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Jets as a probe of QCD

« Test of QCD model: sensitive to a; and PDFs

* Extract o
* Improve PDF precision
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Jets production at LHC

» Substructure
e Knergy correlators: CMS-PAS-SMP-22-015

e Lund Jet plane: CMS-PAS-SMP-22-007/

» High energy jets
e Azimuthal correlations: CMS-PAS-SMP-22-005

¢ Inclusive jets: JHEP 02 (2022) 142 + Addendum (Nov. 2022)
o Multi-differential dijets: CMS-PAS-SMP-21-008

e Jets reconstructed using anti-k algorithm using
AR = 0.8 or (ak8) or 0.7 (ak’7) or 0.4 (ak4) and unfolded to particle level

DESY.


http://cds.cern.ch/record/2866560?ln=en
https://cds.cern.ch/record/2853467/files/SMP-22-007-pas.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-005/index.html
http://arxiv.org/abs/2111.10431
https://doi.org/10.1007/JHEP12(2022)035
http://cms.cern.ch/iCMS/analysisadmin/get?analysis=SMP-21-008-pas-v3.pdf
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Measurement of energy correlators inside jets # SMP-22.015 |

e Energy flow within a jet: jet energy

correlators
: ARy, # : © AR L E2C —_— — Z dG- -5(XL — ARZ )
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Quark/Gluon Confinement Hadron

: : : Hadron
Larger point means

higher energy
AR: angular distance ) Large weight: energetic

X;: maximum AR » Low weight: soft

— “mapping”’ of parton stages in jet formation
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Measurement of energy correlators inside jets — as # SMP-22-015

Quark/Gluon Confinement Hadron

- Larger point means
higher energy

e Theory calculations at NLL, NNLL

Chen, Moult, Zhang, and Zhu, [arXiv:2004.11381]
Lee, Mecaj, and Moult, [arXiv:2205.03414]
Chen, Gao, Li, Xu, Zhang, and Zhu, [arXiv:2307.07510]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.054012

lllustration of partonic time evolution % SMP-22-015

e L =236.37b"1(2016),leading jets

with pﬁLT > 60 GeV, jets ak4

e Phase space selection:
e [Exactly two jets
o Inl<2.1

o 97 < p/ < 1784 GeV (8 bins)

A
o piartzcle > 1GeV

e Detector to particle level:

D’ Agostini unfolding in 3D (x;,

energy weight)
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Unfolded E3C in one p/’ bin

CMS Preliminary 36.3fb' (13 TeV)
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Energy correlator ratio % SMP-22-015

e Benefit of ratio:
e Suppressed ambiguity 1n jet quark/
gluon composition
e Reduced uncertainty

DESY.
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CMS Preliminary 36.3 b (13 TeV)
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CMS

Energy correlator results # SMP-22-015

CMS Preliminary 36.3fb™" (13 TeV)
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Energy correlator results % SMP-22-015

e FKit data to NNLL

aS(mZ)

|

——

' aS(mZ) = 0. 1229j8 88‘5‘3

DESY.

with different

approx

( < 4.1 % rel) 1

CMS

1.6
1.5
1.4

1.3

do®dx,
[ZJ/de

d

1.2}
1.1

§1.02f

rox

Ratio to NNLL

da[3]/dx,_
do“/dx,

_‘_L_L_L_L_L
S SRS T S )

1.02F

0.98f

Ratio to NNLL,

CMS Preliminary 36.3 fb' (13 TeV)

| 97 <p) <220 GeV 1 220< pi<330GeV | 330<p)<468GeV | 468<p)<638GeV |

i | E I .

. - - | - 1 -
~ - o 3

| - - i - 1 T

Error band:

0.98f

shape only |

N D 4]
il

NN

1 oot
\\\\\\\\ \Q%

| 638<pl<846GeV | 846<p!<1101GeV | 1101<pl<1410GeV | 1410<p! <1784 Ge\l '
i _ ] L
B "_v*aj -~T'**+- TT*+T: -.-_*ﬁ*\ |
- _._"l"-r ﬂ?‘? _+_+
i _'_-'- | - i """"' B |
. PN — — - _*
[ ]
BN DR AN AN N N
\ \\\N\y@\: N {*g
IR
107 107 X, qo- 107
- Data — NNLLpprox+NP ¢ (m1,) = 0.118



CMS

Measurement of Lund Jet Plane # SMP-22:007

e Lund Jet Plane JHEP12 064 (2018) factorises QCD effects in jets
- ® Jet as soft emissions around hard core (quark/gluon origin)

e (Comparison to various MC predictions (diff. Tunes, diff. PS)
— with
resummation beyond LL accuracy
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https://d-nb.info/1201719070/34

