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Ways to look for Dark Matter (DM) ...

.. if it couples at least weakly to Standard Model (SM) particles
(if we are unlucky, it doesn't!)

thermal freeze-out (early Univ.) indirect: DM annihilation

Indirect detection (now) = Pamela. Fermi. AMS. IceCube
’ b ?

= direct: DM-nucleon
DM scattering

= liquid noble-gas detectors
= LUX, XENONIT

= solid-state cryogenic detectors
=  SuperCDMS, CRESST- I

= production at colliders

direct detection

DM SM ,
= how can we get a signal

from “invisible” objects?
productlon at colliders
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Ways to look for Dark Matter at a hadron collider

> DM

Undetectable

) SM
> @ «—

(DM

DMy, A DM
, ; SM
SM . ('—
q’ Y’ V’
Detectable LO%StOPS,

Manfred Jeitler

DM particles mvisible in detector
total transverse momentum conserved

select events with visible particles from
Initial-State Radiation (ISR)

look for ISR-object plus missing
fransverse momentum
- “ETmiSS”, “miSSing ET”, “MET”

= - “mono-X" searches
= “E;miss +X” analyses: “thing + nothing”

" mono-jet, mono-photon, mono-Z, mono-W
production in decay chains

= SUSY cascades
= Higgs portal
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Grounding assumption

B Dark Matter assumed to be a single
particle

Dark Matter — Dirac fermion WIMP
26.8%

— produced 1n pairs
D Ordinary Matter — stable on collider timescales

Dark E 4.9% , , _
: ss_;szrgy — non-interacting with the detector

B DM sector has 5 times more mass than
SM sector

— DM sector could be much more complex

— but one DM particle and one mediator
might be dominant in discovery
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Effective Field Theories (EFT)
vs. Simplified Models

q DM q DM
Contact interaction - /
ﬁ ________ . o fo
effective field theory g . S, Simplified models
Mediator
g Cutoff A DM g DM
m LHC Run 1 (<=2012): m LHC Run 2 (>=2015): use
DM interpretation mostly in Simplified Models
terms of Effective Field — 13 TeV collision energy
Theories » > higher momentum transfer possible

) i L. » =2 EFT may become invalid
— contact interaction, valid 1f

mediator mass >> momentum
transfer

— 7 and 8 TeV collision energy — benchmark models

— 1nvalid at high energy transfer

— explicit definition of mediator
particles
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Model parameters

Main 4 model parameters.

mp,, : mass of Dirac fermion y

— “Dark Matter mass”, 1.e. mass of “Dark Matter particle”
m,_ ., : mass of mediator
g, : mediator coupling to quarks

gy . mediator coupling to DM

Mediator couplings to leptons set to zero

— to avoid stringent LHC bounds from di-lepton searches
assume minimal flavor violation

assume minimal decay width of mediator

ATLAS/CMS DM Forum
— arXiv 1507.0966 (2015), 1603.04156 (2016)
— discussions among ATLAS, CMS and theorists

Manfred Jeitler Dark Matter (@ the LHC
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Mediator coupling

B spin-independent
— scalar coupling
— vector coupling
B spin-dependent
— axial-vector coupling

— pseudo-scalar coupling

B very different sensitivities in direct-detection
experiments
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Monojet
CMS-EXO-16-037

‘. 12.9fb™ (13 TeV)
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. 10"
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Monojet: backgrounds

Dimuon CR Dielectron CR B data-driven analysis

B use specific control

\TF TF( regions with enriched

Photon CR L Signal region backgrounds
B apply to signal region
) TF TFK using “Transfer
Factors™

Single MuCR Single EI CR
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1200 imina 129" (13 TeV)
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plot cross section against
Dark-Matter mass

— allow comparison with direct/
indirect detection experiments

for fixed coupling
» 8,=0.25,gpy=1

Monojet: results

¢ spin independent (SI): best
limits from direct detection

& spin dependent (SD): easier for

collider
CMS Prel/mlnary 12.9fb" (13 TeV) CMS Preliminary 129" (13 TeV)
T T TTTTT T T TTTTT T T T TTTTT T T TTTT T T T TTTT I
10-34 Scalar D‘rac gq =1, e = 1 ! ! 10—34 Axlal vector, Dllrac gq =0.25, 9o = 1 |
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plot cross section against Dark-
Matter mass

— allow comparison with direct/
indirect detection experiments

— for fixed coupling
» 2,=0.25, gpy=1

CMS Preliminary 12,916 (13 TeV)
T T T TTTTT T lllllll] T lllllll]
1073 Scalar, Dirac, g =1,9, =1
10°% Observed (13 TeV) 90% CL
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107% ——— CDMSLite
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1

