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> Dark matter search at LHC

INFN

- Abundant evidence for the presence of dark sector

-~ Two big explanations:

and matter (— new particle!)

— Considering the existence of a new particle as DM candidate:
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="DM at the weak scale (WIMPS)!

Motivation to consider
collider searches for DM
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DM and SM particles in thermal equilibrium in the past
As the Universe expands, the annihilation depletes the DM density and freeze out

DM abundance determined by annihilation cross-section at freeze-out

Equilibrium curve

Abundance
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o Experimental probes INFN
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Indirect detection Direct detection Astroph

ysical probes

="Collider searches means DM production

(sm DM )

What can we do at LHC?

-~ WIMP search in cascade decays
- e.g. SUSY, Kaluza-Klein...
— Hidden (dark) sector search

KL
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. DM at Collider: models ¢ nFN

Effective field theories (EFT)

Mediator energies >>
energy transfer at the LHC
q g X
q X

 Contact interaction theory

« Model independent: compares with DD

e parameters: mpm, cut-off scale
e used in LHC Run 1
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DM at Collider: models

INFN

Effective field theories (EFT)

Simplified models

Mediator energies >>
energy transfer at the LHC

-
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 Contact interaction theory
« Model independent: compares with DD

e 2 parameters: mpm, cut-off
scale

Mediator is light enough to be produced at
the LHC!

q

mass of the mediator
mass of the DM

g couplings to quarks %
couplings to DM

« Mediators: vector, axial-vector,
scalar, pseudoscalar
« Model dependent

e 4 parameters: Mmed, MpM,
8q, SDM
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Simplitied Models INFN

SM—mediator—DM SM—mediator—SM
- mono-X searches % Visible signature

SErmiss+ jet, W/Z/H, y, tt,... ->di-jet, ditop, dilepton
Searches for deviations from resonances
the SM expectations Bump hunt searches
interpretation model dependent ~model independent
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. Experimental signatures (INFN

SM—mediator—DM
= mono-X searches

missing energy

q

DM in the final state, invisible:
missing energy +

SM—mediator—SM
% Visible signature

no DM in the final state, visible:

need One jet = hadronization of a gluon Two jets = hadronization of quarks

from Initial State Radiation (ISR)
of the incoming parton to tag the event

(aditional signatures: W,Z,y possible ISR)

resonance in di-jet invariant mass
(alternative signatures: di-leptons)

E. Di Marco
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. Experimental signatures (INFN

SM—mediator—DM SM—mediator—SM
%~ mono-X searches % Visible signature
q missingenergy q

a q

DM in the final state, invisible:

missing energy + no DM in the final state, visible:

need One jet = hadronization of a gluon Two jets = hadronization of quarks
from Initial State Radiation (ISR) resonance in di-jet invariant mass
of the incoming parton to tag the event (alternative signatures: di-leptons)

(aditional signatures: W,Z,y possible ISR)
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. Complementarity of searches (INFN

experiment types:
proton / electron

mMpM beam dumps / fixed target
7 eV
visible dark photon searches
HPS, LHCb, APEX
(proposed) SeaQuest,
MAGIX,...
Gev
missing momentum/mass/energy
& DM scattering searches
Q/((\* miniBoone, NAG4,
P// (proposed) LDMX, BDX, SBN, DarkLight,
\ PADME, SHP, ...

MeV GeV 7 eV

IMmed
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. Compare with ID/DD searches ¢ INFN

,':,////

— Limits on (mpwm, mmed) plane can be convertd in limits on the (mpm, OpM-n)
plane to compare with ID/DD dark matter experiments

— For axial-vector mediator with universal quark

_ n __ /
coupling g,’, mediator-nucleon coupling is fP=1= 0.3284-

20 1\ 2
pop 3 (89)8Dwiy arXiv:1603.04156
P Tm
med
8q8DM i 1TeV\* / ting \2
~24x102m? . | 2 (%)
8 cm <0.25> (mmed> 1GeV
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The experimental setup



B B';i ‘ recays
CP V|olat|on

General
Purpose,

g =7 pp, heavy ions
harl

/4;-"

\ LHC rlng
27 km Clrcumfefenffe

Heavy |ons pp

02-May 01-Jul 31-Aug 31-Oct

E. Di Marco 5Jdune 2018 GEMMA workshop



<R

X

1) Jets g 10
IS

Build jets from £ 8

detector deposits = .
or O
Y

reconstructed particles

Run2015, 2.1 fo' (13 TeV)