CMS

Measurement of azimuthal correlations among jets # SMP-22:005

&

Topologies with at least 3 jets ( ~ ) (LO) (gf ¢ N_, : # neighbouring jets

o =" 3
ZNjet(pT) N(i) (A¢ pnblf ) Q %0 @“ aS pffbnflm: minimum p that
R - =1 nbr T min . X —— neighbouring jets need to exceed
Jet T 5 A¢: azimuthal angle separation

Inclusive jets ( ~ asz) (LO)

e Datasets and trigger strategy
e L =134fb"1(2016-2018), leading jets with p2/“" > 40 GeV, jets ak7

e Phase space selection:

I

nbr 27T
o Pr . > 100 GeV and ? < AP < ?
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Results of azimuthal correlations among jets # SMP-22:005

)

Q

e
3

C

Data/Theory

DESY.

0.35

0.3

0.25

0.2

0.15

0.1

1.1

0.9

0.8

0.7

134 fb™' (13 TeV)
L 1

- CMS

— Preliminary

PaV oS- SO N O V0700 0 0 0 9. s~ T30 0T
W WX e

5 T [ 5 ™

............

NNPDF31nlo (aS(MZ)=O.1 18) ® NP ® EW

Y020 %% % SCale uncertain'fy

"""""""""""""

--------------

. PDF uncertainty

llIllllIlllllllllll['v_l-?_,[

n"llllllllllllllLﬁﬂ' caadaaaada sl

400 500 1000 2000 3000
p_ (GeV)

e Unfolded observable:

ZZO:O nN(pTa n)

Ry 4(Pr) =

ZZO:O N(pT? I’l)

Scales y, = = H/2 ;

(I-AI=sum

—

of parton energies)

PDF uncertainty reduced in the ratio

CMS

12




Results azimuthal correlations among jets # SMP-22-005
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Results of azimuthal correlations among jets # SMP-22-005

100
90

80
70

60
50

40

30

20

DESY.

134 fb™ (13 TeV)
| | 1 |
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CMS
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—— ABM

—— CT18
—— MSHT20
—— NNPDF31

| I D | |
P16

CMS

0.11

0.125

0.13

og(M.)

PDFset |ag(M,) Exp NP PDF EW  Scale
ABMP16 | 0.1197 0.0008 0.0007 0.0007 0.0002 *90043
CT18 0.1159  0.0013 0.0009 0.0014 0.0002 *+0:99%
MSHT20 | 0.1166 0.0013 0.0008 0.0010 0.0003 *9:9112
NNPDF31 | 0.1177 0.0013 0.0011 0.0010 0.0003 *9:9114

¢ Spread in results due to PDF choice:
+(0.0020 (PDF choice)

14



Results of azimuthal correlations among jets # SMP-22:005
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Summary of NLO results:

CDF 1.96 TeV (1))
ZEUS 320 GeV (1))
D0 1.96 TeV (1))
Mal.&Star. 7 TeV (1))
H1 319 GeV (1))
CMS 7 TeV (1j)

CMS 8 TeV (1j)
Britzger (1))

CMS 8 TeV (2))
ZEUS 318 GeV (R32)

D0 1.96 TeV (RdR)
CMS 7 TeV (R32)
CMS 7 TeV (m3j)
ATLAS 7 TeV (TEEC)

ATLAS 7 TeV (ATEEC)
H1 319 GeV (nj)
ATLAS 8 TeV (TEEC)
ATLAS 8 TeV (ATEEC)

ATLAS 8 TeV (RAO(HT)) : : | | — O——— i [P PP

CMS

'Final result: aS(mZ) — O 117J_r8 8(1)%471

_—

CMS 13 TeV (RAG(pT))

|4

| i
0.09 0.095 0.1 0.105 0.11 0.115 0.12




Azimuthal correlations among jets: running of o, ﬁ SMP-22-005

Analysis released in different ranges of p

DESY.
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12/2022 (addendum) ¢ ‘1>
( ) !

Inclusive jet production

[ ]

e For each jet of each event, p,and y are measured

d’c N

jets

dprdy — L * Apr* Ay

e L~ 35fb~1(2016),leading jets with pITqLT >
40 GeV, jets ak4 and ak’/

Data compared to NNLO QCD corrected by
non-perturbative and electroweak effect

Addendum with NNLO interpolation grids

DESY.

CMS 33.5 b (13 TeV)
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Inclusive jet production in details

Data vs NNLO

L

Predictions with
different PDFs

N

DESY.

