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Introduction

@ Particle jets :

> produced abundantly in the collisions of protons at the
Large Hadron Collider (LHC)

> provide an excellent opportunity for testing the predictions
of perturbative Quantum Chromodynamics (pQCD) at high
energies

> important backgrounds for many new physics models
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@ Inclusive jet cross section measurement : v T
0 Tevalron HC 310

> gives important information about the strong coupling
constant ag

/
Tijer = 0(pp — 1 jets + X) o o M >< = I

> provides a deep insight to understand the proton
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structure by deriving constraints on the parton mr A mw

distribution functions (PDFs) w b ;”% = e

@ Jet properties such as jet shapes, mass, charge etc. : key ::M msm{% . ::

ingredients of Standard Model (SM) physics measurements and L - - '
for beyond SM physics searches \s (TeV)

http://wi.hep.ph.ic.ac.uk/~wstirlin/plots/plots . html
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QCD multijet production
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Inclusive jet production

Double-differential cross-section in pT- and y :
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Measurement at 8 TeV : )

@ anti-kt R=10.7

@ 21 < pr < 74 GeV, upto |y|= 4.7 (L = 5.6 pb™")
74 < pr < 2500 GeV, upto |y| = 3.0 (£ = 19.7 fb ™)

@ Comparison to NLO parton-level calculations, including electroweak (EWK) and
non-perturbative (NP) corrections

@ Constraints on PDFs together with the fit of as [Slide no. 21, 22]

@ Ratios between different energies 2.76/8 and 7/8 : partial reduction of uncertainties
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Double-differential cross-section in p7 and y :
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Measurement at 13 TeV :

anti-kt R=0.4and R =0.7
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Inclusive jet production
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pr <2TeV;|y| <3 (L=71pb™"),32< |y| <47 (L =44pb™)
P8+CUETML1 (LO) agrees in shape in |y| < 1.5
Hpp+CUETS1 (LO) agrees in shape in all rapidity bins
PH+P8 (NLO) shows good agreement
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Triple-differential dijets
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@ Cross section as a function of the : = o
: 10-2
> average transverse momentum, ; 10
_1 o ; § t
pTaan - E(PT,I + PT,2) ¢ E " 3 | b 200 300 500 1000
- ) o = 5ly + v Pr.avg [GeV]
> half the rapidity separation,
1 1.6 19.7fb-1 (8 TeV) % 16 19.7fb-1 (8 TeV)
*
Yy = §|y17y2| e SMS gu ;:MS ,
. . o = y€<1 g = YE <
> boost of the two leading jets, g | 0=Y'<! g, 0=Vt
= RS
1 | |
b= 3ln1+ yo A e
m m
o “
@ Data are well described in most of the gos gos
phase spaces but some differences at 56| Mooy Z 0.6 150 Tecencaruncerainy
! 206 [ ey 206 e
high pr g and y, O e PO e e
o< 200 300 500 e 200

1000 300
Pr.avg [GeV] Pr.avg [GeV]

@ Best suited to constrain PDFs and extract

. arXiv:1705.02628
as [Slide no. 21, 22] (Submitted to EPJC) l
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Inclusive multijets

CMS Preliminan 1971 (8 Tev)

CMS Preliminary 197 10" (8 Tev)
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Differential cross-section in Hp o /2 :
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Measurement at 8 TeV : 3-jet

anti-ks R = 0.7 (L = 19.7 fb™)
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3-jet to 2-jet cross section ratio R32 :

300 400 500 600 10‘0}?‘ Z(G %IS)SD
. . e )
many uncertainties cancel and sensitive "
to as [Slide no. 22]
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Azimuthal correlations

Normalized differential cross-section in ¢

1 doip dogi™
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Measurement at 13 TeV :
@ anti-ks R=04 (L =359 ")

@ Normalized cross sections as a function of the : AQgijer = 7

» azimuthal angular separation between the two highest leading p1 jets (2-jet,

3-jet and 4-jet)

> i 1 azimuthal separation between any two of the three or four
leading p jets (3-jet and 4-jet)

@ Spectrum gets flatter and become more sensitive to parton
shower on moving from 2-jet to 3-jet to 4-jet

@ Best agreement is given by Herwig7

POWHEG-2]J gives better results when matched with Pythia8
than Herwig++

@ POWHEG-3J+Pythia8 is generally lower than
POWHEG-2J+Pythia8

@ An interesting tool to test the theoretical predictions of multijet

production processes

CMS-PAS-SMP-16-014 ;
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Azimuthal correlations
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@ Pythia8 (LO) exhibits small deviations from the A¢; > and fails to describe Azt)g}."”

