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QCD in the future

In the FUTURE

Perturbative: Amplitudes, Amplitudes, Amplitudes...

Numerical: Hamiltonian Truncation, Q-Computers

Lorentzian-fragmentation, diffraction,...

David Gross: Fifty Years of Quantum Chromodynamics
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Polarized fragmentation functions



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.



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.

Quark
Polarization

. 1 — .,
Imaging a h.adron _ZG[ZWM[A] + Z¢f (iDu[Aly* — ms) s
would provide

/’/ ::::\: H H a H.a »a B.d
‘Z/Yy\x. InSIghts o QCD /gu\ &yji% f\}’%ii
P p' V,b Q,Cc Vb o,c

o 4 w8 > 7 AN

Nucleon
Polarization

* Both longitudinal and transverse 90
7 kTpST0

motion fine e Yer, 1, Q) = filx, kr) = =k fih (x, k),

kr-S
= TglLT(xl kT)/

e Large Lorentz boost in longitudinal fW y5J(x,kT, u,C) = Sy g1(x, kr) —

direction, but not in transverse io St k"‘
’ ,-[/ps 7\ (x, kr, u,C) = Sghi(x, kr) + Thﬁ(x’ kr)

momentum ap

k2 1 . k& P T
. . . p TT T P
 Correlation between hadron spin with Mz(ng + 2 )STphiLT(x kr) = ——x hi (%, kr)

parton(quark, gluon) orbital angular
momentum



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 ...



QCD factorization

Collinear factorization
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QCD fragmentation functions

In QCD, fragmentation is described by fragmentation functions (FFs) defined via the quark-

quark correlator

TMD FFs
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Leading twist (twist 2)

D, G, H: quark un-, longitudinally, transversely polarized

polarization
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N\ polarization
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One of the most important discoveries in QCD and hadron physics over the past
decades is the measurements of large spin asymmetries

VoLUME 41, NUMBER 25 PHYSICAL REVIEW LETTERS 18 DECEMBER 1978

Transverse Quark Polarization in Large-p, Reactions, ete™ Jets,
and Leptoproduction: A Test of Quantum Chromodynamics

G. L. Kane
Pnysics Depavtment, Univevsity of Michigan, Ann Avbor, Michigan 48109

and

J. Pumplin and W. Repko
Physics Department, Michigan State University, East Lansing, Michigan 48823
(Received 5 July 1978)

quarks. We discuss how to test the predictions.
At least for the cases when P is small, tests
should be available soon in large-p, production
[where currently P(A)=25% for p,=2 GeV/c],
and e e~ reactions. While fragmentation effects
could dilute polarizations, they cannot (by parity
considerations) induce polarization. Consequent-
ly, observation of significant polarizations in the
above reactions would contradict either QCD or
its applicability.




EXP on transverse A polarization

HERMES ‘76

A. AIRAPETIAN et al.
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Transverse A\ polarization in electron positron collisions

The cleanest way to access fragmentation functions

ete” 5 AThX ete” — AT(Thrust) X ete ™ ATX

65TOb thrust

PaL
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Transverse A\ polarization at the LEP

OPAL ‘97

oz >0.15 thrust

Q= Mz

0.0

No significant transverse polarization is observed at the LEP



Transverse A\ polarization at the Belle

fi is perpendicular to the A production plane. n P,

A production plane P
Belle ’18 PRL
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Back-to-back A+h

TMD factorization theorems for back-to-back
e (0)+ e (') =7 (q) = h(Pn) + A(Px,S1) + X A+h: CSS, JMY, SCET ...

Spin-dependent cross section is factorized as:

do (S1)
dPSd?q |

1
ZAMA

= 00 {F |[Dn¢Dnyq| +1S1]sin(¢s — ¢a) F \Par - pai DignjgPnsa) +

PFFs: Polarizing Fragmentation Functions



Fitting of PFFs from A+h data

Chen, Liang, Pan, Song, Wei ‘21
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Light bands: the uncertainty from the fit to
Belle data

Dark bands: the simultaneous fit of the Belle
data and the EIC pseudo-data



Theory framework on transverse A polarization

+o— At
e'e > A hX ete™ — AT(Thrust) X

Collins-Soper-Sterman, Ji-Ma-Yuan, NN o
Soft-Collinear Effective Theory... ... LA

TMD factorization two scale problem

AQCD S0

Is it the same (polarizing) fragmentation function in these two measurements ???