Ratio to NNLO CT14®NP®EW

Ratio to NNLO CT14®NP®EW

1S, |

12/2022 (addendum) ¢ ‘!>

CMS 33.5 b (13 TeV)
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12/2022 (addendum) |€ Mo

QCD FIT @ NNLO (xFitter) [0 "%

CMS SM NNLO Hessian uncertainties CMS SM NNLO Hessian uncertainties
ngn 0.6/ uZ = mg 30.355— u? = mg
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http://arxiv.org/abs/2111.10431
https://www.xfitter.org/xFitter/

12/2022 (addendum)

QCD FIT @ NNLO results |

* Improved precision of gluon PDF at high x

Gluon PDF

C

—t
—r

Fract. uncert.
o
—

L L l

1073 1072 10~

b (o)
QF 1
A

» Precision extraction of o, at percent-level

 agm,) = 0.1166 £ 0.001

—— e e e —  — = — —— - = ——— __ _— __ _ _ .

+ (0.0004

model scale aram

0.0014,;, + 0.0007

DESY.

+0.0001,,

Summary of NNLO results:

H1 multijets at low Q? : EPJC 67:1 (2010)
ZEUS incl. jets in y*p : NPB 864:1 (2012)

H1 multijets at high Q? : arXiv 1406.4709 (2014)
. H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)
NNLO H1 incl. & dijet : EPJC 77:791 (2017)

1+ CDF Incl. Jets : PRL 88:042001 (2002)
DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)
N3LO CDF Z p_: arXiv:2203.05394 (2022)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

— ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)

ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

NNLO CMS tt cross section 7TeV : PLB 728:496 (2014)

. CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

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

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)
CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

NNLO CMS fi cross section 13TeV : EPJC 79:368 (2019)
* o

CMS multi-diff tt 13TeV : EPJC 80:658 (2020)

NNLO CMS Incl. Jets 13TeV : JHEP 22:142 (2022)

World Average : Prog. Theor. Exp. Phys. 083C01(2020)
T e e

0.1 0.12 0.14 0.16 0.18 0.2
CMS Summary 0g(M )

World Average: a¢(m,) = 0.1179 = 0.0009
20



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Jets as a probe of new physics

New phenomena described in Effective Field Theory (EFT):
o 4-quark “contact interactions” (CI)

XXIX

41 c,. Wilson Coefficient
L = L¢, + c,O AR
SMEFT SM A2 n~n | O, dimension-6 operators
n /\: energy scale of new physics

e Check BSM efttects are not absorbed into PDFs— fit PDF's simultaneously with ¢,

DESY.
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SMEFT FIT @ NLO (xFitter)

* Datasets:
* ¢p inclusive DIS cross sections (HERA)
[arX1v:1506.06042]
* CMS inclusive jets at 13 TeV
[arX1v:2111.10431]
e CMS 3-D tt cross sections
[arXiv:1904.05237]:

* Predictions for jet x-sections: QCD
NLO+NLL + EFT 4-quark CI (LL, VYV,
A-V models)

DESY.
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http://arxiv.org/abs/2111.10431

12/2022 (addendum) | Vs

SMEFT FIT @ NLO results [©i

CMS SMEFT NLO 13 TeV jets & tt + HERA

* 95% CL fit+model+param. unc.

* QCD parameters agree with SM fit: A =50 TeV

- 68% CL fit+model+param. unc.

me—l — 68% CL fit unc. only
‘ Axial vector-like @ ... @t - -
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Correspond to 95% exclusion limits for A (¢, = — 1):
* CI parameters (Ayp = 10 TeV) P ¢ “ 1is fo (¢ )

E— — . LL:A>24TeV

..c1=—007+002 +0.0] * Vi A>32TeV
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AV: A > 31 TeV |
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Multi-differential 2-jet production # I

vs rapidity of the outermost jet ly, .| and di-jet invariant mass m,,

Vs my, or < pr >, ,rapidity separation y* = ) | Vi — ¥, | and boost
1
beE‘Y1+yz‘ y*
2.5

[ ] 3D bins
. 2D bins
e Idea: probe x, and x, using different event topologies
P ] 2 & polog | 5 .[:l

BIGJE
e L~ 351fb~1(2016), single-jet (di-jets) HLT selections pﬁLT >40 ;5 [II.DD

for 2-D (3-D), jets ak4 and ak8 mm.DD
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Results of multi-differential 2-jet production  ZpE  sueeices =
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DESY. 25




Summary and Conclusions

» Substructure

» Energy correlators — Running a, at low energy scale, most precise measurement of
a (M) in substructure measurement at NNLL

> Lund Jet Plane — benchmark next generation of parton showers with resummation
beyond LL accuracy

> High energy jets

» Azimuthal correlations — First demonstration of running of a¢ up to 2 TeV at NLO
> Inclusive jets — Most precise measurement of o (m,) to date in CMS at NNLO, Full
SMEFT fit at NLO

> Multi-differential dijets — Disentanglement of x; and x, using different event

topologies, extract o (m,)
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