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Dark Matter needs
no Introduction.
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But it has a lot to answer for:

* What sets its abundance?
* Does It Interact with matterapartfrom gravity?

* How strong/weak are these interactions?

* Does It bt into a larger framework?

* What is the particle mediating this interaction?
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But it has a lot to answer for:

* What sets its abundance?
* Does It Interact with matterapartfrom gravity?
* How strong/weak are these interactions?

Answers (and limits) come from
direct & indirect searches

Directly complemented by past
and present colliders.

* Does It bt into a larger framework?

* What is the particle mediating this interaction?

LHC (e.g. Higgs mediated interactions



Outline

* Motivation:
Colliders as direct detection experiments.

* Tevatron mono-jets:
o Operators and rough estimates.
© Results
o Breaking news: New LHC limits.

o Future Improvementes
* LEP mono-photons.

* Prospects for LHC: scattering via the Higgs.
* Coffee.



The WIMP Hint

*k Does DM have interactions with matter?

* |If we throw a weakly interacting particle with weak

scale mass into the primordial hot so"( ‘

the DM abundance comes out roughly right.
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Probes of DM Interactions

* We hope to probe dark matter in several ways:

DM —neic/ews scatd er/na DM anni Ailadson
DM DM DM U
Y :q DM :ﬂ
direct indirec?

Focus on direct detection In this talk.
(a similar game can be played for indirect)



WIMP-Nucleon Cross Section [¢in

Direct detection

DM DM
* Direct detection places limits on )<
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% Heroic effort with remarkable results.

* DD has some weaknesses.
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WIMP-Nucleon Cross Section [¢in
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Direct detection

* Direct detection places limits on
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WIMP-Nucleon Cross Section [¢in

Direct detection

DM DM
* Direct detection places limits on )<
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% Heroic effort with remarkable results.
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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A Simple Point

* |n order to get a particular DM-nucleon cross

104"

section, -\, , We assume the existence

w‘:é‘fagl‘o %0 3% 3@".%;[22‘&,@ 200 300400 ““‘ﬁm DM DM
a DM-hadron interaction, )< .
g g

* The same Interaction can lead to DM production at
a hadron machine.

Y DM

pp! nothing

DM
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A Simple Point

* Mono-jet searches can place limits on
the plane.
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colored states.



A Simple Point

* Mono-jet searches can place limits on

the plane.
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Cross Sections

* The direct detection cross sectiofy! 100 MeV):
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* Mono-jet +ET (g! 10" 100 Ge\ ):
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Back of an Envelope:
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Back of an Envelope:

Consider a /7@@/}/ medicdlor:

asSume pPr <M {/L(SZ‘ a contac’t operaZ‘ or>
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(pr ~ 100 GeV. (u! 1GeV)



Back of an Envelope:

Consider a /7@@/}/ medicdlor:

asSume pPr <M {/L(SZ‘ a contac’t operaZ‘ or>

|.|--22p%r ,22“2
Y15 $0 qu opp ' O 9, v
(pt ~ 100 GeV (L! 1GeV)
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Front of an Envelope:




Front of an Envelope:

In | £6° CDF Saco X449 Mono-(-jef! !1j ]< 500 ft

events, expected 663 + 332

@omb =5 10'@




WIMP-Nucleon Cross Section [¢in
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Setting Actual Limits



Operators

* Describe DM interactions as higher DM operatc
(possibly mediated by light mediators)

10
O, = ng!;. |£\]/(|12 (g0 (B ) | S|, scalar exchange
O, = qlzg?! I?/?Z (g'wq) (B 1), Sl, vector exchange
O3 = 9 gq (q" "sq) (B H"5!), SD,axial-vector
! exchange
Oy = k] gq (4'50) (Y 5!), SD and mom. dep.,

¢! M? psuedo-scalar exchange



CDF:jet + MET amy

cCOou nt| ng expen ment: Background ||Number of Events
Z ->nu nu 3203 +/- 137
1t > 80GeV W > tau nu 2010 +/- 69
pr(] 1) > 80 GeV W -> mu nu 1570 +/- 54
pT (J 2) < 30 Ge\/ W ->e¢enu 824 +/- 28
Z->11 87 +/- 3
pr(j3) < 20GeV QCD 708 +/- 146
; Gamma plus Jet 209 +/- 41
10° _'_ z;tap o Non-Collision 52 +/- 52
: e redaiction
: — ! Total Predicted | 8663 +/- 332
%102_ CDF Il Preliminary (1.0 fb )
g Data Observed 8449
‘% 10—;
T :le
17 ﬂ t | Observed: 8449 events
L I

100 150 200 250 300 350 400
Leading Jet E;, GeV
[http://www—cdf.fnal.qov/phvsics/exotic/r2a/20070322.monoiet/public/ykk.html ]



http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
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* The limits are fairly Rat in mass (upto ~200 Ge\

Limits on At -

* The limits are fairly independent of the operator
structure. Strong SD constraints.

* These limits apply to iDM - Tevatron doesnOt ce
about 100 keV splittings.
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Limits on At -

* The limits are fairly independent of the operator
structure. Strong SD constraints.

* These limits apply to iDM - Tevatron doesnOt ce
about 100 keV splittings.

% For DD limits:
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* The limits are fairly Rat in mass (upto ~200 Ge\

Limits on At -

* The limits are fairly independent of the operator
structure. Strong SD constraints.

* These limits apply to iDM - Tevatron doesnOt ce
about 100 keV splittings.

