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% University of cMs, |
BRISTOL Dark Matter @ the LHC -
* Overwhelming evidence for
. «-—
Darl_< Matt_er put corresponding SM Annihilation DM
particle missing from SM
S
* When searching for Dark 3
Matter, the big question is: A
- How does it interact? 3
£
- All evidence for Dark Matter so SM Collic DM
far is gravitational o S

* Why look for it a colliders?
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Introduction/Motivation

CMS./ !

o

Why look for DM at colliders?

Assumption that in early universe DM was
in thermal equilibrium with SM matter
* some interaction with SM matter

As universe expands and cools down, DM
decouples

DM abundance determined by annihilation
cross section at freeze-out

A particle with weak scale interactions and
mass of O(100 GeV) gives relic density in
agreement with our measurements

*  “WIMP miracle”
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B University of . . s
BRIGTOL What interactions to probe? &
« Start with minimal assumptions - Simplified models
- Effective Field Theories « Resolve the interaction

« Described in terms of Lorentz structure, - Come with different assumptions for
DM mass and cut-off scale interactions/mediators
* Need to be careful at LHC @ 13 TeV * scalar (yy) * vector pyHy,
+ EFT only valid if Q2 << M * pseudo scalar (py°y) < axial-vector (py"ySy)
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Elic University of

BRISTOL What interactions to probe?
Start with minimal assumptions - Simplified models
Effective Field Theories « Resolve the interaction

We also typically need additional radiation (ISR)
as WIMPs are invisible to the detectors

Henning Flaecher « SUSY17 « Mumbai



Elic University of

BRISTOL Simplified Dark Matter models %

* Typically parameterized by 5 parameters:
« Searches focus on two main signatures:

* DM production via mediator
- Missing energy searches as a result
of escaping DM particles
* Mono-X signatures
- X =jet, photon, W, Z, H,...

* mass of DM particle, m, | - Resonant production of mediator

* mass and width of mediator particle, particle and decay back to SM
mmed, rmed part|C|eS

* coupling of mediator to SM sector, g, - di-jet, di-lepton,di-top, ...

* coupling of mediator to DM sector, g, resonances

- A/A-V:g,=0.25,9,=1
- S/P-S:gq=1,9,=1
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%rﬁegsftgf Dark Matter LHC Working Group

- Systematic approach pursued through
Dark Matter LHC Working group

 https://lpcc.web.cern.ch/content/Ihc
-dm-wg-wg-dark-matter-searches-
lhc

» with involvement of both
experimentalists and theorists

arXiv:1507.00966v1 [hep-ex] 3 Jul 2015

«  Recommendations for models and
their implementation

* Guidelines on how to compare collider
searches with direct detection limits

« Recommendations for comparison of
searches for heavy mediators of DM
production

Dark Matter Benchmark Models for Early LHC Run-2 Searches:
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August 8, 2016
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-% University of . . CMs,/ |

Y BRISTOL Simplified Dark Matter models =
Mono-mania @ the LHC ... complemented by
Mono-Z ¢ Mono- photon g Mono-jet searches for “full”, UV-

- 555 complete models, such
- as

*  Supersymmetry
—_ « Kaluza-Klein extra

Mono-Hi . .
oneTries dimensions

>WC§ M >WWW . Little Higgs models
<  efc.

 ...and of course there
are also other DM

f S | candidates but this
K > """"" < talk will mainly focus

’ b4 f on WIMPs

Mono-top
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9dq
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Mono-mania

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST
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Mono-jet & Mono-V Searches LC%

Search for jets with missing energy

Jets or boosted vector bosons (W,Z)

Comparison of data with background
prediction

35.9 b (13 TeV)
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_
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CMS EXO-16-048

Events / GeV

Data / SM

Main background from Z — vv + jets and
WH+jets production

107
¢ Data 2015+2016
10° {s =13 TeV, 36.1 fo! #4444 Standard Model
e B Z(— vv) + jets
10° = Signal Region . BB W ) + jets
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10° B i - single top
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107 )= (400, 1000) GeV
10
1
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ATLAS EXOT-2016-27
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Elic University of

BRISTOL Mono-jet & Mono-V Searches

0
=
o

* Interpretation in simplified DM models

. [ . =
S -
* s-channel with different mediators 2 1000, ATLAS
g \s =13 TeV, 36.1 fo" HEEE Expected limit (+ 10,,,)
ER I Axial-Vector Mediator == Observed limit (+ 1";2:}yscale) g
Dirac Fermion DM ——— Perturbativity Limit
q g X r 9,025 =10 —— Relic Density (MadDM)
| 95%CLlimits ATLAS\s=13TeV, 321" |
= 5
S N
9q 9x 800~/ g ]

med

q X
. Set limits on allowed masses and ° 2 1 Gev
coupling strength (next slide) 6 ‘ScalarL_gfh—wm&w
- E CMS Preliminary
* Further interpretations in z e
- fermion portal model_s 2 Moy =1 GeV
« coloured scalar mediator models g I
« nonthermal dark matter model 5o
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Mono-jet & Mono-V Searches