. CMS == Total uncertainty
- Preliminary — Excl. flavor, time
i - Absolute scale

- R=0.4 PF+CHS

-~ Relative scale
Injetl=0 = Pileup ((u)=12)
= Jet flavor (QCD)

< Time stability |

p, (GeV)
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> MET CNFR

2) MET=Missing Transverse Energy /

Add together well-
calibrated electrons,

muons, ... Add remaining activity

(your input of choice)
not associated to an
object — “soft term”

¢ El I H I H 5 5 5 H 5§ 5§ 5 5 5§ 5 5 5 5 H =5 5 =5 H H =B = = = = = = = = m ,,

----.

-----------------------------------
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k¥ The price of so much data: pile-up ¢ INFN
L saA P
LHC produced ~5 x 1015 pp collisions up to 2017
Number of simultaneous proton-proton collisions per bunch crossing:
Z x total cross section x bunch separation time
~1.5 X 1034 cm-2s-1 X 100 mb x 25 ns ~38
'1:-' L L L L L
S 30 atLAS Online, 13 Tev Lat=86.3 fb"
=) 300\ @ 2015:<y>=13.4 —
2> - ) 2016:<uy>=25.1
8 250 ] 2017:<y>=38.0 —
£ = @ Total:<y>=319 A
£ 200F =
- L -
O — ]
8 150 —
5 = .
@ 100 =
am - 13
50~ =1
01_! —_ Lo o . ]
0 10 20 30 40 50 60 70 80

Consequences on the particles reconstruction
ATLAS & CMS managed to maintain high performances

Mean Number of Interactions per Crossing

E. Di Marco 5Jdune 2018 GEMMA wo
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Mono-X searches




CMS

k8 Mono-X searches INFN

Experimental signature: MET + X

— DM assumed to be weakly interacting, and will
leave no signature in the detector!

CMS,_/ | CMS Experiment at LHC, CERN

— ¢ | Data recorded: Sat Oct 3 06:58:12 2015 CEST
\| Run/Event: 258159 / 550030997

\ | Lumi section: 434

E. Di Marco 5Jdune 2018 GEMMA workshop 17



ot Mono-X searches INFN

Experimental signature: MET + X

-~ DM assumed to be weakly interacting, and will
leave no signature in the detector!

-~ we can record these events if the DM is produced
in association to an initial state radiation

Jet pr = 1467 GeV

CMS Experiment at LHC, CERN

v | Data recorded: Sat Oct 3 06:58:12 2015 CEST
—/\| Run/Event: 258159 / 550030997
| Lumi section: 434

E. Di Marco 5 Jdune 2018 GEMMA workshop 18
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: Mono-X searches INFN

PT™ISS = 1467 Gev

Jet pr = 1467 GeV

CMS Experiment at LHC, CERN

¢ | Data recorded: Sat Oct 3 06:58:12 2015 CEST
Run/Event: 258159 / 550030997

Lumi section: 434

Experimental signature: MET + X

-~ DM assumed to be weakly interacting, and will
leave no signature in the detector!

-~ we can record these events if the DM is produced
1n association to an initial state radiation

Total transverse momentum in the event needs to be
balanced.

Initial transverse momenta =0 !
miss)

key observable: Missing transverse momentum (p,

E. Di Marco
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Detector challenges INFN

Triggering these events: both CMS & ATLAS
rely on inclusive py  triggers.

miss miss

- CMS:py >120GeV /ATLAS:pr >90 GeV

—  to sustain low thresholds, mitigate the pileup
contribution to MET resolution

Spurious detector signals can cause fake
missing transverse momentum!

— Anomalous high pmiss can be due to:
- Beam halo particles

- Particles striking sensors in the calorimeter
photodetectors

— Dead cells in the calorimeters

— Noise in readout box electronics in calorimeters

E. Di Marco 5Jdune 2018

Events / 30 GeV

signal:
excess in the MET tail

l 1 1 1 1 I 1 ] I ] | lllllllllllllllll
Top quark ]
10° CMS ] 3
Preliminary - EWK R
10* Bk oo 3
T
1 03 ]. ;“‘.’ X > e Data after cleaning
o Data before cleaning
R 4
102 0.0 WW&DOW%@O@@ 0 =
OB 0 o ]
N,
10
1 E
107" 3
| |

