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Physics Motivation

» Standard Model of particle physics incomplete theory
= Extensions of the SM predict the existence of new particles at the TeV scale

» Resonance searches:
= Most solid way to discover New Physics
* Resonances are fully reconstructed
e Small systematics
 Difficult to imitate for a background

» The searches for new resonances decaying into jets are among the most important
ones at LHC

. (.
If a resonance is produced it must couple
by a proton-proton to quarks and
collision gluons
qorg qorg \_
X

qorg qorg



Summary of searches

» Data collected by CMS in Run2 @ 13 TeV:
* 2015 Integrated luminosity = 2.7 fb!
» 2016 Integrated luminosity = 35.9 fb!

» Searches with jets in the final state discussed in this talk:

Method | mnayis | umi | Reference

Dijet 35.9 fb'! CMS-PAS-EXO-16-056
Boosted dijet 35.9 fbo'! CMS-PAS-EX0-17-001
Pairs of dijet 2.7 fb! CMS-PAS-EX0O-16-029

(boosted regime)

& - Xgie analysis 35.9fb1 CMS-PAS-EXO-16-046

» New results for Dark Matter interpretation



Bump search: Dijet analysis strategy

» Trigger requires HT = Ep;et> 900 GeV

Jjets
* Trigger fully efficient at m;;>1.2
TeV

» One fit function for the whole high-mass
range:

do po(l_x)p1 X = 1
dm, P-Plog® Js

> No excess of events observed
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Bump search: Low-mass Dijet analysis strategy.

Data transfer rate [kB/sec] = event rate [evt/sec] X event size [kB/evt]

© o
=5
2 e V,
Acceptable High-mass
event rate | LOW-
mass .
1.2 Dijet mass [TeV]

» Trigger HT > 250 GeV
e Trigger fully efficient at m;; > 500 GeV

» Data Scouting: Reduced data format
* Jets reconstructed at trigger level
» Specific jet energy correction to take into
account the different reconstruction

» One fit function for the whole low-mass range:

p,
do _ Po(l—x)
dm; xp2+p310g(x)+p410g(x)2

(Data-Fit)
Uncertainty

do/dmjj [pb/TeV]
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> No excess of events observed

1.8
Dijet mass [TeV]
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Bump search: Dijet search results

» Different signal shape as a function of

10° CMS Preliminary 27 b & 36 fb™ (13 TeV)
m— I|II!I|IIII|IIII|IIII|IIII|IIII|IIII
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Bump search: Dijet Boosted

» Search for light narrow vector
resonances decaying to quarks (Z
production)

’

» Boosted regime: New particles not produced at rest
* Its product partons will be boosted and fragmentation will be
collimated forming one single large jet
 Compared to regular QCD jets, this jet will contain internal structure
* Discriminator variable based on jet substructure
» ISR jet produced in association with the resonance

» Dijet Topology: 1 jet with a substructure + 1 jet

» Complementary approach to the Data Scouting
* Allows to probe mass region below 300 GeV



Bump search: Dijet Boosted results

CMS Preliminary

35917 (13 TeV) . . .
3 ' 3 » Search performed in bin of jet p;
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2 20 = » Data-driven background estimation using
s E control regions
100 —
50 .
-1 R ks N » No significant excess observed (@ 115 GeV local
E . oo . .
£ 12 S TE s + significance 2.90, global 2.20 deviation)
3
D bpmpier o ldely bt
g os ™ 4 I # 5 CMS Preliminary 35.9 b (13 TeV)
100 150 200 250 300 31 E T I‘,"I T T | T T T T | T T T T | T T T T | T T T T | T E
AK8 mZg™ (GeV) e —— Observed ]
» First search for dijet resonances @ 3 [Rome. e Expected ]
° [ =1 std. deviation
mass < 100 GeV at CMS § + 2 std. deviation i
© 10 — .o theory, gq=0.17 =
o ) , - PR theory, g, = 0.08 .
» Upper limits on cross section fora Z - .
production I e, ]
’ : 10° ’ -
» Z' model can decay also in Dark = e ]
Matter particles i TS ]
" M |||||||||||||||||||||||'T"'l~||
* Dijet Boosted results constrains 50 100 150 200 250 300

Dark Matter search (next slides) Z' mass (GeV) °



Bump search: Pair-produced dijet

» Stop pair production predicted by SUSY

> Boosted regime:

