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Introduction

Jets : , <
@ key component to extend our understanding of the :
Standard Model physics

@ signatures of large momentum transfers at short
distances, belong primarily to perturbative domain of
Quantum Chromodynamics (pQCD)

proion
@ produced abundantly in the collisions of protons at the
Large Hadron Collider (LHC) p.(P)

@ important backgrounds for many new physics models

. . . X4P.
Inclusive jet cross section measurement : @ -,
@ gives important information about the strong coupling
constant ag
oy

Oicjet = o(pp — 1 jets + X) o aly
Pa(Py)

oppy—x = 2 [ dadofi py (x1, 1r)f py (X2, 1
]

@ provides a deep insight to understand the proton
structure by deriving constraints on the parton

)

distribution functions (PDFs) Q? )
X Gijx | x1p1, x2p2, & M Pz
HF

2
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Inclusive jet production @ 8 TeV

Double-differential cross-section

d20' — 1 Njets
dprdy — € Ling,err Apr(2AJy[)

— 10 T T HHH‘STeY,
2|3 E Open:L_=5.6pb? =
°‘|8 104 CMS Filled: L = 10.7 fb* =
@ Measurement at 8 TeV ) %Q%ee ...... CT10NLO ONP 0EWK 7
— -1 — -1 k! o."10“?BBE"E'eE,EE —— CTI0NLO ONP =
L£=19.7fb" and £L = 5.6 pb lg %;?ﬂ 3
10° M:I S, =
@ anti-k; jets with R = 0.7 s%ﬂi 3
10° = oy 3
- < = 4. 107 o ly| <05 (x10°) -
21 < pr < 74 GeV, upto |y|= 4.7 TG e, =
10 = =+ 1.0<|y|<15( x10%)
74 < pr < 2500 GeV, upto |y| = 3.0 E > 15<ly<20(x10°)
104 +20<|y]<25(x 10?)
. . - +25<|y|<30(x10')
@ Theoretical NLO calculations : 107 f - 32<bi<ar x10°) ‘
. 2130 40 100 200 300 1000 2000
» using CT10 PDF set Jetp_[GeV]

> corrected for non-perturbative (NP) and
electroweak (EWK) effects JHEP 03 (2017) 156

Anterpreet Kaur (PU) DIS 2018 18 April, 2018 3 /23



Inclusive jet production @ 8 TeV

Data/theory using the CT10 NLO PDF :
@ Good agreement except low-pr region

@ Data uncertainties : jet energy scale (1-45%),
lumi (2.6%)

@ NLO uncertainties : scale (5-40%), PDF (10-100%)

Data/Theory

Ratios to CT10 PDF :

8 TeV
T

—— Dala/Theory(CTlO NLO O NP 0O EWK) 3
- Data/Theory(CT10 NLO [ NP)
--- Theory unc.

Uncorrelated JES unc.

Correlated JES unc.

Total exp. sys. unc.

. . pe . . . ?|y|<05 OpenL —56pb] Bl
@ Significant discrepancies with ABM11 PDF 02Eanik, (R = 07) il 2 1o7 10
) 3
Ratios 2.76/8 TeV, 7/8 TeV : 213040 io0 260 300 Jé?(‘))o (ng(\J?)
B
@ Partial reduction of uncertainties — better sensitivity to o 2. ‘ _8Tev
E Data/(CT10 NLO [ NP 0 EWK El
PDFs ous P = CMs = Dgta/écno NLO [ NP) )
0.1 T O b .- ABMI11
t : =] = H%RAPISELS
. * Data/NP E N
_ 0.14% c'arm Theo. predictiont] '% E ""#‘g‘l’;ngposys une.
S % CT10 PDF uncertainty] &
5 0.12 -+ NNPDF3.0 - oo
-e ABMIL ] 1= e
N!;‘%h 0.1} --- HERAPDF1.5 | 5 -oo
N [ — MMHT14 ] 08
S o008 B 0.6
S ] 04k
2 o0.08f 4 “Elyl<05 Open:L_=56pb” E|
e E ] 02;a nti-k, (R = 0.7) F|IIedL *197fb’
.\F:‘:’»0.0 - = oL 1 |
g E ] 2130 40 100 200 300 1000 2000
002 |y<05 ;{LHE p, (GeV)
80 1&0 200 300 400 500 JHEP 03 (2017) 156 '
Jetp, (GeV)
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Inclusive jet production @ 8 TeV