500 1000 1500 2000 2500 3000
ET > [GeV]
GHIVIMA WOrkshop 20



o SM background INFN

— Strategy is to estimate all the “known” standard model processes in the final
state of interest, and look for deviations from standard model that is
compatible with the signal expectation

Z! invisible '(
d > < "o'
X

| Reconstructed
> mono-jet event

q/g

Dark Matter Signal

v v

N/\Z/\/<
q R m—
\'/

[ > Z SM background
X alg . .
T Identical signature!
Irreducible largest
background (Standard Model)

E. Di Marco 5 Jdune 2018 GEMMA workshop 21



. Z—Vvv background estimation ¢’ INFN

Z(vv)+jets: it constitutes >50% of the total background

\'"/
. R £ < Z(11) pt spectrum is very similar to Z(vv) prmwiss
v spectrum.
Y — It can be used to estimate the irreducible background
q 3
The Z(11)+jets removing the charged leptons
mimicks the Z(vv)+jets events
5 | Lo vacion 233 TO08S8
. =
i -
| TS \“’°“\\ Take out muons T
'7 ) » / » \
statistically limited l
~no theory uncertainties - e Z -
E. Di Marco 5 Jdune 2018 GEMMA workshop 22



. Z—Vvv background estimation ¢’ INFN

Y4
q > —
v

Z(vv)+jets: it constitutes >50% of the total background

» Exploit all possible orthogonal control regions

(V+jets)

» Need state of the art prediction of the differential
rates, uncertainties on V+jets/Z(vv)+jets

q .-

-
(s
1 -

statistically limited

~no theory uncertainties

iq .

statistically rich!

large theory uncertainties

statistically ~ Z (vv)

large theory uncertainties

E. Di Marco
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e Main control regions INFN

y as a proxy for Z(vv) Z(11) as a proxy for Z(vv)
35.9 fb' (13 TeV)
> 6 I | Il | Il Il | Il | Il _‘ > E L e E
10 5 3 . ATLAS Preliminary * Data2015
O : S  10°E :
© 10° CMS —¢- Data ] 3 = {s=13TeV, 321" — 2 ‘iavr)d+wi|:tiel E
~ i . . E @ ¢ — : W(— tv) + jets
@~ monojet —— Postiit +jets E oot s ey W s
GCJ 10°, - = Pre-fit y+jets - 10 s Z(— ) + jets F
> I Dibosons -
L 103 QCD multijet 10 B i + single top =
10? 10 E;
1 + -
10 =
1 o —
1 0—1 | % ...........................................................
10° : //////////?/ /////
O Ao

1.2 T I+ T T ' 800 1ooo 1200 14oo
11@@0@@93%@% ET** [GeV]
L 1rv1 |

AARE Showing that detector effects
ol e and SM backgrounds are

400 600 800 1000 1200 1400 well understood
Hadronic recoil P [GeV]

Unc.
N O

(Data-Pred.) Data / Pred.
o
(00)
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A esults: no signa INFN
AT
= 35.9 b (13 TeV)
> 107 L L L e L L e —
> 100 T 1 [T T[T rr[rrrprrrprri423 ATLAS ® Data 201542016 =
o - " 1 Z 6 7444« Standard Model _
Q) 5[ CMS Data L 10 Is=13TeV, 36.1 fb” B Z(— vv) +jets E
g 10 E . H(125) — inv. 315 10° Sig_nal Region - B V(- Iv) + jets E_
..(L) - mOanet = = = Axial-vector,m  =2.0TeV ] Lﬁ 10" pT(]1)>2SO GeV, ET >250 GeV B Z(= 1) + jets =
4 me = . I
Al C\is: ExO-16-048 [l EOREEE 3 ATLAS: EXOT-2016-27 -_ L sngeetop E
> 3 |:| W(lv)+ets - 10° multijets + ncb =
L 10 - WW/WZ/ZZ E 9 el m(b, %)°) = (500, 495) GeV -
E 102 « (Mg, M, )= (400,1000)GeV
5 B Top quark . - ADD, n=4, M_=6400 GeV =
10 )z, y+iets E 10 = IR EEE e
10 [Jaco : 1 I ... I
i DRI
1 rlir I L1
; A T T R B
10" p 1fo--0--® e ... o _____ 2 S — + ................. I
co"ii OO U errrmeresmmmyppmon -
_2 0.8—..l....l....l....I....l....l....l....l....l....—
191 5 300 400 500 600 700 800 900 1000 1100 1200
s 1.1 ET*® [GeV]
£t
= 1
S oo Clear challenge:
2 o8
-C [ ]
2,2 » The shape of signal and backgrounds are
1 C O ° o
i similar
2
e | | | | | | | | | | | | | | | | | | | | | |

