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Dark Matter (DM) in Cosmology ™"

UNIVERSITA DI ROMA

: : Composition Of The Universe
* Cosmological observations support that 85% of the arXiv: 1502.01589

matter component of the universe is dark matter
(DM)

Dark Energy
69.2 +1.0 %

» Key properties of DM particles

Dark Matter
25.8 +0.4 %

massive (gravitational interaction) Atoms
~ 4.82+0.05%

dark (no color and no electric charge)

stable (or very long-lived)

weakly interacting with SM particles

v(kmls)

e The hunt of Dark Matter particles 1s an
interdisciplinary effort

- from cosmology to particle physics

- potentially accessible by different experiments

10 R(kpc)

- potentially accessible by precision standard model
measurements

M33 Rotation Curve
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S Dark Matter Detection &
Direct Detection Indirect Detection Collider Experiments
DM-nucleon scattering DM annihilation DM annihilation
DM DM DM SM SM DM

SM SM
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Dark Matter Models for Collider Searches  INF
SAPIENZA L
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less complete »  more complete

CONTACT
INTERACT
IONS

Dark Matter Simplified Complete
Effective Field Dark Matter Dark Matter
Theory Models Models

Ex. Contact interaction ’ .
Energy Scale A Ex. Z° mediator Ex. Decay chain in

Run1 results based on this Parameters: DM mass, SUSY GMSB models
model mediator mass/spin,

) DM = gravitino
couplings, ...

SM DM DM q )

Mediator

gswm gpMm o

o

el - ~

zo ~
-

-

-

SM DM

LHCDMWG - arXiv:1603.04156
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e Mono-X searches

- DM recoils against
initial state radiation

(jet, photon, Z/W ...)

- see Adish Vartak s
talk tomorrow

Mediator searches

- full reconstruction of
mediator mass from
decay products
(bump search)

- minimal model:
dijet final state

X = jet, y, Z/W ...

Francesco Santanastasio

MET

DM Searches at LHC gf'?

SM background

O(TeV)

Missing energy (MET)

SM background

signal

O(TeV)

>

Reconstructed mass
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* High-mass (M>1.5 TeV)
- resonance produced almost at rest

- trigger on high pr jets from resonance decay

* Intermediate-mass (0.5<M<I1.5 TeV)
- lower jet pr trigger thresholds

- analysis with reduced data format
- “data scouting” for CMS

- “trigger-level analysis” for ATLAS

* Low-mass (0.2<M<0.5 TeV)

- trigger on high pr photon or jet from 1nitial
state radiation (ISR)

* Very low-mass (M<0.2 TeV)

- decay products of boosted Z" within single
wide-jet + ISR jet

Francesco Santanastasio

2 resolved
jets

1 ISRy or jet
+
2 resolved jets

Very
Low-Mass

1 ISR jet
+
1 wide-jet
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Kinematics of Dijet Resonances NN

SAPIENZA L
) Resonance
Resonance signal QCD background rest frame i
_ t-ch | _ Kg*
07,0 s-channel 0.q,9 q,4,9 channe 9,49
X /
q,q,9 >—< q,q,9 | 1
o | q,0,9 9,9, 9
cos 0* = tanh y* = tanh [(njetl — njetg)/Q]
* Reconstructed mass of dijet system (mj;) Eventtecéordedsby ATLAS

m;7=8.] "I'jer,NIy*I=0.38

- related to resonance mass

VR 1TIL LI
A\t 0 NS
S

« Scattering angle (6*) 1n resonance rest
frame

- related to resonance spin

- require small cos0* to suppress QCD t-channel
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Trigger Challenge o
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Experimental challenge
. , ojer(py >100GeV) 103 nb
- large dijet cross section at LHC

. iNOSi 34 om-2 o
- limited resources to process and store data Inst. Luminosity | 10% cm™s

About 10 Hz allocated for dijet searches _ — 2015 |(13 TeV)
: : : O 4o _UQMS AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA - arx1v.1.512 01‘22.4._
- need to apply tlght trigger selection _§ - Suop /ememary @ 4
- Hp = Zjets pr > 800GeV = 1: :
- pr(singlejet) > 500GeV S8/
g |

O
o

Search for resonances above minimum
dijet mass where trigger is fully efficient

o
AN
T | —

PF H, >08Tevonp"”‘ 05TeV

- avoid trigger turn-on since difficult to model
it with sufficient statistical precision