* Interpretation in simplified DM models
« s-channel with different mediators

CMS 35.9 fb™' (13 TeV) CMS 35.9 fb™! (13 TeV)
c- 1 | T T T I T | T T | T -O c- 1 B T T T I T | T T T T | T T 'O
(@)] L ClEJ (@)) B qE;
g :gDM=1’mmed=3me"’| E g :ﬂ)M=1’med=3meM E
E— i T ==== Median expected 95% CL il 8 E_ - ==== Median expected 95% CL 8 O
8 B - 68% expected LiE 8 - || 68% expected | L‘E Z
o 95% expected _ (& | 95% expected )
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BRISTOL Mono-photon

Events / 75 GeV

Data/Bkg

v =
Photon p; > 150 GeV 1 vos
Veto events with more than 1 jet
Require angular separation between 1
. . mec
photon and missing energy
L L L U UL DL L L B L B L L B ' X
10° & ATLAS Signal Region +§?fw)7 o
o £ e e, 381 10” o Pions Weaker sensitivity
Y + jets
g s Efﬁ%lﬁ’dﬂmg Gev compared to
’ mono-jet ISR s
searches 5
15:_|||||||||||_: Butalso EFTSWith
1 %‘///7‘//%//#/7‘//7‘//7‘// Ghsisss55 a4 55555 Z%Z%%&%Zé direct couplings to
"% 560 T80 200 220 240 260 260 300 520 340 360 photons
ET"* [GeV]
ATLAS: Comparable CMS analysis:

Eur. Phys. J. C 77 (2017) 393 JHEP 10 (2017) 073
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Mono-Z

« Search for dark matter candidates produced in

association with a Z boson

- ATLAS:PLB 776 (2017) 318, arXiv:1708.09624

q

* Data

weee DM(m_ |
med

Events / 10 GeV

Z+jets
_ .1 ®WmZZ mm Non-resonant-ll
Vs=13 TeV, 36.1 fb" m Wz = Others
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m, =500. 100 GeV)x0.27.

= ZH(ll+inv) with B(H—inv)=0.3

Z

med

Events / 10 GeV
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Elic University of

: Cms
BRIl Higgs as a portal to Dark Matter =
. . . e . . 35.9fb" (13 TeV)
* Study of Higgs — invisible branching fraction . pigqs productionin 2 7 Jcms — oo
in VBF, association with V and gluon fusion association with T | e e
production modes. Z 2150

As Higgs couples proportionally to mass,
making it a viable portal to DM
Only sensitive to DM masses < 0.5 m,

Additional searches for Higgs in conjunction
with DM in bb and yy final states (— backup)

CMS-EXO-16-052

Combination of

H — invisible
production modes
B(H—inv) <0.24
@95%CL

o B(H — inv)/ o(SM) - Upper limit 95% CL

CMS-HIG-16-016

o B(H— inv.)/c_ <0.45 (0.44) at 95% CL

125

200 300 400 600 800 1000

Higgs boson mass [GeV]

497" (7 Tev) +19.7 b (8 Tev) + 2.3 b7 (13 TeV)

—— Observed

----- Median expected

- 68% expected
95% expected

(@)
=
(7))

I|III|III|III IIIIIII|III|III|III

(] llIlIIlIIIlIIIIIII

Combined

qqH-tagged VH-tagged ggH-tagged

Henning Flaecher « SUSY17 « Mumbai

15



niversity o . . . . s, !
ERIST%f DM in association with heavy flavours f é

: . : Similar sensitivit
- DM in association with bottom or top quarks ArXiv-1710.11412 ‘Scalar 1o pseudosoalary
- VBF like signature, b-jet tagging ' ' S Famns .
9 b 9 t n 1 GeV -
. Fixed DM %« 103r:—r prevseet R
<>_< . Sc(:jalar/ I X mass o D—. = gbservee:( |
> - .. E Limits at 95% CL === Expected (x 104,
b S intors ola Ny o Limitasfon fsameeon ——Fmese "
. =1.0, m(y) =1GeV —— SRI3 (fi+0
Of medlatOr 1O§Fg R %{'Is't?eir(yunz;ons(gﬂ)
g b g 7 mass S————
. . ]-_ s .----- T T
PY Interpretatlon In 5105 T AI;L:S| TTTT I FTTT | TTTT | TTTT | TTTT | TTTT | IIE ,-..----4.'" ‘ ‘ o 1 . l
colour-neutral 8 [ fe-iaTev i’ s S odel o ey
- -~ Z/y +jets 3
t/bb+¢p scalarand & | - - P e
tf/bb‘+(p d lar & Ea E 2" Famas :
d pseudoscalar ] _ %’10,, F=13Tev.3610" Mg = 10 GeV ';’_
models 1 -4 + Fixed =7F__ s
B o s 1 mediator | = G e o ,;/ §
¢ Et())t ye} SenSItlve to I A "y . mass 102 “444%% Theory unc. on o(g=1) ‘_.—‘/"" |
+ (p/a production 1 "2 e Limi “
_ A S R A Limit as fen - S 5
« Also searches with 3 of DM mass g=1.0, me) = 10 Gev
. < F 2 N
Smgle tOp = ok '3(')0' 400 500 600 700 800 600 miss1000 1/ S A Ee N0 3030 00 200
« CMS EXO-16-051 By [GeV] M) [GeV]
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% niversity o .
B BRISTOL Mediator Searches

ATLAS

EXPERIMENT

Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST
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% niversity o . .
BE BRISTOL High-mass dijet resonances

