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Why jets?
proton structure
— PDFs

= jet production is dominant process at hadron colliders

= jet measurements provide essential input for improving theoretical
models (perturbative QCD, parton showers, hadronization)

= crucial for calculating any process at the LHC, AN

hadrons
precise modeling of background processes in searches for new physics

= esp.important for understanding proton structure & strong
interaction (among theoretical components with largest uncertainties)

= rich measurement program at ATLAS & CMS + active
theory community

jets
— measurement
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Why jets?

= this talk: personal highlights from recent results by both
collaborations + attempt to identify old & new trends w,
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Experimental reach in x and Q?

phase spaces in parton momentum fraction x and energy scale Q? covered by experiments
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[D. South et al. “Review of Searches for Rare Processes and Physics Beyond the Standard Model at HERA”, EPJC C 76 ]
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T T T T | T T T | T T T | T T T T T
S ‘t o 't t t h t I o H1 multijets at low Q2 : EPJC 67:1 (2010)
ensitivity to the strong coupling
H1 multijets at high Q? : arXiv 1406.4709 (2014)
. ey . o ]
jet observables are naturally sensitive to strong coupling a; HIZEUS (NG, CC, ets) : EPJC 75:580 2015)
NNLO H1 incl. & dijet : EPJC 77:791 (2017)
n p recise d ete rmin at lon Of as(mz) CDF Incl. Jets : PRL 88:042001 (2002)
DO incl. jets : PRD 80:111107 (2009)
Ll [ ] .
= probe running of strong coupling at energies >1 TeV D0 ang. core.: PLB 718:56 (2012
N3LO CDF Zp_: arXiv:2203.05394 (2022)
Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)
CMS  Preliminary ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
6 I j L j L j ! ATLAS TEEC 7TeV : PLB 750:427 (2015)
~ - Theory at NLO A CMS Ry, 7 TeV : EPJC 73:2604 (2013)
3 0251 v CMS 3-Jet mass 7TeV : EPJC 15:186 (2015) ATLAS TEEC 8TeV : EPJC 77:872 (2017)
L + CMS incl. jets 7 TeV : EPJC 15:288 (2015) ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
B * CMS incl. jets 8 TeV : JHEP 03:156 (2017)
- . ATLAS TEEC 8 TeV : EPJC 77:872(2017) CMS Ry, 7TeV : EPJC 73:2604 (2013)
0.2 S ¢ ATLAS R,, 8 TeV : PRD 98:092004 (2018) NNLO CMS i cross section 7TeV : PLB 728:496 (2014)
N . CMSR,, 13 TeV

........ PDG 2022: ag(M ) = 0.1179:+0.0009 CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)
z

%%‘%%és} theory calculations

0.15 CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

- ‘4}_5} ) H at NNLO and beyond CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

- CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

0.1 R SR
i {,Q NNLO CMS tt cross section 13TeV : EPJC 79:368 (2019)
- iﬁi;*iﬂf{r-——
L A DO : Phys. ReV. D 80:111107 (2009) : } L CMS multi-diff tf 13TeV : EPJC 80:658 (2020)
- ° Do:PLB7T1856(2012) NNLO CMS Incl. Jets 13TeV : JHEP 22:142 (2022)
0.05 o H1 : EPJC 75:65 (2015)
- 0 ZEUS : Nucl. Phys. B 864:1 (2012) World Average : Prog. Theor. Exp. Phys. 083C01(2020)
- L 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 |
1 1 1 11 I 1 1 1 1 1 1 11 I 1 1 1 1 1 1 11 I 1 1
10 102 10° 0.1 0.14 0.16 0.18 0.2
Q (GeV) ag(M)
A

Daniel Savoiu New Trends in High-Energy and Low-x Physics | 2=5 September



Selected results from ATLAS & CMS

Title Int. Lumi. Energies (TeV) Reference

Measurement of inclusive jet and dijet production in pp collisions at Vs =7

ATLAS TeV using the ATLAS detector 37 pb-1 7 PRD 86 (2012) 014022 1112.6297
Measurements of differential jet cross sections in proton-proton collisions at

CMS  Vs=7TeV with the CMS detector 5.0 fb-1 7 PRD 87 (2013) 112002 1212.6660
Measurement of the inclusive jet cross-section in proton-proton collisions at

ATLAS Vs =7TeV using 4.5 fb-1of data with the ATLAS detector 4.5 fb-1 7 JHEP 02 (2015) 153 1410.8857
Measurement and QCD analysis of double-differential inclusive jet cross-

