Dark matter searches at the LHC
David Berge (GRAPPA & Nikhef, Amsterdam)




Two general-purpose experiments: ATLAS & CMS
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The Large Hadron Collider

2012 performance 2015 likely performance
Colliding bunches 1331 2520
Energy 4 TeV x 4 TeV 6.5 TeV x 6.5 TeV

Bunch spacing 50 ns 25 ns

Luminosity 7.7 x10*3 cm? s 1.5x10%* cm2?st

b~ Pile-up interactions ~35 ~40




LHC schedule beyond LS1

LS2 starting in 2018 (July)
LS3 LHC: starting in 2023
Injectors: in 2024
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=> 18 months + 3 months BC
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=> 13 months + 3 months BC
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The Large Hadron Collider

2012 performance 2015 likely performance
Colliding bunches 1331 2520
Energy 4 TeV x 4 TeV 6.5 TeV x 6.5 TeV

Bunch spacing 50 ns 25 ns
Luminosity 7.7 x10*3 cm? s

b~ Pile-up interactions




Task: measure transverse energy
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Dark matter production 9

SM A

1.SUSY cascades

2.Lonely pairs

SM X

David Berge / GRAPPA & Nikhef



1: “Standard” Dark Matter Searches at Colliders °

SM Y SUSY:

— High-p; jets from squark & gluino decays
— Leptons from gaugino & slepton decays

S M X — Missing transverse energy from LSPs

jets/lepton

ETmiss

David Berge / GRAPPA & Nikhef



How do we search for SUSY ?

A brief primer ...

Variable 2

'r‘ | SUSY search analyses look for tails in
distributions of observables sensitive
sighal region to new heavy particles.

Can only exploit tails if detector
response and SM backgrounds in
signal region are understood.

Trigger threshold

—
Variable 1




How do we search for SUSY ?

A brief primer ...

CR - SR transfer factors taken from MC
simulation (many systematic effects cancel).

