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Why jets?
jet observables provide valuable experimental input for testing QCD & the Standard Model

" ag and parton distributions of proton (PDFs) proton structure

— PDFs
9 inclusive jet cross sections — “counting jets”
o dijet cross sections — topology provides handle on parton kinematics hard process
— as
= modeling of higher-order contributions
o jetproduction knownuptoNNLOinpQCD BN T
o additional jets from hard radiation = multijet production
= improved understanding of
perturbative & nonperturbative regimes
o impact on parton shower & hadronization — jet substructure
jets
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Why jets?
jet observables provide valuable experimental input for testing QCD & the Standard Model

proton structure

" o and parton distributions of proton (PDFs) .\ PDEs

5 inclusive jet cross sections — “counting jets”

o dijet cross sections — topology provides handle on parton kinematics hard process

= modeling of higher-order contributions
o jet production known up to NNLO in pQCD
o additional jets from hard radiation = multijet production

= improved understanding of
perturbative & nonperturbative regimes

o impact on parton shower & hadronization — jet substructure

this talk: personal selection of recent results from CMS

jets
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Inclusive jet production at/s=13TeV s _,
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[1] CMS Collaboration, “Measurement and QCD analysis of double-differential inclusive jet cross sections in proton-proton collisions at \/s = 13 TeV”,

CMS-SMP-20-011, JHEP 02 (2022) 142 [Addendum], arXiv:2111.10431
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Inclusive jet production at /s =13 TeV

= comparison to fixed-order pQCD theory
at NNLO & NLO+NLL

+ corrections for non-perturbative (NP)
and electroweak (EW) contributions
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= improved description of data at NNLO & reduced scale uncertainty
= some disagreement between global PDF sets, especially in high-p; region
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|nC|USive jet prod uction at \/E — 13 Tev [1] JHEP 02 (2022) 142
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Dijet production at \/s =13 TeV y*
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[2] CMS Collaboration, “Multi-differential measurement of the dijet cross section in proton-proton collisions at /s = 13 TeV”,
CMS-PAS-SMP-21-008
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Dijet production at /s =13 TeV =

= comparison to fixed-order theory predictions @ NNLO x NP x EW
= data generally well described by theory (here: R = 0.8)
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Dijet production at /s =13 TeV

[2] CMS-PAS-SMP-21-008

= determination of PDFs & strong coupling constant @ NNLO (preliminary results)
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Multijet production
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[3] CMS Collaboration, “Measurements of jet multiplicity and jet transverse momentum in multijet events in proton-proton collisions at /s = 13 TeV”,
Submitted to Eur. Phys. J. C, CMS-SMP-21-006, arXiv:2210.13557

D. Savoiu 11t annual conference on Large Hadron Collider Physics | 22—-26 May 2023 10



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-006/index.html
http://arxiv.org/abs/2210.13557

Multijet production

= jet prmeasured for up to 4 leading jets

o in general not well described by any model @ LO
o better description for 3 & 4th jet with NLO matrix elements
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Measurement of the Lund jet plane density [4] CMS-PAS-SMP-22-007

= Lund jet plane represents phase space of emissions inside jets

o anti-k; jets are declustered iteratively using the Cambridge—Aachen algorithm 1 d2N

° the density of emissions is measured as a function of In(k; / GeV) and In(1/ AR) as: 37 ) dln(kT)C;nlﬁr:EiIo{n/sAR)
jets

t 2
% 3 ~ —Cras(kr)
AR/ 5
/

hard

4
E Applications
E = improve modeling of parton shower, hadronization, underlying event
= heavy-flavor tagging due to unique signatures of highly
- boosted color-singlet particles
g [UE___ hadronization > = test running of a; via analytical predictions in perturbative QCD
wide angle small angle

In(1/AR)

[4] CMS Collaboration, “Measurement of the primary Lund jet plane density in proton-proton collisions at /s = 13 TeV”,
CMS-PAS-SMP-22-007
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Measurement of the Lund jet plane density [4] CMIS-PAS-SMP-22-007