CMS  sections in pp collisions at Vs = 8 TeV and ratios to 2.76 and 7 TeV 19.7 fb-1 2.76,7,8 JHEP 03 (2017) 156 1609.05331
Measurement of the triple-differential dijet cross section in proton-proton

CMS  collisions at sqrt(s) = 8 TeV and constraints on parton distribution functions  19.7 fb-1 8 EPJC77(2017) 1 1705.02628
Measurement of the inclusive jet cross-sections in proton-proton collisions

ATLAS atVs=8TeV with the ATLAS detector 20.2 fb-1 8 JHEP 09 (2017) 020 1706.03192
Measurement of inclusive jet and dijet cross-sections in proton-proton

ATLAS collisions at Vs =13 TeV with the ATLAS detecto 3.2 fb-1 13 JHEP 05 (2018) 195 1711.02692

Measurement and QCD analysis of double-differential inclusive jet cross
CMS  sections in proton-proton collisions at Vs =13 TeV 36.3 fb-1 13 JHEP 22 (2022) 142 2111.10431

Measurement of multidifferential cross sections for dijet production in
CMS  proton-proton collisions at Vs=13 TeV 36.3 fb-1 13 Sub. EPJC 2312.16669

Measurements of jet cross-section ratios in 13 TeV proton-proton collisions
ATLAS  with ATLAS 140 fb-1 13 Sub. PRD 2405.20206
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Selected results from ATLAS & CMS

Title Int. Lumi. Energies (TeV) Reference

Measurement of inclusive jet and dijet production in pp collisions at Vs =7

ATLAS TeV using the ATLAS detector 37 pb-1 7 PRD 86 (2012) 014022 1112.62°~
Measurements of differential jet cross sections in proton-proton collisions at
CMS  Vs=7TeV with the CMS detector 5.0 fb-1 7 PRD O
Measurement of the inclusive jet cross-section in proton-proton collisions at
ATLAS Vs =7TeV using 4.5 fb-1of data with the ATLAS detector 4.5 fh- S \
S
Measurement and QCD analysis of double-differential inclusive jet cr~- '\. on pa%e ult it
CMS  sections in pp collisions at Vs = 8 TeV and ratios to 2.76 and 7~ . “‘fO‘ au
Measurement of the triple-differential diiet - ’ p“b\\ \ ot 2
CMS  collisions at sqrt(s) =8 TeV and cor- ‘. e‘\'\.s '1C/ _.2017) 1 1705.02628
Measurement of th-* on eﬂ’e
ATLAS atVs=RT {ou“d 8 JHEP 09 (2017) 020  1706.03192

3.2 fb-1 13 JHEP 05 (2018) 195 1711.02692

P\—‘\_P\S htt o 36.3 fb-1 13 JHEP 22 (2022) 142 2111.10431

S ..uitidifferential cross sections for dijet production in
CN\ ~+uton collisions at Vs=13 TeV 36.3 fb-1 13 Sub. EPJC 2312.16669

Measurements of jet cross-section ratios in 13 TeV proton-proton collisions
ATLAS  with ATLAS 140 fb-1 13 Sub. PRD 2405.20206
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Observables

inclusive jet cross sections (“every jet counts”)

= direct probe of QCD at different scales
and proton momentum fractions
dijet (+ trijet, ...) cross sections
= exploit jet topology for additional
handle on PDFs over wide range in x
event shapes
= abstraction of topology beyond dijet
allows constructing sensitive variables
jet substructure

= resolution of QCD processes inside jets

<4
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Incl. jet R=0.6, |y| < 3.0
—lyl < 0.5, pr > 100 GeV
-0.5 <|y| < 1.0, pt > 100 GeV
-1.0 < |y| < 1.5, pt > 100 GeV
—-1.5 <|y|] < 2.0, pt > 100 GeV
—2.0< |yl < 2.5, pr > 100 GeV
-2.5<y| < 3.0, pr > 100 GeV

Incl. jet R=0.4, |y| < 3.0
—lyl < 0.5, pr > 100 GeV
—-0.5 < |y| < 1.0, pt > 100 GeV
—1.0 < |y| < 1.5, pr > 100 GeV
-1.5 < |y| < 2.0, pt > 100 GeV
-2.0 <yl < 2.5, pr > 100 GeV
—2.5 <|y|] < 3.0, pr > 100 GeV