® spina
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limits from direct detection

Monojet: results

e Teasier for

collider

CMS Preliminary 129" (13 TeV)
T
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plot cross section against Dark-
Matter mass

— allow comparison with direct/
indirect detection experiments

for fixed coupling
» 2,=0.25, gpy=1

Monojet: results

. Spm mdependent (SI): best

spin dependent (SD): easier for
collider
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photon

ATLAS-EXOT-2015-05

CMS-EXO-16-039

Monophoton

m cleaner than monojet

— cross-section smaller

dominant backgrounds:
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m, [GeV]
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Mono-Z

7= 0 NN mmmbemm=—-e E'rIII‘liSE; |
ETmlSS _|_Z(_) /+/.)
TNV 2 DM(my) B Z2ouuor Zee
9q (/5% . o
g V, A(Mypeq) DM(my) m still cleaner but less statistics

B main background:
ATLAS-CONF-2016-056

CMS-EXO-16-038 2L, WW
- e — 727 — vv+L*-is
irreducible
q /= q /o q =
A

v o+ Z a 0+
X X

X . :

q X g q q )
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Events /25 GeV

Events/10 GeV
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heavy flavor:
E s +p-jets

DM(my) B sensitive to scalar mediator
DM(my) B di-b-jet diagram dominates at LHC

m background: top, VHjets

— | ! ! ! I

[ Exp.+1c ATI’.AS Prellmlnary

. = 1
Expected 95%. CL v 13 TeV, .L = 13 3 fb
— Observed 95% CL : P

TT
T

‘éscalar : : : : A : : Tl
10° __bb+<I><jD—>xx ....... 0 0 E—
g10m-1GeV ’

LLLLLLL

‘lm'i"lml'i.l'iilun

10?

LI IIIIIIl

ATLAS-CONF-2016-086
CMS-B2G-15-007
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| \\ g mono-top

“wide” jet and E{™s5> 250 GeV
mass 110-210 GeV

N
N
H subjet b-tag
|
N

FCNC vector <1.5 TeV excluded
charged scalar 0.9-2.7 TeV excluded

g
Flavor-changing neutral current

(FCNC)

1000 Median Expected 95% CL Qv '
------- Exp. £ 1 std. dev. (exp)
——— Observed 95% CL
— - Obs. £ 1 std. dev. (theory)
___________ > i
p 8 ——— - -l .".‘
O, 600 5

2
0

—
o
Kooy /10 %S8g paAIasq

I ] | | I o I S I |

1
4 Color-charged scalar ' o
ATLAS-CONF-2015-79 500 1000 1500 . 2000 '2300 10

CMS-EXO-16-040 my [GeV]
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q h .
H >bb----->E"f‘“§" MO”O_nggS
) ' ETmlSS +H (_) bb)

X
_ Ef™EH (- )
a 7’z model % Hoyy O mmepeaaea B
q o ATLAS-CONF-2016-019
7 A ATLAS-CONF-2016-087
M delr CMS-EX0-16-012
! x CMS-EXO-16-011

B Higgs might couple to mediator
m H- bb largest cross-section

— two analyses: “resolved” and “boosted” jets

» two b-jets or one “wide” jet with b-tagged sub-jets
— backgrounds: V+jets, top
B H- yy clean final state
— backgrounds: SM vy, v + jet
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Invisible Higgs decays

PN q
t ~. H A
f-”'j//‘ .
00 - .
m Higgs width not strongly constrained production modes:
m “Higgs-Portal” models of DM B gluon-gluon fusion
— Higgs boson is mediator between — tag with ISR jet - monojet search
SM and DM particles m vector boson fusion
B set limits on additional (invisible) m associated ZH production
Higgs particles and on invisible _ 7, 75bb
branching fraction of 125-GeV
Higgs

ATLAS CERN-PH-EP-2015-186, 191
CMS-EXO-16-008, 009, 016
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Invisible Higgs decays

“E ™ distribution for Vector Boson Fusion
after optimized selection

dominant background: Z / W + jets
data described well by background

VBF signal

Z->vv background

>
()

G

o
V|

1 0"':L CMS —e— Observed
- VBF m,, =125 GeV,
. [ {s=8TeV,L=19.5fb" ~ B(H-inv)=100%
10°E vBF H(inv) [ v
B - tf, tW, DY(ll)+jets, VV
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B clean final state

B low sensitivity

single-lepton
trigger

€e or U pair

M, —M,| <15 GeV
no b-jets
2015+2016 data

Manfred Jeitler

Events/30 GeV

Data/Pred.

