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QCD and 3D imaging of nucleon

Transverse momentum distributions (TMDs) encode the quantum correlations between
hadron polarization and the motion and polarization of quarks and gluons inside it.
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QCD and 3D imaging of nucleon

Transverse momentum distributions (TMDs) encode the quantum correlations between
hadron polarization and the motion and polarization of quarks and gluons inside it.
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Figure 2.5: The leading-twist quark TMD distributions.



Transverse momentum distributions of quarks

 Three classical processes used to probe quark TMDs

Semi-Inclusive DIS Drell-Yan Dihadron in e+e-
,‘ e po H;
; +
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H @ Fragmentation qr < Q

e Typical “two-scale” problem:

transverse momentum of final particle (qr) << scattering energy (Q)

 Theory tools: factorization theorem; renormalization group evolution;

effective field theory ...



Theory Formalism in Semi-Inclusive DIS

e()+p(P,S)) we(@)+h(P,)+X TMD factorization theorems have been
established at the leading power of g12/Q2

TMD Handbook :
A modern introduction 1 the physics of

QMD

D

Theory framework: Collins-Soper-Sterman, Ji-Ma-Yuan, Soft-Collinear Effective Theory ......

do(ep — ehX)
dQ) dx dz dgr

— Heq—)eq(Q)Fq (q—’T7 ZU) X Dq—)h(cha Z)

Some recent progresses on factorization theorem at the sub-leading power see:

Bacchetta, Boer, Diehl, Mulders ’08; Chen, Ma’16, Bacchetta, G. Bozzi, M. G. Echevarria, C. Pisano, A. Prokudin and
M. Radici "19; Vladimirov, Moos and Scimemi, “21; Rodini, Vladimirov, 22; Ebert, Gao, Stewart '22; Gamberg, Kang,

DYS, Terry, Zhao ’22...



QCD jets and 3D proton imaging at the EIC

® Recent investigations at both the RHIC
and LHC have validated jets as

effective tools for probing the spin
structure of the nucleon.

® Jets are complementary to standard
SIDIS extractions of TMDs

® Jet measurements allow independent
. pelec constraints on TMD PDFs and FFs from
a single measurement

g _’elec _’Jet
r=pPr  + Py

. e Azimuthal correlation between jet and
lepton sensitive to TMD PDFs (X. Liu,
pret Ringer, Vogelsang, F. Yuan '19 PRL, ...... )




Simulation results

Arratia, Kang, Prokudin, Ringer ‘19

10 + 275 GeV,
0.1 <y<0.85, pf>10GeV

10 + 275 GeV,
0.1<y<0.85, pf>10GeV

The jet distribution matches the struck-quark kinematics
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Theory predictions and measurements in DIS
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Recoil-free azimuthal angle for electron-jet correlation
Fang, Ke, DYS, Terry ‘23 JHEP

Standard TMD in back to back limit: Q >> g7~ It ¢
/
e(l) + N(P) — e(l)) + J(P) + X Chien, Rahn, DYS, Waalewijn & Wu

’22 JHEP + Schrignder '21 PLB

Lab frame
Pn ~ Q(L 17 1)
e(4) ‘; 2
O— QQ»LJ' p'g; ~ lT <5¢ ) ]-7 5¢) N
N(P) p’; ~ ZT(5¢: 5¢7 5§b)

Similar to Transverse-EEC in back to back

Following the standard steps in SCET and CSS, we obtain the following resummation formula

do oo 4y db
= H — bﬁ ) b, Jq (b,
Plodydsg  1—y  \DF )/o 08 (b6rd9) Z@ fayn (B, by 1, Gp) Jq (B, 115 Cg)
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)

scale choice
pr=pg=+/Cri =

b*-prescription to avoid Landau pole

“H:Qa

by =b//1+b2/b2

non-perturbative model

U{IP = exp [—g{bQ 92y @ In E]
QO >|<
Uﬁpzexp[ g2 anl b]
QO b

p, = 2e”7F /b,

Cri = pb = 277 /b

Sun, Isaacson, Yuan, Yuan ‘14
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Jet function