1200 1400
pres [GeV]

400 600 800 1000

w the MET tail is the sensitive part of the

spectrum
@~ need to control the SM background at %

level
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Vector mediator limits

INFN

Interpretation depends on the chosen model.
E.g.: vector mediator, fixing 2/4 parameters among mmed, Mbpm, Eq, EDM, SCANNIing

the others
;l I ! I ! | ' I T T | T T T
O ATLAS Expected limit= 2 o
& 1000 _1 |
—_ Vs=13TeV, 36.1fb - Expected limit (= 10,,,)
Ex Vector Mediator |

500

Dirac Fermion DM
gq =0.25, gX =1.0
95% CL limits

fix:
849, SDM,

............ L PDF, scale
—— Observed limit (= 10theory )

adDM)

ATLAS: EXOT-2016-27

CMS

359" (13 TeV)

o 1 N T I T T T T I T T I -8
2\l . -
o) i Vector med. Dirac DM, gom =1, m .= 3 xmy, E
= " ~
rel | ===~ Median expected 95% CL 1 b5
8 N - 68% expected LaE
(&) .
95% expected -
B Observed 95% CL
—— Observed = theory unc.
101 Q.xh = 0.12
107
fix: -
mmed, gDM, ]
i 0_2 L \ ) P R R S S E S S T
500 1000 1500 2000
MS: EXO-16-04
CMS: EXO-16-048 m__, [GeV]

Pushing the limit on mmed to >1.5 TeV

Pushing the limit on couplings <5%

N

E. Di Marco

5 Jdune 2018

GEMMA workshop 26



Dark mediator searches
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6 TeV dijet event INFN

CMS,
. ‘ o b
£ Jet 1,
pt=2.88 TeV
eta = -0.364
phi=1.915

Jet 0,
pt=3.04 TeV
eta = 0.059
phi =-1.235

CMS Experiment at LHC, CERN
Data recorded: Mon Oct 12 2015 EEST
Run/Event: 258749 / 549864773
Lumi section: 355

Dijet Mass: 6.14 TeV

signal:
bump in the di-jet mass

E. Di Marco 5Jdune 2018
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"~ high di-jet t
o igh mass di-jet spectra (INFN
7o) \\ I
- Collect data with jets trigger
— Cluster and select two jets
- Fit di-jet invariant mass
- Huge background!
_ 36 fb™' (13 TeV)
> 10'c CMS ¢ Data _ e ———
al — Fit m ATLAS
E s, ~ 107 {s=13 TeV, 37.0 fo!
= 2 T .6 o Data
— 10°5 %y o 10" & Background fit
& - A ; —___ BumpHunter interval
o 10 10 —o-- g,m_=40TeV
© - 5 g,m’ =50TeV
© 1 10* -~ 7
= e RSy
10 10° g
10_2;_ 102 K T‘,"-';ﬁ.iq-
- 42/ndf=38.9/39=10 - 10= ¢", 6x10 i,
10° = Wide PF-jets ! p-value = 0.63
E m,>1.25TeV N q 1= Fit Range: 1.1-8.2 TeV
1074 Inl <25,IAn<1.3 - 3 ly*l < 0.6 I.h
- K 10_1 [ R RN R B A A N R R R NENRENNE ) ERTA RTRRARATHA (T h
A_'Z\ g L L L L L B i
=
© (2 S
5|8 |
alls g . JES Uncertainty

—_— i~ — —




o o o
. high mass di-jet spectra (iNFN
S
| Note: with H>~900 GeV,
. high mass spectrum to fit starts at m>1.25 TeV
=> need alternatives for lower masses
_ 36 fb™' (13 TeV)
> 10*= CMS ¢ Data
£ Fit 5 ATLAS -
3 —_— - —
s O, 107 {s=13 TeV, 37.0 fb" =
.2.' 102;_ E106 e Data ' -
= = %, 0>> Background fit =
- — W F —— BumpHunter interval -
S 10 10° = —o--q,m_=40TeV =
B = = 5 g,m’ =50TeV =
S ik 10 " E
10_1;_ ........ 103%_ oy _é
10‘2; 102% é
= 2/ndf=38.9/39=1.0 - 10E- g% ox10 .
10° = Wide PF-jets = p-value = 0.63 =
- m;>1.25TeV . 1=- Fit Range: 1.1-82TeV =
104k ml <25, IAn <1.3 = y'1<06 =
- 10—1§| v e e e e e b rrrrroeocboetedb e oo b welliles:
A_'Zs § 25_' L L L L i ik
i |[-S g of
| © £ OF
S [T o -2
<8 N ,
all= Q| 05— 1 1 JES Uncertainty
D g Ope
ol 05—
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~. dark mediator interpretation