TMD factorization for A(thrust)

Parton fragmentation and hadronization
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From short to long distances in quantum field theory

M2 )
J (' scale pg) ~ J (scale puq) exp [/ i/ /de (x, ag (,u’))]
M1 H

“Jets from Quantum Chromodynamics” Sterman & Weinberg 77




TMD factorization formula on the jet broadening
(Becher, Rahn, DYS '17 JHEP)

Definition of the broadening:

by = ) |57 ]

1€ jets

Construction of the theory formalism by < Q
e Two scales in the problem
e Rely on effective field theory: SCET + Jet Effective Theory (Becher, Neubert, Rothen, DYS ’16 PRL)

de Z /dbs /dd 2pNjf vapN Z Hf ({n}, Q) @ Sm ({ﬂ}abﬁv,—pﬁ»
m=1

f=4q,q9,9

Rapidity divergence cancellation is verified at two-loop order !!1!



Factorization on single hadron unpolarized TMDs

Case-l: 6_6+ — hlhg + X do
3 NH@Dh1®Dh2®S
Global observable, standard TMD factorization d=qr _ , ,
Collins, “Foundations of perturbative QCD”
Case-ll: e e - h+ X I

NDh(X)ZHm@Sm

Non-global observable; new TMD factorization d*qr -
Kang, DYS, Zhao "20 JHEP

hard: pr ~ Q(1,1,1)

collinear: p.~ Q(A\2,1,\) A= jr/Q <K 1

soft: pPs ~ QA A, N)

NLO hard function: NLO soft function:

aCp  eE /dk+dk_ n
2

() h ()]

]ml % >m 272 T(1 —¢)
1 7 == l(

n
Divergences are half of the hard function in case-l | |Divergences are half of the soft function in case-I




Numerical results
Kang, DYS, Zhao '20 JHEP

e Our TMD resummation formula

/—\ m%f—ﬁ,\\ gives a good description of the

N shape of jr distribution as z, < 0.65
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Joint threshold and TMD factorization

Kang, DYS, Zhao '20 JHEP
Joint factorization: 25, —> 1 & 17 <€ Q@
Joint TMD and threshold resummation is first developed in Li ‘98 & Laenen, Sterman, Vogelsang ‘01

in the threshold region, a new mode: collinear-soft (c-soft) modes contribute

Li, Neill, Zhu ’16 & Lustermans, Waalewijn, Zeune '16

hard: pr~Q(1,1,1)

zp — 1

collinear: p.~ Q(\?,1,)\) ——-  C-SOft: py ~ (j5/(Q(1 — 21)),Q(1 — z1), j7)

soft: Ps ~ QA A, N) TMD FFs in the threshold limit
n-p K nepk
P~ it
Q Ph Q Dh
zp — 1
ﬁ
Jr Ds Jr Ds
\ \pcs ‘/"\
e P 30 s
> >

Jr Q n-p Jr QL —z) Q n-p



Numerical results

ete” (10.58GeV)
T T — T T T 7 T — T T I do- 1
04+ -

-2 2
dond?jy o2 P (=it/73;)

e The Gaussian width of the jr distribution
given by the TMD formalism freeze to a
certain value.

o After including joint threshold and TMD
TN D S resummation effects, the theoretical
' predictions are consistent with the data




Factorization on transverse polarized A hyperon production with the thrust axis
Gamberg, Kang, DYS, Terry, Zhao ’21 PLB

dAo do
PA
e d1) = dznd?j, / dznd?j,

Theory results are consistent with Belle data

- 2, [0.4,0.5) 2, [0.5,0.9]
Theory formula including QCD evolution 5
S I
dAo  do(S1) do(-S.) = : Belle '18 PRL
dend?j.  dzad?j,  dzad®j, A T A
o0 1.2 —
= 09 sin (¢s — ¢;) Z / MJl (b‘j—L> y p—}—< A
My 101 — 8% (b,24,Q@5,Q) = Spext (115, , [ | ._4
X ngT,A/q (ZA, /,Lb*) e Sy (b Q Q) (Ho..,Q) I 1|5 i I I log L1 lllol I 1151 1
X UNG (/-Lb* ) Q) j_]_ (Ge\/)

This result provides proof of principle that the experimental data can be described using the factorization and
resummation formalism that we have introduced.