Topology: two jets with large cone
size and an internal structure
Discriminator variable based on jet
substructure

» Analysis performed with ~3fb! of 2015

data

> No excess of events observed

» Set limits for stop pair production
assuming a 100% branching ratio into
two light quarks from 80 to 240 GeV
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Angular search: Xt

» Probe parton-parton scattering angle:

> Xaije: relatively flat for leading QCD
process

» New Physics will change the Xy
distribution at low X e,
* Extra Spatial Dimension
* Quantum Black Holes production
* Quark Contact Interaction
* Dark Matter Search

analysis

» Angular variable:

_ alY17Y2 ~
Kdijet =€

/o do/dy e

- 1+lcosO |
1—lcosO |

Rutherford Scattering
-=== QCD
- New Physics
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Angular search: X4:... analysis results

; : CMS Preliminary 359" (13 TeV)

E —+4— Data ]
= === NLO QCD+EW prediction =
= —mmems Af (CD=13TeV =
o A; (GRW) = 10 TeV ]
SR e Mgy (n_, = 6 ADD) =8 TeV E
= ; Myeq (DM g, =1.0) = 4.5 TeV =

M, >6.0 Tev =
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Xdijet

Analysis performed in dijet mass bins

Data unfolding
e Data brought to the particle level

No excess observed

Improved lower limits on theoretical models
with respect the previous results

Observed (Expected) limits on Quantum Black
Holes:

Mggy, (ADD) = 8.3 (8.7) TeV

Mgqgn (RS) = 6.0 (6.5) TeV
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Dark Matter interpretation

» Results from v Mono-X Searches DMqorg Dijet with DM mediator /2
* Dijet bump search 7 / Z
* Dijetangularsearch N ________
\ qorg/
DM

 Dijet Boosted search \o, "
» DM mediator can decay to dijets or dark matter pairs

can be interpreted for Dark Matter search
» Set limits on the DM mediator in the plane (Mediator mass, DM mass or quark coupling)

q
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Conclusions

» Searches with jets in the final state with 2015 and 2016 data collected by
the CMS experiment were presented

» No evidence for new physics observed so far
» Many analyses have to be performed with the full dataset
» Interpretation for the Dark Matter search

e Searches with jets in final state complementary

* Covering as much as possible the phase-space (mass and width)

» Looking forward for the next years of data

EPS Conference on High Energy Physics
Venice, Italy 512 July 2017
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Total Integrated Luminosity (ib')

CMS Luminosity
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Experimental point-of-view

» Quarks/Gluons hadronization
Collimated bunches of high-energy

hadrons
Partons into jets by clustering

algorithm

» Sub-detectors mainly involved in jet
reconstruction:

Tracker
Electromagnetic calorimeter

Parton level

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g.Neutron)




Dijets final state

Resonant Signal QCD Background
q,9,9 q,q,9 q,0,9 q,9,9
>L<
2.9,9 94,9 q,9,9 q,9,9

» Search for a bump over a falling
spectrum

» Background t-channel, signal s-channel
» Different angular distribution that
can be exploited to search new
particles

17



Dijet bump search: Cross section limits

CMS Preliminary 27 fo'& 36 b (13 TeV)
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» Cross section upper

limits on qq, gg, g8
resonances

» Cross section upper
limits on RS Gravitons
(o limit is sum of qq
and gg limits weighted
by the RSG branching
fractions)
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Multijets: Pair-produced dijet

» One of the possible models BSM that predicts dijet resonances pairs in the final state

is R-Parity Violation-SUperSYmmetry (RPV-SUSY), described by the superpotential:

W = 2Nk LiLEE + N LiQuDf + 5 NgUSDDE + piLiH,
Under RPV, it is possible that one of the P g
couplings (A) have a non-zero value. :
TZ'* q'
For hadronic RPV, each RPV stop decays - }\.
into a pair of quarks via the UDD coupling. ~- 312

t
Benchmark model:
Pair production of hadronic RPV stops P pog’

decaying into two light-quarks via the
coupling A”;,,

19



Jet substructure

CMS simulation Preliminary (13 TeV)
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Bump search: Pair-produced dijet results

. CMS Preliminary 271" (13 TeV)
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21



Dijet angular search theory

> Quark Contact Interaction:

Quark compositeness interaction represented as Cl terms:

27 _ _ _ _ _ _
Laq = 57 [mL@r"qu) (@) + 7re(@r7"qR) (@ 7pqr) + 27R0 (G 7 qR) (AL 70qL)]

» Large Extra Spatial Dimensions (ADD model):

* Virtual Kaluza-Klein graviton exchange processes modify 7.

