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Search for New Physics
with Dijets at CMS
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* Dijet mass resonances
— 100 <m; <300 GeV
— 0.5 <m; <1.25TeV
— m;; > 1.25 TeV

* Dijet angular distributions
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Jet Reconstruction

Use “anti-k;” clustering algorithm

* PF-jets are reconstructed and identified using (H:I(fjl-s\:_ers
particle flow technique, which utilize an optimal
combination of all information of CMS sub-
detectors ECAL
Clusters
e (Calo-jets are reconstructed using only information
from the calorimeters Tracks

» Jet energies are calibrated and corrected with a
multilevel approach
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CMS

Search for D1jet Mass Resonances

! *  Look for bumps above fit of the QCD dijet
1‘} X T & background

* Search is performed in the dijet invariant mass
region where trigger is fully efficient

1(3’ 7'3'

Signal from PYTHIAS

+ CMS simulation
e  Search for narrow resonances

— Nature width << dijet mass resolution

*  Numerous New Physics models can be probed
— String resonances from string theory
— Exited quarks from quark compositeness

— Diquarks from grand unified models

— Axigluons, Colorons, and Color Octet
Scalars

— Heavy W and Z boson W'and Z'

— Qravitons from Randall-Sundrum model
extra dimensions

Background
from fit to data

choose threshold when
trigger fully efficient

— Dark matter mediators
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CMS

* Use scouting trigger to search for new physics in the phase space not accessible via

Trigger Selection

Main data stream

Data scouting

: (Low p jet
(All CMS trigger) g
Rate ~1 kHz ~4 kHz
Full Reduced
Eveuooniont (PF-jets) (only Calo-jets)
Trigger threshold HT 900 HT 250
m;; threshold when 195 TeV 490 GeV

fully efficient

standard trigger selection

* Explore dijet mass spectrum with m;; > 490 GeV
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CMS,
Event Selection

2 0.07F
* Two AK4 jets, pr > 30 GeV, n| <2.5 5 ¢
Q 0.06 .
9 - ag — GHS d!
* 0.05) M, =5 TeV
* |An| < 1.3 to suppress t-channel QCD background - — anti k; R=0.4 jets
0.04;— — Wide jets
* Hard QCD radiations are included (wide jets) °'°3;_
— If the neighboring jets of the two leading jets 0P
are close to the two leading jets: 001
AR = \/(AT])Z + (A(P)Z < 11 057000 2000 3000 4000 5000 6000 7000 8000 8000 10000
the neighboring jets are added Dijet Mass [GeV]
— Dijet mass resolution improved % 0121
g f .
o 0.1_— qq_)GRs_)”
“ F Mg =5TeV
0.08— — anti k; R=0.4 jets
B — Wide jets
0.06_—
0.04
0.021—
0:" lllllll Lo by by b g o Ly 0 oo o Ly

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Dijet Mass [GeV]
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_ 27 b (13 TeV) . 36 fb™ (13 TeV)
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CMS
Model Independent Limats

108 CMS Preliminary 27 fb' & 36 fb™' (13 TeV)
m— T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T E
'8_ ————— String ]
—1 04 — - - Excited quark =5
<E \\ --------------- Axiguon/coloron .
X 103 N — — Scalar diquark -
o) of .. ——— Color-octet scalar (k= 1/2) 3
10°E N B W E
g ”‘ s Mo . . 7 E
10 EE. ) \ AR S DM mediator 5
o[ 3 AN Sey e RS graviton 3
1 ) E
107E Y N :
102F :
3 - 95% CL limits

10 E —— gluon-gluon

1 0-4 L — quark-gluon
= —— quark-quark . \
1 0_5 | | L 111 | L 111 | L 111 | L 111 | 1 11 |\|‘ [ S| | 1114 |

1 2 3 4 5 6 7 8
Resonance mass [TeV]

CMS-PAS-EXO-16-056

* Model independent cross section limits on gg, qg, and qq resonances
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Limits on Dijet Mass Resonances

Model Final State | Observed (TeV) | Expected (TeV)
String qg 7.7 7.7
Scalar diquark qaq 7.2 7.4
Axigluon/coloron qq 6.1 6.0
Excited quark qg 6.0 5.8
Color-octet scalar (k2 = 1/2) gg 3.4 3.6
w qq 3.3 3.6
7/ qQd 2.7 2.9
RS Graviton (k/Mpy, = 0.1) qq, g¢ 1.7 2.1
DM Mediator (mpy = 1 GeV) qq 2.6 2.5