1 I | | | | I 1 | |
3

Dijet mass [TeV]
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« Search resonances with mass >1.5 TeV
- djjet mass resolution ~10%

- look for bumps in the mass spectrum

» Background estimated by fit to data using
smoothly falling function

- do not rely on QCD simulation

A_O‘ = 90(4_x>h X = ﬂ
dhom, x /3000

— | ———

| —

* Slhiding window fit technique (ATLAS)

- more robust than global fit with higher
integrated luminosity expected in future

* No sign of new resonances

Events / Bin

—_

-IH IIII|T||| IIII|T|‘ Illm[‘—rmTllrlT]Tm‘ IIII|'||1 TTIT I. IIII|'||'|| TTIT

—
<

sliding window
<

q*, ox10
p-value = 0.63
Fit Range: 1.1 - 8.2 TeV

ly*| < 0.6

] 1 11
T T L

ATLAS

2 resolved
jets

\s=13 TeV, 37.0 fo™

e Data

Background fit
BumpHunter interval
--0-- @5, m _=4.0TeV
g g, mz, =5.0TeV

2o
'I’.'n,',x.’. <082
L9 G R0N0E )
— o)

e s O

AT ))
.l,l[:_[:!':!!ll:l::lh

e e v ey b ln
L) I'Il'l"lll'll'll'l"l""

-

5
0 N
%)
18

Significance
N O N

o

—_

S

Data-MC
oo m

JES Uncertainty

PhysRevD.96.052004

5 lllllllll lllllll‘ lllI.I.IlI_LLI.ll.IILLLLI.I.III llIllII‘ lllllII‘ llIlI.IlII 111
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/

Resonance I\/Iass Ranges o
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Assocmted Productlon (ISR) Inclusive Analysis
1 ISR jet + 1 widejet 1 ISR jet or y + 2 jets 2 jets 2 jets

y (or jet)

50 GeV 200 GeV 500 GeV
Resonance mass ranges

« High-mass search with the standard triggers starts at ~1.5 TeV
* In order to go to lower resonance masses we need different trigger strategy

- trigger level analysis

- 1nitial state radlatlon (ISR) trlgger

Francesco Santanastasm 10
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“Data Scouting” (CMS) , “Trigger Level Analysis” (ATLAS) w"

/,‘,l e
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* Trigger strategy to probe lower resonance masses
DETECTOR

“ - store reduce event content —> lower event size
Main data stream  Data scouting

- lower trigger thresholds —> higher event rate

All triggers Low-pr jet

Trigger :
99 (ex. for CMS dijet triggers

Hr>900 GeV) (Hr>250 GeV)

€ - --

selection

HLT

REDUCED Event rate ~1 KHz ~4 KHz
DATA FORMAT
FULL REDUCED
: RECO Event (RAW data + (store only jets
' DATA content offline reconstructed at
: . reconstruction) trigger level)
1
: Event size ~1 MB/event ~2-3 KB/event
Physics Analysis Bandwidth ~1 GB/s ~0.01 GB/s

* Example from CMS Data Scouting, similar for ATLAS

_—— e

Francesco Santanastasio 11
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» Explore intermediate resonance mass range
- 500 GeV <mass < 1500 GeV

e Calorimeter jets at trigger level (calo scouting) 07 1" (13 TeV)

- fast online reconstruction (no tracking) allows lowest 5 17 = CMS proiminary ¢ Data
possible jet trigger thresholds %_ 1o° % — gg I
- dyjet mass resolution ~ 20% worse compared to E= 00 e e qg (1.20 TeV)
offline reconstructed jets 2 ;? -+=qq (1.60 TeV)
° 10° ;?
10 f

* Background estimated by fit to data using

| . 1 ‘_x2/ndf=é673/‘éo';1_o
smoothly falling function

Wide Calo-jets
0.49 < m, < 2.04 TeV
Ml <25, ]An < 1.3

- same strategy of high-mass search I

|“‘

““
\‘—‘

—
<
I llllﬂl [ TTTT

f1 E
O‘_G_ —~ 90(4”‘) ALY %
dom Fat Psm(x) - 43000 a
) = L St TR S S p—
_3_lllllll ..... l
06 0.8 1 1.2 1. 16 18 2
* No sign of new resonances Dijet mass [TeV]

Francesco Santanastasio

PAS-EXO-16-056

)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-056/index.html
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» Available jet triggers not efficient for low-mass
resonances (mass <500 GeV) produced at rest

