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Motivation

® First goal is to improve our detailed description of Standard Model physics

> hard QCD - high pT: parton distribution functions (Harland-Lang, Camarda / Tue),
strong coupling (Alonso / Thu), perturbation theory (NNLO+NLL; Hus, Monni / Mon)

> intermediate QCD - inside jets: parton shower, jet substructure (Harris, Soyez / Thu)

> soft QCD - low pt: multiparton scattering, fragmentation, underlying event, etc.

® Second goal: searching new physics at the energy frontier (Saoulidou / VVed)

e hard scattering
e (QED) initial /final state

radiation

parton shower evolution
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® Hadron colliders are complementary to e-p O i B

colliders and fixed target experiments S =g

10 D DO Cen

® proton-proton collisions probe high Q2 and I
wide range of Bjorken x .
® E.g.inclusive jets useful for high-x gluon PDF 0*f @
-

and determination of &s running
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CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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® There is no precision jet physics without jet energy scale corrections

® Experimentally calibration defined at “particle level” (cT=1.0 cm, excluding neutrinos)

I”

® However, data-based calibrations rely on momentum conservation and thus “parton leve

> adds sensitivity to initial and final state radiation (ISR+FSR), underlying event (UE)
> impact visible when changing restrictions on additional jets (“&’’) or when using missing-Er (MPF)
> ideally: publish auxiliary measurements such as Z(JM)+jet and dijet balance to correlate expts?
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® Both ATLAS and CMS combine Z+jet, y+jet and
multijet channels for sub-percent precision

® Data-based calibration versus reference MC

> Absolute residuals 1—3% (+0.5%) on both expts.

» Uncertainty dominated by flavour response (gluons)
> Potential for high CMS-ATLAS correlation?

® Z(JM)tjet stat.+syst. permits pushing toward 0.1%
> Requires excellent ISR+FSR, UE and jet flavour modelling
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® Flavour response uncertainty mostly from gluon jets versus well-modelled light quarks

® Similar effect in both CMS (PF) and ATLAS (GS or PF) when comparing parton shower (or

fragmentation) in Pythia6/8 and Herwig++/7

https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/PERF-2012-01/
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2016-2018 (13 TeV)
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Inclusive jets overview A%

® Cone sizes and luminosity for experiments at each sqrt(s)

® Bold measurements are current state-of-the-art in precision from each expt.

ALICE |[ATLAS | CMS
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Inclusive jets 5 TeV A%

® Small-R reference for PbPb: ALICE https://alice-publications.web.cern.ch/node/5560

> substructure: https://alice-publications.web.cern.ch/node/5256

> charged jets: https://alice-publications.web.cern.ch/node/5257
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Inclusive jets 8 TeV A%

® Present state-of-the-art at CMS and ATLAS, until new |3 TeV results published

CMS Preliminary 19.7 fb™" (8TeV)
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Inclusive jets 13 TeV A%

® Upcoming contender with full Run 2 data. ATLAS 4.2/fb (2015) result compared to NNLO

Inclusive jet and di-jet cross section JHEP 05 (2018) 195

Data collected from pp collisions at /s = 13 TeV in 2015

Inclusive jet cross section measured in terms of jet transverse momentum
with 100 GeV < py' < 3.5 TeV and |y'®t| < 3

Inclusive dijet production cross section measured in terms of the invariant
mass of the two leading jets 900 GeV < m;; < 9 TeV and y*

jet jet
|(ylead ysublead)/2| <3
Comparison to QCD predictions

NLO & NNLO calculations with non-perturbative QCD and electroweak
corrections and various PDFs

Comparison to theory favors QCD @ NNLO for |y'®t| < 2
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CMS radius scan

® Radius scan powerful test of high-order pQCD AK4 chosen as reference because
it is the standard R in CMS during
> NLO(1.0/0.4) = NNLO(1.0) / NNL(0.4), i.e.“one up” Run-2

® Also test of parton shower and radius resummation

> particularly of new NLL resummation

® Comprehensive scan from R=0.| to R=1.2 in steps of 0.