@ Herwig++ exhibits the largest deviations from the A¢; 2 but provides a reasonable description
of the Aqﬁg"'j‘"

@ MADGRAPH+Pythia8 provides a good overall description of the measurements except for
A¢>2”’j’" in 4-jet case

CMS-PAS-SMP-16-014
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Jet charge
19.7 fb™ (8 TeV)
Measurement at 8 TeV : 12 oS Tons
. — | —Glu
@ anti-kt R =0.5 (£ = 19.7 fb™) s T - up quark
= C P, > 400 GeV - Down rk
@ pr-weighted sum of the electric charges of the 2 : <15 e
particles in a jet : S osf-
E oal
Q" = —L— > Qip)" 7
i 0sf
ar -z 0 ()" /5 (o])"
I !

(zz -15 -1 -05 0 0.5 1 15 2
Leading-jet Q“*° [e]

QF =36 (v)" /3 ()"

19.7 b (8 TeV)
@ Differentiate statistically jets from quarks of different - P e E
electric charge, or between gluon or quark jets a IF‘ l'g
o 7 r b
@ Three values of kK = 0.3, 0.6 and 1.0, provide different S J L.
sensitivities to the softer and harder particles in the jet =z o b
- !
@ Broader jet charge distribution on disabling the 11""‘“70‘5 _
simulation of FSR in Pythia8 Leading-jet 0% [e]
1
g‘ﬁ rrl_..r»—. —
arXiv:1706.05868 B o5 s
(Submitted to JHEP) U‘g “E
=8 b i T
0535 =T 5 05 s 5
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Dijet mass

Measurement at 13 TeV :
® antik: R=108 (L =237 CMS-PAS-SMP-16-010
@ Double-differential jet cross section as a function of the jet mass and jet pr :
> Soft drop (SD) grooming algorithm removes low energetic constituents
> For ungroomed jets : MC generators predictions agree with data within uncertainities for
intermediate regions (0.1 < m/pr < 0.3)
» For groomed jets : the jet mass peak is suppressed and the precision in the low and
intermediate regions improves
> Sensitive to QCD parton showering; used in searches for new physics (“boosted” objects)
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Electroweak production
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Z + jets
JE (1 fb.(8 Te)
s
Measurement at 8 TeV : JHEP 04 (2017) 022 &
=.10°
@ antiks R=105 (L =196fb"") Fw
g 10"
@ pr(0) > 20 GeV, |y(£)| < 2.4, e
71 < M(€L) < 111 GeV; £ = e, p 100
pr(j) > 30 GeV, |y(j)| < 2.4 10
@ Differential cross sections as functions of the jet H, pr and |y| m?
@ Double differential cross sections as a function of |y| and pr, for the o
leading jet :Z
@ A large number of final-state partons should be included in the matrix ot o e
element calculations in order to correctly describe the kinematics of the p,G) [GeV]
leading jets
Cms prominary
251 (13 Tev)
seanores
Measurement at 13 TeV : CMS-PAS-SMP-15-010 ;*
@ antiks R=04(L=25f"1) e -
==
@ pr(0) > 20Gev, |y(0)] < 2.4, Y
71 < M(£L) < 111 GeV; £ = p ——
pr() > 30 GeV, Iy())| < 24 —
@ Differential cross sections as a function of jet multiplicity, pr and y for ?kaéwz;e\jA\;lea A
different jet multiplicities (upto 3 jets) qoralp 2 cnemel
@ Good agreement with NLO and NNLO calculations é Lo
R
&
8
3 05[ [Jstat. unc. (gen)
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Measurement at 8 TeV :
@ anti-ke R=105 (L =196")

@ Differential cross sections as functions of the jet
multiplicity, Hr, and p7 for different jet multiplicities

@ Very good agreement with NLO 0, 1, 2 jets FxFx and

NNLO 1 jet

@ Important background for other measurements
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Measurel
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ment at 13 TeV :
—04(L=25f""

@ Differential cross sections as a function of jet

multiplicity, pr, y and Ht for different jet

multiplicities (upto at least 3 jets)