CMS NLO HERAPDF Method (Hessian)
~150
. . . o HERA I+1DIs Q= 100000 GeV’
QCD analysis using HeraFitter (1.1.1) % | O e ioes cusies s Tey
. . . . D100
@ Inclusive cross sections + HERA inclusive DIS : =
> probes hadronic parton-parton interaction over a o
wide range of x and Q
. S04 F
» constraints on PDFs 3
L . T 5
> significant improvement of the gluon distribution ¢, ¢
E-U.A *‘ \_3 \_2 \_1
Extraction of as 1° ° 0 0 X
CMS 19.7 fb™ (8TeV,
@ Least square minimization on pr(y) spectrum : 200
o lagM)]
> using the CT10 NLO PDF set ~PobmomalFt

as(Mz) = 0.1164 33999 B
> using the NNPDF3.0 NLO PDF set
as(Mz) = 0.1172 *60%

@ Consistent with the world average value :

as(Mz) = 0.1181 + 0.0011
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Double-differential cross-section

d?c 1

dprdy — € Lintof ApTAy

Measurement at 13 TeV

L =71pb™" and £ = 44 pb™*

L . ‘
anti-k: jets with R =0.4and R =0.7 200 300 1000 2000
Jetp, (GeV)
pr < 2 TeV . <71pb* (13 TeV)
st cms ;
- > e <0500
Large rapidity coverage : |y| < 3,3.2 < |y| < 4.7 §LO°F pemctena 03 HO0)
:10 ik R= —— 15<y| <2.0 (x10%)
X X 2 —e—20<[y]<25 (xmf)
Theoretical NLO calculations : %“Nj ek y bbb ot
< 10
» using CT14 PDF set ©10°
10°
> corrected for non-perturbative (NP) and 10
electroweak (EWK) effects 10°
10°

x-sections accuratey described for R = 0.7, while

Inclusive jet production @ 13 TeV

N <71pb?(13TeV)
<10

N S =
Suonf —m 05<y|<1.0(x

g0 F —moserens 270 0T S8 (oY
Siouf  Amikr=07 TSI S0 (oh
- —e—2.0<y| <25 (x109)
T —B— 25<y| <3.0 (x10

—a— 32<y| <47 (X10°

for R = 0.4 theory overestimates by 5-10%
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R =107
ly| < 0.5

R=10.4
ly| < 0.5

Ratio to PH+P8 CUETM1

Ratio to PH+P8 CUETM1

Inclusive jet production @ 13 TeV

71 pb™ (13 Tev)

25
cMs —e— Data ]
PH+P8 CUETS1-CTEQ6LL ]
2F Anti-k, R=0.7 PH+P8 CUETS1-HERAPDF | ]
yl<05 P8 CUETM1 B
Vi=o: Hpp CUETS1 al
1.5F Exp. uncert.
l:* H%“M’O’“ ’“"0" +* *
i "
0.5F -
C Il
200 300 1000 2000
Jetp_ (GeV)
25 71 pb™ (13 Tev)
“Tems —e— Data ]
PH+P8 CUETS1-CTEQ6LL | ]
2L Antik, R=04 PH+P8 CUETS1-HERAPDF ¢, 1
yl<05 P8 CUETM1 1
VI<0: Hpp CUETS1 ]
15 Exp. uncert.
£ + """" 0““ | L
l:+_ ++ e “’“’“ﬁ#
05F L

200 300 2000

10
Jet P, (GeV)

Ratio to PH+P8 CUETM1

Ratio to PH+P8 CUETM1

44 pb™ (13 Tev)

3fCMS
7Am\-k‘R:0,7

25 32<ly|<47
2

15

i

—e— Data ]
PH+P8 CUETS1-CTEQ6LL 1
PH+P8 CUETS1-HERAPDF

- P8 CUETM1 -
Hpp CUETS1 ]

1
140

I I I
160 180 200

120
Jet P, (GeV,
44 pb™ (13 TeV)
cMS —e— Data E
3t PH+P8 CUETS1-CTEQ6LL
o gfANtK R=04 PH+P8 CUETS1-HERAPDF
g - P8 CUETM1 -3
[32<il<ar Hpp CUETS1 ]
2F Exp. uncert. 3
1.5F E

il

|
140

L
180 200
Jet P, (GeV)

|
160

@ pyTHIA8 CUETM1 (LO) agrees well in shape for only |y| < 1.5.