« Search for resonance in dijet invariant
mass spectrum

c

o ATLAS

% 10 (s=13 TeV, 37.0 fb"

€ . e Data

o 10 Background fit

L —— BumpHunter interval

10° --o-- 5, m =4.0TeV

B g, mz* =5.0TeV

g*, o x10

p-value = 0.63

Fit Range: 1.1 - 8.2 TeV
ly*| < 0.6

—
<

Significance
o

1 I 1 I T T T T I | O ) L tenr e tananlinl
T T T T T T T I T —rr rrrrrritr rrrrrrrrr TTT T[T
JES Uncertainty

Data-MC
<5 MC
o

/ T
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Elic University of

BRISTOL Low-mass dijet resonances

CMS /;
s

©—

« Low mass mediators are difficult to
constrain because of huge QCD dijet
background

« difficult/impossible to cope with total
event rate

* Possible ways out:

« “Data scouting”: perform analysis on
dataset that contains reduced event
information (trigger level), allowing to
store data at very high rate

« Trigger on high-pT ISR jet or photon
and search for low mass resonance
In recoil system

« Trigger on high-pT ISR jet and
search for merged, boosted
resonance in recoil, using jet
subtructure

ATLAS
Trigger Level

Analysis
ATLAS-CONF-2016-030

ATLAS

ISR search (photon) «

ATLAS-CONF-2016-070

=

Events
T ’_H—f/ T

10°

105:—

. : — =
ATLAS Preliminary J

s=13 TeV, 3.4 fb™
« Data

— Background fit

— BumpHunter interval |

p-value = 0.44
Fit Range: 443 - 1236 GeV
ly*l <0.6

Significance
N O N

~ 500 600 700 800 900 10‘00
m, [GeV]

[ X+7v(P, >150GeV)
ly,,"| < 0.8

Events

10°

| p-value = 0.67
?E Fit Range: 169 - 1493 GeV

- --0-2Z'(g, = 0.30), m, = 350 GeV, o x

T T T ] ]
ATLAS Preliminary -
1s=13 TeV, 15.5 fb”'

« Data
—— Background fit
—— BumpHunter interval

200
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= niversity o . EMs,
BrisTOL  Low-mass dijets— boosted topology =

35.9fb"' (13 TeV)

> Fr T~ T T T -tls ™
- Resonance is produced with sufficiently G 2sooof CMS ;Mdd '.".'L'igél‘?l?;et_s( ]
. . > 3 # Multijet pred. ==+ Single-¥/ti(qq)+jets
high transverse momentum that its * Soft drop mass § ononl T, WZagommotmes
decay products are merged into a for jets in ¥ sa000 e
single jet with two-prong substructure. different p- to0n0 _
_1 35.9 fo! (13 TeV) ranges s0001~ 3
o ' cms E P VR = OO
=2 | 95% CL upper limits ] g
c L 4 g
S04 —omewes T / « Peak from Ws P DM
5 A1 e xpected o T E T mgp (GeV)
g 03F mmiisddeision i ] and Zs clearly . oo T
02F = \_. i . . bI S)) 4005_CMS L?S::I &M pred. gé(;(;l:]eeés
g VI SI e ~ i 558 Multijet pred. -- Single-t/t{(qq)+jets 3
:..‘ % 350 t i B Z(qq), g,~0.17, m,=135 GeV _é
0.1 - N o A R 13 /\E N 3 T 222; " wy ++ p,: 900-1000 GeV _%
: - COFRun 118 ] « Sensitive to dijet .2
B ATLAS 8 TeV, 20.3 fb™' [22] 1 . 150
0.04 - CMS 8 TeV, 18.8 o [34] iy resonances with 100E-
003 L —CMS 13.Te\./’ 12.9 fb™ [35] _| g
| Z width (indirect) [72] | m asses aS IOW 50E- .
0.02 L ' ' T S S o bt , l l
50 100 200 300 1000 s 14r .
/' mass (GeV) aS 50 Gev g 121 ‘!AL6!+:¢9++¢+"’+*?+ f~r¢++f++*+f++*ri# prHs 1'&# g?
©  08F ¢ A b
CMS-EXO-17-001 % 0.6 160 150 200 250 mS?E)O(OGeV)
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CMS /|