Invisible Higgs decays:
associated ZH (Z-24) production

ATLAS Preliminary " Z(ee)Z(uu)riets
(s=13TeV, 183" = %2 Top

- \WZ mm Fake Lepton
WWwW Other Bkgs
&z Stat.+Sys.

00 900
E™SS [GeV]
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combination of ATLAS Run-1
data:

Br(H — inv) <0.22

best sensitivity in
low-mass region

LHC exclusion based on
hypothesis that Dark Matter
couples to Higgs sector !
(assumption not needed by
direct / indirect detection
experiments)

Manfred Jeitler
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DM Mass [TeV]

Moy [GeV]

DM Slmpllfled Model Exclu5|ons ATLAS Prellmlnary August 2016
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Ty . .
. . 1. looking at dijets
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summary on mono-X search results

ICHEP 2016
& 10
E 10-% k- CMS Preliminary
a Axial-vector med., Dirac DM
b(!) 9,= 0.25, Iom = 1
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1S DMy [EXO-16-039
10742
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10 =™

S DMV, [EXO-16-037]

107 g
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10 10° 10°
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CMS observed exclusion 90% CL

i CMS DM+j/V_
: [EXO-16-037]
CMS DM+y

[EXO-16-039]

CMS DM+Z,
[EXO-16-038]

DD/ID observed exclusion 90% CL

Pico 2L
[arXiv:1601.03729]

Pico 60
[arXiv:1510.07754]

Super-K t*1°
[arXiv:1503.04858]

IceCube t*1°
[arXiv:1601.00653]
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Summary

B Data-based techniques employed to estimate background
contamination

B With rising LHC energy and momentum transfer, important to
complement Effective Field Theory approach by “Simplified
Models”, taking into account the mediator particle

B meaningful comparison with direct and indirect observation
experiments 1s essential

B so far, no evidence for Dark Matter (or other BSM physics) at
collision energies of Vs =7, 8 and 13 TeV

— LHC will accumulate much more luminosity than available so far, allowing us
to set more stringent limits for Dark-Matter searches
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Only a complementary approach of
direct and indirect detection experiments
and of collider production

may throw light on
Dark Matter!



BACKUP
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The ATLAS detector

Muon Detectors

Electromagnetic Calorimeters

Forward Calorimeters

Solenoid

1}

v
F‘.
B fiir
1

w™ = —_
% -

»

End Cap Toroid

Barrel Tbroid Inner Detector

Hadronic Calorimeters

Manfred Jeitler Dark Matter (@ the LHC

Shielding
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¥

A
ATLAS analyses

Analysis Dataset Public link

Production search:
ERsS 4 jet 2015 Paper: EXOT-2015-03
ERiss 4 2015 Paper: EXOT-2015-05
ERsS 1 7(— #40) 201542016 | Note: ATLAS-CONF-2016-056 new!
ERisS LW /Z(— qq) 2015 Paper: EXOT-2015-08 new!
E'**+H(— bb) 2015 Note: ATLAS-CONF-2016-019
ERSS L H(— vv) 201542016 | Note: ATLAS-CONF-2016-087 new!
ERsS L H(— £020) 2015 Note: ATLAS-CONF-2015-059
ERS 4 b-jets 201542016 | Note: ATLAS-CONF-2016-086 new!
ERsS L tt (04) 201542016 | Note: ATLAS-CONF-2016-077 new!
ERSS Lt (14) 201542016 | Note: ATLAS-CONF-2016-050 new!
ERiss L tT (24) 201542016 | Note: ATLAS-CONF-2016-076 new!

Mediator search:
Dijet 201542016 | Note: ATLAS-CONF-2016-069 new!
Trigger-level dijet 2015 Note: ATLAS-CONF-2016-030
Dijet+ISR 201542016 | Note: ATLAS-CONF-2016-070 new!

Summary plots:
Mediator searches 201542016 | Plot: Summary plot page new!
Search combination | 201542016 | Plot: Summary plot page new!

Manfred Jeitler

Dark Matter @ the LHC
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The Compact MUON Solenoid detector

CMS
A Compact Solenoidal Detector for LHC

Total welght - .