[C @ flyn (@B, 17, i) Udp (28,6, 4,Q0,Cp) T (b, 1, Cy) =

ey (Cf)z'yc(b“f)
/Mf .UJ/ ,YM ('U“’Cf)] sz
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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)
. ; =} — e—Au(aN = 0, Jq)
(Alrashed, Anderle, Kang, Terry & Xing, '22) & I |
z§ 500 EIC apy uncert.
We include LO momentum broadening of S o0l V5 =90Gev B [ uncert.
the jEt within SCETg 9 < . <11 GeV B nPDFs uncert.
400 |
0.l1<y<0.9
A bK1(£b)—
Jq (b7 l’l‘7 CJ) — JQ(b7 /‘1’7 CJ)eXK 1(€ ) 1] 200+
. GL 101
Opacity parameter x = p€—2as(ub*)CF o
09e==
(Gyulassy, Levai, & Vitev '02) 1.01F
pG: density of the medium gt
. 0.99c . . . : . : . . . ! . ,
¢ : the screening mass 0.05 0.10 0.15 0.20 0.25 0.30
. 5
L: the length of the medium o ¢_ N
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
12



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

Vs =105 GeV, 100 fb*, 0.1 < y < 0.85
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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

+57 L



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
400_
200:— _‘—""'—-.._1“
— 0- SIS e
—_—
‘&‘ L
2 a0l EIC
= . LO sing
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~ !
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—600{
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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
(blue)

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)

do(NNNLL + O(a?)) = [1 — ¢(6¢)]doaqa (NNNLL + O(a?)) + t(6¢)do(NLO)

0 E Theoretical un. ¥ Theoretical un.
:\I“?J\ 104 _\L_:
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Probing transverse momentum dependent structures with
azimuthal dependence of energy correlators

Kang, Lee, DYS, Zhao JHEP03(2024)153
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Perturbative coefficients:

EEC In e+e-

Louis Basham, Brown, Ellis, & Love ‘78
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Spin asymmetry of EEC in the large angle limit

« Many spin asymmetries arise from the azimuthal correlations

o Azimuthal angle dependence in the small angle limit Chen, Moult, & Zhu ’20; Li, Liu,
Yuan, Zhu ‘23

« We extend the EEC in the back-to-back by considering azimuthal asymmetries
associated with the EEC Kang, Lee, DYS, Zhao 23

: / . L dEere- _ (OF () € (7i2) OF)
y ' K/V Ot drdp (007)
Lepton plane e

=
=
Q
a®
+
ml
8
=
|

B A+t e _ 1 1 + cos 619
— de¢ = 9 ;/dUZ1Z25 (T 9 )5(¢ gblz)




Azimuthal dependent EEC in ete-

o The standard TMD factorization for the back-to-back di-hadron process

do P11 D21
—ooH 2 [ dpy Py PN 62 [ =+ 2= — A S(A\?
dzidzd2qr oo H(Q, ) Zq:eq/ P11a P21G AL o + - 1L +qr | S(AL, p,v)
(w) 2 2y () 2 2 A A 1
X Dl’hl/q(ZhPuM, ¢/v )Dl,h2/q(zz,pu,u,€/1/ ) + cos(2¢12) | Gr.adrs — §gl,aﬂ

B

PTL 1rl(u) 2 2y P21 771(u) 2 2
X mHl,hl/q(szu,u, /v )mHl,hz/q(zmpu,u, /v )] :

Leading Quark TMDFFS O—o Hadron Spin @ Quark Spin

_ 2P, -q 2E; Quark Polarization

e TR Energy fraction

Un-Polarized Longitudinally Polarized Transversely Polarized
(L) (L) (T)

