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Boson-jet azimuthal decorrelation

Definition: A¢ = |pv — ¢y| (6¢ = 71 — Ag): a stringent test of QCD

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 6 11:30:49 2012 CEST
Run/Event: 204564 / 448966153

Lumi section: 4

Jet 1,
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eta=-0390
phi=2401
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Precise predictions rely on

1. Fixed-order calculations

NLO, NNLO,- --

2. Resummation of Ind¢

» Parton branching method
» Pythia, Herwig,- - -

» TMD factorization

> SCET

3. Validity of factorziation

Is it broken by Glauber modes?

Main topics: resummation using SCET

Bin Wu
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Resummation using standard jet axis
Standard jet axis (SJA): pff = >° pf;
i€jet
An all-order resummation formula (with Glauber modes neglected):

n,/ Py

Hard function: Hj_ vk

) Beam functions: Bin,, Bj/n,
Ps
UN Pny .
Pl[ ‘1 S T . ]Pz Soft function: S vk
X X
Ps
Jet function: Jk contains NGLs!
y2%
do d°xr iR
—_—— = S X B; S XT, , XT,
Ppldp dmdyv /(27r i vik(XT, ) Bi g (61, XT3 €)Bj /vy (§2, XT3 €)

ijk
x Hij—vk(8, £, my, €)T5(p3, X1, €)

Y. T. Chien, D. Y. Shao and BW, JHEP 11, 025 (2019) [arXiv:1905.01335 [hep-ph]].
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https://arxiv.org/pdf/1905.01335.pdf

Non-global logarithm (NGL) and SJA

An non-global observable: sensitive to radiation in only a part of phase space

SJA
For 6¢p > 0

» In-jet soft radiation does not contribute
» Only out-jet soft radiation contributes

= NGL o asCaasCiL?

H H starting as NLL terms with asL ~ 1.
X v

M. Dasgupta and G. P. Salam, Phys. Lett. B 512, 323-330 (2001) [arXiv:hep-ph/0104277 [hep-ph]].

Resummation of NGLs is very difficult
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https://arxiv.org/pdf/hep-ph/0104277.pdf

NLL resummation using SJA

NLL resummed results with NGLs: relatively large uncertainties

LHCTTeV, pf > 50 GeV, R=05, || <25

[ NLL (correlated)

NLL (uncorrelated)

— CMS (p% > 150 GeV)

—[1/rad]

1 do
odAo

0.1

— LO

—— LO singular

2.8 30

22 24 2.6

20
A6(Z,jp)lrad]

Y. T. Chien, D. Y. Shao and BW, JHEP 11, 025 (2019) [arXiv:1905.01335 [hep-ph]]
precision predictions < going beyond NLL

NNLL resummation using SJA has not been achieved in any frameworks!
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https://arxiv.org/pdf/1905.01335.pdf

Main topic:

NNLL resummation in ¢

200

150

100+

50

NLO

matching NNLL & NLO

LHC13TeV, pp = Z + Jwra + X

pra>60GeV, |ny| <2, R=05

Two points to make:

1. The "minor” change: SJA — Winner-Take-All (WTA) axis

155 160 165 170 175
A6 deg]

2. Matching to NLO cross section leads to a BIG shift

Chien, Rahn, Schrijnder van Velzen, Shao, Waalewijn and BW, Phys. Lett. B 815, 136124 (2021) [arXiv:2005.12279 [hep-ph]].

Chien, Rahn, Shao, Waalewijn and BW, JHEP 02 (2023), 256 [arXiv:2205.05104 [hep-ph]].

Bin Wu
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https://arxiv.org/pdf/2005.12279.pdf
https://arxiv.org/pdf/2205.05104.pdf

Resummation using the WTA axis
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What is WTA?
WTA-pr scheme:

prr=pritprj, (¥ ¢r) = (y,¢) of larger pr
Salam, " ES® Scheme.” unpublished; Bertolini, Chan and Thaler, JHEP 04, 013 (2014) [arXiv:1310.7584 [hep-ph]].

Jet definition: anti-k; algorithm with WTA-p71 scheme

The WTA axis eliminates NGLs: insensitive to soft radiation

SJA WTA
n,f Py n,/ Py K K
H H H H
X v v v
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https://arxiv.org/pdf/1310.7584.pdf

Another advantage

0.08-— hadron w/ MPI
— parton w/ MPI

0.06].— parton w/o MPI

Pythia 8.3

0.04

1/o do/dA¢[1/deg|

0.02-

LHCI3TeV, pp = Z + Jwra + X

pra >60GeV, [y <2 R=05

A¢ [deg]

Very robust to hadronization and the underlying event

Bin Wu
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Factorization formula

An all-order resummation formula using the WTA axis:

Hard function: H;_, vk < parton-level &
Beam functions: B;, B; - TMDs in hadrons
Soft function: Sji < soft radiation

Jet function: Jx does NOT contain NGLs!

do dbx 4 4
—_— = / — e XX Z'H,‘j%\/k(PT,vny — ny)Bj(xa, bx)Bj(xp, bx)d k (bx)Sjjk (bx 1)
dagx de1 v dyy dny 27 ijk

Chien, Rahn, Schrijnder van Velzen, Shao, Waalewijn and BW, Phys. Lett. B 815, 136124 (2021) [arXiv:2005.12279 [hep-ph]].