Variable 2

Control
region W/top

David Berge / GRAPPA & Nikhef

Signal region

Control
QcCD

Variable 1



ATLAS SUSY Searches* -

95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model &y Jets EX™ [ranm™) Mass limit Reference
MSUGRAICMSSM 0 2-6jets  Yes 203 mig)=m(3) 14057875
MSUGHAICMSSM Ten 36jets  Yes 203 any mig) ATLAS-CONF-2013-062
MSUGHAICMSSM 0 7-10)ts Yes 203 any mig) 1308,1841
3. §—af| 0 26jets  Yes 203 MiE1e0 GOV, m{1 gen, qem(z® pen. &) 1405.7675
F8. 3—qat, 0 26jets  Yes 203 miE] =0 GeV 14057875
Fr g—om, —ggW* i lew  36jets  Yes 203 mﬁ“kzoo GeV, mif* 1«0 5(m (T JemiE)) ATLAS-CONF-2013-062
S’ g-.q?mm/w 2e,p 0-3 jets - 20.3 ¥/ )=0GeV ATLAS-CONF-2013-089
MSB (£ NLSP) 2eu 2-4jets  Yes 4.7 tang<18 1208 4683
GMSB (? NLS?) 1274014 0-2jets  Yes 203 1ang >20 14070603
GGM (bino NLSP) 2y - Yes 203 T 1550 GeV ATLAS-CONF-2014-001
GGM (wino NLSP) Tepvy - Yes 48 150 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) 7 16 Yes 4.8 it 15220 GeV 12111167
GGM (higgsino NLSP) 2ep(Z) 03jets  Yes 58 M{NLSP)>200 GaV ATLAS-CONF-2012-152
Grawitine LSP 0 mono-et  Yes 105 mC=10* eV ATLAS-CONF.-2012-147
i 0 3b Yes  20.1 miE! <400 GeV 1407.0600
i 0 7-10jets  Yes 203 it} <350 GeV 1308,1841
i O-1ep 3b Yes 201 (1400 GeV 1407.0600
: ,-.w?. 0-1 e 3b Yes  20.1 miE)}<300 GeV 1407.0600
biby, By _.M' 0 26 Yes 201 |& - 100620 GeV i )<90 Gev 1308 2631
bk, By —om 2ep(88) 03k Yes 203 |B 275-440 GeV miE] a2 miE]) 14042500
i (light), 7 -.M«,' 1-2e,u 1-26  Yes 47 |§ 110467 GV ¥ 156 GeV 1208.4305, 12092102
1 (light), ii— Wi 2ep D2jets Yes 203 |7 130-210 GeV mE]} =m(F; }-m(W)-50 GeV, mif; J<<miE?) 14034853
£y (medum), fi — 2eu Z@ts Yes 203 |§ 215530 GeV V11 GeV 1403.4853
11 {medum), f 0 2b Yes 201 |& ~ 150-580 GeV miE| <200 GeV, miE! J-miE: )5 Gev 308 2631
f,1 (heavy), [ =¥ Ten 16 Yes 20 |& . 210-640 GeV 110 GeV 1407.0563
Fiineaw) r.-.ﬁ" 0 26 Yes 201 |a 260640 GeV. 10 GV 4061122
BT 0 monojetctagyes 203 |4 © 90-240 GeV "m(';,;mw’kasoov 1407.0608
i (mml ‘amse) 2e.p(Z) 1b Yes 203 |4  150-580 GeV 1150 Gev 14035222
B i + Z e lZ) 16 Yes 203 |&  290-600 GeV miF|1<200 GeV 4035222
A phix, Pk 2e.u 0 Yes 203 - 90325GeV miE] 0 GeV 14035294
XiXi, X} —ob(m 2e.p 0 Yes  20.3  140-485 GeV i1e0 oV, m?, #)e0.5(m(ET yem(E]) 1403.5294
oy & e 2r - Yes 203  100-350GeV. i }0 GoV. i, )-0.S(miE} }emiz) 1407.0350
i.‘i n«nw). 257, () 3ep 0 Yes 203 ] Jamigs), mw“]-o m(z )0 5(miF ] )omif)) 1402.7029
XB .6 Xy 23e,pu 0 Yes 20.3 mit x] )-0 sleptons decoupled 1403.5234, 1402.7029
;ji Pk Ten 26 Yes 203 miE 1-mﬁ‘). i 10, sioptons decoupied | ATLAS-CONF-2013-083
;xf 3 —int dep 0 Yes 203 TS e, miE} =0, miZ, 7)e0.5(m(E2)em(E?)) 1405.5085
onax.x, prod., long-lived 7 Disapp.tk 1jet  Yes 203 ] )-miE =180 MeV, 7(§1)=0.2 na ATLAS-CONF-2012068
tabla, stopped @ EF A-hadron 0 i-5jets  Yes 279 ml.l)J =100 GeV, 10 ps<r(@)<1000 5 1310.6584
GMSB. stable ¥, A= g)erie ) 12K . - 15.9 10<tang<80 ATLAS-CONF-2012-058
GMSB. 71—, long-ived T, 2y - Yes 47 0.4crit)<2ns 13066310
3. 0, —qqu (RPV) 1 displ. vix - - 20.3 1.5 <cr<56 mm, BRy)«1, mif))«108GeV | ATLAS-CONF-2013-082
LFV pp—¥: + X, ¥o—e + 2eu - - 46 A =010, 4,4~0.05 12121272
LFV pp—¥, + X, ¥e—elp) + 1 Teust - - 46 &}, %0.10, A:207=0.05 12121272
Bilinear APV CMSSM 2ep(SS) 03k  Yes 203 miGsmiz), cresp<1 mm 140£.2600
T X WE X ecenve den . Yes 203 M0 25mF] ), 22120 1405 5085
KX K WE X et v, SepueT - Yes 203 >0 2%m(E] ). 41340 1405.5085
Foagq 0 67 jets - 20.3 BR(r)=8R(b)=BR{c)=0% ATLAS-CONF-2012-081
Foiit, By—bs 2eu(SS) 03k Yes 203 1404.250
Scalar gluon pair, sgluon—gj 0 4ats - 46 incl. limt from 1110.2693 12104825
. Scalar gluon pair, sgluon—f 2e.u(88) 2p Yes  14.3 ATLAS-CONF-2013-051
WIMP interaction (OS5, Dirac y) 0 mono-jet  Yesg 10.5 miy) <80 GeV, imit cf<E87 GeV for D§ ATLAS-CONF-2012-147

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

David Berge / GRAPPA & Nikhef
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Natural SUSY searches 14

Search for 3™ generation squarks, leptons, c/b-jets, jets, missing Et

Probe SUSY as solution to the hierarchy problem

tt, production, t—» b ff ¥ /1> c X, > Wb, /t—>t%  Status: ICHEP 2014

;‘ 500 :I 1T 1 | I T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | [ |:
8 - ATLAS Preliminary L, =201"1s=8TeV L, =47 fo"\s=7 TeV
= 40— oy oty 0L [1406.1122] 0L [1208.1447] ]
WS - —= 11—> t 7@ 1L [1407.0583] 1L [1208.2590] T
E — == t—>t X 2L [1403.4853] 2L [1209.4186] —
400 [ = - ng i? 1L[1407.0583], 2L [1403.4853] -
- Etoc %”(1 oL [1407.0608] 7
[ bffy -]
350 — == X, 0L [1407.0608], 1L [1407.0583] =
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[ @&f T
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David Berge / GRAPPA & Nikhef https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.htmI#ATLAS SUSY StopAll




Weak production 15

Searches for chargino / neutralino pair production
Clean final states involving multi-leptons

v

, Large cross-section.