* For DD limits: BP =DB' =822+22, R
BY =Br =662+102, (b fn=
BP = Br =336+ 145
2
_ 19y gq | Ng u B 2
- 199G ! ] Ng _ |J- 2
- q2| MZ(qHQ)(w I) |2 — ﬁqu
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SD Limits:

_ g9 . "
03 = B!
I S VEAGAEL LGS
2
3 N L
"Po— "N = 0.842 4 0.012,
"Po— "N = #0.427 +0.013,
"P o= "D = #0.085%0.018.

Best SD Limits over
a wide mass range.
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* Lets PXx opp !

Light Mediators
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Thats great!
The Tevatron rocks!

Hold on...
IS there another working collider somewhere nearby?



LHC Mono-jets

* Both CMS and ATLAS have mono-jet searches

LI I|I LI
1 04 = CMS ClZ—vv
- _ A= Wt
S_JLdt—Spr atvs =7 TeV =
10°E []acD
E ClZ—rr

-+ Data

10°E

Events / 25 GeV

10

L
o
!
] r._1
p—— | Iy Sp— -
| ] [ ] H
P
[ TT 1]
1 1

- ADD My=2, 52 -

500

600

ET [GeV]

dN/JE™  [Events/GeV]

10

107

102 =
200

ATLAS preliminary

-

_‘. Ldt=33 pb

Js=7TeV

—e— Data 2010

— SM Total

Z(—w)+jets

-W{—}Iv}+jats

Can 3¢ pb™ beal | #7777 Naaah.



* well

LHC limit



WIMP" nucleoncrosssection$ y !'cm?"

LHC limit

* well.....for heavy mediators LHC gains immedia
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Mono jet searches
may get updated
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Future
* Shape: D —————— ;

1000+

----- M=10 GeV -
--- M=100 Ge\
—— Contact Op |

100 -

Eventg¢l0 GeV

10 -

JetPr '1GeV!

* A dedicated analysis may be more powerful.
* CDF is working on a dedicated analysis!

*k So are CMS and ATLAS!

* Mono-photon Is also be interesting, complemente



LHC - Deep Future

- CRESST limits /
CoGeNT limits .
E .
- CoGeNT 5,
= favored #
= LHC %xTq 50 reach ___.--""
e
§_ CDMS limits Xenon 10 limits
- . Xenon 100 reach,.-= __.A=""""
= " SCDMSreach __.--TlentT
= ~fraanniae=="
B 1 1 1 1 1111 | 1 1 1 1 1111 | 1 1 1 1 1111 | 1
1 10 10° 10°
m, (GeV)

s=14 TeV

£ =100 fb' !
1+ > 500 GeV

- AN —
- . —KIMS p limits
: ' N~ —c -7
10-37 _ : —_—
- “ DMTPC p reach ]
3| Xenon 10 n limits . T
108=— Nl el
Elo 39 ;_ #4"# #°q Tevatron exclusion
° =
[a) —
ZU)10_40 -
104 -
— o T
10% PETQLHCSL reach e
10-43_ L Lo L Lo 1 e |
1 10 102 10°
m. (GeV)

Note:

Counting experiment.
Systematicaotconsidered.
No longer a monojet search.

Tait & co.




LEP mono-photon

w/ Fox, Kopp and Tsal
arxiv:1103.0240



LEP

* Directly constrain DM coupling to electrons.

* But , Iin many models quark and lepton coupling

are related(consider 2 benchmarks)

LEP Is a clean environment. Ability to measure
mISSIiNg mass.

Places non-trivial limits also on indirect searche
lepton channels (e.g. the Hooperon).



Operators

* Same story w/ leptons (assume universality)

1 ull
Oy = (% “!")g% ) , (vector, s-channel)
%]
Os = (u:")g ) : (scalar, s-channel)
1 “’ 1]
Op = (& “$5!..)2QB %) , (axial vector, s-channel)

_(8)(%)

5 (scalar, t-channel)



Mono-photon

* Use spectrum shape to reject background peak

350 DELPHI 650 pb™! '{' |
300 ]
[1 DELPHIMC \
‘TD 250 E______: our MC O/?"S/?'e// Z'f‘phOZ‘O/?
a : DM signal ;
g : [
2 150
s Y
> I
=100
50 1™ T
O;




Model Dependence

* We limit lepton couplings.
* But how does DM couple to quarks?

* Consider 2 extreme cases:
o Couplings toquarks are same as leptons

o Couplings to quarks areero .

* Anyother case can be derived from these two.
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DD Limits
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Leptophilic DM

* Consider zero couplings to quarks.

Direct detection
pays a big price.
Collider limits are strong.

Couplingsto leptonsonly

E g 90 CL.
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Many more..

* Light mediators:

WIM P-nucleon cross section oy [cm?]

% Indirect detection:

Cross section (0 vy ) for Yy — £ [em/s]
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Mono-something!

* For speciPc models, we can probe the identity c
the mediator with other mono-somthings.

* Mono-top signals can probe DM that is coupli
via MFV operators (kamenik and Zupan).

* |n many models DM couples via thigggs .
Mono-Z (andVBF) may be sensitive to this.

Z° Invisible Higgs searches can
be interpreted as Odirect
| NN detectionO experiments!

A Characteristic ¥iqgs Channe!
can Cornfirs Y/lggé mediction!



Higgs Mediator
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To Conclude:

Colliders are placing competitive and
complementary bounds to direct detection:

LAHC .
The Tevatron Is the world record holder for light

dark matter and for spin dependent.

Dedicated CDF, CMS, ATLASono-jet studies are
underway.

* LEP mono-photons provide strong constraints.

* ThelLHC can also be competitive in the case of

scattering through the Higgs . May identify the
the Higgs as the mediator.






Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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Collider Connections?

* DM experiments and colliders are often said to
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Collider Connections?

* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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* DM experiments and colliders are often said to
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* DM experiments and colliders are often said to
relatedin a specibc framewaiksy)
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