> relative to AK4; absolute AK4 results to appear in next paper
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CMS radius scan AR

CMS <3597 (13 TeV) CMS < 35 9" (13 TeV)
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m Central region |y| < 0.5 (Left) and forward region 1.5 < |y| < 2.0 (Right).
m Best agreement achieved by NLO predictions in general R parameter range.
m NLO predictions slightly overshoot data at larger R values in forward region.
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Multijets

® ATLAS measures multijet event shapes (transverse thrust, sphericity)

® CMS measures multijets versus AR»3 and p13/pT2

Hadronic Event Shapes with Jets soft P, radiation hard p_ radiation

ner-»

Examples: transverse thrust & transverse sphericity Q9
O c .
ATLAS w u BB . ATLAS B % °© 12
o B : ‘e = 1
. =8 — > —wg
""" ¥ o i
g o )y

V/ B @) (b)

arXiv:2007.12600 [hep-ex] arkiv:2007.12600 [hep-ex]

njet = 3, highvaluesof 1, =1—T, and S, net = 5, low values of 7, and S,

large angle

radiation

(c) (d)
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! deli f Itipliciti
{ Modeling of Jet Multiplicities
S
I
g ATLAS oSyt umcen. - Taalurcet g 150 . — . . .
i e I Fiducial cross section
c Sherpa i .
2 2 o e = 2 = Measured as function of n°t
- ! leviaridmg oo s Evaluated in same three regions of Hr, used
\% g Pythia for event shape measurements - provides
o P ?:: = normalization
:\':/ 10¢ 8 Modeling do/dn’®* shapes
2, sf. MadGraphs 3 H
= . ?: . Pythia 8.235
& § I Herwig (ang. order) 252,10 accuracy
L m———
- ! . ) ) L 2 o5l Herwig (dipole) 1 Generally good agreement for all nj¢t
> T F atias oo umen - Toarumon g — Sherpa 2.2.1
? 5 §5=13TeV, 139 10" 1.5 < oy <20 TeV S 2 - {2,3}, LO accuracy (multi-leg)
= 5 Q o5 Sherpa 1 N ) et
~ 8 s o = Overestimation (increasing) for n** > 4
v 0 iy S Herwig 7.1.3 (angular ordered PS)
:LE:_ = o5k Pythia 4 2 = 2 NLO accuracy, 2 - 3 LO
£ 150 B Good description with slight underestimation
\ 2 r piet
3 for )¢t > 6
> Q 1 . . .
c : :’5‘MadG”ph5 B Herwig 7.1.3 (dipole PS)
n 8 B Herwig (ang. order) 2 = 2 NLO accuracy, 2 - 3 LO
- 107 \ . L L 2 o5} Herwig (dqn‘;T'_‘—. Good descnptt:]on for low n/®t, underestimation
= T T T = s 150 = for higher n/®
8 10F ATLAS OOSptumen —+Toaucer 5 & I
s . —
by R S I MadGraphs_aMC 233
3 —geme 109 2 qsf Sherpa 5 2 - {2,3,4} NLO accuracy
% © a8 g et 01080 g b ] Good description for low n/®!, underestimation
& L e A for higher nJet
~ = (5| Pythia | . . .
A Pyt 5§ Modeling normalization
8 . -
:E R v Well predicted at low nj¢t
.
10k B ?-:’ L = Only small differences between models
§ "} Herwig (ang order) Large spread in normalization at high nt
. ) € sk Herwig (dipole) Sherpa predicts 30% more than data
2 3 4 5 26 2 3 4 5 26 Herwig (dipole PS), MadGraph predict 30%
et n less
arXiv:2007.12600 [hep-ex]
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Transverse Thrust with Jets

back-to-back isotropic s

back-to-back isotropic =
"> <— py flow pattern —> .. .