U o D+ = HJ- = —
D{) 4(z:P%,1¢/v*)  Unpolarized TMD FF 1) IO
u - ) . G = - H_L = -

Hy ) (2,03, 1.¢/v?)  Collins TMD FF : @” @ iz ==

Hy = (1))
DlJ_T = @ —_ @ GllT - é . @ Trani/ersny
Polarizing FF HlT = @ — @




Azimuthal dependent EEC in ete-

« The TMD factorization for the azimuthal-dependent EEC in the back-to-back limit

2
BECove-(1,6) = 500 H@.) ¢4 [ 52 [ Io0w/7Q) (b, 1, 0050, 1:€) +005(26) S a(b/rQ) T b1 )3 10
q

New term: azimuthal asymmetry
“Collins-type” EEC jet functions

A similar structure for Winner-take-

All jet function was given in W. Lai,
X. Liu, M Wang, H. Xing '21 22

 The unpolarized EEC jet function has a close relation to the unpolarized TMD FFs
1 ~
Jq(balLaC) EZ/ dZZDl,h/q(z7b7 M, C)
h 0

o Collins-type EEC jet functions are closely connected with the Collins FFs

1
J&L(b,,u,C) EZ/O dZZHlj:h/q(Z,b,/.L,C)
h



Collins-type EEC jet function

« We introduce Collins-type EEC jet function

’i(bnub*)
1 D
3 0 CZ
C ’{(bnub*)
b, 1, ¢) = Z/ dzzHi- h)q (%0, e, Gi) e Soere(1op10.) =Sy (bQO g <\/ C)

Collins function in b-space

o The OPE of the subtracted unpolarized and Collins TMD FFs gives

Dl,h/q(za b7 22 C) — Cﬂ—q ® Dl h/]] (Z b y My ) + O(b2A2 CD)7

H (2,611, Q) = | 6CSM™ @ B0) + Aje o@Fpp 5] (2,511, ) + O(6*Acp)

twist-3 FFs (Hr is ignored)

L} Ly (3 72
Collins . b v’
5Cq '+—q (z,b,,u, C) _5qq’{5(1 _Z) + — lCF5 (1 —Z) < 4 -|— 5 ( + In <2> ﬂ)

™

-I—(lnz—%) qeq(z)]} O(es)



The OPE of the Collins TMD FFs

o The OPE of the subtracted unpolarized and Collins TMD FFs gives

ﬁil,_h/q(za ba 22 C) [50302151% X HlL;(l?}) + Aj<—q®ﬁF,h/j] (Z, ba 22 C) + O(bzAQCD)

L dx

o Standard convolution [Cjeq@@Fh/j] (z,b,u,C)=/ — Cita (g,b,u,c> Fy)j (x, 1)

z

L? Ly (3 | p?\ =?
Collins — °
5Cq '<—q (z,b,,u,, C) _6(1(]/{5( ) +_[CF5(1 —Z) ( 4: L) 2 ( +ln C_2> - ﬂ)

+ (lnz— %) P, (2 )]} +0(a),

Flf,(j)j(z,u) : twist-3 fragmentation function, related to the first k | -moment of
the Collins TMD FF

e Double convolution

x 21

1 dr [ dz 1 Z A
|:Aj<—q®HFh/]:| (Z b s s C) / / 1 (1_1) Aj(—q (;,Zl,b, My C) HF,h/j (xvzla.u’)

starts at the order O(as) and is ignored in our work



Sum rule

e The collinear functions in the OPE matching obey the sum rules

1 T : :
Z/ dz 2Dy i (2,0) = 1, sum over longitudinal momentum iraction carried by the
hadron is 1

Z/ dz FG ) (z,u) = 0. the transverse momentum carried by the final hadron sum
Lh/g to 0 (Schafer-Teryaev sum rule)

e Inthe OPE region JJ‘ b, i, ¢ Z/ dz z Hi- h/q(% 0, 11, C)

dx B
:Z/ dz/ B by, QB ) () € e bt
h 70 z

/o chSngl(llms(T b, b, C) [Z / dr H1 }(L/) )] o —Spert (Hattn,,)
=0, -0

 We find that the Collins-type EEC jet function becomes zero in the OPE region
upon neglecting the off-diagonal matching terms.