Chien, Rahn, Shao, Waalewijn and BW, JHEP 02 (2023), 256 [arXiv:2205.05104 [hep-ph]].
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https://arxiv.org/pdf/2005.12279.pdf
https://arxiv.org/pdf/2205.05104.pdf

Theoretical uncertainties at NNLL

Jug variations
T T

Jup variations
T T T T T T T T T T
140 ] NLL 1 1201 [ NLL 1
120 ] NNLL 4 [ 1 NNLL
100+ 4
100+ 8
— 80p 4
&
13
= 60k 4
155
40k 4
40k ]
20+ ATV 7 b
20l L § LHC13TeV, pp — Z + Jwra + X
Ppra >60GeV, |yl <2, R=05
Ok, L L L L L | Ok, | I I . | i
151 156 161 166 171 176 151 156 161 166 171 176
Ao [deg] Ag [deg]

estimated by varying scales up and down by a factor of two.
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Parton TMD distributions

Linearly-polarized beam functions start to contribute to d¢p at NLO/NNLL:

df2< 1 aur  b3BY

BL bx - = Baoc’ s Ux
) = G5 (g8 + P ) B
— O(as),

where

o a _ = dt —igta-p aa’ [, = EleY

B (x, b) = 2x7- P [ SLe ST PIBIY (¢ -+ b)B31 (0)]P)
with

By = Wi P W,
-

They contribute to Higgs production starting only at NNLO!

Gutierrez-Reyes, Leal-Gomez, Scimemi and Vladimirov, JHEP 11, 121 (2019) [arXiv:1907.03780 [hep-ph]].
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https://arxiv.org/pdf/1907.03780.pdf

Track-based measurements

In experiments:

— hadron w/ MPI

> Limitation of (calorimeter) jet measurements: +

granularity ~ 0.1 rad ~ 6°

» LHC trackers have superior angular resolution

In theory, for track-based jets using WTA THCIST, i+ 2 1y + X

Ppro > 200GeV, [ny] <2, R=05

» Only jet functions need to be modified! : 1ol U et sy e

» Naturally robust to pile-up

Pythia simulations: using tracks has a minimal effect on A¢ distribution!

Track-based jets: a means to access the resummation region!
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Theoretical predictions

At NNLL + NLO accuracy

[ ] NNLL +NLO I5F[7] NNLL + NLO 1
200’: NNLL ] [ ] NNLL
— NLO — NLO

| — Pythia8 x 1.6 — Pythia8 x 2.0

LHCI3TeV, pp = Z + Jwra + X
F LHCI3TeV, pp = Z + Jwra + X

pr > 200GeV, |ny| <2, R=05
pra>60GeV, || <2, R=05

50

. . . . ,
155 160 165 170 175 165
Ag [deg]

. .
170 175
Ag [deg]

Large nonsingular corrections are not accounted for in Pythia simulations!

Large nonsingular corrections even at small §¢?
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Matching: emission of boson off dijets

0.04
— 65GeV >p,,>55 GeV

0.035
—— 1005GeV > p_ > 995 GeV
0.03
% 0025
3 q
=
9 « 0.02ffk < collinear back to back ——
S
=}
—<Z 0.015 1005 GeV > p_ > 995 GeV
In,<2.0, R=0.5
0.01f
c LHCI3TeV, pp—Z+J p tX
0.005—
PN N R RN RN B R B B A
0 20 40 60 80 100 120 140 160
Ag, [deg]

» For pr ;> my: Large contribution for §¢ = my /pTt 4

» For pr ; < my: finite corrections independent of §¢
Can be removed by Z isolation!
boson-jet azimuthal decorrelation
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Summary and Perspective
In summary:
1. The WTA axis has the following advantages
> Amenable to NNLL, or even N3LL resummation in 8¢
» Insensitive to hadronization and the underlying event
» Facilitates track-based jet definitions
2. Potentially large corrections from boson emission of dijets from matching

They can be removed by introducing boson isolation

In the future:

1. Cold nuclear effects in high-energy nuclear collisions

Florian Cougoulic’s talk at 5:20pm today.

2. Resummation and QGP effects in high-energy nuclear collisions

Chien, Rahn, Shao, Waalewijn and BW, work in progress.
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https://lpsc-indico.in2p3.fr/event/3268/contributions/7341/attachments/5393/8114/2024_04_DIS%20-%20Cougoulic.pdf

Backup slides
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Factorization breaking?