- due to low energy of their decay products

* Search for dijet resonances produced in

association with a high-pr initial state .
radiation (ISR) 2

- trigger on ISR object (jet or photon)

- search for bump in m;; spectrum of other 2 jets 10°

10°

* ATLAS analysis with ISR photon
- trigger: pT photon > 150 GeV

—_
o
[\V)

? IIII|

- extend search down to 200 GeV resonance mass

N O N

Significance

- no sign of new resonances

Francesco Santanastasio

Probing Low-Mass with ISR Trigger [V

high-pt ISR photon

TTTT

|

T IIIIIII

T IIIIIII

! ! ! ! ! ! ! o -

- X+7v(P, >150GeV) ATLAS Preliminary -
ly,,'1 <0.8 \1s=13 TeV, 15.5 fb™ N

« Data =

""""" — Background fit ]
Q _

—— BumpHunter interval

| IIIIII|

ATLAS-CONF-2016-070

L | IIIIII|

--o--Z' (gq = 0.30), m, = 350 GeV, o x50
p-value = 0.67
Fit Range: 169 - 1493 GeV 3
|

200 300 400 500 1000
m; [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/

APTENZA Boosted Resonances NN

* Very-low mass resonances (<200 GeV)
produced with large Lorentz boost

- decay products collimated and reconstructed in
single wide-jet

' 1 wide-jet

e Study substructure of wide-jet
35.9 b (13 TeV)

- jet mass (removing soft radiation) = resonance mass £ 10°k ... B3 QCD (cfactor0.74) WM Singletaq)
S = CMS W(qq)+ets - %’qug m,, = 128 gexz
. . . > 07 t(qg)+jets - '(qq) m_, = ev]
- observables to identify two-prong jet substructure w10 - +iets e (stal) =
(n-subjettiness, generalized energy correlation 10° = signal- aastatttn, signal- I
functi()ns, . ) 10° ;g enriched depleted E;
= region region 3
QCD 107 rmer o gl R >z
signal 10°f =
background . :
- 3
/ r
. ,5 1.5 4
"(B' ¢_o'o..00000.oo.
= 1]- e D e SO, 3
S ost . | | |
E_ -0.3 -0.2 -0.1 0 0.4
) 5 . N; ,DDT
/% Example of generalized energy
- correlation variable (arXiv:1609.07483)

to identify two-prong jet substructure

Francesco Santanastasio 14


https://arxiv.org/abs/1609.07483
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 CMS analysis strategy

- trigger on single jet pT>500 GeV (anti-kt, R=0.8)
- tight requirement on two-prong substructure of wide-jet

- bump search in mass spectrum of the wide-jet

* QCD background estimated from data in signal-

35.9 fb' (13 TeV)

. . . > 450 T N B B LR B
depleted control region, created by inverting the 8§ 4 ECMS ¢ Daa W(qq)+jets E
. Lo - —— Total SM pred. .- Z(gq)+jets =
substructure selection ; 350 @4 Multijet pred. - Single-t/t’[(qq)+jets_f
- ngses (msp, pr) = Ryye(p(msp, pr), pr) ng - (msp, pr). 5 300 W 2(0) 9,017, m; =135 GeV 3
> = _ -
- transfer factor R = smooth function of jet mass and pr " ,50E % 1, Py 900-1000GeV - 3
200F- T =
« Signal extracted from simultaneous fit to signal and 150 E
control regions 1n 5 different jet pt bins (from 500 to 100 ;—W E
1000 GCV) 50 ;_ ' _;
0& TP P
Z 1.4 - - ; .
= 1.2 +$ ) !i*i ¢ + .
 W/Z boson peak well reconstructed g o4 A ?‘“;*m*#‘iw
: a g . . . ¢
- standard candle to validate search for new resonances g O 150 200 250 300
= Mgy (GeV)

Francesco Santanastasio

Jet mass [GeV]

¥ 1 wide-jet

arXiv:1710.00159
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-001/index.html
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 Small fluctuation at resonance
mass of 115 GeV

- local significance = 2.96
- global significance = 2.2c

- not sensitive to SM Higgs signal

in this inclusive dijet channel >’ 1

£
5 0.4
o . o 0.3
* Upper limits on coupling of Z© © o>
to quarks vs resonance mass .