S, «— pr flow pattern — - .

x - T T T T T T o 1
[ [ st ATLAS ([Systuncert. —=Total uncert. T » 1. .
:?; 310 or'=3[x10°] 1s=13TeV, 139 o S niet = 3
] > < 10t wi - 4[x10] Hp>20TeV SR
o () ﬁ 10° Aﬂ"::S[x‘Di] st g +12
e =g ok MR et A T niet = 4
il ~N = — Herwig 7.1.3 (dipole) % o8
- T 10p reee., ==0
S N = s
Q ~ o F » g = iet
AR, m —
5 £ 107§ . g}o;_ e =5
5 0% wwmany, R .
o B 0 - TG 15
10 ’f Rt Y Sy jet > 6
10°F L 1 1 1 | 2%0'5 n -
0 0.05 0.1 015 0.2 025 03 0 0.05 0.1 0.15 0.2 0.25 0.3
3 T
Observations n 1

Evolution with increasing hardness of interaction
More events with more isotropic flow at softer interactions (lower Hr,)

Increasing Hr, yields increased contribution from events with close to back-to-back
flow patterns

Comparisons to models

Slide 8

Evaluation of predictions
Generally fewer isotropic events in MC than in data at low n/®t - better agreement at
higher jet multiplicities

Shapes of cross sections
None of the considered MC generators gives good description in full phase space
Similar distribution shapes at high nj¢t from all considered model
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soft vs angle hard vs angle

(&) Pyt h I a goo d fo r a ngl e Of Soft o as EMS Preliminary 2.29fb™ (13 Te\ﬁ o as _CMS Preliminary 2.29 o™ (13 Te\ﬁ
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hardness and angle of hard emissions, 7  forpOwHEG : :  for PowHES :

15 -
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CMS-PAS-SMP-17-008
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ATLAS Lund plane A%

® Lund plane separates various effects, similar to CMS paper but more general

® Similar observations to CMS: no generator works across full Lund plane
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Jet-gap-jet process as a probe of BFKL dynamics (CMS-PAS-SMP-19-006) Multiplicity of charged particles between jets (CMS-PAS-SMP-19-006)

Py . 40-50 GeV 0.66 pb! (13 TeV) Py o, 40-50 GV 0.66 pb™ (13 TeV)
jet rapidity gap Wy e T
r E RS [ ]
r o g r ree]
a L & ] L ]
gap etz ® L N
Ll o CMS Preliminary =4 Lok | CMS Preliminary -
jet i [ — Data, 0S 1 & [ — D, 08
al - - Data, ES q b | —— NBD fit [3,35] 4
v e } 1 e } «  NBD extrap. [0,2] 1
L B |
= In collisions with t-channel color singlet exchange between partons, color-flow is neutralized — e } 3 3 } 3
Rapidity interval void of particle production between jets (rapidity gap). Jets are produced T A e e L] A e e
back-to-back with very little additional jet activity. | o5k | gl 0%k
B2 of- tesrrmreseertorastesssrioneerrrmnnd B[ of- Jre El
. £ | 3 £% | E
= In high-energy limit of QCD (33> —t > A3p). color-singlet exchange corresponds to N N S I
e ) . . . I s L R e
perturbative pomeron exchange (two-gluon ladder). Jet-gap-jet as a probe of Balitsky-Fadin- Ny in bl < 1 Ny in il < 1
Kuraev-Lipatov (BFKL) evolution (resummation of af log"(3/|t|) ~ O(1) terms). e e
m Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) dynamics are strongly suppressed in Standard dijet events dominate at high-multiplicities — Use as control region to estimate
jet-gap-jet events (Sudakov form factor for gap) — Clean probe of BFKL dynamics. fluctuations at low multiplicities. Two data-based approaches:
m Orthogonal data sample: two jets on equal sides (ES) of the CMS detector, 7j; x 7j2 > 0.
i El e B T Normalize to events with jets in opposite sides (OS) of CMS, ;1 X 72 < 0, in
3 < Nt racks < 40.
m Negative binomial distribution (NBD) function: Fit data with NBD in 3 < Ny ks < 35,
extrapolate down to Nyy,cks = 0. (Baseline method)

Cristian Baldenegro (c.baldenegro@cern.ch)

Jets separated by a pseudorapidity gap (CMS-PAS-SMP-19-006) - Results on color-singlet exchange fraction fcse = Nese/ Naijet

Analysis based on 2015 data /s = 13 TeV with low pileup (PU ~ 0.05-0.10).