= measurement performed for both small (R = 0.4) and large-radius jets (R = 0.8)

= density measured for jets with p; > 700 GeV & |y| < 1.7
o only charged-particle constituents of jets are used — increased resolution

* multi-dimensional unfolding to obtain density at particle level e ————————————— -
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Measurement of the Lund jet plane density

= performance of different generators,
tunes, parton showers
* measurement can be used as input to
further improve these models
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Summary

= jet observables are an important experimental probe for SM at highest energy & precision

= many measurements from CMS at /s = 13 TeV, targeting wide variety of jet observables
o jnclusive jet and dijet cross sections
o jet multiplicity & transverse momentum spectra in multijet events
o jet substructure — density of parton emissions in Lund jet plane

= improved precision and extended kinematic reach, beneficial for:
o determinations of the strong coupling constant a,(m;) and parton distributions (PDFs)
o probes of extensions to the SM in effective field theory
o improvement of MC generator modeling of perturbative and non-perturbative effects

Thank you for your attention!
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Inclusive jet production at /s =13 TeV (r=0.4)

= comparison to fixed-order pQCD theory at
NNLO & NLO+NLL
+ corrections for non-perturbative (NP)
and electroweak (EW) contributions
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Inclusive jet production at /s =13 TeV (unfolding)

full 2D unfolding across jet prand |y| statistical correlations on particle-level spectra
response matrix depicts event migrations induced by the unfolding procedure
between the particle and detector levels

N QMS ‘Simulatign | - . 13Tev CMS 33.5fb (13 TeV) 1

> " <0. 5<y® < 1. 0<ly* < 1. 5<ly*<20]20<y* <25 = S < _I 5< <I_ 0< <I_ 5< <I_

3 fggg 1205 __05 ly™1<1.0 1 1.0<ly ™l 15“1 S<iyl ?'9“20 ly J_/_‘fé_ 3 E 2000 Iyl < 0.5 05<lyl<1.0 1.0<ly| <15 1.5 <yl < 2.0 ]

T - 1000 2o

,_E_ 200 (F:’orgbiailglri:-y matrix - E ) e %

B ool dition: 3.8 .k n } ——,{" : dfl é 107" 3 200 Anti-k; (R=0.7) » 06
2000 ,,_{ - Correlation matrix .
1000 & 100

ey = a 2000 - 0.4
200 g 107 1000 | 21
100 ol 5 4
2000 ~1 » o2
1000 2 200
B 10 100 0
200 = 2000 .
100 . 1000 } &
2000 o 2 0.2
1000 24 10 A
# 200 © 0.4
200 = 100
100 3 2000 06
000 - 1000} -
Y 508
200 o 200
100 g . o B i . ‘ 106 10 , , , ,
100 1000 100 1000 100 1000 100 1000 100 _ 1000 Q00 7000 100 7000 100 1000 100 1000 -
Jet P, (GeV) Jet P, (GeV)