B University of " ) |
BRISTOL Dilepton resonances (Z') 4

\

G~

’ + o~ ’ + .- m -— : m — :
« Z —e*e and Z' — y*u searches £ 0B s R~ £ B amas ' oa
Y Vs =13 TeV, 36.1 b sz T \s =13 TeV, 36.1 b C 2y wark
. Dimuon Search Selection [l Top Quarks X Dielectron Search Selection E Dci)ki)os;r?r s
- Require high-p; same flavour ’ g ’ 3 oltdot & ot
’ 10° — 7, (3TeV) - —7,(3TeV)
. . . — Z,(4TeV) — Zy (4 TeV)
opposite charge dilepton pair — 7, 6TeV) —Z,(5TeV)
102 102
. , 10 10
« Limits on Z' mass of around 1 1
4-45TeV o o
1072 102
g _|| T T LI | TTrrrT I T T 17T | TTrrrT L I L | LI | LU |_ %" I%i - - Ill l é %} 1% I-l.- ! T I. T I‘ I+‘1II|I T T T T T
& L ATLAS , - Expected limit g os - g o S
©O E \S = 13 TeV, 361 fb EXpeC’[edi 16 E _@:‘: :11_4_ E,:\ :]]_4;_| I T T LI R T ll 128
- ) _ o £ 1.2E | o5 1.2E -
o'l £ Expocted 20 _ $80d ettt £800 i
E — Observed limit 3 B T 7000 2000 I T ) — T BT E——
J— Z’SSM H Dimuon Invariant Mass [GeV] Dielectron Invariant Mass [GeV]
102 z, E
E —Zy ; Lower limits on Mz [TeV]
10° L _| Model | Width [%] | g, [rad] ee i o
E 3 Obs Exp | Obs Exp | Obs Exp
- - Zlon 3.0 - 13 43 | 40 390 | 45 45
10 & — Z;( 1.2 0.50 7 3.9 3.9 3.6 3.6 4.1 4.0
; 3 Zé 1.2 0.63 7 3.9 3.8 3.6 3.5 4.0 4.0
- = Z} 1.1 0.71 = 3.8 3.8 3.5 3.4 4.0 3.9
'5 111 I L1 1 1 | L1 11 | L1 11 I 111 | | 1111 I L1 11 I 111 1 | 1111 | 11 ! +
MZ’ [TeV] VAS 0.6 —0.08 7 3.6 3.6 3.4 3.3 3.8 3.8
JHEP 10 (201 7) 182 Z:b 0.5 0m 3.6 3.6 3.3 3.2 3.8 3.7
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The grand picture

Can combine searches
for DM signal (missing
energy) and those for
mediators to constrain
allowed model
parameter space

DM Mass [TeV]

DM Simplified Model Exclusions ATLAS Preliminary July 2017
T T Ll 1§ Ll I L) T L) L} r L Ll L) L) I L) L) Ll ",I I Ll T T L] I T L} T —— Dijet

Vs=13TeV, 37.0fb"

arXiv:1703.09127 [hep-ex]

~— Dijet 8 TeV

Vs =8TeV,20.3fb"
Phys. Rev. D. 91 052007 (2015)

~— Dijet TLA

Vs=13TeV,3.4fb"
ATLAS-CONF-2016-030

= Dijet + ISR
Vs=13TeV, 155"
ATLAS-CONF-2016-070
o miss
Er +y

Ys=13TeV, 36.1 fb™
Eur. Phys. J. C 77 (2017) 393

Pt
Ys=13TeV, 36.1 fb™
ATLAS-CONF-2017-060

......1..._E$“SS+Z
2 25 3 Vs=13TeV, 36.1 fb!
Med|ator Mass [TeV] ATLAS-CONF-2017-040

1.2

Dijet + ISR
uuét HA
Diiet 8 Tal/

o

0.8

0.6

0.4

0.2 i Vector mediator, Oirac DM

st gq=0.25,g|=0,gJM=1
All limits at 95% CL

—
MR s B PR S b T PR TR T T N S T 1

I I I I I I I | I I I I I I I | I I I I I I I
AN
| | 1 I 1 1 1 I | | 1 I | 1 1 I N 1 1 I | 1 1

o
.O
o
—
—h
o
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The grand picture

CMS

Can combine searches
for DM signal (missing
energy) and those for
mediators to constrain
allowed model
parameter space

DM Mass [TeV]

Exclusion strongly
depends on choices
for additional
parameters, e.q.,
coupling to quarks but
also leptons!

1.2

0.8

0.6

0.4

0.2

DM Simplified Model Exclusions

ATLAS Preliminary July
-7 T .o I

2017

T 7

| , 4
- (2} / -
u ‘Z? / -
e “' / —

/
" , 4
B 7. Q / 1
- //Q)'\/ -
B &7/ ]
oS
" SO7 4
" R i
(a
= N -
- - A ,\‘(\e'/ —
- “‘ 4 -
/
" 5 y 4
N -oql H _
B () T
11 &) o
B / L7 Vector mediator, Dirac DM 7
.7 = = =
i s x 9, ‘ 01 g=001,g =1 i
= . All limits at 95% CL .
L =1 1 P T RS SR RS S SRR SR

0 0.5 1 1.5 2 2.5 3

Mediator Mass [TeV]

= Dijet

Dijet 8 TeV ¥s = 8 TeV, 20.3 fb™
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 fb™
arXiv:1703.09127 [hep-ex]

Dijet TLAYS =13 TeV, 3.4 b
ATLAS-CONF-2016-030

Dijet + ISR¥s = 13 TeV, 15.5 fb™
ATLAS-CONF-2016-070

ET°4+X
ET*+y¥s=13TeV, 36.1 fb"
Eur. Phys. J. C 77 (2017) 393
ET*+jet ¥ = 13 TeV, 36.1 fb ™"
ATLAS-CONF-2017-060

Dilepton

Ys=13TeV, 36.1 fb™
CERN-EP-2017-119
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BRISTOL The grand picture =
| CMS Preliminary LHCP 2017
e Can Comblne SearCheS ;‘ 2000 | | I I I I I L I I I L I I I L I I I L I I L " I : UL I I | UL I I I I I_
for DM signal (missing & 1800f Axial-vector mediator [ Myeg = 2 X Mgy | —
energy) and those for = - Dirac DM : =
. . _ ; 2 —
mediators to constrain & %R Iom —01-2% PIf=012 |
allowed model @ 1400f g = \ —
% a gl =0 “| | Exclusion at 95% CL —
parameter space 1200 7
E 1 :" = Observed .
- Exclusion strongly L 10001 - == Expected —

i @© [T ijet (35.9 fb! ]
depends on choices € soof — Bossose | —
for additional % soolt - Poosted et (5917)
parameters, e.g., a 5 — DM ilae @910 | o
coupling to quarks but 400 . — DMsy (1201 | —]