CMS Preliminary 0.66 pb' (13 TeV) CMS Preliminary 0.66 pb" (13 TeV) | CMS Preliminary 0.66 pb™' (13 TeV)
Event selection: aof M, ¥ <0 AR AT TR I A 21 T R < <O IR AT T "E
2f E| 12f Data e 1 *3
. . . Pp > 40 GV E| Pp > 40 GV E| Data
- = 1of- E 09| E
m Anti-k¢ Jets with R 0.4. — ob[#]oaa + 1 . f —— BFKLNLL(AMK) 1 o _ BFKL-NLL (RMK)
. . . Q Q q
m Leading two jets have pr > 40 GeV and 1.4 < |njee| < 4.7 with 751 X 72 < 0 E.‘;*fBFKL.NLL(nMK) ERETT S t i i E E.z:
. w2 | w w
— Favors t-channel color singlet exchange. 8 vl bV i 3 B + >
” g . ER -0 Yo i
m At most one reconstructed primary vertex NPV < 1. [ e ¢ E osf E 03|
0sf 8 E £ E oz
02F = o 0.1]
. TP P ST PRI T P T | L | \
R R R S R R E T [ R g
rapidity gap An b taev ™ A¢, Tradf

i Tjet2

CMS-PAS-SMP-19-006

m fcse generally increases with increasing Any; = |71 — 7j2|. Weak dependence of fcsg on pr j2
within uncertainties. fcsg increases at A¢jj = |¢j1 — ¢j2| = 7, uniform at Agy < 2.7. Typical
values of fcgg = 0.6-1.0%.

4 +1 m Comparison to Royon, Marquet, Kepka (RMK) model based on BFKL NLL calculations + LO

i impact factors (Phys. Rev. D 83.034036), and survival probability |S|2 = 0.1.

m Challenging to describe all features of the measurement simultaneously — Guidance for

Pseudorapidity gap corresponds to absence of charged particle tracks between jets (p%f‘ > 200 MeV further theory development.

& |n| < 1).

Cristian Baldenegro (c.baldenegroQcern.ch) Cristian Baldenegro (c.baldenegro@cern.ch)
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Measurement of Strong Coupling

Transverse energy-energy correlations  § [ i S,
(TEEC) 2 10 E_ Particle-level TEEC : ::’::r'::;ﬁ _g
: . o . Z;‘ - {s=13TeV; 139 fb" s+ Herwig 7.13 (Ang. ord.) 7

TEEC funCtlon mn multl—]et events ——, = 1'! 4 Herwig 7.1.3 (Dipole) -

=F Hy, > 1000 GeV. =

1 dz 1 ETiET i —> 2 5

; d cos ¢ - ;Zl'] f dO' T;%TJ S(COS A(pl] — COS ¢)) E ggx”’g anti-k R =0.4; p_>60GeV; [n| <24 ‘E

Wlth ET = Zl ET,l 10! E_ g’% AA:AM%
Associated azimuthal asymmetries (ATEEC) : — E

Measures difference between forward (co
and backward (cos ¢ < 0) parts of TEEC

Il | | Il 1 —1 | Il
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I|||||T|
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cos ¢
Measurement S QT T g
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Determine a  from evolution of TEEC/ATEEC = Patcesevel ATEEC | DY1e 0228 4
. . 2 * o
Wlth VaI'YIDg hard scale W E ., \s=13TeV; 139 fb" 4 Herwig 7.1.3 (Ang. ord.) 3
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interaction scale Q - T . ]
mn 102 E e "'Tﬁ*‘ﬁ'ﬁ-m ) =
Jets - ' '“”‘-‘**-’rm+ E
. . . . 10° == H,>1000 Gev o +<.
Anti-k; jets with R = 0.4 from particle flow E e }
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Two leading jets with Hy, > 1 TeV S o5 SEAREEELE AL AL
0
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Data unfolded to particle level
ATLAS-CONF-2020-025
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. Determination of a;

Fit theoretical predictions to measured
(A)TEEC distributions

Inclusive ag(m;) from global fit
HTZ > 1TeV

Local ag4(m;) fits in bins of Hr,
Evolution a;(m;) = a4(Q) uses NLO
solutions to RGE
Running oy, measurement using
(A)TEEC

Tests RGE predictions at the highest
energy scales ever

Running of a4 (Q) for Q > 1 TeV
observed in data agrees very well with
predictions

Inclusive measurement

Compares very well to world average
as(m;) within uncertainties
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Summary
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