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Introduction

e In past DIS experiments, scientists mainly focused on jet behaviors in the Breit
frame—the frame of the virtual photon and the nucleon.

e Recently, there has been many interests in studying observables in the lab frame
of the incoming lepton and nucleus
e Event shape Kang, Mantry, Qiu ’12; Kang, Lee, Stewart "13; Li, Vitev, Zhu, 20
o Jet production Liu, Ringer, Vogelsang, Yuan '19; Arratia, Kang, Prokudin, Ringer 19
e Hadron production Gao, Michel, Stewart, Sun 22
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Jets and 3D imaging
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Azimuthal correlations of QCD jets

All-order resummation of azimuthal correlation of QCD jets was first studied by
(Banfi, Dasgupta & Delenda ’08) ,,Jf P,

qr :‘ Z ki
i€ jets

e sum over all soft and collinear partons not combined with jets

R

2
+0 (kT) collinear

soft
e caused by particle flow outside the jet regions

o non-global observables (Dasgupta & Salam '01)

CSS framework (indirect formalism, construct azimuthal angle from gry)

e dijet (sun, Yuan & Yuan’14 & ’15)
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Jet radius and TMD joint resummation for boson-jet correlation in SCET
(Buffing, Kang, Lee, Liu ’18; Chien, DYS & Wu 19 JHEP)

N1(Py) + No(Pp) — Poson(pv) + jet(pJ)JJrX
ar

pr ~ Q(1,1,1) gr < Q,R < 1
an ~ p% (R27 17 R)?’LJ’FLJ
~ (Q%/Q7 Q7 QT)nl’FLl

Ps ™~ (QT7QT7QT) £‘
Pt ~ 4T (R27 17 R)"”LJ’FLJ

Construction of the theory formalism
e Multiple scales: pr, prR, g1, 7R
e Theory tools: SCET + multi-Wilson formalism (Becher, Neubert, Rothen, DYS "16 PRL)
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d?qrd?prdndyy

33
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Azimuthal decorrelation of QCD jets in pp, pA & UPC(yy)
(Zhang, Dai, DYS, '22 JHEP, Gao, Kang, DYS, Terry, Zhang ‘23 JHEP)

Indirect Direct
pn ~ Q(1,1,1) pr~ Q1L L 1)
Pny ™~ prJ” (R27 1; R)njﬁ,] Pny ~ p% (R27 17 R)nJﬁJ
2 _
L~ (a7/Q, Q. 41 )nym, pe ~ pr (6¢°,1,00)n.n,
ps ~ (qr, i, qr) P ~ pr (66,60, 00)
pe ~ qr (R°, 1, R)p i, P~ pr 5¢(R2’ 1,R)pn.n

J1

The factorization formula

d40pp Lalh unsub punsub gunsub cs Qcs N A
dy. dyy de dg, - az 167821 + 5 [fa/P fb Sab—)cd AJ S Sd ] Hab—)cd,JI(Sy t ,Ll/) Jc(pTR7 ,Ll,) Jd(pTR7 /'l’)

[f(lll/n;ubfgmsub Sglr)lil)l(;t:i T SCS Sgs] = /dk‘am dkp, dkey dkgy, d Ay Sgglil&,IJ(/\m, W, 1/)

X [P0 (2a, Kazy 1y Ca/V?) Fi > (@b, Kbws s Co/V?) 8¢ (ke R, 1, ) SG Kz, R, 1, v)

X(S(Qx_kax_kbx_kcx_kdx_)\x)-



1/o x do/dA¢

1/oc x do/dA¢

Numerical results in pp, pA

(Zhang, Dai, DYS, '22 JHEP, Gao, Kang, DYS, Terry, Zhang ‘23 JHEP)
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e NLL resummation result is consistent with LHC
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6
(also see Sun, Yuan, Yuan '14) e Better angular resolution?
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P e 5oy e Recoil-free jet definition
anti _ 1 o . o n o
l‘“T“"TR—“ - E.g. anti-kr clustering algorithm + P71 -weighted
y| <3
pr > 120 GeV recombination scheme

Nuclear modified TMD PDFs
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Recoil-free jet and all-order structure

e Recoil absent for the p7 -weighted recombination scheme (Banfi, Dasgupta & Delenda '08)

DPt.r = Pti T Dtj s
Or = (’wi¢z' + ’wj¢j)/(’wz' + ’wj) Wi = Py
Yr = (Wi + wjy;)/ (wi + w;)

coll
==f===» Jet axis
soft
]‘ _L

k(f11+ }‘,I)[L — 0

n — 00 Winner-take-all scheme (Bertolini, Chan, Thaler’13)

e N3LL resummation for jet ar @ ee and €P (Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi ‘18 '19)
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e NNLL resummation for 5¢ @ PP (Chien, Rahn, DYS, Waalewijn & Wu 22 JHEP + Schrignder ’21 PLB)

e NNLL resummation for 09 @ ep & eA (rang, Ke, DYS, Terry ‘23 JHEP)