* Most stringent limits on a variety of new physics models
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Limits on Z-quark Coupling

-1 -1
- O“ 0.45 :l | T T T T | T T T T | T T T T | T T T 2|7|fb| I&I 3|6 |fb| |(1|3 ITleVI)
o0 - CMS Preliminary
o 0.4 _
(e = 95% CL upper limits
ol 0.35 Observed
8 RIIREEEEEE Expected
O 0.3 B = 1 std. deviation
- [ ] =2 std. deviation =
025 gy R y
0.2F —
T —r - J
015 =
0.1F E
0.05 Low | High -
C mass E mass E
O :I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
500 1000 1500 2000 2500 3000 3500
CMS-PAS-EXO-16-056 Z' mass [GeV]

e Limits set on the universal quark coupling gq' of leptophobic Z' as a function of the
mass of Z'

e Limaits for g "are used to constrain dark matter mass as a function of the mass of the
mediator for dark matter-quark interaction
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Dark Matter Interpretation

L
27 " & 36 fb” (13 TeV) Mono-X search
- U 0.45 :I | LI | LI | LI | LI | LI | LI | T
o0 - CMS Preliminary
(@) 0.4 .
c = 95% CL upper limits
%_ 0.35F Observed
8 SRRITEEE Expected
O 0.3 + 1 std. deviation
- [__] =2 std. deviation -
0.25F- g s
0.2 — 2
— I e D R . rX% gDMMZ (1 4 3
0.15 = - axial-vector 127 M2
0.1F . E )
= T - Dijet search
0.05 Low : High ]
= mass E mass E
0 :I | 111 | 111 | 111 | 111 | 111 | 111 | 1 1
500 1000 1500 2000 2500 3000 3500
CMS-PAS-EX0-16-056 Z' mass [GeV]

*  Benchmark model: axial-vector mediator

Laxial-vector = _gDMZ;;X'Y#'YE')X — Yq Z Z;LQ_'YM'YESQ g _ gzM (1 4 m; 3/2
q=u,d,s,c,bt axial-vector At M2
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Dark Matter Limits

Mono-X search

CMS Preliminary 27fb'& 36 b (13 TeV)
- | I 1 1 1 | ’ 1 1 1 | T T 1 1 !‘. T T T T T I 1 I | 1 T 7 1 l @ d' ) ! I o | I T _]
% 1600 — : ' o
S r -
s 1400 — —
[m] — —
£ - oM .
1200 [ ‘(\(L 7/ ,,,,,;;/.?"/" —]
- Qo ]
1000 — 2 \ Axial-vector mediator —_|
B } Dir,ac DM ]
800 — 7 ]
- "gq =0.25 . ~ M 2
- ‘g =10 1 gDM Z (] - 4 Mowm 312
600 — ;DM ’ ] axial-vector 12 M2
= Dijet 95% CL 1 T
400 — —]
- | — rv - ..
200 : Observed - - Dijet search
o A / ---- Expected 7
_Ll"“l'l..l‘ 1 l L1 1 I [ R | I { I N | I 111 l; L1 1 I [ N | l J:
% 500 1000 1500 2000 2500 3000 3500
CMS-PAS-EXO0-16-056 Myeq [GEV]
 Benchmark model: axial-vector mediator
/) — I~ 2 m?
Laxial-vector = —9DMZ, XV V5X — 9q E - Z,a7"sq . M, [ m
q=u,d,s,c,b,t axial-vector 4J'E ( M;
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CMS

Search for Light Dijet Mass Resonances

Fat jet

Search for leptophobic 7' decay to dijets in range 100 GeV <m; <300 GeV
— Never probed at the LHC

Require a high p; jet produced in association with the Z'

— Provide enough energy to exceed trigger threshold

Require Z' to be reconstructed within a single fat jet
— Reduce combinatorial backgrounds
— Search for Z' in the jet mass distribution
— AKS jet pr > 500 GeV

Analysis presented corresponds to 2.7 fb! data
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Results

MS Preliminary 2.7 " (13 TeV
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—o— data

8 QCD Pred.
—— Total SM Pred.
— W(qq)

— Z(qq)