@ HERWIG++ CUETS1 (LO) agrees in shape for all rapidity bins.

@ POWHEG+PYTHIA8 (NLO) with various tunes show good agreement for both R.
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Triple-Differential dijets

Triple differential cross-section
d3c 1 N

_ € £~eﬂ‘ APT,angy*A}’b

int

dPT,avgdy* dyp -

@ Measurement at 8 TeV, £ = 19.7 fb™

@ anti-k; jets with R = 0.7

@ Cross section as a function of the :

> average transverse momentum,

Pr.ave = 5(PT1 + pr.2)

> half the rapidity separation,
v =5l
> boost of the two leading jets,

Yo = 3ly1 + yol

Anterpreet Kaur (PU)
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Triple-Differential dijets

Triple differential cross-section
d3c 1 N

de,avgdy*dYb T e Llerﬁ ApT,angy*AYb

@ Dijet rapidities and the parton momentum
fractions are related :

+ +
xi2 = B(e + )
@ For small yp, x1 = x» — Opposite side events

@ For large yb, x1 > x» — Same side events
(Boosted region)

Anterpreet Kaur (PU) DIS 2018
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1

<—— Opposite side events
X1 = X2

'Same side events
: X1 3> X2

0 1 2 3

yn = 3101 + w2
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Triple-Differential dijets

100 19.7 fb-1 (8 TeV)
@ pr,avg spectrum for six phase-space = o D=ys<1 0=y <1(x107)
regi in v* and v 100 CMS % 0=yp<1 1=y <2(x102) 4
eglons In y and yp (O] —— 0=yp<1 2=y <3(x101)

o losf —8— 1=yp<2 0=y <1(x101) -

X L. o b l=yp<2 1=y"<2(x101)

@ Theoretical NLO predictions : — 105 f 0= 25 yp<3 0=y <1(x100) 4

%
. . > 104 NLOJET++ (NLO®EW®NP) -
» using NLOJET++ with DE NNPDF 3.0
o 103 + =p1,max€03" B
NNPDF 3.0 PDF set 5% oy AMLKR=07

'Q_; 102 L vl " 4

> corrected for non-perturbative S ol i
(NP) and electroweak (EW) 100 | |

effects 1041 | |

@ Data are well described by NLO 1072} 1
predictions except for the boosted 1073 L 1

)
region. 10-¢ ;
200 300 500 1000

PT,avg [GeV]

EPJC 77 (2017) 746 |
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Triple-Differential dijets

19.7fb-1 (8 TeV)

g
o

Ratios to NNPDF 3.0 - NLO ® EW ® NP

g
IS

Data points with statistical uncertainty

=
]

2 -
+ Data i
7222 Experimental uncertainty

= Theoretical uncertainty
—— CT14 — NLOGEW®@NP
=+ MMHT 2014 — NLO®EW®NP
ABM11 - NLO®EW@NP

e
©

Theoretical uncertainty (PDF, Scale and NP)

Good agreement with MMHT2014 and CT14
PDF NLO calculations

@ ABM11 PDF underestimates the predictions

® 6 6 o o
o
o

°©
S

Ratio to NNPDF 3.0 — NLO®EW®NP
-
)

200 300 500
PT.avg [GeV]
19.7fb-1 (8 TeV)

g
o

19.7fb-1 (8 TeV)