Overall diameter : 15.00m e

Overall length  : 21.60m PET NN VOKR
Magnetic field : 4 Tesla
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CMS 13 TeV Searches For Dark Matter

Focus of this talk

Previous
Results

Manfred Jeitler

) ¢

jet or V (hadronic)

photon
r4(l)

Z ()
Higgs (bb)
Higgs (yy)

it (semilep+had)

t (hadronic)

jet or V (hadronic)

photon

bb and tt
t (hadronic)

Dataset CMS Documentation
2016, 129 b EXO-16-037
2016, 12.9 b EXO-16-039
2015, 2.3fb EXO-16-010
2016, 12.9 b EXO-16-038
2015, 2.3fb EXO-16-012
2015, 2.3fb EXO-16-011
2015, 2.2fb EXO-16-005
2016, 129 fb EXO-16-040
2015, 2.3fb EXO-16-013
2015, 2.3fb EXO-16-014
2015, 2.2 b B2G-15-007
2015, 2.3fb EXO-16-017

Dark Matter @ the LHC
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~105
104

Di-jet resoncance mass

CMS Prellmlnary 12.9fb" (13 TeV

IIIIIIIIIIIIIIIIIIIIIIIII
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95% CL limits
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15 Sy ‘ E
107'¢ R E
o0 ---- String i
1 O EE — - Excited quark
L Axiguon/coloron “~,
3 a
~9 - — — Scalar diquark oSN
1 O = Color-octet scalar (kZ = 1/2) T RSN ‘%"\
afF -w NN .
1 O B wiiimes Z ~'~.:"§}, “nNG
SENEIREEE RS graviton BN ’
=51 L 111 L1 L1111 L1 11 Ll e N L1
10-5Lx i | | | | |
1 2 3 4 5 6 7
Resonance Mass [TeV]
Manfred Jeitler Dark Matter @ the LHC

Limits from both the low-mass
and high-mass search. The
observed 95% CL upper limits
on the product of the cross
section, branching fraction, and
acceptance for quark-quark,
quark-gluon, and gluon-gluon
type dijet resonances. The
observed limits (solid) are
presented from the low mass
search, for resonance masses
between 0.6 TeV and 1.6 TeV,
and from the high mass search
for resonance masses greater
than or equal to 1.6 TeV. Limits
are compared to the predicted
cross sections of string
resonances [18, 19], excited
quarks [24, 25], axigluons [21],
colorons [23], scalar diquarks
[20], color-octet scalars [26],
new gauge bosons W' and Z’
[27], and RS gravitons [28].
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Monojet limits in Simplified Models
approch (EXO-] 2-055)

- 19716 (8 TeV) 1971 (8 TeV)
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w 27
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D
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Monojet: analysis using
Simplified Models

m dependence of A WSLQJJT(TMZGV)
: .. i : T e e T o wrro) ]
mediator mass divided S. 4000 M s o oy -
. oy - {eesM, =500 GeV,T = M/3 7
by Couphng on é - § e M, = 500 GeV, T = M 10 3
- = 3000 i
medlator mass CC) - Spin Independent, Vector 58 .
, . = - (v 0@rta) g
W approximate A athigh £, 7 & :
mediator mass s L £
o C _

. . . . . o)) C
B higher limits in region R R e
where mediator can be A0S L2 E
T e i T RN R

produced at LHC BT 10° 10/

Mediator Mass M [GeV]
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Manfred Jeitler

CMS-PAS-EXO-14-004

event selection: > 2 jets,
E™ss no (isolated) leptons
“razor” variables used to

quantify transverse balance
of jet momenta

separate analyses with /
without b-jets

dijet topology: good
discrimination against SM
backgrounds

— compensates for less statistics
due to more required jets

Razor dijet analysis

' 1032
g 10
= 10%
5 107
103
10%
1038
103
100
104
1042
104

2
Oy, (Cm°)

Dark Matter (@ the LHC

-1
18.8 fb™ (8 TeV)
CMS ““““ IceCube W*W
Preliminary
B — Razor DM SIMPLE 2012
Spin Dependent ~ COUPP 2012
Gor v o @'y ) = Super-K WW

111 111

1 1
10? 10°

18.8 fb™' (8 TeV)

CMS

Preliminary

“““““ XENON 100
SIMPLE 2012

-+ COUPP 2012

=» superCDMS
CDMSII

— LUX 2013

= Razor DM

Spin Independent

o (v ) (@v'a)

v A2 //

R L T Lt ha

Ll Ll

111 0
M, (GeV)
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“Razor’ variables

Mr = /(IBn] + )2 — () +p2)2,
M7

R = —,
Mg

vp = Bk B D
o 2

Unlike the razor SUSY searches, which focus on events with
large values of My, this study considers events with low
values of My, using R? as the discriminating variables
between signal and background
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m CMS PAS B2G-15-007