------- Z(qq), g, =1

m,. = 135 GeV
B -
£~ 827y a0t

llI|lIlIIII|lII|Ill|IIII

M I

H | 1 b
50 100 150 200 250 300

50 100 150 200 250 300
CMS-PAS-EX0-16-030  Soft drop mass (GeV)

Jet mass distribution in range 50—
300 GeV

— Use soft drop groomer to
remove soft and wide angle
radiations

W and Z peaks are clearly visible in
data

— Use N-subjettiness ratio to tag
2-prung jet substructure

No sign of narrow resonance found
in range 100-300 GeV range
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Limits on Z-quark Coupling

CMS Preliminary 2.7 (13 TeV)
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..... expected r gB "
- Observed : ~

expected 20 6 ZB VLI')’ q
m expected 1o E
......... UA2
--------- CDF Run 1
--------- CDF Run 2

ATLAS 13 ®

.

coupling, g
w

20.
—— ATLAS 13 ® 3.
—— ATLAS 13 ® 3.

CMS 8 @ 188

N
a N oW o~ 1o

—

—

o
4

o

| | | | | |
80 100 200 300 400 500
CMS-PAS-EXO-16-030 Z' mass (GeV)
* Limits extracted for the universal quark coupling gg as a function of the mass of Z'

* Better sensitivity than UA2 and CDF dijet resonance searches
*  Most stringent limit on Z'-quark coupling in 100 <M, <300 GeV
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CMS
Dark Matter Limits

CMS Preliminary 13 fb 27 b & 36 fb™ ( 13 TeV)
_ B LI | LI | LI UL L LI !/ UL | LIS | LI | L I_
% 1600 |- 7 —
O] u /| Axial-Vector mediator
— [ / . _
= 1400 /] Dirac DM _
S o 0,-028
1200 |+ 7 7 g, =10 —
- CRPSAN / oM ]
| Q/+ K% / _
1000 |+ 27 ] .
u Qe o0 ; CMS 95% CL _
800 ; — Dijet [Exo-16-056] —]
n s _
600 - 7 —— Boosted Dijet j£xo-16-030] ]
— — DM + quq [EXO-16-037] ]
400 —
N [ y —DM + y [Ex0-16-039] _
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« Latest dark matter limits from dijet searches (and mono-X searches)
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CMS : : .
- Search for New Physics with Dijet

Angular Distributions

*  Probe parton-parton scattering angle

1+1cosO’ |

ly;=y,!
X 11 =C ~ * _3
dijet 1-1cosO | p<:>

« do/dy, is relatively flat for leading QCD processes
(qg—qg.qq'—qq'.gg —gg)

— Small sensitivity to PDF uncertainties
*  Observable: 1/0do/dy g,

— Measure normalized distribution in bins of dijet E‘ 0.14 - —— Rutherford Scattering
mass T - ---- QCD

— Reduced sensitivity to detector effects 5 U012 - - New Physics

*  New Physics will change the y;;., distribution at low j4;, -‘._Q 01
at high M, 008 [

— Contact Interactions Hoc =ty —

— Virtual graviton exchange from ADD Model N T N T P

— Quantum Black Holes 2 4 6 8 10 12 14 16
*  Analysis presented corresponds to 2.7 fb-! Adijet = exp(ly,—Y-l)
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CMS
Data Analysis and Theory predictions

* Event Selection
— Two PF AK4 jets with p; > 30 GeV
— Well understood calorimeter region: y < |2.5]

* Data distributions are unfolded to particle level A (17LL, YRR, HRL)
iL (£1, 0, 0)
ARR ( 0,£1, 0)
* Theoretical predictions Ayy | (£1,41,41)
+
— NLO QCD calculation using NLOJET++ 2.0.1 A‘/}AA Eié i(l) ii;
— EWK correction is 5% in highest mass bin (V=-4)

— CI + next to leading order CI and QCD interference predictions

27
Laog =47 [1LL(@r"qL)(@rxqL) + 7r&(GR7"9R) (AR 729R) + 27RL (AR Y*qR) (L 70L)]

— Quantum black hole production predictions from QBH 3.0 and are corrected to NLO in
QCD

— ADD predictions from Pythia8 and are corrected to NLO in QCD

DIS 2017 Jingyu Zhang 17



CMS

Compact Muon Solenoid

Results

2.7fb" (13 TeV)