- probe new mass and coupling

regions, not explored by 0.04
previous experiments 0.03
0.02

)

----- Expected

e +1std. deviation T el
+ 2 std. deviation .~ _

Lk

CMS 35.9 b (13 TeV)
o g —T T T [ T T ]
E - =
©
& 107" E
(_(;' 3 — Observed 3
3
1072 E
10° =
107 3 -
10—5 i 1 1 1 1 l 1 1 1 I 1 1 1 1 l 1 1 1 1 1 L 1 1 1
50 100 150 200 250 300
Z' mass (GeV)
35.9fb™ (13 TeV)
B I 1 I | I I I ‘/«' | I I I I l |
. 95% CL upper limits . ]
| —— Observed Le i

------- UA2 [13]
------- CDFRun1([18]
------- CDFRun2[19]

ATLAS 8 TeV, 20.3 fo™' [22]
—— CMS 8 TeV, 18.8 b [34]
—— CMS 13 TeV, 12.9 fb ' [35]
-~ Z width (indirect) [72]

50 100

Francesco Santanastasio

| 1 | | 1 | | 1 [
200 300 1000
Z' mass (GeV)

Results of Boosted Dijet Analysis *™*

arXiv:1710.00159
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 Set limits on leptophobic Z'—qq benchmark model

- 100% of decays to jets

- limits valid for narrow resonance (gq < 0.5)

e ATLASH+CMS covers a wide mass range
- from 50 GeV to multi-TeV

CMS Preliminary

Summary of Dijet Searches

35.9 fb" (13 TeV)

= o 0.45 | T T T T T | T T T T T T T T T ]
52 — Vector/Axial-Vector Mediator -
0.4—Tpu=0 —
— CMS 95% CL Upper Limits 9
0.35 — === Dijet Resonance Observed A
03 = Dijet Resonance Expected I
" |E === Boosted Dijet Resonance Observed -
025 Boosted Dijet Resonance Expected -
02— —
0.15— —
0.1 —
0.05 —
O : 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 :

50 60 100 200 300 400 1000 2000 3000
Myeq [GEV]

Francesco Santanastasio

Eaxial—vector — Yq Zq ZLQ_/V'UJ/VE)Q

Fqcf _ gnged (1 4 mg )%
axial—vector — 47 Mrzned
o)c- 1 1 I 1 1 1 I 1 1

Dijet+ISR (y), 15.5 b
ATLAS-CONF-2016-070
Dijet+ISR (jet), 15.5 fb™
ATLAS-CONF-2016-070
Dijet TLA, 3.4 fo™'
ATLAS-CONF-2016-030
Dijet, 37.0 fb™
arXiv: 1703.09127

0.35— ATLAS Preliminary March 2017
Vs =13 TeV;3.4-37.0 fo™

0.3

0.25

0.2

95% CL upper limits
ssnnm Expected
—— Observed

llllllllllll|llll|llll|lllll[llllll

0.15—
0.1 f_ y*, | <0.6
0.05
= L ] ) L T | ) ]
300 400 1000 2000 3000
m, [GeV]
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* Dijet and mono-X searches
exclude regions in DM-mass
vs mediator-mass plane

* IMpmMm < Mmed/ 2

- mediator decays to DM —
constraints from mono-X
analyses

- branching ratio to dijet
increases with DM mass

* IMpmMm > Mmed/ 2

- on-shell mediator cannot
decay to DM — no constraints
from mono-X searches

- 100% decays to jets — dijet
limits independent on DM
mass

Dark Matter Interpretation

)
INFN

C

- T8t vector = 22 (1 — 45 )
Simplified e
DM
model ) ) > 3
LSl vector = Z2grmet (1 — 47pa ) 2