=
o

g
'S

CMs

I

>
=
N

-
[N}

o
o

+ Data

) Experimental uncertainty
= Theoretical uncertainty
— CT14 - NLOGEW®NP

-+ MMHT 2014 — NLOGEW@NP

o

©
o
o

+ Data
7271 Experimental uncertainty

Ratio to NNPDF 3.0 — NLO®EW®NP
-
=3

Ratio to NNPDF 3.0 — NLO®EW®NP
=
o

0.6 = Er;ﬁre_nﬁgg;:lr;mty 04 ABM11 - NLOGEWSNP
-+ MMHT 2014 — NLOGEW®NP 200 300 500 1000
0.4 ABM11 ~ NLOGEWSNP Pr.avg [GeV]
200 300 500 1000
Pr.avg [GeV] EPJC 77 (2017) 746

EERE

rpreet Kaur (PU) DIS 2018 18 April, 2018 11 /23




Triple-Differential dijets

19.7fb-1 (8 TeV)

1.6
@ Data are well described in most of the analysed 4 fMS ,
R =y<
phase spaces. 1=y'<2

=
N}

@ Differences observed at high pr ave and yp :
less known high x region of the PDFs is
probed.

o
©

+ Data S
7ZZ) Experimental uncertainty +
5 Theoretical uncertainty +

o
o

—— CT14 - NLOGEW®NP
-+ MMHT 2014 — NLOGEW@NP
ABM11 — NLOGEW@NP

o
>

Ratio to NNPDF 3.0 — NLO®EW®NP
I
=)

@ Smaller data uncertainties : potential to
200 300 500

constrain the PDFs. Pr,avg [GeV]
19.7fb-1 (8 TeV)

o

[ 19.7fb-1 (8 TeV) =z16
=1 ®
s | cMs = | ¢&ms
= Wlar 2<y,<3
wldt 1< yp<2 ® *
® b o O=sy"<1
o O=sy"'<1 212
= =1
=12 |

1
S10 3 1.0

) 1.0 Rt e ] e
o 2 - u e i 2
a Z a 0.8 2,77
a 0.8 = b= + Data +
2 + Data ‘] 2 ©ZZ) Experimental uncertainty 774,
2 271 Experimental uncertainty 00.6 [0 Theoretical uncertainty

00.6 [7] Theoretical uncertainty L = CT14 — NLOGEW®NP
I = CT14 — NLOGEW@NP o =+ MMHT 2014 — NLOREW®NP

o =+ MMHT 2014 — NLO®EW@NP = ABM11 — NLO®EW@NP
k=3 ABM11 ~ NLOGEW®NP So4
So4 200 300

200 300 500 1000 . avg [GeV]

P, avg [GeV]

EPJC 77 (2017) 746 |
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Triple-Differential dijets

HERAPDF method (Hessian

QCD analysis using XFitter (1.2.2) T o N\MS EEs:L::(:SEEA-CMSdljets
5 2=104GeV?
@ Dijet cross sections + HERA inclusive DIS : " 60
. . . 40
> an increased gluon PDF at high x with
reduced uncertainties of the PDFs 20
. . 0
» change in shape especially at low @ g 94 %
S 00
=02
. o . 2-92
@ Comparison of gluon PDFs with inclusive jet 300 55 sos s
data : x
90 HERAPDF method (Hessian)
> similar §ha.pes of the PDFs and the 333 CMs HERALHIDIS + CMS djets
uncertainties Do Qr=10tGev
50
@ Precise as extraction together with PDF fit : 40
30
40.0031 »
as(Mz) = 0.1199 =+ 0.0015(exp) Zgggzo(theo) 10
g ps
. 589
@ Agreement with the world average value : £ 04
o 104 10-3 102 101

as(Mz) = 0.1181 + 0.0011 -

EPJC 77 (2017) ,
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Inclusive multijets

Differential cross-section

do — 1 Nevent
d(Hr 2/2) € Lint,eff A(HT 2/2)

106 gMS Preliminary 19.7fb"(8Te\/)
@ Measurement at 8 TeV, £ = 19.7 fb™ B 10° £ anikR=07 —s-n =2 — CTI00NPDEWK
% 104 £ IvI<25 ——n;23 —CT100NP
. . . a 10°
@ anti-k; jets with R = 0.7 =
S 10
. . . 0 :
@ 2-jet and 3-jet event cross sections T 1 2-jet
. -1
as a function of : g w
S 1072
—1 107
Hr,2/2 = 35(pr,1 + pr,2) 10
. . 1078
@ Theoretical NLO calculations : 107
10—7 L L L L L L
» using CT10 PDF set 300 400 500 600 1000 2000
& H, /2 (GeV)

> corrected for non-perturbative (NP) and

electroweak (EWK) effects
CMS-PAS-SMP-16-008
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Inclusive multijets

Multijet cross sections

Data are well described by theory predictions within
uncertainty.