"q_)' _I I T T T I T T T T T T I T T T I T T T I T T T I T T I_

= C e M =6 ADD) = 7.5 TeV]
L 0.2 CMS as (Mg )=7:5TeV] 271" (13 TeV)
QH " 4 Dan —— A7 (C)=11TeV . s T woam oms
2 0 15__ ----------- NLO QCD+EW ----- A; (GRW) =10 TeV - -c>3< i 55 NLO QCD+EW ]
OU - N =5 ool @ - Mg (n_, =6 ADD) = 7.5 TeV a
S SEILIEIEE ] S — Aj_ (C)=11TeV i
— ] o Fommimim; A(L (Cl) =11 TeV —
2 + M">48Tev+ ] B, - — A\L,\L, (Cl) =11 TeV .
b-o - & L L r""'"'"'""""'-_-_-_-_-_-_-,'_'.:'.'_'.'_'.'_'.'.L‘. 68 0 15; IIIIIIIIIIIIII : ""'A\_/V (Cl)=11TeV —_
< + m = L Ay.a (Cl) =11 TeV i
A e e e e e L - o AiI(\GRW)=10TeV .
+ 4.2< M;<4.8TeV foo M;>4.8 TeV ]
I o )0 | -

T s : O :
0.05—
Ok | YIS SO (N S SN (NSNS SO NS S S NN S S RN
2 4 6 8 10 12 14 16
. et
arX1v:1703.09986

* Unfolded data in good agreement
005 1 v v vl v v b L L T withQCD+EWtheorypredicti0n

2 4 6 8 10 12 14 16

X dijet
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Limits on New Physics Models

Model Observed lower limit (TeV) | Expected lower limit (TeV)
LL/RR (NLO) 11.5 12.1+1.2
A /rr (NLO) 14.7 17.3+34
A{y (NLO) 13.3 13.9+1.2
Ayy (NLO) 18.6 222454
A%, (NLO) 13.3 13.9+1.2
X A (NLO) 18.6 22.14£5.1
V A) (NLO) 8.4 9.5+1.6
V_A) (NLO) 8.4 9.5+1.7
ADD A1 (GRW) 94 9.8+1.2
ADD Mg (HLZ) ngp = 2 10.1 10.6+1.3
ADD Mg (HLZ) ngp = 3 11.2 11.7+1.4
ADD Mg (HLZ) ngp = 4 94 9.8+1.2
ADD Mg (HLZ) ngp =5 8.5 89+1.1
ADD Mg (HLZ) ngp = 6 7.9 8.2+1.0
ngp = 6 ADD QBH Mqgy 7.8 7.7+0.3
NED = 1RS QBH MQBH 5.3 5.3+0.4

* Most stringent limits on contact interaction with VV, AA, and V-A scenarios

* Most stringent limits on ADD models
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CMS

Summary

e Several new physics models are explored using dijet mass resonances and dijet angular
distributions

— Dijet mass distribution
* 0.5 <m; <1.25 TeV for PF-jets
* m;>1.25 TeV for Calo-jets
* Limits extracted for many new physics models including dark matter
* CMS-PAS-EXO-16-056
— 7’ resonance using jet substructure
* 100 <m;; <300 GeV
* Limits extracted for the Z-quark coupling
* CMS-PAS-EXO-16-030
— Dijet angular distributions

» Limits extracted for contact interactions, large extra dimensions, quantum black
holes

e arXiv:1703.09986 (submitted to JHEP)

* Results from low mass dijet resonance search and dijet angular analysis with full 2016
data are coming soon
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SILICON TRACKER
The CMS Detector fReb (10 50 i

Microstrips (80-180um)
~200m? ~9.6M channels
CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)
~76K scintillating POWO, crystals

PRESHOWER
~ Silicon strips
~16m? ~137K channels

~13000 tonnes
SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A FORWARD
CALORIMETER
’ \|/ Steel + quartz fibres
, HADRON CALORIMETER (HCAL) EEK SURAES
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0 m ~7K channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field :38T
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CMS

Compact Muon Solenoid

Model Independent Dijet Mass Resonance |

s CMS Preliminary 27 fb™' & 36 b (13 TeV
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Compact Muon Solenoid

Dijet Angular Distribution measurement in

A
Limits on CI for at LO

Runl

0.7

19.7 o™ (8 TeV)

2 S bata T T ems
HF [ B NLO QCD+EW prediction .
PhysRevLett 1062011201804 & of — pu - oo TN :
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