ATLAS Preliminary 20.3fb", 15=8 TeV Status: ICHEP 2014  p o
5 O F—rzwin s e - - - Expected limis "<\ 3 lepton final states if light
%‘, - Lk ::: l://\—'_: 2e”; : an:'i::‘;:izz‘g —— Observed limits ; SI epton S
EN 500 [ —_— ;:;E via ;t/ :“ zzr: ::x:;uw:osso All limits at 95% CL / 0 -——- < \“’ . )
[ 7, va 35, 22, sviannosey / g = ¢ exclusion up to m gp<~380 GeV.
r ;},?g v?a WZ, 2e/p+3l, arXiv:1403.5294 (
S
F % va WW, 2o, worasme e ' , If heavy slepton, smaller
300 [-"ve O “ ! v cross-section to lepton
- v WZ/h with 3/2 leptons:
200~ ¢ up tom gp<~180 GeV
100 I ' .
K : v Tiny cross-section of
l oo 1 1‘1 L Jn.:\:l Jl Lll ll 11 1 l L1l I:IL llb

x chargino pair production
* via WW with 2 leptons.
" Sensitivity increased if light stau.

0 EZAL
100 200 300 400 500 600 700
m 7 (=m i:) [GeV]

JHEP 05 (2014) 071
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PMSSM reinterpretation 16

Reinterpretation, LEP constraints, flavor CMS-5USY-13-020
physics, neutralino LSP, m <3 TeV

sparticle

x10° pMSSM, CMS preliminary

3l p"°™PCS(g) prior from non-DCS data
—— p(01Z°">-1.64) combined, 7 TeV
—— p(01Z2°"°>-1.64) combined, 8 TeV

25l = p(6IZ®*>-1.64) combined, 7 and 8 TeV

---p=05 =—p=10 - u=1.5 Blue area: W/O CMS data
Lines: w/ CMS data

probability density / GeV

OIIIlIIIIIIIlIIIIIII|

0 200 400 600 800 1000 1200 1400
~0
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PMSSM reinterpretation

17

Reinterpretation, LEP constraints, flavor

physics, neutralino LSP, m

pMSSM, CMS preliminary
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Neutralino relic density
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2. Dark Matter Pair Production

18
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Higgs portal to dark sector

Production at colliders

DM-SM scattering




Higgs portal to dark sector

20

Direct search for invisible Higgs decays
(PRL 112 (2014) 201802)

Constrain invisible Higgs width to
<75% of the full SM width

CMS limit: <60% of SM width (Epic 74
(2014) 2980)

> T T [ T T T [ T T T [ T T T T [ T T T [ T T T T [ T T T T [ T T 1T o~ _37 | T T L I T T T T L | T T
210° L ATLAS * oD - 10 Higgs-portal Model ATLAS
E 4 , = (@) -3 -1
S E \s-8TeV,[Ldt-2031 BN zz- cowineln 3 10 1s=7TeV, |Ldt=4.51b
g - ZH — 2¢ +inv. P wz - eveeinoln . \s=8TeV, I Ldt=20.3 fb™*
% 10? Spi— B v ot Wtz = ZH — ¢ +inv.
Q S B - e =
L T mmm .. W+ jets, multijet, semilep.top |
10 = B ot e ZH -~ ¢¢ +inv. BR(H > inv) = 1 3
1TE- N T | s B - PP L) I riiisssssssitsr. Fo: M
g 25 48
2 15E 1 0 [ DAMA/LIBRA 36 [ CRESST 26
g_ ~E -49 ] CDMS 95% CL I CoGeNT
O - - TR e sy 010  XENON10 XENON100
—~ E S0 LUX === ATLAS, scalar DM
% 05§ 1 0_51 EE&®§ ATLAS, vector DM ity ATLAS, fermion DM
o 100 150 200 250 300 350 400 450 10 ! L ool ! vl L Lo A
ET™ [GeV] 1 10 10° 10

DM Mass [GeV]

‘Light” mediator, simplest connection of SM

David Berge / GRAPPA & Nikhef and dark sector.