Dijet R=0.6, ly| < 3.0, y* < 3.0

-y*<0.5,03 <my <43 TeV
-05<y*<1.0,03 <mj <4.3TeV
-1.0<y*<1.5,0.5 <mj < 4.6 TeV
-1.5<y* <2.0,0.8 <mj<4.6TeV
-2.0<y*<25,1.3 <m;<5TeV
-25<y*<3.0,2<m; <5TeV

Dijet R=0.4, ly| < 3.0, y* < 3.0

-y*<0.5,03 <my <43 TeV
-0.5<y*<1.0,0.3 <mj <4.3TeV
-1.0<y* <1.5,0.5 <mj < 4.6 TeV
-1.5<y* <2.0,0.8 <mj<4.6 TeV
-20<y* <2513 <m;<5TeV
-25<y*<3.0,2<m; <5TeV

Status: June 2024
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Inclusive jet production Il £\l
first results at 13 TeV
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https://arxiv.org/abs/1711.02692
https://doi.org/10.1007/JHEP05%282018%29195

Inclusive jet production

first results at 13 TeV

NLO theory shows fair agreement

with data, but large uncertainties

Daniel Savoiu

[arXiv:1771.02692] @AT LAS

[JHEP 05 (2018) 195]
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https://arxiv.org/abs/1711.02692
https://doi.org/10.1007/JHEP05%282018%29195

° ° ° . . [arXiv:1711.02692]
Inclusive jet production - uncertainties e oseo o) K LA
first results at13 Tev “scale” — missing higher orders in
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improvement in experimental methods, increase in accuracy of theoretical

calibration to reduce uncertainties calculations + models
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https://arxiv.org/abs/1711.02692
https://doi.org/10.1007/JHEP05%282018%29195

[arXiv:2111.10431]

Inclusive jEt prOd uction at '\,?= 13 TeV DHEP 02 (2022) 142

+addendum [JHEP 12 (2022) 035]

CMS

comparison to fixed-order pQCD theory at NNLO and NLO+NLL,
corrected for non-perturbative (NP)

and electroweak (EW) effects CMS 335" (13 TeV)
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Jet P, (GeV)
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https://arxiv.org/abs/2111.10431
http://dx.doi.org/10.1007/JHEP02(2022)142
http://dx.doi.org/10.1007/JHEP12(2022)035

Highlights

PDFs + a,(m5)

CMS SM NNLO Hessian uncertainties
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nghlights combined fits

with other data sets

ole
PDFs + a,(my) + m, (Pole)
CMS NLO Hessian fit uncertainties
PDFs + as(mz) q1°°: _ ] uf:mt2
X L CMS 13 TeV jets & tt + HERA
CMS SM NNLO Hessian uncertainties o 80— ] sm
o« ¢ L SMEFT LL CI A=10 TeV
o u2=mg * 6o
x C
o sol [ CMS 13 TeV jets + HERA wol
I HERA L
x L |
60— 201
B gluon PDF: reduced -
o uncertainty at high x o Of T
C 1.05 —— (SM+Cl) / SM
20 5 1
© 0:' B go.gs—
g 11 — (HERA+CMS) top quark mass in good agreement with
D — previous CMS results using only tt data
g0 jet data “pins down” PDFs + a,(m,)

104 10° 102 107" m, (pole) [GeV] =170.4 + 0.6 (fit)
a,(m;) = 0.1166 + 14 (fit) + 0.1 (model)

increased sensitivity to other parameters

= + i
+ 7 (model) most precise NNLO result £ 0.1 (scale) a,(m;) = 0.1188 + 17 (fit)
+ 4 (scale) from jet cross sections 0.1 (param,) * 4 (model)
- + 25 (scale)
_ _ t 1 (para m’.\? . _ .
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combined fits

with other data sets

Highlights |24

constrain Wilson coefficients for SM

extensions involving four-quark PDFs + a,(m;) + m; (pole)
contact interactions — —
CMS NLO Hessian fit uncertainties
27 — F
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Dijet production

exploit topology of two hardest jets to enhance sensitivity to PDFs

back-to-back ! rapidity separation | - triple-differential cross section
y*= 2 Iy =y.|

Parton Distri buto Fun cto ns

E sy = total dijet boost m, (pTh.
SO Yo="V2lyi+ |
0.6
ol / better separation of boosted and non-
same 1‘ boosted dijet topologies = potentially
02 heightened sensitivity to PDFs
“lo- g0 V‘
Y17 1
AL >
o

low x ﬁ
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Dijet cross sections at 13 TeV

