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Quantum Chromodynamics and Factorization
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» Quantum Chromodynamics(QCD)
The Lagrangian of QCD

_ 1 )
L= Z Yg.a (17" 0ulab — 957 tap AL — Mgdan) Vg — ZF,ﬁ,FA“
q

1%,0, —> Quark spinor (The g is the quark flavor and the a is the quark color)

Ag —> Gluon field (C shows the type of the gluon)

F;:}/ —— The gauge field tensor

(s —— Coupling strength



Quantum Chromodynamics and Factorization

» Asymptotic freedom
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Quantum Chromodynamics and Factorization

» Factorization formalism

Determine a factorization scale Q

Short-range perturbation part Long-range non-perturbative part

l Parameterization

Perturbative QCD QCD-inspired models

Lattice QCD

® Collinear factorization formalism



Quantum Chromodynamics and Factorization

» Factorization formalism

® Transverse Momentum Dependent(TMD) factorization formalism.

Quark polarization

Unpolarized Longitudinally Transversely
(U) polarized (L) polarized (T)
! © U OO
Unpolarized Boer-Mulders
v O OO
Nucleon Helicity Longi-transversity
polarization
fir hy
5-0) » -
Sivers Trans-helicity N
1T

Pretzelosity

O— Nucleon spin o— Quark spin

TMD PDFs at leading-twist 6



What have we done?
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» The study of Sivers distribution function

® There is much unknown information about the sea quark Sivers distribution function.
® The Electron lon Collider provides a good platform for us to study of the sea quark Sivers distribution

function.

» The study of transversity distribution function

® The current information on the sea quark transversity distribution function is almost blank.
® The information of the sea quark transversity distribution function can be obtained by studying the
Collins asymmetry on the Electron lon Collider.



What have we done?
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» We apply the TMD factorization formalism and the TMD evolution effects to predicted the
Sivers asymmetry in charged K produced and A hyperon produced in SIDIS process at the

kinematical configurations of EIC and EicC.

» We apply the TMD factorization formalism to predicted the Collins asymmetry in A hyperon

produced in SIDIS process at the kinematical configurations of EIC and EicC.
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Semi-inclusive deep inelastic scattering(SIDIS)

» SIDIS Process
() + N(P)—=1"({)+h(P,) + X (Py)
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The reference frame in SIDIS process Z
Q’ P-q PPy
y = — z =
L f P. q

The SIDIS process

S:(P+€)27 L =
10



Semi-inclusive deep inelastic scattering(SIDIS)

» Differential Cross Section in SIDIS Process

do
dzdydzd PAd¢ndy

2 2 2

= A9 (1 ¢ ;_w)

X {FUU,T + eFyur + \/26(17+6)Fl°]‘§ % cos ¢y, + eFy 201 008 20 + Ao \/W—G)in{}""‘ sin ¢y,

+ St [\/26(17+6)F(S}2¢" sin ¢y, + eF,S]iz?‘b" sin 2¢h] + ASL [\/1—7€2FLL + \/W—E)FE%S %h cos th]

+ St [(F Zi,}lfr?”‘_é‘q) + €F, Z,i,}‘,,(f"_ds‘g)) sin(¢p — ds) + ng;.((*""MS) sin(@p, + ¢g) + €F, 5;“(3‘3""‘@5 ) sin(3¢y, — ¢s) JHEP 02 (2007) 093
+ V26(1 + € Fyp? sin g + /26(1+ )y~ sin(261, = ¢5))]

- AeST[Msz}?(¢h_¢'9) cos(¢p — ¢ds)
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B The study of the Sivers asymmetry in the SIDIS process
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Sivers distribution function

» Sivers distribution function

® It denotes the asymmetric distribution of unpolarized quarks inside a transversely polarized nucleon.
® T-odd.

® QCD predicted that the Sivers function has opposite sign between SIDIS and Drell-Yan processes.

» How to access Sivers function

® The transverse single spin asymmetry can be utilized to extract the information of the Sivers function.
® The QCD-inspired models (the spectator model, the light-cone quark model) can be used to study the

Sivers function
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» The 5-fold differential cross section with a transversely polarized target has the following general
form

Definition of Sivers asymmetry

do a? (Q) vy sin(¢n—ps)
_ Zem F i — y e
dzdydzdsdondP2, Q> 2(1—¢) { vur +|S1]sin (9w = bs) Fypr' ™ + }

» The Sivers asymmetry can be written in terms of the structure functions
dot — dot oo (z,v, Q?) FE;(%_%)
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q
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The structure functions
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» Unpolarized structure function
Fuu (Q; Prr) = C [f1.D4]
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The structure functions