1 . [EXO-16-039] _
also leptons! 200 | A : e v
O jﬂ 1 I ‘II/ 1 1 I 1 1 1 1 I 1 1 ] I:.I 1 1 1 1 Ill 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I:
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Mediator mass M__,[GeV]
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BRISTOL The grand picture =
_ CMS Preliminary LHCP 2017
¢ Can Comblne SearCheS ;‘ 2000 I I I I I I=11 I L L I I I L I L L I L L I L L UL I A UL I I_
for DM signal (missing @ E _ _ J =
¢(H 1800 : Axial-vector mediator —
energy) and those for = : Dirac DM =
mediators to constrain 51 5 g, =10 =
allowed model ¢ 1400 5 g, =01 7 . =
arameter space S ' 9=01 / hea =23 Tou |
: | , =
P P g 1200 : Y O F>012 |
- Exclusion strongly 2 1000 : F -

. "ES' ' +| Exclusion at 95% CL ]
depends on choices S 800 : o =
for additional x o =

E 600 .- vy Q=== Expected T
parameters, e.q., e Lo Dilepton (124167 /13.016") |
coupling to quarks but 400 J < Diet (359 ") —
also IeptOnS! 200 éios}g?f}i]t (35.9 fb™) _:

[EXO-17-001] —

0 1 1 L Ll Ll J ) I | L I el 1 | I — L I:’ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I_
500 1000 1500 2000 2500 3000 3500 4000 45_00

Mediator mass M__,[GeV]
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The grand picture

«  Much weaker constraints on Scalar and Pseudo-Scalar mediators

*  Exclusion only for very light DM and couplings g, = gpy =1.

, CMS Preliminary EPS 2017 CMS Preliminary EPS 2017
510tlllllllllllllllllllllll||||||||||||||||||||||||: >103
8 - 3 5 élllllllllllllllllllllll||||||||||||||||||||||||_
S Oineory (HC DMWG) Pseudoscalar Mediator ] g F Sineory (LHC DM WG) Scalar Mediator .
\b i Observed exclusion 95% CL ngrilC1 %M i E B Observed exclusion 95% CL Dirac1 [())M 7
el T Expected exclusion 95% CL gq =10 ] © o e Expected exclusion 95% CL gq _= 1 0

E —— Bonom ) Mgy =1 GeV S 107 DM + j/V(qq) (35.9 fb") me =1 GeV E
B DM 2 201 (35.9 . - (S0 70 045 o ]
- +2(1) (35.9 fb™) I - DM + Z(Il) (35.9 ) —
- [EXO-16-052] s L [EXO-16-052] "5

L DM+ttbb (227 B DM + ttbb (2.2 fb) e
EI)E&(O-;GI-Ioos] fb! [ e [EXO-16-005] P

10 —— rulh oty o e A — L DM + tt(ll) (35.9 fb'")
= [usazoon e 3 10 - [SUS-17-001] I eSS~

./ Z 7 oo a8 eV UL, e e e e m
1 :/M _® E 1 :' """""""""""" -
10‘1""|""|""|'"'l""l""l""l""l""l"" 10—1|||||||||||||||||||||||||||||||||||||||||||||||||

50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Mediator mass M, [GeV] Mediator mass M,,_, [GeV]
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oo Comparison with Direct Detection >

—

«  Complementarity with Direct Detection clearly visible

37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
E T T T Elt D|]et

3 Dijet 8 TeV ¥s =8 TeV, 20.3 fb ™!

Phys. Rev. D. 91 052007 (2015)

Dijet ¥s = 13 TeV, 37.0 fb™'

arXivi1703.09127 [hep-ex]

—] Dijet TLAYS = 13 TeV, 3.4 fo!

ATLAS-CONF-2016-030

10~

10°%

*  Sensitivity strongly depends on type of DM interaction

10°%

Dijet + ISR V& = 13 TeV, 15.5 fb!
ATLAS-CONF-2016-070

1T EPaX

— ET+y¥8=13TeV,36.1 0"
3 Eur. Phys. J. C 77 (2017) 393
ET**+jet 5= 13 TeV, 36.1 fb™'

« Can be used to learn about underlying physics in case one or the o
other sees a signal -

Gy (DM-proton) [cm?]