Recoil-free azimuthal angle for boson-jet correlation
(Chien, Rahn, DYS, Waalewijn & Wu ’22 JHEP + Schrignder ’21 PLB )

Indirect Direct Direct (recoil free) i¢ < O(1)
pr~ Q(1,1,1) prn~ Q(1,1,1) ( )
Pn ~ Q 17 17 1
an ~ pr{ (R27 17 R)nJﬁJ an ~ p’_ZJ" (R27 17 R)TLJ’fLJ
2 —
(QT/Qa Qa QT)n1n1 pé ~ DT (5¢2’ 175¢)nzﬁl ) . , s
ps ~ (¢, 47, qr) Pl ~ pr (66,06, 00) Pex ~ P L06% 1,00 nam,
2 ) o pt ~ pr (69, 06,590)
per~ ar (51 R)nsas b~ pT]§¢(R2,1,R)n .

Following the standard steps in SCET2 we obtain the following factorization formula

do / T ipe.vbe
= . Bi(2q,bs)Bj(xp, by ) Siji(be, ns)Hijvi(pr,v,yv — 1) Jk(b
dpx,V de’J dyv dnJ zjzk a ) z]< ) 1) —r ( ) ) ( 96)
Fourier transformation in 1-dim Soft function can be obtained by boosted invariance

(also see Gao, Li, Moult, Zhu ’19,...)



Numerical results

(Chien, Rahn, DYS, Waalewijn & Wu 22 JHEP + Schrignder ’21 PLB )

008 — hadron w/ MPI LHC13TeV, pp — Z + Jwra + X
— parton w/ MPI 00 - | NLO
006~ barton w/o MPI I ' NLL + NLO
E; I
= " | NNLL + NLO
S <5 150
4 <
= 004 ~ - — PYTHIAS.2 (x1.6)
= 2 4
< s
J 100
= I
002 = - prg > 60GeV, |ns| <2
LHCI3TeV, pp — Z + Jwra + X '
pr.y > 60GeV, |yl <2, R=05 50' R=05
8
"E [ P R S R S T S E S S S S S T IR
A 150 155 160 165 170 175
150 155 160 165 170 175 180 Ad [deg]
A¢ [deg]

e first NNLL resummation including full jet dynamics (anti-kr algorithm + WTA)
e non-perturbative effects (hadronization and MPI) are mild
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Recoil-free azimuthal angle for electron-jet correlation

Fang, Ke, DYS, Terry ‘23 JHEP

e(t) + N(P) = e(¢') + J(P)) + X Standard TMD in back to back limit: Q >> g7~ It 0¢

Lab frame

do

Ph ™~ Q(17 17 1)

20 dydsp

p'gz ~ lT <5¢27 ]-7 5¢)nﬂ—%
ps ~ lr(6¢,0¢,09)

oo 2! db
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Hard factor Fourier transformation TMD PDF Jet function

in 1-dim
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Predictions in e-p

Fang, Ke, DYS, Terry 23

TMD PDF (CSS treatment)

fq/N (xBa ba M Cf)

)

) 57 (i)

(v’ ,Cf)] (CC;Z

scale choice

pe = Q), pr =g =/Cri = \/Cri = pp = 2e" " /b
b*-prescription to avoid Landau pole
b =b/\/1+b2/b2__ [, =2¢ "7 /b,

non-perturbative model

U{IP = exp [—g{bQ 2y Q In E]

QO >|<
Uﬁpzexp[ %2 1 ¢ In b]
QO >|<

Sun, Isaacson,Yuan,Yuan ‘14
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Jet function
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Predictions in e-A

Fang, Ke, DYS, Terry ‘23
We apply nuclear modified TMD PDFs

! —— ep
ot = of +an(AV3 1) ay = 0.016+0.003 GeVZ e oA
Collinear dynamics (nPDF) using EPPS16 1000 — eAuly)
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The process is primarily sensitive to the

comparison between SCET¢ in e-A from the
HERMES Ke and Vitev ‘23

serving as a clean probe of nTMD PDF
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Precision calculation for jets in DIS

Precision calculations in DIS are essential for enhancing our understanding of partonic
interactions and the internal structure of nucleons.