INFN

- A simplified model of a dark matter mediator

(o)

(@))
1= —
weaker quark | .| _
coupling - 258 -
— smaller cross - -
SeCtion B 95% CL exclusions o
10—2 ] ] ] || | ] ] ] ] ] ] || | ] ] ] ] ]
50 100 200 300 1000 2000
higher resonance mass
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2 dark mediator interpretation ¢’ INFN

- O | | | [ | | | | | | | Vl | | | | |
O s
7~
1= -7 —
=T TTTM,=30% T T T e —
n P _
N _ _
T M, =10% T T T
n P _
n / _
/
- LEP// -
\\\
n / _
107 \\ / -
Y Zod -
| \, 95% CL exclusions _
} | |
'|
B | — — Zwidth —
|
10—2 ] ] ] ] II| ] ] ] ] ] ] || | | | | | |
50 100 200 300 1000 2000
M, [GeV]

Precision measurements of the Z boson width from LEP
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. dark mediator interpretation ¢ INFN

- O | | | 1 | | | | | | |/V| | | | | |
O -
7”7~
1= -7 —
- I/M,=30% O -
| /.'// _
- /M, =10% e e
B LR .
B NP N
. LEP ,-SppS -
—_ /
i ™ / _
10 \\ / -
- \I’ Z'5qq 7
: \‘, 95% CL exclusions :
| | _
|
B ‘ - =+ UA2 — — Z width N
10—2 | | | | I| | | | | | | | || | | | | | |
50 100 200 300 1000 2000
M, [GeV]

UA2 dijet search at the SppS at CERN, 1993
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. dark mediator interpretation ¢’ INFN

(@)) S 1
7

1 -7 / —
E ML S0 T T TV T P fro e =
n DA _
Ty =% T ;:’1 --------------------- T
| \ J _
' S pS - '
To Rl ,’ Tevat ron _
| \ _ :
B \ I Z'—qq _
B \, 95% CL exclusions ]
| | _
B ||' UA2 CDF Runf —++= CDF Run2 N
i ' = = Z width |

10—2 | | | 11 | | | | | | | || | | | | | |

50 100 200 300 1000 2000

M, [GeV]

CDF dijjet search at the Tevatron at Fermilab, 2009
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dark mediator interpretation ¢ INFN

O | L | | | | IIIVl R | | | | |
7~ .

U) // .[
1 -7 g —
C Ty Es0% T T T TN T ;/rLHC ----------------- .
I ,y'// ; |
o /My =10% // "—\ I ,8Tev~,_
| — ‘I: /’ \’I —
- LEP, SppS : —
~ 1
\ )
el S / Tevatron * _
- \\ / Z'5qq ]
: \ ’ 95% CL exclusions :
B |||| UA2 CDF Run1 —-++= CDF Run2 N
i ] ~ = = CMS Dijet, 8 TeV — — Z width |
10—2 | | | 11 | | | | | | | 1 1 | | | | | |
50 100 200 300 1000 2000

LHC dijet search the LHC (8 TeV), 2012

E. Di Marco 5 Jdune 2018 GEMMA workshop 35



. dark mediator interpretation ¢”INFN

Higher energies probes only higher masses ot DM mediators

O | | I I | | | | Illl/l R | | | | |

(@) S - !
P .
1= e
=TT, Es0% T T T T T P
- PR
T =% T T /" ---------------------
| / % ’
_ S 56
ot N / Tevatron
— \
| \ I
: \, 95% CL exclusions
|
B ||l UA2 CDF Run1 — .= CDF Run2
i ' - = = CMS Dijet, 8 TeV ——— CMS Narrow Dijet, 13 TeV — — Z width |
10—2 | | | 1 1 | | | | | | | 1 1 | | | | | |
50 100 200 300 1000 2000
M. [GeV.

