,Qe/ ,
X ]
1 m?
b= e\t T m
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What happens if the mediator is light?

® When it is heavy, we consider contact operators only:
MMled > 2 Ebeam

ew | eX X
et X et X

® When it can be on-shell, the kinematics is important:

MMed < 2 Ebeam
e~ X
--pmaa
Med
e" X

e~
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Light DM @ LHC

Cutoff bounds from ATLAS MonoJet veryHighPT

N
o
o
o

Vector coupling
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---- m, =500GeV
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Shading: T = et
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Direct Detection w/ light mediator
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Indirect Detection w/ Light Mediators
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Few remarks about the loop calculation

(show this if people stay awake)

The loop-suppressed cross section is

Ul—loop

4a [
1827T3/\4

Z fq mz]

{=e,u,T

where f(q%, m;) =

% 5q2+12m§+6(q2+2m§)\/ 4;" coth™ 1<\/1 — ?)3q2ln (Amiz

® Take the most conservative case (the largest o):
Vy = Vesc = 500 km/sec, scattering angle 180°.

)]

® This gives g* = —4u3v;

® Take the cutoff A, from the loop integral the same as the operator cutoff
A
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