» Sivers structure function
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TMD evolution formalism

> TMD evolution

® The TMD evolution equation for the {» dependence is encoded in a Collins-Soper (CS) equation
through

8111}7’(:1:,1);#,{1:) B 51nD(Z,b;#a (p)

W v im)

® . dependence Is encoded in a RG equation through

dK
dln p

dlnﬁ’(x,b;,u,Cp) B _QQ?
dln‘u =TF QS(IJ‘)ﬂ 9

din D (z,b;4,(p) b
dlIn p = | @s(k); 1

® The solution of the energy dependence for TMDs has the general form as

= =k (as(p))

ﬁ’q/p(:c,b; Q) = F X e % x ﬁ’q/p(a:,b; 1B)

Diyq(2,0;Q) = D x €% x Dy (2, b; i) 17



TMD evolution formalism

CEIRIPE:

> TMD evolution

® To combine the information at small b (perturbative region) with that at large b(non-perturbative
region), a matching procedure must be introduced, with b., serving the boundary between the two

regions and define. !
b by =~ b at low values of b

2
\/1 + 0 / bmax by =~ bpnax at large b values.

® At small b region, PDFs/FFs can be written as convolutions of the perturbatively calculable hard
coefficients and the corresponding collinear counterparts at fixed energy &

max

Eyp(z,bup) = Cyi @ Fiyp(z, up)
Dy g (2,0;18) = Cjq @ Dy (2, 1)

fE
Oq<— ®F/p 2 /JfB Z/ UB F/p(g FLB)

Z
OJ<—Q 0% Dh/j z [.LB Z/ _j<—q ( B) Dh/j (é-il'[’B) 18



TMD evolution formalism
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> TMD evolution

® The Sudakov-like form factor can be separated into a perturbatively calculable part and a
nonperturbative part

S(Qa b) — Spert(Q; b*) + SNP(Q; b)
® The perturbative part of S being

Q% -2 2
Spr(@0) = [ % | At (%) + Bla(a)

Hy
A ;A (—) B ;B (—)
® The nonperturbative part of S being

SII\)I%f/ff _ 2 (glladf/ff n 9_22 In % )

(ki>Qo
2

(p1)
giadf _ J_4 Qo g’if _




The structure functions

» Unpolarized structure function

db Pyrb
Fyu(Q; Par) = Z / leo -
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» Sivers structure function
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Numerical Estimate
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» The model results from the diquark spectator model of collinear unpolarized fragmentation function
of A hyperon

2
q

2 _—— 2
gs € A 2 2 —QZL
Di\(z): 573 {z(l—z) ((mq—I—MA) —mD) xexp( 2)
4(2m)? 2L (1=2)A PRD 96(3)034010,2017

(=t on s =) ST (0,725

2m

» The parameterization of Qiu-Sterman (QS) function

(O‘q - 5(1) (@a+Pa)

agqﬁq i

Tq,F (:L', X, /JB) = Nq :an(l — x)ﬁq fl (:L', NB) PRD 89:074013,2014
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Kinematical region

» For EIC:
0.00l <x <04, 007<y<0.9, 02<2z<0.8,
1GeV? < Q?, W >5GeV, +/s=100GeV, Py < 0.5GeV

» For EicC:

0.005 <z < 0.5, 0.07<y<0.9, 02<z<0.7
1GeV? < Q% < 200GeV?, W > 2GeV, +/s=16.7GeV, P,r < 0.5GeV
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Discussion
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® Sivers asymmetry is sizable at EIC and EicC.

® The Sivers asymmetry in EicC is larger than in EIC.

® The future higher precision EICs may provide a unique opportunity to extract the proton Sivers
function of valence quark and sea quark from the K* production, to analyze the flavor
dependence of the Sivers distribution function among sea quarks from K~ produced SIDIS
process, to investigate the flavor dependence from A hyperon produced SIDIS process.

® The Sivers asymmetry obtained using the evolution kernel of QS function is greater than that
obtained using the unpolarized distribution function evolution kernel.
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Conclusion

® The Sivers asymmetry in KT and A hyperon production in SIDIS process can serve as a
tool to extract the information of sea quark Sivers function as well as to constrain the
flavor dependence of Sivers function by utilizing future high energy and high luminosity

EICs.
® The DGLAP evolution of the Qiu-Sterman function in the TMD evolution schemes will

play a role in the phenomenological calculation, which should be considered in the future
Interpretation of experimental data as well as theoretical studies.
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B The study of the Collins asymmetry in the SIDIS process
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Transversity distribution function
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» Transversity distribution function

® It describes the asymmetric distribution of the transversely polarized quarks in a transversely
polarized nucleon