CMS DM Summar

CMS Preliminary LHCP 2017

; 2000 LI I I LI I L I I /I UL I I I T T 1 1 I L I /I/l/ 1 /l 7 LI /I _
[0) . /o — 7 2
(5, 1800 Axial-vector mediator - My=2xmg, |—
< Dirac DM / -
E,31600 g, = 1.0 / Q. H=0.12 —
g'=0.25 / " =
» 1400 q / e —
% g = 0 / y Exclusion at 95% CL .
E 1200 ,/'// 4 = Observed =
. s —_
:30:) 1000 / = = =« Expected ]
© Dijet (35.9 fb™) _
& 800 % . [E;(O-16-056] —
v _____ Boosted dijet (35.9fb™)) —
— [EXO-17-001] 7
8 600 ___ DM+jNV(qq) (3591 | —
[EXO-16-048] .
400 DM+ y (12917 —
. . [EXO-16-039] _
! N DM + Z(Il) (35.9 fb™) —
200 ' : [EXO-16-052] .
0 1 1 1 1 l:. l 1 L 1 1 I; 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Mediator mass M__, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-001/index.html
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=xclusion in Different Coupling Scenarios /N7~
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. o . - —— —miss
 Exclusion depends on coupling assumptions = Dijet Er—+X |
Dijet 8 TeV ¥s = 8 TeV, 20.3 fb™! ET " +y¥S=13TeV, 36.1 fb"
.. ) Phys. Rev. D. 91 052007 (2015) Eur. Phys. J. C 77 (2017) 393
- 8q << Zpwm: dl_] et and mono-j et Complementary Dijet ¥§ = 13 TeV, 37.0 fo" ET**4jet ¥§ = 13 TeV, 36.1 b
arXiv:1703.09127 [hep-ex] ATLAS-CONF-2017-060
Dijet TLAYS = 13 TeV, 3.4 fo” .
2 2 94 ATLAS-CONF-2016-030 — Dilepton
o X gq .gDM Udi'et X —4d Dijet + ISR¥s = 13 TeV, 15.5b™ Vs =13 TeV, 36.1 fb™
MET+X I'iot J I'tot ATLAS-CONF-2016-070 CERN-EP-2017-119

gDM — 1, gy = 0.01

15 DM Simplified-Medei Exclusions ATLAS Preliminary July 2017 i o DM Simplifiedviodel Exclusions ATLAS Preliminary July 2017
- . v r 1 v r 7T . T ' " AEEEE e T '.," T TrirT
> - . % - 3 A
=, B _ =, n / - ©
2 I 1 8 I 7 1 E
o] — — © — —
= T - > T P - §
s i J R 4
()] n A E | Qt\g 7 . 8
03[ - 081 o 1 X
é\ /
" = - / . (7]
- - - N . ) - <
0.6 — 0.6 vertical bands in  — I:l
i i i dijetlimitsdueto 7 <
. i _ stat. fluctuations in _
0.4+ — 04+ | 5 observed limits —
- - L *5_ -
| J L |o 4
_ J L |& J
0.2~ 7 0.2~ Vector mediator, Dirac DM ]
il i gq=0.1,g|=0.01,gDM=1 i
| . L All limits at 95% CL 4
L PUR S T PR T " e PR S S PR TR SR T N SN SR RN SN N S S U SN ST SN S S S N S S
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Mediator Mass [TeV] Mediator Mass [TeV]

= pE—_——- -
_— e e e — —
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary

)
Dilepton Final State INFN

T

g 10 ATLAS ¢ Data §‘
e \s=13Te A fo? Lz
" Dielel::tar(:-n \é’e?a?cl fgelection EB?E)OS(;J : rks §
) ) 10° [ Multi-Jet & Wadets T I
e = GiMmea (1 y i )32 o ey S
axial—vector — = 127 M2 . 10° —Z,(5TeV) JX
10 @l
10
« DM mediators may also couple to leptons g
. . . § 1%; '_' w’“‘i’ﬂ;* " II T :é
* Search for new physics in dilepton mass §oE it T =
2= 14T — "
spectrum 6% 1 ; e
806k, e e I
- consider both ee and pu final state o Dieckon invarant Mase (G
* Dominant Drell-Yan background estimated from _ 1M Smpltied Mocel Excusions __ATLAS Proiary. /,_
NLO simulation P 5 " /
- NNLO QCD and EW corrections applied as "ol b / .
function of dilepton mass : [ ]
/

* Data 1n very good agreement with SM prediction
Axial-vector mediator, dirac DM ‘:
o

SERTSSUSIIEENESRERERr) o o o o 0 o o o o 0 o o o o 1 o o 1 o 1 . .