Factorization on transverse polarized A hyperon production with the thrust axis
Gamberg, Kang, DYS, Terry, Zhao ’21 PLB

Py,

Q000

Twist-3 theory formula including QCD Theory predictions

evolution PA, (%)
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Transverse Lambda polarization and jet charge

(Gamberg, Kang, DYS, Terry, Zhao in progress)

As shown in (Kang, Liu, Mantry, DYS '20 PRL), the jet charge observable is a novel probe of flavor structure for the

hadron spin

Dynamic modes:

e (0) +e"(¢') = J(ps) + A(Pa, ST) + X

J(vp) o

e (6) et ()

hard: p, ~ Q(1,1,1),

soft: ps ~ qr(1,1,1),

collinear: p. ~ (q%/Q Q. qr),

jet: pj ~ Q(1, R*, R),

collinear-soft:

Pecs ™~ QT/R(L, RQa R)v
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Thrust and Jet measurements are closely related
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Spin Asymmetries in Electron-jet Production at the EIC
Kang, Lee, DYS, Zhao '21 22 JHEP

We present a general theoretical framework for the hadron distribution in a jet, where both
incoming particles and outgoing hadrons inside the jet have general polarizations.

P(pa,Sa) +e(ps, Ae) = |iet(pc) b (zns i Shi) | + e(pp) + X

We investigate all possible azimuthal asymmetries.
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B = FUU,U + cos ¢ - (;3, Fcf)sr((’?qﬂah)
dpydy jd?qrdz,d®j | (% = o)y

+ ’\P{’\EFLL,U + sin(¢q — &h)in('i(g"“"’h)}

+ S"r{ sin(pg — ¢.ﬂ;f‘)F,?(‘z(Sq—ws/\) + Xe cos(pg — (P-"'A)F'IC*T'((?q_ésA)

. A\ osin(ds  — . 2 sin(2¢q—dn—ds
+sin(¢s, — on)Frpg " ) 4 sin(2¢, — ¢n — (f)SA)FTlllzl',(U(pq " A)}

+ Ah{)\eFULYL +sin(@n — o) Fga® %7 + )y [FLU,L + cos(dp — ¢q)Fg‘§f§§f’“¢q)]
s(dg—s . si —og
* S"'[“Os(m — b5 P =950 4 2, sin(@, — b5, ) Fpno' =58

5 cos(ds  — 2 S(265—05 4~
+cos(ds, — BFrpy 4 +cos(26, — ds, — ) Fro ]}

. i 2 i (¢A|_¢A~ ) N I ($1_$ )
+ Sh. { sin(op, — ésh)Fir‘zr’T, "+ Aecos(dp — QDS;L)F[(;},S,T' o

. 72 , in(¢s,; — . n ) in(2¢—os,, —
+ sin(¢g, — @q)szzr$;5ix éq) + sin(26h — ds, — éq)F(s;ngm ?5),—%a)

- -~ cos(pn—o: ~ cos(¢g—bs
+Ap [cos(éh — ¢s,)F LU,.(;h Pou) 4 cos(¢q — ¢s,)F LU,(II?‘] o)

2 1 2 5 l_(,$ y _(b . 2 1 i 5 1 5 5
+c08(20n — s, — d)Fypg T+ Aesin(@n — ) Fypiy

A LCOS —¢ - -~ LCOS 2(,*; —‘.ih —pg
+ST[cos(¢5A _¢Sh)1,;‘£"(}ﬁs,\ bsp) +cos(2dn — ds, — ¢SA)f;zr,(q" h—0S), —Ps4)

+ Sin((}‘)h _ (,BSh) sin((,ﬁ,, _ (I'SSA )F;i;"],(ih_ql’sh)sin(éq—‘DSA)

“ ~ ) S(dh—bs (g —9:
y + COS(¢h _ ¢sh)COS(qu . ¢SA))F;"?J’(T" ﬂ‘h)Cos q ‘7A)

- 2b,—bs . —da
+008(20q — b5, — ) Fomprr? 54 ~0n)

2 v c08(2¢n—bs,, +2bg—bs )
+ cos(2¢n — ¢s, + 20 — bs,) Eryr

Ay bn—¢s,,) sin(¢s . —¢
+ e cos($h — B,) sin(bs, — bq) Fipeon #5654 =00)

LA A sin(¢ —és cos(pg , — o,
+ Ae Sm(¢h - ¢Sh) COS(¢SA - ¢q))FTL,(;h Pen) coslban ‘1)] } ’



Spin Asymmetries in Electron-jet Production at the EIC

We present a general theoretical framework for the hadron distribution in a jet, where both

Kang, Lee, DYS, Zhao '21 22 JHEP

incoming particles and outgoing hadrons inside the jet have general polarizations.