Glauber exchange: instantaneous interaction

Glauber topologies:

| L

|
L. roooo
A
\A\
\\ \ N\
L L
A |
\A\
L, roo>
o
I

Don't spoil factorization up to and including O(a?)
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Confirmation of linearly-polarized contribution

qq channel

0" ]
)
& -lor 4
=
[ LHC13TeV, pp = Z + Jwra + X
|
& =20+ prg > 60GeV, |77]| <2, R=1
>
w
F
¢ 30— NLO
— NLO (without linear polarization)
—40L. ‘ ‘ ‘ ‘ ‘ ‘ J
-7 -6 -5 -4 -3 -2 -1 0
In 6¢(‘u(
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Factorization formula

An all-order resummation formula using the WTA axis:

collinear
e & soft Uy
X O =
k < radiation
N 17’& . ; N
U
5p=0

= InX(d¢) =In ( 064’ jﬁ) ~ L{asL) + (asL) +- - - 4+ ol Hasl)
LL NLL NiLL

with L = Ind¢ as 5¢ — 0.
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Matching to the fixed-order cross section

The O(as) formula for a wide range of Ag:

HAo)

— =10
—r=20

50 155 160 165 170 175 180
A [deg]

|do(NLO + NNLL) = [1 — ¢(A¢)] x (NNLL + nonsingular part of NLO) + t(A¢) x (NLO)|

where t(A¢) = 1 — 1 tanh [4 - M] with r = 20(10) for pr.; > 60(200) GeV.
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Resummation

All-order resummation formula by RG running

doresum _Z/ by cos(beay) H (ﬁ)rﬁa(ua)exp</us durH ~>Vk( s)>
HH

dgxdpr vdyv amik Y M

X Hij—wv(PT,vs Yv — 11, kH)Bi(x1, bx, g, vi)Bj(x2, bx, pg, vj)
X k(b 1B, k) Sijk (bx, 118, Vs )

Vi

. . . .
with T,"~"" anomalous dimension of the hard function.

u Natural momentum scales:

Hy —o——————— 2 2 -
HH = mv+pT7\/7 Va = Na* Pa,

g = vs =2e "Ey/1+ b2/bAa/|bx|

Uy |-

iy Vi Vi Vi

. With bmax = 1.5 GeV 1.

Uncertainties are estimated by varying pn, pug and vs.
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Does it make sense to go to small §¢7?

From non-perturbative (NP) corrections:

1200 —— g, = 0.84, g, = 0.212 GeV? OF —— gp = 0.84, gy = 0.212 GeV?

,,,,, 84, g = 0 GeV? —mmmm gy =084, g = 0 GeV?

1001 g = 0212 GeV? - g =0, g = 0212 GeV?
...... g2 =0, g =0 GeV? 0, g =0 GeV?
80+
3 e0F
Z
S
40+

LHCISTV, pp— Z + Ja + X LHCIZTSV, pp = Z + Jyra + X

pro > 60GV, | <2, R=05 Ppro > 200GV, [ny] <2 R=05

20+
108 o3
_ o o 1010
ER T
L ——— 1000f - -
099 99: N
165 170 66 168 10 12 14 16 18I
Ab[deg] A6 [deg]

(Note: standard jet functions are used here!)

NP corrections is included as a multiplicative function e~ SNP (6)

_ _ 2 Ca & b; w,
e SNP(b) — oma1h [T ep(~ 2 2 [xly, Z2) with @ = 2.4 Gev?,
a=ijk CF2 b Q

Uncertainties due to NP corrections are not large!
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Z isolation

An illustration using the gg channel

107° 3
e
e 2
o -
T v
Y ) ST b A &4 Lyy
v v
A4
\/
g
3 v
=3 LHCI13TeV, gg- Z#J it
b iy v
;:T% nJl 2:0,R=0.5, 1005 GeV P, 95 Ge
NLO singular
NLO v
v NLO with Aq;]z>3.0 or pTA <100 GeV C
- R Pod il
10°¢ Pdiii
107 1072 10 1
Sqlrad]
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Matching: emission of boson off dijets

Low pr ; < my:

do/d(66) [nb/deg]

non-singular NLO

0.10
0.05

0.10

0.05

0.02

0.01

LHCI3TV, pp — Z + Jwra + X
Py > 60GeV, [ny] <2

— NLO(R=0.5)
— NLO(R = 1.0)

— NLO singular

i1111111
Hiss,

£

*e ..
hah R P
e

xxssetessssseed

0.5

1 5 10
0¢ [deg]

= d¢-independent terms in nonsingular part of the NLO cross section.
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Choice of transition point

% 0500
&
3
£ LHCI3TeV, |ny] <2, R=0.5
£ 0.100
% 0050
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=
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0005F — ;> 200 GV
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