L

. 10742 E$iss+x _; AIII;?SVCONFVZOWVOSO ;
* Collider searches more powerful for small DM masses R
10°E Dijet = PICO-60 CF,
CMS Pre“m I nary LHC P 201 7 CMS observed exclusion 90% CL 1074 :_ _; e
10735 T T T T TS T T T T TT] T T T T T TTT] Vector med., Dirac DMqu=o-2519DM=1-0 E ‘ ‘ . ? AXlaI—VeCtor
10745 L Axial-vector mediator, Dirac DM o .
36 Boosted dijet (35.9 fb™) £ 9,-025,9=0,9,, =1 2 mediator
10 E— [ ATLAS limits at 95% GL, direct detection limits at 90% CL ]

[EXO-17-001]

107 ' : ' Dirac DM

SI 2
cFDM-nucIeon [Cm ]
S
«

-
- C
- Q 10 10° 10°
q) Dijet (35.9 fb™) Q — —
_38 [EXO-16-056] gq 025’ gX 1
U 10 ] GJ 10_37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
DM +j/N (35.9fb™) & E T T i 3 = Dijet
C 1 0_39 i U g E 3 Dijet 8 TeV ¥5 = 8 TeV, 20.3 fb"
m [EXO-16-048] ] = 1078k Phys. Rev. D. 91 052007 (2015)
= E Dijet V& = 13 TeV, 37.0 fb!
_ o E
Q 10 40 DM + y (12.9 fb'1) C *§ s £ arX\v'170::.—09127 [hep-ex]
" — 39 —] Dijet TLAYS = 13 TeV, 3.4 fb!
[EXO-16-039] O g 10 E 3 A']FLASVCONFVZOISVOBO
( I ) 10—41 = C Dijet + ISR ¥§ = 13 TeV, 15.5 fb"!
U DM +Z (35.9 fb™) U) Q 0% - ATLAS-CONF-2016-070
10742 [EXO-16-052] 3 ;’/} 1 T ET*4X

] ETr T +y V8 =13TeV,36.1 0"
3 Eur. Phys. J. C 77 (2017) 393
E7™+jet 5 = 13 TeV, 36.1 fo'

107

Vector mediator

IN-1N

DD observed exclusion 90% CL

|

i CRESST-II 107% EMiss, % = ATLAS.CONF:2017:060
a4 DIraC DM R [arXiv-1509.01515] T EM4Z V5 - 13 TeV, 36.1 fb
.( ) 10 4 Diiet ATLAS-CONF-2017-040
= = CDMSlite 43 L ije
1 0_45 g q O . 2 5 ’ gX 1 [arXIV'1509. 02448] 1 0 E ] IE:)ET&ZéD&(WG‘QE;EVXW:‘ 602.03489
(D PandaX-Il 44 | 1
4 T [arXiv:1607.07400] 107
10 LUX‘ _45 [ Axial-vector mediator, Dirac DM a
l | | [arXiv:1608.07648] 10 £ 9-0259-00 -1 3
1 0_47 I E— I e P I E— 3 I XENON1T E A'T'LAS limits at‘95% CL,%’;/:ect detection limits at 90% CL ]
1 10 10 10 [arXiv:1705.06655] 10 . = _
Dark matter mass m . [GeV] 1 10 10 10
DM DM Mass [GeV1
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& niversity o . . . . cMs. !
nriensr Comparison with Direct Detection =
s CMS PAS HIG-16-016
« Constraints on B(H — inv) can be § \\ | | CMS §
translated to limits in scattering 1074 \ 4917 (7 TeV) + 19.7 o™ (8 TeV)

cross section vs DM mass plane
to compare with direct detection
experiments.

« Sensitive to masses < 0.5 m,

* very sensitive at low DM masses

DM-nucleon cross section [cm?]
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C S/‘

5 Ui prog and Cons: Collider vs Direct Detection

4

Wimp — Nucleon Interaction

Spin-Independent (Sl)

Spin-Dependent (SD)

Basic Mediators

Vector
Besides low DM masses
DD provides best sensitivity.
Complementarity at
low DM masses (<5 GeV)!

Axial-vector
DD and collider are equal in overall
sensitivity but probe different regions
of parameter space!
Complementarity in
full parameter space!

Scalar
Besides low DM masses
DD provides best sensitivity.
Complementarity at
low DM masses (<5 GeV)!

Pseudoscalar
Effectively no limits from DD above a
few GeVin M_ ., Collider and ID
probe region at larger M_ ..
Complementarity in M,/

from
O. Buchmueller

Henning Flaecher *
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BRISTOL Outlook — Where next?

Axial-Vector mediator Vector mediator
9q =9y =1 Jq=9y =1
2500_ T T T T T T T T T T T T T T '_ ] NI B R N L) B B R L) B B R L) B BRI T T
Axial: 90% CL LHC8 19'5ft111 ‘ 105l T LHOB19.5M® Vector: 90% CL
projected limits — — LHC1830f == tggliggcﬁb 1 projected limits
9q=9om=T — == LHC14300fb™" | F - - — =1
o000k ¢ | e LHC14 3000 fb~" | [ LHC14 3000 fb~" Ja=dom
| — LUX 2013 I 104k — t%oz?:/f \
\ — — LZ10tyr . F  ——— DARWIN 200t yr \
— L = DARWIN 200t yr . —_ [ = v background
% 1500+ | v background A % [ \
O ' | ‘ O O NPT L ' \
- e = 10 F - .\ [
N o S S o \
€ 1000f | .o — g | —\ | I \
AN 10} 3 \
|~ \ : | | :
500 . :
'/\/g N\ i /
/ \ \ . 101 3 I 1 :
O- J_. ‘ [ o il Lol T L tnul Lol L
0 2000 4000 6000 8000 10" 10°  10° 10" 10°
M ined [GeV] Mmeq [GeV]

from arXiv:1409.4075, Phys.Dark Univ. 9-10 (2015) 51-58
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Dark Photon search @ LHCDb

* Assume a dark sector, a collection of
particles that are not charged directly
under the SM strong, weak, or
electromagnetic forces.