We investigate all possible azimuthal asymmetries.

P(pa,Sa) +e(ps, Ae) = |iet(pc) b (zns i Shi) | + e(pp) + X

JFFPDF i fir” qir a7
D, 1 sin(¢q — #s,) 1 cos(dg — ¢s,)
Diy sin(¢n — ¢s),) sin(¢n, — bs, ) sin(¢g — ¢s,) sin(¢n — bs,) sin(én, — ds,) cos(¢g — ¢s,,)
GiL 1 sin(¢g — és,) 1 cos(¢g — ¢s,)
Gir cos(dn — $s;,) cos(fn — bs,) sin(bs, — 6y cos(¢n — ¢s,,) cos(n — Ps,,) cos(dq — P5.,)
SR Aif? z hi?
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Spin Asymmetries in Electron-jet Production at the EIC
Kang, Lee, DYS, Zhao '21 22 JHEP

We present a general theoretical framework for the hadron distribution in a jet, where both
incoming particles and outgoing hadrons inside the jet have general polarizations.

P(pa,Sa) +e(ps, Ae) = |iet(pc) b (zns i Shi) | + e(pp) + X

We investigate all possible azimuthal asymmetries.

x 3 _ qr = 1 GeV
2.5 |
S 2¢
o’ [
n
(~IQ_ |
- KM 1.5 i EIC kinematics
S ’ /5 =89 GeV, R=0.6
<
0.1 <y<0.9, Q%>10 GeV?2
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y 7 :
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Polarized event shape
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Spin asymmetry of EEC in the large angle limit

Many spin asymmetries arise from the azimuthal correlations

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

Fracture Functions Chen, Ma, Tong ‘24
NEEC, long-range azimuthal correlation and entanglement Guo, Liu, Yuan, Zhu 24

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

g = 1 dSere- _ (OF (7i1) € (7iz) OF)
"2 e e_'\"/—“—l T Otot AT de <OOT>

drd 2

dXl +.— 1 1 0
EECe-l'e— (Ta ¢) = i — 5 z / d0'21Z2 0 (T — 1 cos 12) 5(¢ — ¢12)
1,2




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 |nthe 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 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

in(¢gr+¢s) i -
AS o = 21 —y) Fop 7 _\Sivers .F(S};(%T ?)
— )2 -
1+(1-y) ]:UU P13 Fuu
}_31n(¢qT +¢s) ~ h ® Jl fSln(¢QT és) N.fl-LT ® Jq
Fou ~5 @, Fou =5 @
i S={nt,n7} =— 9
1.5 [ S={7T+} R _ Vs = 105 GeV S: {7T+, 7T—}
[ S={n"} =—— . Q = 21 GeV
- Perturbative Unc. ] [ 0.1 <y < 0.85
Model Unc. 1.5 | BIC kinematics

ASE™ (%)

ﬁ:mN

—0.5 F Q=21Gev
| 0.1<y<0.85

EIC kinematics i Model Unc. IS
| | | | 0 | | 1 |
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T T
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Transversity and Collins function Sivers function:
Kang, Prokudin, Sun, Yuan 15 Echevarria, Kang, Terry 20



Diffraction
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Diffraction in ep collisions

® Hadronic diffraction processes and total cross sections have been described using the
concept of ‘pomeron exchange’.

® The simplest way to introduce the concept of pomeron is within the framework of Regge

theory
e - clusi o .
cal inclusive diffraction exclusive diffraction
centra
B region ZX X = J/1, Jety + Jeto, - - -
€ X X
large rapidity gap ;3
- B coherent diffraction incoherent diffraction
D i [ forward ) ' — Jet
region p = pI'OtOIl p = Je€

® Some recent theory progress:
® Fracture Functions: Chen, Ma, Tong ‘21’24 + Chai ‘19

® Glauber SCET: Lee, Schindler, Stewart ’25



Azimuthal decorrelation of QCD jets in ultra-peripheral collisions
(Zhang, Dai, DYS, '23 JHEP)