The high-order calculation has reached N3LO accuracy for jet production in DIS Currie,
Gehrmann, Glover, Huss, Niehues, & Vogt '18

Several global event shape distributions in DIS are know at N3LL + O(as2)

e thrust Kang, Lee, & Stewart ‘15

e (transverse) energy energy correlator Li, Vitev, & Zhu 20, Li, Makris, Vitev ‘21
e 1-jettiness Cao, Kang, Liu & Mantry ‘23
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N3LL + O(as2) predictions on lepton jet azimuthal correlation in DIS
Fang, Gao, Li, DYS 2407 .XXXXX
e All ingredients are known at N3LL+ O(as2), except the two loop jet function j».
e It was extracted numerically from the Event2 (Gutierrez-Reyes, Scimemi, Waalewijn, Zoppi '19)
e A preliminary numerical results are also calculated from SoftSERVE (Brune SCET2023)

e We study dijet production in e+e-, and compare two-loop singular cross section and O(as2)
predictions from NLOJET++ generator to extract j2

do _ >0
o =0 H(Q,pn)ar | brdbrJo(grbr)Jy(br, pa, Cr) Jg(br, pa, Cr)
0
] Qr do
Integrated cross section: o, (Qr) = / dgr dar o ‘
0 T . ]
Two-loop coefficient: oL
L* . (11 7 - (9 189 |
_ 2 |~ 3 2( =~ v . &Y 2 _ N
B=C% 5 +3L° + L (2 3+6ln2)-|-L(4+181n2 4(3) 16 + 57 20:
173 4 9 , ) 1L, ( 35 =2 T gl
— gy~ T 272~ Sr’In2 4+ 9’2 — 3¢5 +CFCA[ o +L (—%Jrg) |
_( 57 11xn? 51157 106172 27 401(3 —40¢
+L<_Z+1_8+mn2+6§3)_ 1206 ~ 216 45 ' 18 ti-k
_50F o T = —8.25+1.18
413 L? . 272 4085 9172 14(3 [
+CFTF'I’Lf —T+?+L(5—T—4ln2)+324— 54 - 9 ] _60 llllllllllllllllllll
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N3LL + O(as2) predictions on lepton jet azimuthal correlation in DIS
Fang, Gao, Li, DYS 2407 .XXXXX

prediction from NLOJET++ up to O(as2).

do/dInd¢ [pb]

Good agreement in the back-to-back limit (0¢ —> 0) is observed.

We also compare the resummation expanded singular contribution in DIS with the full

(
e Matching corrections (Y term) are important in the large 0¢ region
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Comparison of resummation results at N2LL and N3LL
Fang, Gao, Li, DYS 2407 .XXXXX
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The uncertainty bands
are narrower at N3LL
(red) compared to NNLL
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At N3LL the dominant
scale uncertainties are
from up variation



N3LL + O(as2) predictions on lepton jet azimuthal correlation in DIS
Fang, Gao, Li, DYS 2407 .XXXXX

e Inthe large 0¢ region the resummation formula receives significant matching corrections

e Itis necessary to switch off the resummation and instead employ fixed-order calculations

doagqa (NNNLL + O(a?)) = do(NNNLL) 4 do(NLO) — do(NLO singular)

do(NLO non-singular)

0.5
| EIC 3000-_ HERA LO un.
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0 O . _500 - .........................................
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N3LL + O(as2) predictions on lepton jet azimuthal correlation in DIS
Fang, Gao, Li, DYS 2407 .XXXXX

e Inthe large 0¢ region the resummation formula receives significant matching corrections

e Itis necessary to switch off the resummation and instead employ fixed-order calculations

doagqa (NNNLL + O(a?)) = do(NNNLL) 4+ do(NLO) — do(NLO singular)

do(NLO non-singular)
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Summary

We have studied on the lepton-jet correlation in both e-p and e-A collisions.
Utilizing SCET, we derived a factorization theorem for back-to-back lepton-jet
configurations.

In e-A collisions, we discussed the utility of our approach in disentangling intrinsic
non-perturbative contributions from nTMDs and dynamical medium effects in
nuclear environments. We find the process is primarily sensitive to the initial state’s
broadening effects.

TMD resummation accuracy has been improved to N3LL + O(as2) accuracy in e-p
collisions. It is good to have the measurement at the HERA to make a comparison.

Our work sets the groundwork for future experiments at the EIC, offering a robust
framework for measuring nTMDs.

Thank you
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Quite nontrivial that the low-energy matrix element factorizes
into a product

(P(p1)|O0a(z1)|P(p1)) (P(p2)|Os(x2)| P(p2))

One should be worried about long-distance interactions
mediated by soft gluons

standard soft gluon

— Glauber gluon

pt ~pl|
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All proton collisions include forward component (proton remnants)

—a———>——@ —)>-
N\ n
(AN :
_ . Glauber
N 4 L
P L
—l——— <——®—<-

Absence of factorization-violation due to Glauber gluons is important element
of factorization proof for Drell-Yan process. Bodwin ’85; Collins, Soper, Sterman "85 '88 ...

e.g. Transverse momentum dependent (TMD) factorization is violated in di-jet production

Collins, Qiu 07; Collins 07, Vogelsang, Yuan '07; Rogers, Mulders "10, ...

We remark that, because the TMD factorization break-
ing effects are due to the (Glauber region where all compo-
nents of gluon momentum are small, the interactions
responsible for breaking TMD factorization are associated
with large distance scales.

Rogers, Mulders "10

FIG. 8 (color online). The exchange of two extra gluons, as in
this graph, will tend to give nonfactorization in unpolarized cross
sections.
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