EWK corrections explain the increasing excess of
the 2-jet data w.r.t. theory (~1 TeV).

Cross section ratio

__ O3-jet
Raz = T2-jet ~as

Experimental uncertainties, theory uncertainties due
to NP effects, PDFs, scale choice, EWK corrections
may cancel partially or fully

Better tool to extract as

CMS Preliminary 197 10" 8Tev)

0.35

o antik R=07 e
03[ W<2s —-CT104,(M) = 0.112 - Min. Value
—CT10a,M) =018
025k Rgo  —-crioam)=0127- vax vae

300 400

|
500 600 1000 1680
H; /2 (GeV)

Anterpreet Kaur (PU) DIS 2018

Ratios to NLO (CT10)

Ratios to NLO (CT10)

CMS Preliminary 19.7 fb™ (8 TeV)

25
[ antik R=07 n=2
Loyl<2s —4— Data/(NP [ EWK)
N — — MSTW2008
N 2‘] et —— NNPDF2.3
= Exp. Uncertainty
r Theory Uncertainty
15—
0.5 L
400 500 600 1000 2000
H; ,/2 (GeV)
25 CMS Preliminary 19.7 fb™ (8 TeV)
[ antik R=07 n=23
[ yi<2s —— Data/NP
r — — MSTW2008
2 r 3—jet —— NNPDF2.3
8 Exp. Uncertainty
r Theory Uncertainty
15
5 .
300 400 500 600 1

000 1680
H; /2 (GeV)

CMS-PAS-SMP-16-008

18 April, 2018 15 / 23



Inclusive multijets

Determination of ag

@ By minimizing the x? between the measurement and the theory

@ In a fit to R32, using the MSTW2008 PDF set : as(Mz) = 0.1150 + 0.0023(all except scale) *5-5550(scale)

@ as(Myz) extracted in ranges of Hr 2/2 — evolved to as(Q)
CMS Preliminary

% 0.28 } —— CMSR;, preliminary, {5 = 8TeV, ag(M)) = 0.11507; 0>
[=] E —e— CMS Ry, preliminary, |s = 8TeV
0.26— CMS Incl.Jet , /s = 8TeV
E —8— CMSR,,, Vs = 7TeV
0.24— —&— CMS Incl.Jet , s = 7TeV
E —¥— CMStt, |5 = 7Tev
0.22]— CMS 3-Jet Mass , Vs = 7TeV
E % —A— ATLAS TEEC, {5 = 7 TeV
0.2 —&— DO Incl.Jet

DO Angular Correlation

0.18— H1
- —— ZEUS
0.16[— - - - World Avg ag(M) = 0.1181+ 0.0011
0.14f—
0.12f—
0.1—
0.08—
R | Ll | Ll |
5678 10 20 30 40 100 200 300 1000 2000
Q (GeV)
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Azimuthal correlations

Normalized differential cross-section

1 d 1 d q :
;Wé’l,y ;7dA¢‘)’2,?,-n(3-Jet and 4-jet)

Measurement at 13 TeV, £ = 35.9 fb?
AQgijer =T

anti-k; jets with R = 0.4

Normalized cross sections as a function of the :

» azimuthal angular separation between the two highest leading pr jets

P minimum azimuthal angular separation between any two of the three or four
leading pr 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-2J gives better results when matched with Pythia8 than
Herwig++

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

arXiv:1712.05471 (Submitted to EPJC))
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Azimuthal correlations

35.9 fb (13 TeV)