Higgs portal to dark sector 21

Direct search for invisible Higgs decays A. Djouadi et al., Phys. Lett. B 709, 65
(2012), arXiv:1112.3299

(PRL 112 (2014) 201802)

Constrain invisible Higgs width to Ay

: — Lattice HENORI

CMS limit: <60% of SM width (Epic 74
(2014) 2980)

=
()
—
o
)
8]
q) -1
c) 1 04 T | T T T T I T T T T | T T T T | T T T T | T T T T >\ 10
A= 10° ATLAS — Observed 90% CL, scalar (A,,,) o0
o c
S = B 1 == Expected 90% CL, scalar (km) = XENONUP
S 102k 'S TeV,[ Ldt=45fo , — Observed 90% CL, vector (k) o A -
@ 1s=8 TeV, [ Ldt=20.3fb" ... Expected 90% CL, vector (i, 3 / XENONIT
> 105 ZH - ¢¢ +inv. — Observed 90% CL, fermion (i,,/A) o L/ ’ |
T -+ Expected 80% CL, fermion (1, /A) Q10
g ] .20
________________ 1
0% g WMAP —mm Br = 10%
3 B
1 O -_‘ ____________________________________________________ 10 | | |
1 0—4 50 100 150 200
105 & M,, (GeV)
-6 .
1 O E 1 L 1 L I L 1 1 1 I il L L L | 1 L 1 L l L 1 L 1 I L L L 1 I H Iggs po I e
0 10 20 30 40 50 60

DM Mass [GeV]

This, together with the relic density, basically rules out the
simplest Higgs portals for DM up to half the Higgs mass,
except right at the Higgs pole!

David Berge / GRAPPA & Nikhef



2: Dark Matter Pair Production

“mono-X" =X/é¢ /W/Z
e, 4

SM', X

Everything else

: Am very large

s ¥ =k

Dark matter

22

Assume contact interaction

with mass suppression
scale M*.

== Dark matter mass m,, plus

higher-dimensional
operators (e.g. D1-D11), fix
cross sections.

e | Initial state Type
Mg —. —
MEXXTY
X XTV
or XYY xIWre
MIEXU‘WX‘?U;WQ

ﬁixas(GZu)z




ATLAS Monojet

jet p; 551 GeV
missing E; 542 GeV




CMS Mono-jet

24

q/9

. A A
Monojets .

SM X

- 8TeV, 20 fb?, arxiv:1408.3583

- Central leading jet, balanced by missing
Ey

- Veto on leptons

- Main background Z- vv, estimated
with W/Z > u control region

Events / 25 GeV

10"

LI I

ey —— DMA=09TeV,M =1GeV

l‘l lba{al L I

[ zvv)+ylets

] W(iv)+yljets

.

[ single t

[] QCD Multijets

[ Diboson

0 zan+yljets

- - ADDMp=2TeV,8=3

------ Unparticles d =1.7, Ay =2 TeV

19.7 b (8 TeV)
L B I I L B B

David Berge / GRAPPA & Nikhef



CMS Mono-jet

/
" e 1
Monojets ><
Sk X

- 8TeV, 20 fb?, arxiv:1408.3583

- Central leading jet, balanced by missing
Ey

- Veto on leptons

- Main background Z- vv, estimated
with W/Z > u control region

19.7 fo'' (8 TeV)

02M= o x Ax ¢ [pb]

I I I

...... 95% CL Expected limits
= 5% CL Observed limits -

E £ 100
[ =20,

400 450 500 7550
ET"** Threshold [GeV]

David Berge / GRAPPA & Nikhef




ATLAS Mono-W/Z

26

Mono-W/Z>qq

- 8TeV, 20 fb!, PRL 112, 041802 (2014)

- Central massive fat jet, 50 GeV < mj, <
120 GeV, validated in top control
region, balanced by missing E;

- Veto on leptons and photons

- Main background Z-> vv & W> v,
estimated with W/Z > u control region

Events /10 GeV

Events / 10 GeV

n
a
O

C_ ATLAS 203 fb" \s=8TeV

- miss (VV)+jet ]
- SRETT>350GeV WiZ(el)+jet ]
200[— I Top -
I | I Diboson -
_|_ ////7 uncertainty .
150— = D5(u=d) x100 —]
= = D5(u=-d) x1
/)
— - /
i ///
50(— | J
0?__‘==
: """"""""""""""""""""""
35E" SR: E™ > 500 GeV — ngﬂfﬂ)"fgz E
0f- s
25F- =
20 =
N W ;
10 // 7
5 e
% 60 70 80 90 100 110 120

M ey [GeV]

David Berge / GRAPPA & Nikhef



ATLAS Mono-Z

27

Z

S/ X
5M><9(

Mono-Z- |l

- 8 TeV, 20 fb1, PRD (submitted), arXiv:
1404.0051

- Two leptons, Z invariant mass cut,
balanced by missing ET

- Veto on >2 leptons and jets

- Main background SM ZZ/WZ (from
NLO MC)

6
310

-—

-
=N e)
'\).—k

-+ Data Wz
W/Z+jets ZZ-livv
B WW/Top quark>,, Systematic Unc.