Collins-type EEC with subsets of hadrons

e In the small angle limit, the track function formalism was used to study energy

correlation between hadrons with specific quantum number (&s, (71)&s,(72)) Chang, Procura,
Thaler, & Waalewijn ’13; Y, Li, Moult, Schrijnder, Waalewijn, H. X. Zhu ’21; Jaarsma, Y. Li, Moult, Waalewijn, Z. X.
Zhua’22,’23 + H. Chen ’22 ‘23

e In the large angle limit (TMD region), one can also use subset S of hadrons to define the

LHC13TeV, pp — Z + Jwra + X

jet function

100 hadron full

« E.g. Tacking jet function for the recoil free jets | . ..o ook
_ . L] 4 22 T 1 % 60;
/q(l) — /q(l) +4CF /0 dx - In T A dzy Ty (21, 1) % of |
= pT7J>6OGeV, ’77J| <2 ]

201 R=05

1.1+

LOW
Chien, Rahn, DYS, Waalewijn & Wu ’22 JHEP + Schrignder ’21 PLB "~ o9 ]

150 155 160 165 170 175 18¢
A¢ [deg]

’ / dzo Ty (20, 1)[0(z12 — 20(1 — ) — Bz — 1)

0

Ratio

« We explore a less inclusive version of EEC in the back-to-back limit that is only sensitive to
the energy flow of subset S of hadrons

smaller experimental uncertainties

Z = Z E.g. S = charged particles B¢t energy resolution ana
h

heS

S=h Probe fragmentation function



Collins-type EEC with subsets of hadrons

e We define the modified jet functions

1 ~
Jq/g(b,u, C) = Z/ dzle,h/q(za b, /"’74.) )
hes 0

1 ~
J(}L/S(b7 Hs C) = Z/O dz ZHi%h/q(za b) Hs C) .
heS

e Inthe OPE region

1
Fjs= Z/ dz z Dy 1,5 (2, m,) average fraction of longitudinal momentum carried by S

hes”0

1
Jq/S(ba 22 C) — Z Fj—)S /0 drr Cj<—q (Ta ba Mb, 5 C)e_spert (ksbto) )
J

1 .
Jis(b,1,¢) =Y Fiys /0 dr 6CSONS (7, b, py, , () e pert (kv

e All the non-perturbative information are captured by the moments of FFs in the OPE region



Collins-type EEC with subsets of hadrons

e From the perspective of Collins-type EEC jet function, we are motivated to consider the
so-called favored and unfavored subset

o Twist-3 Collins fragmentation functions

A7T+/ (Z QO) HT(FS /u( QO) = - j(z QO) unf ( 7@0)7
FI;EF)/J (Z7QO) —/d( Q ) /1t (Z7QO) - Hfav (Z7QO) .

A (2,Qo) = N5z (1)% Dy i 1 (2, Qo)
Hz(m)fav(z’ Qo) = N§z*4(1)%4Dy 1+ 14(2, Qo) ,
(2,Qo) = N§z*4(1)P4Dy 1+ /5 5(2, Qo) ,

(3)
Hs/s

e The vanishing value of Collins-type EEC jet
function in the OPE region can be understood as

Ft —F:-

j—fav ~ j—unfav

e In phenomenology we consider

S = {7T+}a {7‘-_}7 {7‘-0}’ {7T+a W_}’ {7T+a T, 770}

Kang, Prokudin, Sun, Yuan 15
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EEC in ete- : Collins asymmetry