D. Savoiu 11t annual conference on Large Hadron Collider Physics | 22 May 2023



Measurement of the Lund jet plane density [4] CMIS-PAS-SMP-22-007

OGCMS Preliminary 138 fb" (13 TeV) CMS Preliminary 138 fb" (13 TeV)
CMS Preliminary 138 fb' (13 TeV) O T T T T e g oabad T agles TS
C L L O B B L L L L L L jet = 4= jet —
F ] AKS jets generators p’T >700 GeV, Iyie(l<1.7 E B . Do py' >700 GeV, ije‘l<1.7 E
+ pF'>700 GeV, ly | <1.7 0.084 <In(k /GeV) <0.584 3 T 0351 ~ PYTHIA8 CP2 0.084 <In(k /GeV) <0.584
- o 1 T 2 1.09 <k; < 1.79 GeV ERC Y — PYTHIAS OP5 1.09 <k; <1.79 GeV E
ol 2 . BE‘SWIW CH3 T GE TE o] < PYTHIAS Monash 3
08 Slz € g < €£ 025 -
| 5 LS al — PYTHIA8 CP5 3 _slo YRk PYTHIA8 CUEP8M1 =
3T = - PYTHIABCP5 (FSRup) o Z |2 F E
Sl o . -+ PYTHIA8 CP5 (FSR down) 3 o &~ 0.2 =
06 Z -~  Z[F 025 -=- -~ PYTHIA8 CP5 (ISRup) = = == 3
% | g - PYTHIA8 CP5 (ISR down) 3 S 0.15F L — = o ° o - -
< fp T T NGRS Y g 3 2 E L o E
04 7 e e e e @8R T ER A= . =
—|_2 . = F E
02 = - o tunes E

' B b b b b b b b b by E Bl b b b b b b b L

o C T T T T T e T T & 4 g T T e e e

© . - s ik Al S - yoh EIEE © :

° o 12k, i i o R - Q 12f =Tt ps
S 1E o 1= 1
@ I e — @ ]

o 08E . e e e L o 08F b b e e L
T T T ‘AKB]lets T T 3 ) T T T T ‘AKSJ"etS T T T =
045 e Data jet - == et E
=X - PYTHIAS+DIRE Pt > 700 GeV, Iyle‘l<1.7 E = X py'>700 GeV, ije‘l<1.7 3
Ex— E recoil schemes 3
T 035 -+ PYTHIAB+VINCIA 0.084 <In(k /GeV) <0584 T 0.084 <In(k /GeV) <0584 3
2l ggb " —~HERWIG7dipole 1.09 <k <1.79 GeV E P 1.09 <k; < 1.79 GeV E
S UF == SHERPA ] g e Data =
A E E 0.25F - E E HERWIG7 recoil schemes
Sz 2k E = =~ ¢? scheme E
o |l 02F = - p,-scheme =
el © =4 E =;=_._ _,‘_—t——?= 3 = Y 9,9, -
E’ T 0.15F R e e = e = 5 4, +velo E
‘_|z'2 01 ¥ = ‘_|z'2 E
. i parton showers = - 3
B = =15 0.05F =
\A_d/ i v i e e e A ISP IPRPTS IPRTEIPS PRI IR R RN R IR AR AR AP BT AR A
G AT T T T T T o G AL T T T
= 2 1.4 Al = —— —
Q 12F Q 1.2F W ) :3:‘3":6:_(5:
S 5 = i s i = = = ]
~ 5 1 ] o EA =0 O Bl
S |UE | hadronization C pgbt b b e b b e b L [T | s/ G N R S RS BT NS PR e
widsangl Salliangle 0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 385 4 45 5
In(R/A R In(R/A R
ln(l/AR) L | IR ( L \) L | IR ( Loy \)

107" 1072 107" 1072

D. Savoiu AR AR 19


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of the Lund jet plane density [4] CMIS-PAS-SMP-22-007