- Dark photon, A’, whose coupling to the
electromagnetic current is suppressed
relative to that of the ordinary photon, v,
by a factor of €

«  Dark Photon would also couple to DM

« Search for Dark Photon decay to di-
muon pair in meson decays

signal SM

Drell-Yan ut

Candidates /o[m(utu™)]/ 2

82

prompt utpu~  — from data at m(J/y) and m(Z)
[ e — from simulation (validated)

B h o+ hpg

— from same-sign dimuons (corrected

|

(g is a muon from a heavy-flavour decay)

arXiv:1710.02867

10’ - — ™ T
10 LHCb E:> isolation prompt-like sample
Vs=13TeVv i & applied pr(p) > 1GeV,p(p) > 20 GeV
5 . a8 &
10 ' -"._/ N i prompt ,U/+/.L_
10° :,.-"' |
10 ,,,f’
Wl !
1 1 1 1 1 I
10’ 10°
m(ut ) [MeV]
; YU UL exclusion regions on [m(A’), £*|
10”
107
107
107° - LHCb prompt-like
I BaBar ]
10”7 KLOE E
1 10
m(A") [MeV]
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% University of cMms,/ |
BRISTOL Summary =
- Comprehensive search programme - DM searches @ LHC a powerful tool

for dark matter is underway at LHC
« So far focused on WIMP signatures

« Guidance from simplified Dark
Matter models

- Search strategy includes searching
for DM production but also for
mediators that couple to both SM
and DM

* Long-lived signatures to be added to
search portfolio

- Extend searches beyond WIMP
signatures

In particular sensitivity to small DM
masses

Sensitivity strongly depends on
assumptions made for DM
interaction, spin structure of
mediator and coupling strength

In many ways complementary to
direct detection searches

This could be crucial for
understanding the underlying
physics in case of a signal from
either approach
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» Backup
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Vé University of . Ems, |
BRISTOL Mono-jet & Mono-V Searches =

* Interpretation in simplified DM models
* Fermion portal models

Interpretation in simplified DM models
Coloured scalar mediator models

9

g q g X
9ax
S _ ”
U - - I - X '
: Gu 9ax
> L q X
u u X
35.9 fb’1 1 3 Tev - U T T T | T T T T | T T T T | T T T T | T T T T

1200771 N (| — ) = E 1200 A TLAS Expected limit +2 6, |
. _ £ 2, i - 3 .
. CMS Preliminary \b_] 2 - Vs =13 TeV, 36.1 fb . Expected imit (£ 10) ]
1000__ - == = Median expected 95% CL N (\g =] 10001 95% CL limits B
© - 68% expected o% - Coloured scalar mediator = Observed limit (+ 1 cf;g;;“'ei
- 3 -9 —— Relic density (MadDM) |
800 Observed 95% CL | 1 QE) 800 - ; elic density (Ma ) i

= T RN eohf20.12 § ‘

(D - =1 oy ] O r
O, 600 " 6001 —
400 107 400" .
200 200} ]
0 10_2 OI_ I R R Lo |E o MEREEE T
500 1000 1500 500 1000 1500 2000 2500
m, [GeV] m, [GeV]
u

Henning Flaecher « SUSY17 « Mumbai 34



& niversity o . . . .
Bhicsi DM in association with heavy flavours

- Interpretation in colour- ‘Scalar‘ - Pseudo-Scalar

0
W
o

tral t7bb+ arand i "™ 3 fame -
neu ra (p Sca ar an %1o3r:—f§=13Tev,36.1 fb’ %103" Vs =13 TeV, 36.1 fb’' 7
v = F v OF E
tt/bb+a pseudoscalar models - e = :
102k —— Observed | Tt EUT e 1
3 Limits at 95% CL === Expected (£ 16,,) 10? £ Limits at 95% CL — Observed E
. - — SRb2 (bb+¢) E Pseudoscalara, a— yy === Expected (x 16,,) 3
" Scalar ¢, ¢ — xx L ) ) _ - u ) XL _ et ]
¢ F |Xed D M maSS 10?9 =10, m(y)=1GeV  _ gg:;/(SﬁFlg comoined (tt+4) 4 - 9=10, mx)=1GeV ggzis(g:gac)ombmed (ti+a) 7
. . = %464 Theory unc. on 6(g=1) 3 10 —— SRI3 (fi+a) ,—;'5
« Limitas fcn of 1 445 Thoory . on =1 ;
" == e ] B = ]
I 'E Thibi 3 I gzl )
mediator mass &= 1 e
20 30 4050 100 200 360 . 20 30 4050 100 200 300
m(¢) [GeV] m(a) [GeV]
g 1 s ' i atLAS - -
L] n o g - -
° F d d t = | amas i .
IXe medailator %104_(;:1“8\/’36“51 §104_(§=13Tev,36.1fb‘
© i T i = Observed i
maSS i — gf::g::(i o) | eeee. Expected (+ 10,,) |
° Ll m It as fcn Of [ —— SRI1/SRI2 combined (fi+9) | - :g:;"zfiﬁwmbmed (e 1
L s ?:;:;:n::)c. onalg-1) | 102 55454 Theory unc. on o(g=1) _
DM mass ‘ —
Limits at 95% CL - Limits at 95% CL |
Scalar 6, ¢ — %% j = Pseudoscalar a, a— i
g=1.0, m(¢)=10GeV g=1.0, m(a) = 10 GeV