[arXiv:2312.16669]
Submitted to EPJC

CMS

= double- (2D) & triple-differential (3D) cross section vs. dijet invariant mass m ,
= comparison to fixed-order theory at NNLO pQCD from NNLOJET + fastNLO
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http://arxiv.org/abs/2312.16669

[arxiv:231216669] [(=NAS

Dijet cross sections at 13 TeV
PDFs and a,(m;) determined simultaneously in fits to CMS dijet & HERA DIS data

ems - CMS

Al R . . [ T TTTTT T TTTT L | T
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http://arxiv.org/abs/2312.16669

.o o [arxiv:231216669] [(=NAS
Dijet cross sections at 13 TeV
PDFs and as(m;) determined simultaneously in fits to CMS dijet & HERA DIS data
CMS CMS
€ o = rEmes 208 3Dftsyield R pm————————
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251 o5 | _
y% = mf as(mZ)BD =0.1181 (13)fit (9)model (6)scale (z)param. /~‘f2: — mt2

5 ) e 6 X2/ ngor =1339 /1109 S 0, e+
= 1.1 —— (HERA+2D)/HERA — = 11L anon 4
3 ézgj C -~ (HERA+3D)HERA ﬁ a, from inclusive jet production at Vs =13 TeV [arXiv:2111.10431]
! [JHEP 02 (2022) 142]

+add. [JHEP 12 (2022) 035]

B [ (S [
as(mz)incl.jet= 0.1166 (14)ﬁt (7)model (4)scale (1)param.

b X*/ naor=1302/1118 most precise value for a,(m;) from jets

gluon PDF uncertainty reduced at x >
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Jet cross sections vs. multiplicity

= differential cross section measured in bins of
jet multiplicity N from 140 fb of data

= inclusive jet and dijet cross sections as a
function of prand Hr; = pr1+ pr2

= comparison to MC generators & fixed-order
theory at NLO pQCD

no MC describes data in entire phase space,

best overall agreement from Sherpa

Ratio to Data

[arXiv:2405.20206] AT LAS

Submitted to PRD EXPERIMENT

ATLAS Data m Pythia PH+Pythia

Vs=13TeV, 140 fb™ v SherpalLund 4 Sherpa  Herwig7
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, ]
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° ° [arX|v 2405.20206]
Jet cross section ratios sumitesto oo K ALEAD
= ratios measured between multiplicity bins, e 22_ Arll_As ) l. ' Datla o | |:
benefit from cancellation of systematic o 15=13TeV, 14017 0 HEJ E
uncertainties, e.g. 0.6E E
0.5F E
: o O ;
O(Njets < 3) o4l o9 . :
R32 - 0.35— . _E
0(NjetsS 2) Ozgja E
X2 E
= comparison to NNLO theory using High Energy Y e I I £
Jets theoretical framework for calculating :é% o0 0o o g " - .
T N o I e i
o O B

logarithmic corrections to all orders in o | | | | | | g
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Multijet event isotropies % example: [Ring  WE20E0EIGED SATLAS

Vs=13 TeV, 140 fb1 [J Powheg+Pythia

UL IR UL I I LN IS I I R
= jsotropies = event shape variables that quantify the 10° F-ATLAS e e o e
H “« H H H ” 2 s Sherpa (AHADIC) V Sherpa (Lund)
distance from a “symmetric radiation pattern OB Mo =2 oy + anta o) = Han O
. . . . ] [ —_ 10
= minimization of distance metric to reference d ETTewy,
o . . . =1 ]
geometries (dipole, cylinder, ring, etc.) o W T :
example: = data/theory best for balanced -
dipol b 1 : P =
Pote dijet-like configuration, 23 e e n i gl S
N 0.8 —
0 actual event£ deter’orates at hlgh ISOtrO py mg 0-15_ — Total Syst. ~ --- Stat. Unfolding _E
-% % 0_05;_ - = MC Model JES+JER -~ Condiiio_ni _'_- _;
01;;‘6 £) = explore remote areas of QCD 25 o E
@ phase space, useful as input to E
MC tuning 0002 03 04 05 08 07 08 09 1211
PBB “ 4 more dijet-like )
2 .
Energy-Mover's Distance ,, /. more symm. trijet-like mp
EMDg(E, &) = }mﬂ)}ZZﬁJ 2
== Jj=
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[arXiv:2305.16930]

Jet azimuthal correlations (cwispas swe-22-005] | IS

" observable Ry, defined via the number of neighboring  — o.sp T
jets within a specified interval of & F Prelminay e eoUETM:
angular distance A : :
0.35— —
DU NGO (B9, P, [ratiocksenvable | b T ER,
RA¢ (pT) = N — many sysfcer'natlc ae :_++++ +++*+:i E
jet(pT) uncertainties cancel “E ik o SN
02 Iyl < 2T.5 . - ‘}Lj
5 7 - 2n/3 < Ap < 7/8 3
. L LS . . - pI =100 GeV =
T ? o —e— Data .