L CMS Prelimi .
V CMS Preliminary 138 o (13 TeV) 04pmo retiminary ‘138 ‘fb (1?TeV)L CMS Preliminary 138 b (13 TeV)
E T T e e 1.2 E AKB]ets - o4 T T T e
F AKS jets 0.35— ot S 7 = “TE AKS jets —
Eooe 5700 GeV, Iy [ <17 IR =Y generators Py >700GeV, Iy I<17 4 0.22F PE>700GeV, ly 1<17 3
L T o<l ’ T o3F 0333<IN(RIAR) <0667 1 |= O0.2F ! E
, 5 T da UCF 0.411<AR<0.573 4 S oisEt 0667 <In(B/AR) <1000 3
L < C - | 3 =% . < X 3
10 E —~ 21 %E 0.25F~--- e Data 3 5E o <04n —
s S, . 08 SF == g ----HERWIG7 CH3 - g% 016, e Data 3
> [ @ @y = 5ol s — PYTHIA8 CP5 3 _BE o14F ~ PYTHIA8 CP2 E
S r o o 5l< S 02 0 -x PYTHIAB CP5 (FSRup) —| Z |2 . F y E
= 20, 06 Z 2 < Eo -+ PYTHIA8 CP5 (FSR down)| o, o012 T — PYTHIA8 CP5 3
- x oL o [ £ 015 vl - 5(ISRup) z E -+ PYTHIA8 Monash =
X L o |I= o = - £ 01 3
o E g k= | s - = S # PYTHIAB CP5 (ISR downy | |5 F PYTHIAS CUEPSMI =
C 2 R ~—|_2 A ; - o U E =
C -8 = g N 31 T|=" 0.06F E
[ ; 02 % 0.05F e IT e Y i = 0.04 - E
E L I B o i
0 g 1_4" T T T T T T T T T E © 147\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\;\\\\;\\\\;\\\\;\\\-\
Q 12F - S o=
S " s S —_— Q 12ty E
15} 1= —— Cx ox g 1 o S _ __'!'___"'_f
O 0.8 T T i Al E v = —te—=—f= " ——
oS P i i o 08F i e b E
e “‘138‘“) (13TeV) CMS Preliminary _ 138 o (13 Tev)
02F AK jots E g . TRk
o Py >700GeV, ly <17 recoil schemes pe'>700 Gev, ly_|<1.7 =
s g 0667<IN(RAR)<1.000 o | g 5
R o5 o6 geer AR <100 & 0.333 <In(RIAR) <0.667 =
S b 1 g< - 0411 <AR<0573 E
g= YT ® Data = 5| —— e Data =
g1 C —— = o= =
5l 0128 -4~ PYTHIA8+DIRE I ElE —0— HERWIG? recoil sch =
= z 5— o1E == —#- PYTHIAB+VINCIA 9 2= ° -G acheme =
= T E —— ~~ HERWIG? dipole =R ~ p,-scheme =
5 0.08F === SHERPA I ok —
2 00e ==_, s g E
o z Ok == Elara =
B hoiel parton showers == E z | S WA 3
& g P = ===
= 0.02F —— ] - =f= 3
= Eee o Uy by b b b b b b | = E
© L L L L L L I L B L L BB o S B o
g 1(21 T T T T T T T T g 1.4;ww‘Hww‘wuw‘wuw‘wu\‘HH‘HH;HH;HH;HH
& o e o = 9 12 =
5 UE e ——— 8 1= —_“__:=: —— =y — S 1Es P ’ . . RN — - —
wide angle small angle (SR X ] < I I N | = T = — N =L e ——— b
g P S N B W = o 08fF " b=t VT, 1
In(1/AR) TR W ey S ey S Sy i Lo 22\5:\33\5\\
In(k_/Ge ’ '
| (k/GeV) In(k /GeV)
L L L L L |
1 2
0 10 10 102

D. Savoiu
e TGRa\/ k [Ga\ 20


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of the Lund jet plane density [4] CMIS-PAS-SMP-22-007