LHC dijet search the LHC (13TeV)
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o Low mass di-jets

INFN

- Data scouting (CMS) / Trigger-object
Level Analysis (ATLAS):
lower trigger thresholds
by recording only information necessary to
perform certain analyses:

= @ reduced information saved

Total Bandwidth = event size X event rate
1TMB x 1 kHz

|

Can we shrink size to increase rate ?

E. Di Marco 5Jdune 2018 GEMMA workshop 37



CMS, 1 °o 0
N
e —
o ow-mass dijet spectra (INFN
7o) \\ I
_ 27 fb' (13 TeV)
% 10° = CMS Preiiminary ¢ Data > o '
t 5 . — Fit 1=
= — /M, = 30%
'8_ 10 e gg (0.75 TeV) - W
PET e S qag (1.20 TeV) - T P
£E - qq (1.60 TeV) i Pl
— /
- 107" Ny
10° = - Ay
= - Y
— B | , 95% CL exclusions
10 = et
E ‘~,’. LA B ‘l: - = UA2 CDF Runt =+~ CDF Run2
1 ;— 6\2/|;2dé;§?et38/ 20 = 10 B : — = - CMS Dijet, 8 TeV ——— CMS Narrow Dijet, 13 TeV = = 7 width ]
E e, —. | | | | I|| 1 1 1 | | | Ll | | | | | |
~ 0.49<m <2.04TeVv .- .. 1072
107 = 1l <25 1am <1.3 e 50 100 200 30 1000 2000
IE 1 ,Yll 1 1 1 | Inl 1 | 1 1 1 ‘I 1 1 1 1 1 1 1 1 'Ill~lll~l MZI [GeV]
e R
A
© |t
w|l© O
O
A& -1
D -2
_3-
Dijet mass [TeV]
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o Boosted di-jets INFN

\\\\

— At high pr, the quarks are boosted into a single large-radius jet
— ISR gets us above the trigger threshold

Ingredients:
1. High pr jets q
2. Jet substructure topology .
2-prong.
. VS. 2 AR ~ 2mz’/p'|'
arXiv:1609.0/7483
Backgrounds: smaller QCD
1. QCD background too!
2. SM candles: W/Z+jets

E. Di Marco 5 Jdune 2018 GEMMA workshop 39



Jet mass spectra

INFN

35.9 fb' (13 TeV)

> : T T T | T T T | T T T | T T T T T T | T T T | T T T | :
o »5000F-CMS ¢ Data e W(qa)+ets (x3)
To) — —— Total SM pred. - = Z(qq)+jets (x3) =
; — - Multijet pred. == t/tt(qQg)+jets (x3) -
£ 20000~ Bl Z(qq), g =0.17, m =135 GeV —
> — _
LLI B p.: 500-600 GeV 7
15000 — —
10000 — —
5000 — LR -
u ST TPt ]
-1 | L
s 11F =
% 1 ......m..f,.f.A.f.f...“.a‘a«,,‘.m.av_.;aa:ﬂ:a:ssszsam'srf.awaea‘za.zaq.,‘.m.ﬂﬂ.H.H.m..m.m.noc.M,‘M.QM.AM.SM‘.H.H.vaa’.c.ﬂ.,..m,u_@MQa.wwy.x.Q*
o 09 . . =
3 50 100 150
S Mgy (GeV)
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e Jet mass spectra

INFN

Events / 5 GeV

Data/Prediction

35.9 fb' (13 TeV)

50 100 150
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N Jet mass spectra INFN
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Mono-X vs di-jets INFN

N

— Mono-X sensitive to both DM and mediator mass

— Di-jets sensitive to large range of dark matter parameter space by looking
directly for resonant production of the mediator