« Not yet sensitive to bb + ¢/a 1
production SRS e TR ew e

-
—
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Elic University of

srisTOr.  PM in association with heavy flavours

—— —

colour-charged scalar mediators (b-FDM)

b X
b-Flavoured DM, ¢b—>x b, xb set according to the relic density
< 100 ' 1 ' ' ' ' S
cu ! ATLAS ]
o ; 2 \ (s=13 TeV, 36.1 fb”
h b = 80 v SRb1 Limits at 95% CL
——— S \| - QObserved
o i --=- Expected (+10,,,)
60 i
g % i
X \
)
1

. EM+1b,20fb", fs=8TeV 1

| . ET*°+2b, 36.1 b, ¥5 = 13 TeV |
) 4

20

700 800 900 1000

1100 1200 1300 1400 1500 1600
m(d,) [GeV]
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Mono-Higgs

’CMS?

Higgs production in conjunction with DM .

 Higgs decay toyy «

~

CMS Preliminary

35.9 (13 TeV)

T T T T T
TLAS

T T T T T T

£ B =i===i= Z' baryonic: g =0.25,m, = 1 GeV E - »/4 1 — Observed limit .
—_ 10° e L = 9Q0FV's= 13 TeV, 36.1 fb &==0 Expected limit 16
& - Expected limit = = h(ob) + E™, all limits at 95% CL  ==im Vs=13TeV, 321" 1
? B + 1 std. dev. 800__2’-2B DM ey E
102 = L tanB=1,9_=0.8,m =100 Ge ]
- E D £2sd. dev. T m,, = m,. = 300 GeV' ]
Vi - Observed limit 7001 =
T 10 E._ ............................................. E & E
o3 i | 600 =
E 1 _F ................. . E E
_i E N — 500~ . —
ﬁ'\: 10-1 ...... '.\'.‘.‘. .................................. 400:— §"," —:
(o] _ g i ' I " .,
‘ 3007 N 1 | 1 1 1 | 1 1 1 K | 1 1 1 | 1 il

102 U el — A 500 1000 1500 2000 2500
10 203 10° 2x10° 10° 2x10° 10* GeV
M,. (GeV) m,. [GeV]

CMS-PAS-EXO-16-054

Phys. Rev. Lett. 119 (2017) 181804

Higgs production in conjunction with DM
« Higgs decay to bb
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= niversity o . . Ems,
BRISTOL High-mass dijet resonances =

. s . . .. 1

- Search for resonance in dijet invariant mass . oMSPrefminay 3539 (18 TeV)
2 - —+4— Data 3

SpeCtrum - _8<U 03 NLO QCD+EW prediction =
5 | CATLAS S TBo2sE T AL(C)=13Tev E

10 {s=13 TeV, 37.0 b b% TE e A7 (GRW) = 10 TeV ]

g 10°R o g:::?(ground fit -OH 0.2-5—- -------- JRIRE Magn (nED =6 ADD) = 8 TeV —E

— BumpHunter interval = C . ——— My (DM g =1.0)=4.5TeV 3

T S0 10kton e M= 10 ;

o g g, mZ,=5.0 TeV = = M; > 6.0 TeV 3

102 ,.’ 0_1% 4 54<M;<60Tev =

10 g ox10 , 0.05F e &

p-value = 0.63 - I I I ! =

1 Fit Range: 1.1 - 8.2 TeV ""-;:._ | DM medlator C 4.8 < Mii <5.4TeV 5

*| < 0.6 | -

0,1071 :|y:|:<: —— :|:::::::::I:::::m:l:::::::I:}:::::::I:::::.. WOUId ShOW e =

¢ of : : : .

8 o up here 42< M, <48TeV 3

5 -2k—# =2 - = T .

I O e o B B o L AL e E e I f c e B

- - 0.05 = =

g O0-5 ~ JES Uncertainty ﬂ T o ‘ . . . . . -

s 0_ SPPegpresegigrgr, E T T T T T T T =

Hosf- ......1.....,..........Iw...II:.l..l?..i.*...I.' } ! ﬂ 0.1 36< M;<42TeV ]

1 TeV .~ 2 3 4 5 6 7 809 0.05E e =
m; [TeV] —— : : : : : : 5

0.1 3.0< M, <36TeV

:Fn—i = P ——

” ” . : E =
*  "bump hunt” not effective for very wide e S
= 24<M; <3.0TeV

resonances 0.1 s -
0.05 —
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=:
@

* Investigate di-jet scattering angle in this case
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phierst - Comparison with Direct Detection

\

«  Complementarity with Direct Detection clearly visible

37 DM Simplified Modell Exclusions AT{.AS Preliminary JuIY 2017

10 = Dijet
Dijet 8 TeV ¥ = 8 TeV, 20.3 b
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 fb™'
arXiv:1703.09127 [hep-ex]
Dijet TLAYS = 13 TeV, 3.4 fo!
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«  Sensitivity strongly depends on type of DM interaction
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« Can be used to learn about underlying physics in case one or the o
other sees a signal -
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