138 b (13 TeV)
T T

CMS Preliminary 138 fb" (13 TeV) CMS Preliminary
L B L | L

CMS Preliminary 138 fb" (13 TeV) 018 T T T T Ak jets = 0.2F T T Akgjets IE
= ""w"'x'"w"'w""IA'}'(E'S'.;{S"w"'w"'w"" 1.2 p’Te‘>7OOGeV,Iyie(I<1.7 . 018k p'Te‘>700GeV,IyJe‘I<1.7 7
C J 0.16 — S0 =
6 — B — —— ]
L 5700 GeV, ly | <1.7 T 2.333<In(RIAR) <2.667 7 T o16—s 2.333<In(R/AR) <2.667 7
L gy jet 1 . olq 014 0.056 <A R<0.078 g PE 0.056 <A R <0.078 E
[a= 5| e Data 4 §5 014 e e Data =
o|< 2L 0.12F: -~ HERWIG7 CH3 4 g 0M4E e PYTHIAS CP2 E
00 §F N o e T . R e— PYTHiAS Cro E
21 Z|= A= -k 5 up) - =|B. , — B
E|S « — 0 C -+ PYTHIA8 CP5 (FSR down) o - 01 + PYTHIA8 Monash —
5] X~ X~ -+
06 Z =3 = 0.08F PYTHIA8 CP5 (ISR up) = = 3
%l s F PYTHIA8 CP5 (ISRdown) { |5 0.08F~ K PYTHIA8 CUEP8M1 E
< 2 0.06— — @ F 7
04 S -] 22 g 1 - Zﬂ 0.06 - ]
-2 0.04F = SSail tunes E
0.2 0.02|— — 0.02— —
E ! I I I I = E [ =
< © T T T T T T T
© ot S —
o g = = 7
_8- : _g i $ 7;—7ti
s E o ¢ —_— e —— 1
o 08f, , | A o 08F . 1l
CMS Freliminary 138 fb™' (13 TeV) CMS Preliminary 138 fb™' (13 TeV)
02T ‘ AKB jets ‘ = 0.22F mpy ‘ " AKB et ‘ IE
0.18 Pl >700 GeV, Iy <17 = 2 recoil schemes p;'>700GeV, Iy <17 E
T 0.16F 2.333<In(R/AR) <2.667 T = 2.667 <In(R/AR) <3.000
o< E 0.056 <A R<0.078 3 o< e 0.040 <A R<0.056 =
S [—— —] S . =
A %E 0'14: e Data B ég —— e Data =
§S 0.12 — ~+~ PYTHIA8+DIRE - 5 < 21‘21 E _e_;ESF;mﬁZ recoll schemes 3
Z |~ E e -#- PYTHIA8+VINCIA 1 Z2|= 012 =
= A — = E —— -sch =
"C% % < 0 1; ~— HERWIG7 dipole 1% & O == b =
= < 0.08 ? h SHERPA E S 0.08F =
‘—| }3 0.06 |~ =’= . _'03 0.06 —
~ SIS parton showers . E =
) 0.02F — 0.02 E
\a/ E | Lo | | —e—— ol | | | | [——
— 1] ‘ T T T T T S 44 T T T T T
© r © .
S 12f e 8
- S === _ —— ke]
- UE hadronization &’ F ——g——— ] &’ 1 ——v
- 0.8 - P L1 P | o8 v | v T T T
wide angle small angle 0.5 1 1.5 2 25 3 0.5 1 1.5 2 25 3
In(1/AR) In(kT/GeV) In(kT/GeV)
L ‘
L
10

D. Savoiu k_ IGeV1 10 21

1 r/~ v


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of the Lund jet plane density [4] CMIS-PAS-SMP-22-007

138 fb" (13 TeV)
il Ll AL A

CMS Preliminary

138 fb" (13 TeV) CMS Preliminary

CMS Preliminary 138 fb™! (13 TeV) . 0.08F T T T T Ak et N 0.06 JHFEREAREELLEEN ‘Ai‘gé}eis‘ o 3

r R B o o e e e s e . E 7 E
F 6 AKS jets 007E generators p’T >700 GeV, Iyie(|<1.7 E o - py' >700 GeV, ije‘l<1.7 ]
N 0 > 700 GeV, ly [ <1.7 T = 3.584 <In(k /GeV) <4.084 7 Tz 0.05— — 4 3.584 <In(k /GeV) <4.084
H T I3 1 —~ ola 0.06F g 36.01 <k, <59.37 GeV Emry :4,—\=0= 36.01 <k, <59.37 GeV ]
o S E s 1 s|= C ]