35.9 b (13 Tev)
g Ealo
5
8 cMs K cMs
£ ET
offr 7> 1000 Gev (x10) Number of Jets 23 ofis L 7w mcey a0 Number of Jets 24
| g 800 <p]"™ <1000 Gev (x10°)  Antik, R =0.4 | 10 v B00<p!™<1000GeV (x10)  Antik R=04
o P0<p soaeath PH20 4 PYTHIAS CUETPEML: qouf & TP <B0GVEE) PH.20 + PYTHIAB CUETPBM:
+ e00<p]
o

/3 < AQgijer < T

8] (rag) Ag"(rad)
Pythia8 (LO) exhibits small deviations from the A¢1 o> and fails to describe A(]ﬁé"j""

@ Herwig++ exhibits the largest deviations from the A¢; > but provides a reasonable description
min
of the A¢2j
@ MADGRAPH+Pythia8 provides a good overall description of the measurements except for
A¢'2"j'" in 4-jet case
@ An interesting tool to test the theoretical predictions of multijet production processes
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Summary

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

@ Many interesting results from CMS*, reaching new levels of precision and exploring
new regions of phase space :

» Measurements of differential jet cross sections over a wide range in transverse
momenta from inclusive jets to multi-jet final states are presented.

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

» Impact on the determination of the strong coupling constant as as well as on
parton density functions (PDFs) are reported.

@ Wide range of jet measurements at various collision energies improve our
understanding of QCD.

THANKS!! |

*http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
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Triple-differential dijets

~jets W © gg-jets @ qai-jets ®
i~ jets @ ga-sjets (x; <x;) NN qq-jets w3
G gg-ets (x> xg)
0

® qg ~jets ®qdi~jets
@ gajets (x <x;) WEN ©qq-jets WEN T qd - jets
@ ga-+jets (xg > Xa)

D gg-jets @qqijets ®
@ ga-jets (xg <xo) WEN S qq-jets mmm @
5 ga-jets (xg > x0)
0

8Tev

o

°
®

°

®

e

o
°
o

Subprocess fraction

cl
S
g
g
@
8
8
80
S
5
3
&

Subprocess fraction

e

S
°
=

500 500 300

1000 1000 500
Pr.avg [GeV] Pr.avg [GeV] PT,avg [GeV]

0 gg-jets © qai~jets ®qd ~jets W ©gg-jets ® qai~jets ©qq~jets W ©gg-jets ®qai-jets
@ ga-jets (xy <xo) HEN 5 qq-jets WEE @ qG-jets @ gq-jets (v <x) NN ©qq-jels BN @ qd, - jets @ gqrjets (x; <x;) HEN qq-jets mm O
G gq-ets (x> xg) ®gajets (x> Xa) G ga-jets (x; > xo)
8 291} 8 Tev i S 9a-) 8 Tev patiad
c 1 < X

e

3
o
©
°
©

Subprocess fractiol
o
o

Subprocess fractio
°
>

Subprocess fraction
o -
>

°
Iy
°
IS
°
ks

500 300
pr.avg [GeV] Pr.avg [GeV]
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Triple-differential dijets

HERA data HERA & CMS data

Data set Naaw  Xp Xp/Tdwa  Xp  Xp/Tdam
NC HERA-I+ITe*p Ep = 920GeV 332 38244 115 406.45 122
NC HERA-I+Ile*p E, = 820GeV 63 60.62 0.96 61.01 0.97

NCHERA-I+Ile*p E, =575GeV 234 196.40 0.84 197.56 0.84
NCHERA-I+ITle*p Ep =460GeV 187 20442 1.09 205.50 1.10

NC HERA-I+Ile p 159 217.27 1.37 219.17 1.38
CCHERA-I+llefp 39 43.26 111 4229 1.08
CC HERA-I+ll e p 42 49.11 117 55.35 1.32
CMS triple-differential dijet 122 — — 111.13 091
Data set(s) Mo x X2/ ot x X2/ Mot
HERA data 1040  1211.00 1.16 — —
HERA & CMS data 1162 —_ —_ 1372.52 1.18

EPJC 77 (2017) 746 |
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Triple-differential dijets

4.0 —— e HERAPDF method (Hessian)
O35, CMS HERA |+I1 DIS |
e W HERA I+11 DIS + CMS dijets
=3.0 02=1.9GeV?

Rel. uncert.
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