@ Good agreement with NLO and NNLO calculations
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Z — ¢ +Dbjet at 8 TeV :
@ anti-ke R=105(L£=198"")

1(%)

i
0

[do(@+b) | dp") / [do(z+) ! dp

Theory/ Data

b tagging :

Differential cross sections as a function of p1 and 7 of the

combined secondary vertex (CSV) algorithm

V + b(b) production

W — ¢+ b jet at 8 TeV :

highest-p7 b jet, Z boson pr, Hy, and A¢z,

Ratios of the differential cross sections for Z(1b) and Z+jets

Z(>1b) low-pt region not well described, Z(bb) generally

agree with predictions

predictions

arXiv:1611.06507 (Accepted in EPJC) y

CMS 19.8 fb! (8 Tev) CMS 19.8 o (8 TeV)
- s —— o
ZIy*(~ 1) + atleast 1 b jet MadGraph SFS + Pynias. 'i; ot MadGraph SFS + Pyhias

8 antik, (R =0.5) jets

MadGragh 4FS + Pytias.

b

MadGraph 465 « Pythias.

anti-ky R=105 (£ =19.8 fb™)

Exactly one £ with pr(£) > 30 GeV, |n,| < 2.1,
Exactly two b jets with pr(j) > 25 GeV, |n;| < 2.4

Cross-section in agreement with Standard Model

o — W(£u+bb) = 0.64 %+ 0.03(stat) % 0.10(syst) % 0.06(theo) 4 0.02(lumi)

EPJC77(2017)92
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T T
Total uncertainty
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4 EEI TT DPI uncertainty
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Z(—eorp)+c

Measurement at 8 TeV :

anti-ks R = 0.5 (£ = 19.7 fb™)

Cross section o(pp — Z + ¢ + X),

o(pp—Z + c + X)

o(pp—Z + b + X)’

inclusively and differentially as a function pr of Z
boson and jet with heavy flavour content

Cross section ratio

Measurements are in agreement with the LO predictions
from MADGRAPH and NLO predictions from
MG5_aMC

Predictions from the MCFM program are lower than the
measured o(Z + ¢), both inclusive and differentially

Better description in terms of the Z + ¢/Z + b cross
sections ratio

o(pp = Z + c + X) = 8.6 + 0.5(stat) £+ 0.7(syst) pb

o(pp = Z+c+X)/o(pp — Z + b + X) = 2.0 £ 0.2(stat) £ 0.2(syst) pb

CMS-PAS-SMP-15-009 ;
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Top Physics
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Differential tt production cross section, £ + jets

Measurement at 13 TeV :
anti-ke R=10.4 (£ =237

Measurement at 8 TeV :
@ antiks R=05(L=197fT) °
@ Dilepton e:tu¥ final state @ /+jets decay channels with a single p or e in the final
state
@ Normalized double-differential cross section as a °

function of six different pairs of kinematic variables : Differential and Double-differential cross sections as a

function of jet multiplicity and of kinematic variables

lpr(®)y ()], () MED],
[y (£5),M(£)], [An(tE),M(tD)],

of the t and tt system

= = = = @ Measured pr(t) softer than expected except for
tF),M(tt)], [Ap(t,E), M(tt ured pr h P P
[pr (£2).M(tD)], [A(5E). M(:D)]) Herwig++ MCs, as predicted by the NNLO and the
@ Significant improvement of g at high x as a function of NLO+NNLL’ QCD calculation
M(tt)-y(tt) [Slide no. 21] 4
2.3 (13 TeV)
cMs T T T T 19"7'11’(8‘&\/) : E CMS elu+jets o Data
0<ly) <0.75 0.75 <|y(t)| <0.85 0.85 < y(y] <1.45 145<ly(t) <25 v £ parton level
L 4 4 Data o N
Qo
] e g
CT14 p + PDF I~
HERAPDF2.0 %t/’_ :
1 Appr. O(a) [DiffTop o - - MGS5 P8 [FxFx]
- oe e CTLANNLO T 10t & s MGS5 P8 [MLM]
- il - on o E eIz
o C
[ -t 102 =
L0 | s N E
5 u ; gle 12f )
b
°
g 09 £ = E
550200 >80-"a00 >80~400 560~200 0 100 200 300 400 500 600 700 800
p, () [GeV] p.(t) [GeV]

EPJC 77 (2017) 459 PRD 95 (2017) 092001'
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t-channel single top quark production