2|l [ E gL 004 =

o - 5 {5 == :

g% % g— = = 4 g— 0.03 o Data tunes -

0.6 NZ 2 £ oo ° B?SWI(H cha E c [ —-PYTHIA8 CP2 ]

°F ©, E CLPYTHIA8 CP5 4 |©, 002f ——PYTHIABCPS —

s IS ~|_2 g.02F -+ PYTHIA8 CP5 (FSR up) 4 ~|_8 E -4 PYTHIA8 Monash 1

- o 2 0.02 _{ pyTHIA8 CP5 (FSR down) 4 12 o PYTHIAS CUEPSM1 L h

—|_ o E -~ PYTHIA8 CP5 (ISR up) = 0.01— -]

02 P 0.01F -w PYTHIA8 CP5 (ISR down) — r ]

’ N E A RN BN R | ! L =] o) A E— ! ! ! ! ! \H\;‘"

© T T T T T T e © T T T T e e T

g =2 o . . e iy Y S

i 1 k] 1=*;——+— —1 1

& ] o

O 08E, ., 1., il b L LT & O8F e e

CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 b (13 TeV)

0.06 ‘ ‘ . ‘ ‘ "AK8jets | ‘ T = . ‘ . . "AKgJets | ‘ ‘ E

[ pJTe‘>700 GeV, ly I <17 B (\ord=l recoil schemes pf‘>700 GeV,ly I<17

T 0.05; ——#—— 3.584<In(k /GeV) <4.084 = T 0.06f fe—— 3.584 <In(k /GeV) < 4.084 é

2l o v 36.01 <k; <59.37 GeV 1 < N N 36.01 <k; <59.37 GeV E

o — — o & —

1 3T 0.04— - gL 0.05 . -

E|S - —p— 4 ElE£ - 3

zZ= o 1 212 004 =

° a_ |~ 0.03— e Data e | e E

5 =t - = PYTHIA8+DIRE E =z - [ejData _ ]

= 5 E e PYTHIAB+VINCIA parton showers = 5 0.03:— HQERWIG7 recoil schemes -

0.02 : =~ ¢? scheme B

2 = —— HERWIG? dipole 3 8 E  —p_-sch 4

~—|_o - = —(_2 0.02F pT scheme .

z C SHERPA == 1 12 E a-q — =

—~ 0.01— —] E A-q g +veto A E

E r ] 0.01= — " 2 —

\a/ O’HmHmH‘\H‘\H‘\H‘\H‘m”mw R RN BN BN BN BN B R —

= © T T e e T © T T T T T e
® 1.2F —p— © 1.4 —()—_

a e 1 Q 128 —— AX E|
= B e TA————— . 3 =g
“é UE hadronization E | =§='—"—‘ | | | | &) 0.8 | \_G‘_\ | | | | | | ]

- o e L L L e Lo L Ot L b Lo L b Lo L L
wide angle small angle 08y~ 02" 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 1.8
In(1/AR) In(R/A R) In(R/A R)
0.8 0.2 0.8 0.2

D. Savoiu AR AR 22


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

Measurement of the Lund jet plane density [4] CMS-PAS-SMP-22-007

= comparison to predictions in the soft and
collinear limit using the one-loop B function for
the running of a

= qualitative description of emission density
as a function of emission ky

d2 Nemissions
Nets din(k )din(R/A R)

D. Savoiu

0.24
0.22
0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

1 dzZ\]emissions
I\[jets d ln(kT)d ln(R/AR)

2
~ ECR“S(kT)

(@)

MS Preliminary 138 fb' (13 TeV

N

AKS8 jets

jet

Py > 700 GeV, ijetl <17
0.667 < In(R/A R) < 1.000
0.294 < AR <0.411

e Data
— Soft and collinear limit prediction

2 CE ag(k ), with ag(m ) = 0.116

III|III|III|III—

—|II|III|III|III|III|III III|I

[ ]
number of active parton flavors changes
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|E
0.5 1 1.5 2 2.5 3 3.5 4
In(kT/GeV)
I I T I | | | [
10 50

k; [GeV]


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-007/index.html