Dijet production with no nuclear breakup 25 [ oo
© —~ ATLAS Preliminary

- Pb+Pb 5.02TeV, 1.72nb"

i 1 04 | Not unfolded for detector response
‘ A § UPC Dijets without breakup
Pb A - anti-k, R=0.4 Jets
/ - M., >35GeV
Ph 8 i Jets
——— Jet
Y

|19 i1l

11 lllllll

e (0nOn Data

A 10°E  — Pythia ry — jet E

< Jet E S Rit-sfare)::l Pyiii: ;

\\B—— Remnant i :

s r 10?1 =

Pb - -

J1 B B C T ]
Photon-photon fusion diffractive photo-production 10 ‘* + ¥ H L H

We apply equivalent photon approximation (Fermi 1924; Weizsacker 1934; Williams 1935) + SCET

dto /+OO dby ;. p =~ ~ - -
—_— —~ ¥=b2 B(} y PT> Y1, Y2 H pT,A ) S(b s YL, Y2, 1, V) U bx’R7 , M, U J ’R7 U- bx’R7 L, U J. ,R,
dg.dprdyidys ) oo 27 (bs Y1, y2) H ( Y, 1)S (b, y1, Y2, 1, v) Uy ( Y1, s v)J1(pr, B, pr)Us( Yo, i, V) Jo(pr, R, 1)

Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, '20, also
see Ji, '03; Belitsky, Ji, Yuan, ‘04, ...)

dzA . d —d2 . o
xf,y (x,kT,bJ_) :‘/—J‘elAJ_-bJ_/gezxp-i-g —ikpry

(2m)2 (2m)3
(a0 ) e o))
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Numerical results

(Zhang, Dai, DYS, '23 JHEP)

T | T T T T | T T T T | T T T T | T T T T T T T T I

- o ATLAS data

- — Res (NLL)

051 Pb+ Pb 5.02TeV, UPC dijets |
anti-kr R = 0.4, pr > 15GeV, |y12| < 4.4 -

0.2e M > 35 GeV

TN TN AN TN SN TN SN N SRR NN SR NN (S Y SR RN (R N SR N (N SN S S S S S

2.6 2.7 2.8 2.9 3.0 3.1

Aoy

e A good agreement with the ATLAS data in the nearly back-to-back region
 Photo-productions may enhance the dijet production rate, but should barely

change the shape
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Azimuthal Correlations within Exclusive Dijets with Large

events) dN/d(D

(1/N

A calculation based on the RAPGAP model, which is tuned to HERA results, predicts

0.7

0.6F

0.5

Momentum Transfer in Photon-Lead Collisions

PbPb 0.38 nb' (5 02 TeV)

llllllllllll

llllllll llllllll I

P 1>3OGeV
P, >20GeV
m |<24

Q <25GeV

Pr>Q,

® [radian]

<Ccos(2d)>

1.2F

0.8

0.6

0.4

0.2

—h
N
T ]

PbPb 0.38 nb" (5.02 TeV)

Illllllllll Illlllllllllll I I
- CMS p,,>30 GeV -
~$— Data p 2>20 GeV _
—— RAPGAP "1 d<24
QT<25GeV ’
N Hatta et. al P >Q-r -
: I _
—— ¢
[ ° 2
.O.a ------ ' ------ .u--& |
'-'li Illllllllllllllllllllllllllllllllllllllll-
2 4 6 8 10 12 14 16 18 20 22 24

Q; [GeV]

that (cos(2d)) rises with QT, but overshoots the data by a factor of 3-5.
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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

0,2TTTI]IIII[IITI[TII\[I\IITTT[IT]I\
i " a o CMS | |
| k1 >30GeV | 4 tial+final Sudakov |-
015 [ 2L > 20GeV ... final Sudakov |
. B |y1,2|<2.4 -
_|
o
s 0.1
o)
0.05

Incorporating the initial state gluon
radiation offers a more accurate
representation of the CMS data
Difference remains.

(cos(2¢))

05 _1 | U N O N FLLANLILE L L I_
-k 30 GeV ¢ oM | ]

1L > © —— initial+final Sudakov |

04 key >20GeV |.-- final Sudakov ||
|y1,2| <24 ]

q. [GGV]

do
[ dP.S.cos(2¢) Ty1dyd2 PrdPas

do
f dp.S. dyi1dy2d? P, d?q

(cos(2¢9))

The azimuthal asymmetry: Our result
underestimates the asymmetry at low
g1 and overshoots it at high



Summary and Outlook

 We develop the factorization framework to study transverse polarization
effects for A(thrust) production

e We present a comprehensive study of the azimuthal angle dependence of EEC
in the back-to-back region

e 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.
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