 We provide a prediction for Collins asymmetry at Belle kinematics

dZ 1 ollins
BECere-(19) = “grg5 = 370 2.° 2 [ qu5(T——) » [1+Cos(2¢) ol }

00 €2 Zuu |1+ c08(20) Acre-(7Q7)]
q

N | =

35 | Si xSeg ={nt,n "} x{nT, 77} ——a bdb
S1%8; = {nt} x {r7} —— Zuwu = | ——Jo(bar)Jq(b, i1, ¢) J7(b, 1, C) ,
3 - S1 xS ={n"} x {n7} =——— 21 ,
Perturbative Unc. [ bdb b
2.5 Model Unc. ZCollins — 2 ] ‘]2(1)(.121-')‘]l (b 22 C)J_L (b 122 C) .

 When choosing a subset of either positively

or negatively charged pions detected in

EEC, one observes sizable asymmetries,

—0.5 | W which worth further measurement.

Belle kinematics

-1t l | | | « BESIII collaboration is performing this
0.0001 0.001 0.01 0.1 0.3

r analysis




EEC at the Belle

Lots of data off resonance, easy to remove
resonance background
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EEC at the Belle

 We are working on the joint thrust and EEC resummation in both large and

small angle limit Z. Jiang, M. J. Liu & DYS in progress
* Joint TMD and (beam) thrust have been studied in Procura, Waalewijn & Zeune ’15;

Lustermans, Michel, Tackmann & Waalewijn ’19; Makris, Ringer & Waalewijn 21
Thrust vs EEC

EEC Angle (rad)

1.5

0.5

0 0
0 0.05 0.1 0.15 0.2 0.25

Thrust

 The above framework can be generalized to joint thrust and EEC in the large
angle limit



EEC in DIS

The definition of EEC in DIS Li, Marks, Vitev 21

1 1 do 1 4 cos B,y
FECois (1) =5 ; / Wataa G dbmdza’ (T T2 )

We generalize the above definition

dXDIS db b

2
=00 36} [ dardtr - Gso—on) [ G0HQW

dxdydTdg

" 2(1 — b2 -
X {Jo(bQT)fl,qu +cos(2n) -I—((l _y;)z J2(bQT)§htgl)JéL

: 21—y b2. |
+ S sin(2¢p) 7 —I—((l — ;)2 J2(bQT)5hlls,lq)Jc}L

— sin(¢n, — bs)J1(bar)bfign Iy

2(1-y) b Too7l
11 (1 gzl behal;

2(1 —y) M?p3 = 1(2) 71
1+(1—y)% 8 Ja(bar)haz g I }

y(2—y) . _1(1
ST 1= ) Jo(bar)gir,qJq + S| cos(dn — s)J1 (bar)bgin s Jg

+ S|

+ sin(¢p + ¢s)

+ Sin(3§bh - ¢s)

-

|

New probe for all TMDPDFs
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Collins and Sivers asymmetry of EEC in DIS

Kang, Lee, DYS, Zhao '23 JHEP
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Transverse EEC in diffractive dijet production

DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou 24 JHEP + 24 in progress



Diffractive dijets photo-production
e Diffractive di-jet production provide rich information on nucleon internal structure.

diffractive production of (2+1) jets diffractive production of exclusive dijets

8

7
l/'t/ WVNL . P QuA YR *

JC t ) (33 ~ () ”’ ,7/
Tou KO
il ”«.L\i;:::‘ 0000000

jet

p’ (P’)

e In cases of diffractive tri-jet production, where a semi-hard gluon is emitted towards
the target direction and remains undetected, the experimental signature of this process
becomes indistinguishable from that of exclusive di-jet production.

e Recent studies have shown that the cross section for coherent tri-jet photo-production
significantly surpasses that of exclusive di-jet production lancu, Mueller & Triantafyllopoulos ‘21

e The production of color octet hard quark-anti-quark dijets enables the emission of soft
gluons from the initial state. This mechanism significantly influences the total
transverse momentum q. distribution of the dijet.