@ A ratio of top quark and top antiquark production :

Measurement at 13 TeV :

anti-kt R =10.4 (L =22fb™)

Exactly one muon and at least two jets with one

b-tagged jet

Separation between signal and background processes

by a MVA technique

Fit to the distribution of the discriminating variable

yields a total cross section :

Ri-ch. = 1.81 + 0.18(stat) + 0.15(syst)

o(t-ch., t+t)= 238 £ 13(stat) + 29(syst) pb

@ Absolute value of the CKM matrix element Vy, :

@ All results are in agreement with the Standard Model

1.05 + 0.07(exp) % 0.02(theo)

predictions.

arXiv:1610.00678
(Accepted in PLB) l

terpreet Kaur (PU)

ISMD 2017
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Top mass
19.7 fb™* (8 TeV)
. < T T T T
Measurement at 8 TeV : e@ 250 s 4 baa 1
Cambridge—Aachen R=1.2 ([: = 19.7 fbil) ?5_ MADGRAPH+PYTHIA
£ 2r 1
Cls

@ Vetoed > 2 jets with pr > 150 GeV

_ 150 T - POWHEG+PYTHIA
@ Highly boosted tt events : ’ +

Semileptonic decay : t — bW with W — /v,
where £ = e or

Fully hadronic decay : t — bW with W — qq’

MC@NLO+HERWIG

@ Differential cross section as a function of jet mass (mje;) :

P AR RS :
200 250 300 350
> Slight overestimation of cross section in simulation. Leading-jetm  [GeV]

@ Normalized differential cross section as a function of jet 197 b7 (8 Tev)

=n T T T
mass (mje;) : 3 - 4o ]
= O m,=178.5 GeV
> Consistent with other cross section measurements in g\g m=1725 GeV
boosted events. o =165 Gev

@ Peak position in the mj; distribution is sensitive to the top
quark mass m;

m: = 170.8 £+ 9.0 GeV

0.005

EPJC 77 (2017) 467 | 050 200 20 300 350

Leading-jet m‘e‘ [GeV]
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Parton Distribution Functions determination

Double-differential cross sections for
top quark pair production :

Inclusive jet : Triple differential dijets :

P 2D cross sections vs of jet pr and i . B
rapidity P 3D cross sections vs of jet average pr, P 2d-differential tf cross sections

rapidity separation and boost >

P Probes hadronic parton-parton QCD analysis of data along with

interaction over a wide range of x
and Q

Constraints on PDFs : QCD
analysis of data together with
HERA DIS measurements, at NLO

Use dijet cross section in the QCD
analysis in addition to HERA data

Change in the gluon shape similar as
observed in the case of inclusive jet
data

HERA inclusive DIS data and CMS
W asymmetry, using XFitter 1.2.2

Best improvement comes from
M(tE)-y(tt)

Recommend to use both data sets

using HERAFfitter > Significant reduction of the for further improvement of g(x) at

P Significant impact on the gluon uncertainty in g(x) at high x high x
distribution in a new kinematic
regime
CMS
s CMS NLO HERAPDF Method (Hessian) 100 HERAPDF method (Hessian) s - SBOODG e NL&
< P T ; T ~= | _ ]
o HERA I+ DIS Q7= 100000 Gev* g cMs HERA 1411 DIS G g9 W e 1
=3 [ HERA I+1I DIS + CMS jets 8 TeV ) HERA I+II DIS + CMS dijets. 3 t [C_JHERA+CMSW*8TeVv 4
o100 2 02=104GeV2 S | [ZJHERA+CMSjets8Tev 1
g [ ]
. X <
M JHEP 03 (2017) 156 60 = 12f [T HERA + CMS W* 8 TeV + i
. o [y(t), M(th)] 8 Tev. q
arXiv:1705.02628 < [ 1
50 40 < A
x 4
20 b 4
=04 ; .8 &
. s o 0.8 1
© 02 g 8421 T T T L 4
El < 00 [ EPJC 77 (2017) 459 ]
< =-02 0.6
go 3o 10-3 102 10-1 : . .
W04 B B - - -3 -2 1
07 10 107 107 % 10 10 10 ><1
X
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The strong coupling constant as