- set strong exclusion in DM-mediator mass plane '

Mediator Mass [TeV]
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* Direct Detection (DD)
experiments search for
the recoil of a nucleus
scattering off a DM
particle traversing the
detector

- scattering cross sections
depends on mediator
mass and couplings

e (Collider Iimits translated
1n cross section vs DM
mass plane

- collider searches more
sensitivity at low DM
mass (mpyv < 10 GeV)

7 Comparison with Direct Detection (DD) Searches [INF

L/,

Spin-Independent DM-nucleon scattering cross section

mediator-nucleon L
coupling for vector Z': f (gCI) T ng

med reduced Mp M DM

DM-nucleon mass: Hnx = (mn+mpar)

_37 DM Simplified Model Exclusions ATLAS Preliminary July 2017
1037E ——— —r — ——

‘E T\ T 3 = Dijet
o 38 = Dijet 8 TeV ¥s = 8 TeV, 20.3 fb"!
— 10 Phys. Rev. D. 91 052007 (2015)
S - Dijet ¥ = 13 TeV, 37.0fb!
Q 1 0—39 arXiv:1703.09127 [hep-ex]
8 3 Dijet TLA¥S = 13 TeV, 3.4 fb”!
c a0 ATLAS-CONF-2016-030
1
> 10 :E CRESST |l e = Dijet + ISR ¥5 =13 TeV, 15.5 fb"!
) C ET +X 3 ATLAS-CONF-2016-070
= —41
%) » — —miss
o Dijet 3 Er X
_42 ] Er +y¥s=13TeV,36.1 fb"
10 /\ \'g Eur. Phys. J. C 77 (2017) 393
s C \ ] ET*4jet ¥§ = 13 TeV, 36.1 b
10" F = ATLAS-CONF-2017-060
= ET*+Z V5 =13 TeV, 36.1 b
1 0—44 L ATLAS-CONF-2017-040
u == CRESST I
1 0—45 - arxiv:1509.01515v1
- — XENON1T
1 0—46 = arXiv:1705.06655v2
- Vector mediator, Dirac DM — PandaX
1 0—47 gq _ 0.25’ 9| _ 0, gDM -1 arXiv:1607.07400
ATLAS limits at 95% CL, direct detection limits at 90% CL —LUX
—-48 N | N NP | . . arXiv:1608.07648; arXiv:1602.03489
10

1 10 102 10°
DM Mass [GeV]

** Caveat: collider limits depends strongly on coupling assumptions

Francesco Santanastasio 21



. )
Future Analyses and DM Interpretations ~ INFN
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Xdijet — eXp(‘njetl — njetQD

* Wide resonances (I' >> exp. resolution)

CMS Preliminar 35.9fb" (13 TeV

- bump search (I’M = 30%) 5 A 13 1en

= 0 35 —&— Data ]

.. . = 0.3 swis NLO QCD+EW prediction =

- dijet angular analysis (I'M = 100%) > S cmm AT (Cl) = 13 TeV 3

i 5 F ----- Ar (GRW) = 10 TeV -

- analyses sensitive to 0.5 = g, = 1.5 B 02F - Mggx (__ = 6 ADD) = 8 TeV =
80455 | i — My (DM g, =1.0) = 4.5 TeV| I'mea/Mmea~50%

- final results on DM interpretation to be released 2 o T M, > 6.0 Tev
soon N
0.1

;'jl

* Final states with b-quarks

- spin-0 mediators have larger coupling to b-quarks
than light-quarks (as Higgs)

.............................

III IIII

- some results ready but DM interpretation in
progress

CMS-PAS-EXO-16-046

« Low-mass region (new experimental methods) s S
0.1:__ 24<M <30TeV
- jet substructure in scouting / trigger level analysis T e R S
o 4 6 8 10 12 14 _ 16
X ijet

Francesco Santanastasio 22
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* Collider searches are complementary to
direct and 1ndirect dark matter detection
experiments

Sl
0-DM-nucleon [cmZ]

« Searches for dijet resonances in ATLAS
and CMS cover a wide range of mass and
coupling

- Mped > 50 GeV, 0.1 = gq= 0.45 (Z° model)

« Trigger strategy plays crucial role
- different methods to probe low-mass region

- trigger-level analysis and ISR tagging

* No discovery yet, but searches with more
data and new experimental techniques can
hold surprises

- keep and eye on CMS excess at 115 GeV

Summary

CMS Pl’ellmlnary LHCP 201 7 CMS observed exclusion 90% CL
10_35 T T T T T TTT] T T T T T Vectormed‘.DiracDM;gq=0‘25.gw=1.0
107% Boosted dijet (35.9 o)
[EXO-17-001]
-37
10 \ ____ Dijet(359m™"
a8 ’ [EXO-16-056]
10°% ) — A
30 <\ \ DM+ WV, (359 107)
10 ;\ N [EXO-16-048]
P
104 DM+ y (129 fo™)
» [EXO-16-039]
10
— DM +Z, (3591b7)
10742 [EXO-16-052]
1 0_43 DD observed exclusion 90% CL
_____ CRESST-lIl
1 0—44 [arXiv:1509.01515]
CDMSlite
107 T [arXiv:1509.02448]
PandaX-ll
46 e [arXiv:1607.07400]
10 LUX
10-47 Ll 1 Lol 1 Lol [xaé)':i;:zl;ﬂ07648]
» 10 102 0° =" [arXiv:1705.06655]
Dark matter mass m ,,, [GeV]
Your PLAaN
REALITY i