Diffractive dijets photo-production

H(v,79, (22. PE

« The CGC calculation of diffractive di-jet photo-production, W\,W r
accompanied by a semi-hard gluon emission, has been ' i

studied in lancu, Mueller & Triantafyllopoulos '21; lancu, Mueller,
Triantafyllopoulos, & S. Y. Wei ’23

)
§ MAVAVAVAVAVAV,

Y(zyp) + A — q(k1) + q(k2) +g(l) + A

The Born cross section for semi-inclusive diffractive back-to-back dijet production is
expressed as

do dzp
- P yG
dyl dy2 dzPLdqu O-O:Efyffy(zfy) / Tp Lg ﬂj(x97 TP, q_L)

Within the CGC formalism, the gluon distribution of the pomeron is related to the
gluon-gluon dipole scattering amplitude

1—2x 1—2x

2
S (N?—-1) | zq? zq? r?
z,Gp(zg,zp,q1)= 8;(4(1_3:)) ! A /mdmb(CIﬂl)Kz( s To(zp,71)

dipole amplitude



Factorizaton and resummation

e By treating the gluon DTMD as if it were an ordinary TMD, we assume that the
standard TMD factorization framework can be used in the back-to-back region

Hatta, Xiao & Yuan ’22
[ F T

= 00%~ fr(2y) Hyeg(PL, R, 1) /d2de2)\l5(2)(ql — ki — L)

do

dy; dy, d?P, d?q,
dz
AJ_, R ,U,) / _ngGunsub xga LP, kL):u)'

e We refactorize the gluon DTMD as the matching coefficients and the integrated
pomeron gluon function

DGLAP evolution of the pomeron gluon DPDF ?| Glauber SCET Rothstein, Stewart, "16
Ldz l
G[P(:Ega LP, kJ_a Iy C) — Ig(—g(z k:_Lv 22 C)GIP(mg/Z LP, ,LL) + GIP(xga LP, k_l_)
Tg T
additional static source term in the modified DGLAP equation
lancu, Mueller, Triantafyllopoulos, & Wei ‘23




Factorization and resummation

e Resummation formula

do d?b, . ~
— zq_L-bL —Sudpert(b_]_)Srem b
dy; dy» d* P, d?q1 7077f>(7) / (2m)2° ’ (b, e

- dzp
x/dsze—"bL'kL i:zng[P(:z:g,:z:[p,lﬁ)

LP

 NLO azimuthal angle-dependent soft function

(+:>C)U1

%\>&<‘><§

4 1 1 1
C’F( lnﬁlncd,—éln ¢>) 2N >

N
_lnc?bln (1 — %) + Inz log (1 — %) + Lio (%) ]}

Cp = COS Py

21n g




1 do

Numerical results and measurements in UPCs

DYS, Y. Shi, C. Zhang, J, Zhou, Y. Zhou '24 JHEP
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Incorporating the initial state gluon
radiation offers a more accurate
representation of the CMS data
Difference remains.
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The azimuthal asymmetry: Our result
underestimates the asymmetry at low
g1 and overshoots it at high



Summary

We present a comprehensive study of the azimuthal angle dependence of EEC in the back-
to-back region to both e+e- and ep processes.

We introduce the Collin-type EEC jet function for the first time.

By generalizing the EEC with azimuthal angle dependence, one gets access to spin
dependent effects (polarized incoming ).

This finding points towards a new approach for gaining a deeper understanding of the
complex structure of nucleons.

We study azimuthal angular asymmetry in diffractive di-jet production. The production of
color octet dijets expands the color space, enabling the emission of soft gluons in the
initial state.

This mechanism significantly influences the total transverse momentum distribution.

Our new results quantitatively capture the overall trends in the q. distribution and the
asymmetry observed by the CMS Collaboration, a sizable discrepancy between the
experimental data and theoretical calculations remains.

Transverse EEC could provide a complementation study for this mechanism.
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