q g X (mpw) CMS Preliminary LHCP 2017

; 2000 il I I | I I I I I I I I I I I I I I I I I I I I I m 1 " 1 ' 1 1 I 1 1 1 1 I 1 1 1 1 ~
() 1 i ) : ]
O 1800p A_)(lal-vector mediator M. =2xm,, |—]
= ul Dirac DM . =
ED 1600 [+ g =1.0 : Q. >0.12 —]
1 DM —
= 0.25 ; .
0 14007 gq_ \ . -
% 1 gl =0 / ! Exclusion at 95% CL —
E 1200 1 "' = QObserved _:
b -5 ' p—
-'_'C|=) 1000 T ':' = = = Expected ]
oy T . Dijet (35.9 fb™) —
S 800F K T [EXO-16-056] —
¢ N o ____ Boosted dijet (35.9 ")
— — N [EXO-17-001] ]
8 600 5 ) _____ DM+j/N(qq) (35.9 ) | —
1 ] [EXO-16-048] ]
400 1 : ; DM+ y (129107 —
1 » . [EXO-16-039] ]
5 K ! DM + Z(II) (35.9 fb™) —
200 B st " : [EXO-16-052] T
1 2 4 1 I _]
O A/fAﬂ 1 I ] 1 1 1 I 1 1 1 I'. I 1 1 1 1 Il 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | ]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Mediator mass M__,[GeV]

| Mdi—jet

E. Di Marco 5 Jdune 2018 GEMMA workshop 4.4



\ Comparison with DD INFN
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- are sensitive to low DM mass (<5 GeV) for spin-independent interactions
- have ~3 order of magnitude better sensitivity for spin-dependent
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Ve Conclusions INEN

LHC collaborations search extensively for Dark Matter.

No excess was observed in the 2015 + 2016 data analysis in CMS and ATLAS
in mono-X or multi-jet final states.

= Mediator mass up to 1.6-1.8 TeV

= DM mass up to 0.4-0.7 TeV
But ~40 more data is being analyzed from 2017!

We are in the era of precision searches!

Mono-X searches: Need to measure the backgrounds at % level. Need both
experimental and QCD theory improvements

Di-jet searches: new experimental ideas being exploited to cover the remaining
gaps

LHC complements direct searches for mpm<O(10) GeV
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CMS

Huge data delivery

INFN

Integrated Luminosity [fb™]
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6 ATLAS & CMS INFN

Zany
~\\\\\

- Two general purposes experiments

- Different technologies used in each component, to get the same
targets

- currently taking data at the LHC Run2

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
44m Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T
g H SUPERCONDUCTING SOLENOID
H : g = . Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m> ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

25m

Tile calorimeters NN X
LAr hadronic end-cap and CRYSTAL A NN\ (
) forward calorimeters ELECTROMAGNETIC N )
--------------------- Pixel detector CALORIMETER (ECAL) J % N
Toroid magnets LAr electromagnetic calorimeters ~76,000 scintillating PBWO, crystals \

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Brass + Plastic scintillator ~7,000 channels

. \ 4
/ \/
HADRON CALORIMETER (HCAL) \

\\
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~ From detector to particles ¢’INFN

A
' neutral

HCAL
clusters

Detector

Particle Flow

ECAL
clusters

First compute “easy” objects: charged leptons, photons
Then jets (collimated particles from the hadronization of partons)
Finally MET = Missing Transverse Energy
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> MonoX signal extraction (CMS) @T\l

Gamma Jets W (ev) Jets
A A
Signal yield is measured by fitting prmiss ,
1 rate parameter / bin
U Z (VV) JetS < " W—lv - fz(9) " Z—wvv > “ W (lv) Jets
Simultaneous fit to different categories
(signal + control regions) x
mono-jet and mono-V (=hadronic W,Z)

v

(mm) Jets (ee) Jets W (mv) Jets
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CMS,
5 MonoX signal extraction (AT LAS)@;
Gamnd Jets W (ev) Jets
A A
Signal yield is measured by fitting prmiss ,
1 rate parameter / bin
 Z(w)Jets | - W s 18) -y T - W (Iv) Jets
Simultaneous fit to different categories
(signal + control regions) in mono-jet
\ 4
/. (mm) Jets Z (eq Jets W (mv) Jets

top-quark control region
to estimate top background in the signal region
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Using ratios INFN

— Common experimental
systematic uncertaities cancel:

q . - jet energy scale and resolution
— luminosity measurement
¥ - pileup
i . .
— Common theoretical systematic
uncertaities reduces
— - need the best calculation (higher order
corrections in QCD) to have the best
ratios estimate
{q .
2 02 ?‘Os'
g Snos}
Y g; ratio §°-°2:
_'. OE # '0; -
(] ‘ 0.05}- oot
““““ R;Z:l [é;:/]m | Recoil [GeV]
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(improvements in the QCD calculation reduced the theory uncertainty of factor 4-5 in the last years)
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\ Stop /Colored

scalar limits

INFN
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mediators: putting all together

INFN
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mediators: putting all together

INFN
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