— D1, M.=0.050 TeV
----- ZZyy max.y, M=0.7 TeV
----- T Mediator,  m =1 TeV, f=5
J L=20.3fb" \s=8 TeV
m,=200 GeV

I B IS T T T [N S TN M MUY PN I S TR |

T ‘NIIIIlII]

Data/MC
oo~
Do

I|III

" S
7 W//‘//‘///////‘///////‘//'/////‘/|/'///////////////////////
L 1

II|III| L}Illlllllll

O

50 100 150 200 250 300 350 400 450 500
ET'sS [GeV]

David Berge / GRAPPA & Nikhef



ATLAS Mono-Z

28

Z

S/ X
5M><9(

Mono-Z- |l

- 8 TeV, 20 fb1, PRD (submitted), arXiv:
1404.0051

- Two leptons, Z invariant mass cut,
balanced by missing ET

- Veto on >2 leptons and jets

- Main background SM ZZ/WZ (from
NLO MC)

8
> 10
-+ Data 4
5107 W/Z+jets y AN
o q 06 B WW/Top quark>,, Systematic Unc.
0 5 — Df, M.=0.050 TeV
3 e - ZZyy max.y, M=0.7 TeV
_q:, 104 -====: 1 Mediator, mn=1 TeV, =5
E 10° J L=20.3fb" 1s=8 TeV
102 m,=200 GeV
10
1
107
2
10 r;;l.;..l....l........I....I....I ........ I""t
Q 14F =
% 081; A, ///W////'///////'///////'///////'/I//////'//'/////'//'/////'//'///7_22
S 0.6 E

0 50 100 150 200 250 300 350 400 450 500
ET'sS [GeV]

Plus a lot more from both ATLAS and CMS: mono-lepton, mono-b, mono-top, mono-photon

David Berge / GRAPPA & Nikhef



Dark matter contact interactions

Galaxy cluster Abell 2744 M. and m,, fix dark-matter nucleon
scattering and annihilation cross sections
(for given interaction type)!

Particle Dark Matter Searches based on:

AN oM B~ g SM_ X

Indirect Direct Colliders

X




Monojets /7 TeV

30

Suppression scale M. lower limits

—ATLAS

[ \s=7 TeV
_J-Ldt =471

—
N
o
o

—
o
o
(=)

800

--------------------------------------
-

-~

600 N
Operator D5, SR3, 90%CL "\

Suppression scale M, [GeV]

400 - Expected limit (+ 1o, )
i __ Observed limit (+ 1o,,,,,,)

200 B — Thermal relic .
i 1 1 1 1 1 111 I 1 1 11 1 111 I 1 1 | I I I | I 1
1 10 10 10°

WIMP mass m, [GeV]

David Berge / GRAPPA & Nikhef

arXiv:1210.4491

M. fixes coupling SM-y
Coupling fixes annihilation cross
section y to SM

Relic density (WMAP) corresponds to
cross section

Probe thermal relic dark matter
particle at LHC!

Red above green line: conflict!
— Exclusion for this operator, or

— Additional annihilation channels
(leptons!), or

— Wrong assumptions



More examples

31

€
O 10¥
—
10
10°%
CMS, 90% CL, 8 TeV, 19.7 fb”
- — -
-40 \ =20\ Gy 0@ a)
10 S O/OGfNT 20 =
1 0.41 b 3 - slMPLE 2012 Vector

1 0-42

104 \ ~ " e —y
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Address with simplified models
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Check event kinematics
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® Already first data from Run-ll will bring improvements in sensitivity to DM.
® Exclusion limits can be improved by factor of 2 with first few fb-'.
® 50 discovery potential for M* ~ |.7 TeV with 300 fb-'.
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* The one model independent result we have about dark
matter: we have not discovered it yet at the LHC!

* Intense search program ongoing

e Full steam ahead to run-Il at 13 TeV
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Constructive interference with potentially large effect!
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