= interval <A< separates dijet topologies
C L 3
from 3+ jetS - SenSitiVity to aS(mZ) g 1-8:_ = = = Powheg + Herwig++ l EXp. uncertainty _:
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1 i =i=re]
0.8 :— —:
- ]
400 500 600 700 1 0100 2000 3000
p._(GeV)

Daniel Savoiu New Trends in High-Energy and Low-x Physics | 2=5 September 2024 | Sf. Gheorghe, Romania 23


https://arxiv.org/abs/2305.16930
https://cds.cern.ch/record/2868568

Jet azimuthal correlations

= extraction of as(m;) from comparison to fixed-order
pQCD predictions at NLO using several global PDF
sets + nonperturbative & electroweak corrections
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[arXiv:2402.13864]

Energy correlators (EECs) PR3 0207

= substructure observables that describe the correlations of kinematic properties

of particles inside jets, weighted by energy — EE;/E? or EEjE/E?
= calculated based on pairs (E2C) or triplets (E3C) of constituent particles

= ordered by angular separation x, — probe timescale of hadron formation

CMS 36.3 b (13 TeV)
O hadron | ' -8 perturbation theory
N | [
w |
10 - it <
o

1 I
small angle splittings, :

non-interacting hadrons 1o piet; 330-468 GeV,

1073 1072 10~
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Energy correlators (EECs)

= EECs measured in bins of jet py and compared to predictions from MC generators
PYTHIA 8, Herwig 7 and SHERPA 2

best overall description

10?

E2C

10

107"

1.1

0.9

Ratio to PYTHIAS8

perform better in some regions

[arXiv:2402.13864]
PRL 133 (2024) 7
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Strong coupling from EECs

ratio of E3C and E2C sensitive to a,(m;):
= approx. linearin ag In x,

= PDF dependence largely suppressed

CMS 36.3fb™' (13 TeV)
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Summary

presented recent results on jet measurements from the ATLAS & CMS
collaborations

diverse measurement programs, targeting various observables,
e.g. jet cross sections, event shapes, jet substructure

precision measurements provide essential input for improving our
knowledge of the Standard Model, esp. for determinations of
strong coupling a;(mz) and parton distributions

large accessible phase space, useful for improvement and tuning of MC models

improved experimental techniques + fixed-order predictions up to and beyond NNLO
accuracy in pQCD are instrumental for improving precision and reducing systematic

uncertainties .
Thank you for your attention!
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ATLAS inclusive jets 13 TeV
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[arXiv:1711.02692]
[JHEP 05 (2018) 195]
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ATLAS inclusive jets 7 TeV
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Multijet event isotropies example reference ATLAS

geometry: dipole [arXiv:2305.16930]
[JHEP 10 (2023) 060]

A

= jsotropies = event shape variables that quantify the 6 p

distance from a “symmetric radiation pattern
. . P ﬂi\

= infrared- and collinear-safe + complementary to
traditional variables like thrust, sphericity, spherocity @ actual event €

= obtained by minimization of distance metric to isotropic
reference geometries (cylindrical, spherical)

Energy-Mover’s Distance angular weighting exponent

M M ‘

EMDg(E,&') = min ZZf,, G

(20} S £

sum over object pairs ground measure (e.g. angle)

energy transfer
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Multijet event isotropies

= measured in bins of jet multiplicity (Ne)
and scalar sum of two leading jets’

transverse momenta (HTZ)

= data best described by simulation in
balanced, dijet-like configuration (low
isotropy), deterioration at high isotropy

= explore remote areas of QCD phase space,

useful as inputs to MC tuning
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Multijet event isotropies ATLAS

forward dijet < isotropic multijet ;f

balanced dijet < isotropic multijet
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Multidifferential dijet cross sections

nonperturbative (NP) corrections

13 TeV
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Multidifferential dijet cross sections

electroweak corrections
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CMS 33.5fb" (13 TeV)
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Multidifferential dijet cross sections

comparison to fixed-order theory predictions @ NNLO x
nonperturbative, electroweak corrections
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