B heavy-flavor quarks
could strongly couple to
scalar and pseudoscalar
mediators

— Yukawa coupling

B look for E;™ss and
one or two jets
— b-tagged jets
— even 1n bb®

topology often only
1 jet reconstructed

— also sensitive to top
decays

Manfred Jeitler

Heavy flavor

Dark Matter (@ the LHC
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DM + heavy flavour

Heavy flavor

217" (13 TeV)

Q UL I LN B B | | LI B B | LI I I LI B I | l L I B | I LI I B ] I LI I_
[ CMS Dat . .
23000 Preliminary ibugcagory  mmzww+es | Control Regions:
2000 Bl W(lv) +jets | .
i MAIN - PROXY (Di-mu CR)
1000 =3'39'3': = BACKGROUN i PARETS
1 muitijet E Zj = Wl
300 7] Bkg. unc. -
200 e m,=100 GeV
4544 m,=1000 GeV . i ]
100 = DM+bbitt, m =1 GeV 3 p “z
scalar mediator -
30 - treat as
20 7 “invisible”
10 —
= SECONDARY . PROXY (Single-mu CR)
3 BACKGROUND I{Wj—= v
2 W = lgosyV
m é 3 T T T 2 T T
& 1. 5 E_ Data/Bkg = 0.999 = 0.029 »/ndf = 0.44, K-S =1.000 ! g
9 : e — _— J W]
g 0-5;_ o prq-fit —pgst-fit ) ) . * .
O 20 300 400 500 600 700 800 900 1000 treat as
£ (GeV) “invisible”
.
Dominant backgrounds:
— Z(wv) + jets (50%)
— W(tv) + jets (40%)
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Heavy flavor

DM + heavy flavour 2.17fb" (13 TeV)

! IR !
CMS  OMb os%CLimis

NI AN R N B itis Moy 1 m Exclusion limit for
~ 2000 1+2b-t:ag cat:egoriiesi }-f-f-;Expected ]
1000 % Scaiar mediaior %E::z:j::’ - heavy ﬂavor VS.
- Ng=1, m=1GeV RN = .
il : mediator mass
TE BERE — bb (top)
sof 1 HETTEEEEET U , RN,
2(()) : - . DM+bbiit Qs%écuim;its ; — bb/tt (bottom)
1 S P L L LR £ : Obsewgd: E
of e | M DM candidate mass
1 . R e

30 2:0 3;0 40 50 100 2(;30 300 1000 assumed daS 1 GeV

m,, (GeV)
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Flavor-
changing
neutral
current

(FCNC)

Color-
_____ 6 charged
scalar

RS
o~

bpe= (ag-a;)/2
a, ,ag: left / right-handed
coupling of V field to quarks
ATLAS-CONF-2015-79
CMS-EXO-16-040

Manfred Jeitler

Dark Matter @ the LHC

mono-top

“wide” jet and E{™s5> 250 GeV
mass 110-210 GeV

subjet b-tag

FCNC vector <1.5 TeV excluded
charged scalar 0.9-2.7 TeV excluded

12.9 o (13 TeV

' 10° o)
: S
B ?
Median Expected 95% CL il §
------- Exp. * 1 std. dev. (exp) il 109
——— Observed 95% CL 1 3 =
------- Obs. £ 1 std. dev. (theory) - 'Qa
i : ] .g
— =1 <
107
B, e, ) 0 -1 10—2
500 1000 1500 2000 2500
my [GeV]
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Invisible Higgs decays

0-2.3fb" (13 TeV) + 18.9-19.7 b (8 TeV) + 0-4.9 b (7 TeV)

95% CL limits CMS Combination of

— Observed limit Preliminary Run I and Run 2
------ Expected limit results
Expected limit (10)

N

-—h
@

—
=

Expected limit (20)

-—h
N

CMS PAS HIG-16-009

o X B(H— inv)/o(SM)

-t

Combined limit from

0.8

 heiesieldet~teteiieie . VBF-, VH- and ggH-
0.6 L . tagged analyses on
0.4 invisible branching

o
(°)

E. ............... ] fraction of 125-GeV

1 Higgs: <32%
Combined VBF-tagged VH-tagged ggH-tagged
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Invisible Higgs decays

49fb (7TeV)+s197fb (8 TeV) + 2.3 fb™ (13 TeV)
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Combination of
Run I and Run 2
(2015) results

CMS PAS HIG-16-016
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