Francesco Santanastasio

23



SAPIENZA

UNIVERSITA DI ROMA

Backup

Francesco Santanastasio



SAPIENZA

UNIVERSITA DI ROMA

Dijet Mass Spectra
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£ CMS Preliminary 27 fb" & 36 fb”' (13 TeV)
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Dijet signal shapes ok
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* Gaussian cores from the jet energy
resolution, and tails towards lower mass

values primarily from QCD radiation CMS
N . . Wide-jet
- Resonances containing gluons, which emit Radius=1 1
QCD radiation more strongly than quarks, o
have a more pronounced tail
* For the high-mass resonances, there 1s also S 8.5 |13 Te\:
a significant contribution that depends both 2 [ CMS qa. 9g: RS Graviton
on the PDF and on the natural width of the S 31 Simulation Preliminary ~ag: Excited quark
Breit—Wigner resonance S o Wide Jets
] . > TV <2 <1 ]
- For resonances produced through interactions - - Nl <25, <13 3
of non-valence partons in the proton, the low- _&J 21 — quark-quark -
mass component of the Breit—Wigner © N q:’:g ::9:322 ]
resonance distribution is amplified by the rise c§> tor v T JHOT9 E
of the parton probability distribution at low =z - }
fractional momentum. 1;_ E
* Neglecting the tails, the approximate value 0.5F ~
of the dijet mass resolution varies with A o > . W A\
resonance mass from 7% at 1.5 TeV to 4% 092" 3 4 6 7 8 9
at 7 TeV. Dijet mass [TeV]
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» Search for boosted H(bb) + ISR jet g
- leading wide-jet (AK8) with pT>450 GeV and |n|<2.5, no MET, no -
leptons
. . . A Y Double b-tagger used
- H-jet candidate has requirement on two-prong substructure + b- CMS-PAS-BTV-15-002
tagging properties consistent with H(bb) signal — 30% eff, 1% mistag

o B
* QCD background estimated from data in signal-depleted control g
region, created by inverting the b-tag selection

- n3es (msp, pr) = Rp/¢(p(msp, pr), pr) s (msp, pr)

- b-tag variable almost uncorrelated from jet mass and py

35.9 fb' (13 TeV

4~

380001—"C'N'IS"""""G'V""W' s I
. . . — 450 <p_< 1000 GeV =~ ---- 7
 Signal extracted from simultaneous fit to signal and control N g mgger z = 5
. . . . . - L . ) aee it _ .
regions in 6 different jet pr bins (from 450 to 1000 GeV) 2 soooi— passing region o E §
* H signal generated with POWHEG (gluon-gluon fusion) 2 5000 = o) - §
- factorized pT dependent corrections to account for finite top mass 4000 - = ®
effects and NNLO effects — 30% uncertainties on cross section in pT 3000 3 E
range considered = ]
: .. , 2000 - -
 Start being sensitive to H(bb) signal, observed Z(bb): 1000k E
e - ey -
H H no pr corr.s Z : 0 Eebmtmsedemeitd T e T AN
- +1.8 \ 422 ' +0.23 = R
Observed 51gn.a1 strength 237 3.275% + 0.787070 4 %
Expected UL signal strength <33 <41 — HE = f
Observed UL signal strength <58 <72 — i
Expected significance 0.7c__ 050 _ 580 S8 T%0 80 80 100 12q 140 160 180_ 200
Observed significance 1.50 | 1l.60 . 510 Msp (GeV)
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2D imprint of
jet on
calorimeter
surface

Background
from jets is
~10° larger
than signal
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Boosted signal identitication ™™
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Jet substructure NN
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* Jet invariant mass /
, Mgt 9/q Mg~ My .
QCD-jet = small mass ~my~0 / ~ 80 GeV
— W-jet 2 My, ~ 80 GeV |
* Jet pruning ,/ \
— Clean jet from extra hadronic activity in event
— Also remove soft part from hadron shower " M L
E | SimUIation e SM Higgs, m = 600 GeV
- ! .
Z', ' ‘ - ungroomed jet mass
Waedets, MadGraph«Pythiat
& | | Background -
.-5 2 | ungroomed jet mass
©