Xgijer distribution

and HLZ (Han, Lykken, Zhang)

> Quantum Black Holes:

* Two benchmark scenarios: ADD with 6 extra dimensions
(ADDG6), RS with 1 extra dimension (RS1)

Parameters: black hole mass, number of extra dimensions

» Dark Matter Intepretation:
* 7' mediator with g, = 1 and mg,,= 1GeV

Two parameterizations: GRW (Giudice, Rattazzi, Wells) /%!

A (711, RR, WRL)
AiL (£1, 0, 0)
Age | ( 0,£1, 0)
Aiv (£1,£1, £1)
Axa | (FLELF)
Ay_ay | (0 0,£1)
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Angular dijet search: Analysis strategy

NLO QCD+EWK
Data @ Detector Level Correction, CI and ADD
l Calculations
Negligible non-perturbative
Unfolding of effects due to hadronization
detector effects and multiple parton
interactions
| v
NLO QCD+EWK
Data (@ Particle Level Correction, CI, ADD @

\ Particle Level

Comparisons with Theory,
Limit Setting

23



Dark Matter Theory
Assumed a particular theoretical model: ‘1 2 /DM q”\ 2

/org
\

Dark matter mediator (Z’) can decay into > --—-—"—-—-
DM particles or into dijet final state \ qorg/ qorg
q DM
Total width: Partial widths:
2 2 3/2
v _ 9oMMmed mpm
X 7 % = 1-4
% = XY + 3 x Z %, AV 127 ( MI%led)
q=u,d,s,c,b,t qu B gnged (1 A mg )3/2
AV = -
41 Mﬁled

» Sensitivity at mg,, and m_ ., with dijet final state
» The exclusions computed for an universal coupling g, = 0.25 and g, = 1.0

» DM-nucleon scattering cross section:

N2 /(1TeV\*/ u 2
. oar ~ 6.9 x 107 cm? . (gquM) ( i )
vector: S1 025 ) \Mpea) \1GeV

4
. SD ¢ 1n—42 2 gq 9gDM - 1 TeV & ny 2
] : ~ 924 %x 1074 cm? . ( ) ( )




Dark Matter interpretation

» DM mediator can decay to dijets or ’ Mono-X Searches o g N Jet With DM mediator £
dark matter pairs 7 Z
» Set limits on the DM mediatorinthe )= =—-—---
plane (Mediator mass, DM mass or \ qorg qorg
quark coupling) a DM
Dijet search Angular analysis
27 fb-1 & 36 fb—1 (13 TeV) CMS Pfel/mlnafy 35.9 fb_1 (13 TeV)
—O" 0.45_I|IIII|IIII|IIII|IIII|IIII|III[|I 0,5'1_4_l|"|"ll|l"l|lllI|llll| 1 'g
S0 - CMS Preliminary ~ Vector/Axial-Vector Mediator : EE
8) 0.4 E_ 95% CL upper limits 1.2—_mDM =1GeV, gDM =1.0 0.8 =
%_ 035 Observed B
3 EEETEEEEE Expected -
8 0.3 I + 1 std. deviation L g=1.0 4 B
= [ +2std. deviation - ' 3
0.25 i y 08 =
R S - e 1
0.15;“}}{[;;\.‘=0 _f 0-6: _:
0 15_ _E 04— 95% CL upper limits __0_1
Tk 7 i —— Observed i
- P 3 L e Expected
0.05 = rerg\gs : nﬁ{égsg = 0.2— [ Expected + 1o
O:| I L1 1 1 I L1 1 1 | : L1 1 | L1 11 | L1 11 | L1 11 | I: : ExPeCted izc
500 1000 1500 2000 2500 3000 3500 Lo b b b b b by
Z' mass [GeV] 2500 3000 3500 4000 4500 5000 5500 6000
M, [GeV]
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Quark coupling

Coupling g,'

g, quark coupling without DM
g, duark coupling with DM decay

Z’ only couples to quarks

Dotted horizontal lines = the coupling strength for
which the cross section for dijet production in this
model is the same as for a DM mediator