Inclusive jet [JHEP 03 (2017) 156] :
> Least square minimization on pr(y) spectrum using
NLO parton level predictions
» Using the CT10 NLO PDF set

as(Mz) = 0.1164 39012 (exp) 38028 (PDF) + 0.0001 (NP) *00053

Z0.0028 (scale)

Multijets [CMS-PAS-SMP-16-008] :

P> 3-jet to 2-jet cross section ratio, R32 o ag
» Insensitive to many theoretical and experimental
systematics

» Using the MSTW2008 PDF set

as(Mz) = 0.1150 +0.0010 (exp) + 0.0013 (PDF) + 0.0015 (NP) *5-9950 (scale’
Triple differential dijets [arXiv:1705.02628] :

P> Precise ag extraction together with PDF fit

as(Mz) = 0.1199 +0.0015 (exp) = 0.0002 (mod) 0002 (par) *35035 (scale)

Anterpreet Kaur (PU) ISMD 2017
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1865085

013 oi6  ois o1z 0127
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Summary

Jet production in pp collisions is one of the main phenomenological predictions of pQCD.

@ Measurements of characteristics of events with jets, from jet-charge over investigations of
shapes to jet mass distributions are presented.

> Compared to theoretical predictions including those matched to parton shower and
hadronization.

@ Multi-differential jet cross-sections over a wide range in transverse momenta from inclusive jets
to multi-jet final states are measured.

> Impact on the determination of the strong coupling constant ag as well as on parton
density functions (PDFs)

@ Electroweak boson production : inclusive or associated with charm or beauty quarks give
insight into the flavour separation of the proton sea.

@ Measurements of cross sections of jet and top-quark pair production are in particular sensitive
to the gluon distribution in the proton and ag.

THANKS!!
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- gg-jets ® qqi-jets ®qd ~jets

q
@ ga-jets (x;<xo) WEN 5qq;-jets WEE 73~ jets
8 TeV

G gq-jets (x> x0)

e e I
> ©» o

Subprocess fraction

o
=

200 300 500 1000
Pr.avg [GeV]

- gg-jets qqivjets == © qq et
@ gq-jets (xg<x;) W Q= jets EEE @ qQ;-jets
5 ga-jets (xg > X0)
997 8 Tev

10

e
®

Subprocess fractio
o
o

e
=

500 1000
Pr.avg [GeV]

Triple-differential dijets

- gg-rjets @ qai-jets B © Q- jets
@0 jets (xy <x;) N ©Qq+jets W @ Q)+ jets

- g jets (xy > xg)
997t b 8 Tev

) ° e
> © o

Subprocess fraction

°
=

500

1000
Pr.avg [GeV]

- gg - jets @ qiaijets ©®qi~jets

@ 9q-jets (xg <x;) HEE ®qq~jets NN @ qg-jets
8 Tev

G gq-ets (x> x0)
<10

Subprocess fractio
=
5

)
=

500
Ppr.avg [GeV]
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- gg-jets

@ qaq ~jets ®qdi~jets
@ ga-jets (x;<x;) EEE ©qq;-jets W 0 Q- jets
O gq-jets (x; > x0)

Subprocess fraction

500
Pr.avg [GeV]
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Jet charge
CMS 19.7 fb™ (8 Tev) 19.7 b (8 Tev)
6F ! ! ! i | =) ! ! ! : d 5
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sE . o
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o 4 1 .
= E e 5
g 3 o 3
E E P 2
o 2F | | >
ER: [ s
= | ke
E . s | . g gl
—(\0.8 -0.6 . -0.2 -0.6 -04 -02 _02 0.4 0.6
Leading-jet Q Leading-jet Q™°° [e]
< 3
28 P ?
e | a
-0.2 0 0.2 0.4 0.6 0.8
o q
EE E i ]
0.2 0.4 0.6 EIS D“CB <OAE 0.4 0.2 0.2 0.4 0.6 63

Anterpreet Kaur (PU ISMD 2017 11 September, 2017 26 / 27



Parton Distribution Functions determination

20 ' HERAPDF method (Hessian) CMS
No so \ CMS [ HERA I+1I DIS + CMS dijets | ;‘-\E F xg(x) p2= 3{)000 GeV? NLb R
< HERA I+l DIS + CMS inc. jets = 0.4 f B
2701 0?=10%Gev? ] £ [ CJHERA+CMS W B Tev ]
X'60 1 2o,k E+yisTey b
ZS I arXiv:1705.02628 | S B @ My s Tev ]
< |
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