0.1|

0 50 100 150
pruned jet mass
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Jet pruning

INFN

* Re-cluster jet constituents (using C/A or kt algorithm)

applying additional requirements at each [1,j] recombination

B min(p; ;,Pr ;)

>0.1 M

or |AR; <05

Pr+j Pr jer

Filter out soft and large-angle
QCD emissions (1.e. pile-up)

Pruned jet mass
— Good separation between W-jet and QCD

veto soft and large

[:][__]J 3[:] angle recombmnnonsl‘ TN [:][—J 3[]
8058, )y [\ ) — [ g5 0
; d "poo Corer N N\ / ; L

o MINPLPLYP € Zewe N WV
rq D or dy > re=2m/pT [f D
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CMS Preliminary Simulation, \s = 8 TeV, W+jets
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S Nsubjettiness >
* Topologial compatibility with hyp. of N subjets .
* Re-cluster jet, halting once reached N subjets : . )
* Ty :prweighted sum over jet constituents of L .g:D h
distances from closest subjet axis |

1 :
Ty = d—zp” mln[ARl,k,ARz,k,...,ARN,k]
0 k

* Di-polar structure: t,/t, ratio

— Fairly good separation between W-jet and
QCD after pruned jet mass cut

Francesco Santanastasio

Normalized Distribution
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CMS Preliminary Simulation, \s = 8 TeV, W+jets

X — W, W,, Pythia6

CAR=0.8 .

~ 250<p <350GeV T + <PU> =22 + sim. |
<24 + <PU> =12 + sim.
60 < m, < 100 GeV Wi+jets, MG+Pythiab

+ <PU> = 22 + sim.

------- + <PU> =12 + sim.
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¥  Calibration of Jet-substructure Observables  INF
SAPIENZA et
» Use known processes to calibrate i 4
and test jet substructure algorithms W J
- W bosons from top pair production S —
[t

« Measure data/MC scale factors

- jet mass scale (few % uncert.)

—

o
o A

TTT
o

- Jet mass reSOIUtiOIl (NS% uncert.) 35.9 b (13 TeV)

T T l T T T T T T I | ]

+ Data :

900 CMS s TotalMC
- — Simult. data fit

- — Simult. MC fit ]
800 — Data (peak) =
e — VI (peak) -

C —— Data (continuum) -
700 ' — - MC (continuum) ~ =

- efficiency of two-prong substructure
(~10% uncert.)

Events / 5 GeV

* Measurement extrapolated at
higher pT (>500 GeV) than what
measured 1n data (~200-300 GeV)

- pT dependent corrections based on ] ; __ ]
simulation studies (i.e. comparing et e
different parton shower algorithms) Qo

Jet mass  ms(Gev)
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Calo Scouting »

250 GeV 450 GeV

Rate estimates assume a
luminosity of 7e33 cm2 s-1

i HT > 250 GeV: Scouting with calo-jets

» Peak rate: 3.8 kHz (too high for parking)

Parking HT > 450 GeV Parkmg
Peak rate 420 Hz
S Bl Scoutlng»

HT > 450 GeV: |
Scouting with PF candidates
e Peak rate: 420 Hzr

B HT (GeV)

$ (Not to scale)
800 GeV

*

Lowest unprescaled HT trigger
6
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Event Content
e Calo Scouting

* Four-momenta of Calojets with pT>20 GeV

» Vertices (when available), “opportunistically”
from other paths in the trigger table

* Event information
* energy density p (for pile-up subtraction)

* Missing transverse energy

 PF Scouting

* Four-momenta of relevant physics objects
* ¢, |, YV, PRJets, PF candidates, vertices

* Event information (as for Calo Scouting, but with
tracking) 4
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CMS Data Scouting (2) 2, NN

o)
\y

Calo Scouting 7
%

AK4 Calo Jets

Vertices
(opportunistically saved)

P

Typical size: 1.5 kb

PF Scouting

PF Candidates

AK4 PF Jets MET

Vertices P

Y

Typical size: 10 kb
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\ ' INFN
S Jets at Trigger Level X
 Compare HLT jets vs offline reconstructed jets
- jet energy scale agree at % level after corrections

- jet energy scale uncertainties about factor 2 larger (still < few% in
whole pT range)
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