If Moy > M ea/2 2 8, =8,=0.25

If mp,, =1 GeV (indistinguishable from 0)

0.05

27 tb'& 36 b (13 TeV)
T | T 1T | T 1T T

IIII|IIII|III
CMS Preliminary
95% CL upper limits
Observed

------- Expected
[ + 1 std. deviation
[ ] +2std. deviation

Moy > Myoy / 2

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

mDM=O

'
—!—
T

Low | High
mass ; mass

III[|IIII|IIII|IIﬁI|IlII;

_IIII|IIII|IIII|II

I L1 1 1 I | - [ L1 1 1 I | I L1 1 1 | 11 1 1 I |
500 1000 1500 2000 2500 3000 3500
Z' mass [GeV]

8

g'q=\/1+1

6/GN )

Where N; is the number of flavour contributing to the width = 5+\/1_4mf/M§M

of the resonance
8y = 0.25-=> gq’ ~(0.182
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Dark Matter interpretation and Direct Search

b Dijet with DM mediator
qorg 7 qorg

» DM mediator can decay to dijetsor ¢
dark matter pairs (leptophobic)

Mono-X Searches

ZI
> Set limits on the DM mediator in the e _—
plane (DM mass, DM-Nucleon cross o
section)
C\.I_‘ _CMIS IPrIellilminalrvl TTTTTT T |2|7 ;ftl)-l‘il || 36|fb-|1 |(1|3| I-II—$V)_ ('\l_l CMIS Iplrle!iminalryl TTTTIT I T T ;ftl)|1ll% 36 Ifb|1 |(1|3| T SV)
5 10°%7 - Excluded 90% CL > 5 103
- ___ PICASSO 3
§ n arXiv:1611.01499| " _ § B
94038  SuperK(bb) - 310
;1 0 = arXiv:1503.04858 E §
a5 - ___lceCube(bb) Superk (bb) : _s
© | 39| arXiv:1612.05949 ] ISR T
1077 iceCube(t) cocue ) ©
= arXiv:1601.00653 -
- ___ PICO-60 . 1074
10740 arXiv:1702.07666 -
= PICO-60 =
CMS (dijets) 3 10-42
B Excluded 90% CL
10 - |
10 8T .
= CRESST-I 3
10—42 Z arXiv:1509.01515 ]
104 L ___ cDMSIite _
= arXiv:1509.02448 3
- PandaX-Ii 2
107% e arXiv-1607.07400 Pandax-Il 2016 -
= LUX E
= T arXiv:1608.07648 LUX 2016 -
10—44 | l||||l|| | | l|l||l| | l||||l|| | |l|l|||| 10—46 | | ||||||| | | ||||||| | | | |||||||
107! 1 10 102 ° 107 1 10 102 ¥

10 10
My [GEV] Moy [GeV]
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ATLAS Dijet results

Dijet bump search and Dijet angular analysis

Model 95% CL exclusion limit

Observed Expected

(ADD) Quantum black hole 8.9 TeV 8.9 TeV
w’ 3.6 TeV 3.7 TeV

W 3.77 T:if ;r :e;;s ov 0TV

Excited quark 6.0 TeV 5.8 TeV

Z'(gq = 0.1) 2.1 TeV 2.1 TeV
Z'(gq=0.2) 29 TeV 3.3TeV
Contact interaction (7, = —1) 21.8 TeV 28.3 TeV
Contact interaction (7 = +1) 13.1TeV 15.0 TeV

17.4 TeV —29.5 TeV
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ATLAS/CMS Dark Matter interpretation
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- ATLAS 1 ] ©0 o4l CMS Preliminary
- s=13TeV,37.0fb i g "'C 95% CL upper limits
025 __ Observed 95% CL upper limit = Q 035} Observed
= . o O . 8 SEETEELEE Expected
- N\ Expected 95% CL upper limit %\\},\ . 3 0.3 [ + 1 std. deviation
0.2 \§\\\\\ ] =[] +2 std. deviation
B N i 0.25} S
0151 = 02 i =
" ] 0.15 —
01 __ __ 0.1 :_ _:
- N 0.05F Low | High =
0.05 I I I I = = mass } mass 3
: Ol b b v b b e b T
1.5 2 25 3 3.5 0°500 1000 1500 2000 2500 3000 3500
m,. [TeV] Z'mass [GeV]

» Upper part excluded
* Uptog,=0.5(searches valid for narrow resonance)
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