® Chiral-odd

» How to access transversity function

® (TMD) factorization frame in SIDIS ——Collins function NPB 396, 161 (1993)
® Collinear factorization in SIDIS——twist-3 fragmentation function rrp93,074009 2016). PRD.103.114011(2021)
® Collinear factorization in SIDIS——dihadron fragmentation function rre 107 0120012011)

® Drell-Yan process——the antiquark transversity — physrept. (2002) 1-168
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» The 5-fold differential cross section with a transversely polarized target has the following general

form
d°o (St) ) .
p— F .
dZCdethdQPhT 0o (J;Ba Y, Q ) Uy + Sin (@h + @ )

Definition of Collins asymmetry

2(1 _ y) sin(¢p+¢s)
Fro s
L+ (1—y)2 Yt !

 2mal, 14 (1 —y)?
Q* y
» The Collins asymmetry can be written in terms of the structure functions

0o

gsin(@n+os) _ 90 (r5,y,Q%) 2(1—vy) F;;(¢h+¢s)
. g0 ('IBaya QQ) 1+ (1 —y)2 FUU

Fyur = C|fi1D1]

sin ; _il ' k
FUT(%JF(M =C [ M, Th1H1L]

ClwfD] =) e / Pprd’kr6® (pr — kr — Pur/2)w(pr, kr) f9(z,p3) D(2,k%)  IHEP02 (2007) 093
q
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The structure functions

» Collins structure functions

sin i’*k
FUT(¢h+¢s) (Q; PhT) =C !_ MhT thf]
—:UZ d*prd®krd® (pr — kr — Pur/2) |- h kThq( 2)H (2, k3)
pr T P T hT M, 1\ L, P ) 114 2y R

h- - K K?
yo) Z /d2 rd* K18 (pr + K1)z — Pyr/2) l M Thq (z, pT) HL";lr (z, ;)]
d?b h-K K?
— 2 2K / *’l('PT+KT/Z*PhT/Z)‘b Thq 1.q i
) Z /d prd”Kr 27r)2 M, - (=, p7) H SAI
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The structure functions

» Collins structure functions

2
sin(¢p+¢s) :E 2 d=b iPr7-b/z / 1
Fp ) Qs Pur) = 53 /( e Pt/ R/ (0 b) L, (2,D)

2
:—;—2 Zeq/ b db' PthHs et (@ba)— Si‘?‘%oum(c);b)l
z 0
q

L d - " -
(52 o] (2o Jo o] (z [P (e A um)
Sudakov-like form factor The QCD perturbation coefficient Collinear part
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Numerical Estimate
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» The model results from the diguark spectator model of collinear unpolarized fragmentation function
of A hyperon 2m?

D (z) —4(37%)2 G;Zf {2(1 — z2) ((’mq +My)? - m%) X eXp ((1—_22z€j\2)

F (0287 =2 (g + M0~ m)) 5 (0’ (12—2%) }

» The parameterization of transversity function

PRD 96(3)034010,2017

AP (@,Qu) = Niat (1 — 2P

(f{l/p (x,Q0)+gf/p (m,Qo)) PRD 93, 014009 (2016)

» The model results of Collins function of A hyperon

2
r7(3 1(1 k
By = MO (0) = [ P B (n5%0)
_ —2k?
_OZSQECF e A22?(1-2)" 1 PRD 97, 114015 (2018)

;- (2, k%) =

ent 21—z (K —m2)

(HL (2,03) + LD (20k3) + HED (2,03) + H( (243)

1(a) 1(b) 1(c) 33
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Kinematical region

» For EIC:
0.00l <x <04, 007<y<0.9, 02<2z<0.8,
1GeV? < Q?, W >5GeV, +/s=100GeV, Py < 0.5GeV

» For EicC:

0.005 <z < 0.5, 0.07<y<0.9, 02<z<0.7
1GeV? < Q% < 200GeV?, W > 2GeV, +/s=16.7GeV, P,r < 0.5GeV
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Result
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Conclusion

® The measurement of the Collins asymmetry of semi-inclusive A production at future electron—
lon colliders can provide useful constraints on the sea quark transversity distribution function
as well as the flavor dependence of the TMD transversity distribution function.

® There is still no parametric extraction of A hyperon Collins function, which indicates the
Importance of future precise measurement data to extract the parameterization of the A Collins
function combining with e*e™ annihilation data.

® 3t W £ 3
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B Summary and Outlook
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Summary and Outlook
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» Summary

® The asymmetry is a very powerful tool for studying the hadronic structure and contributes to
understanding the non-perturbative properties of QCD.

® The higher precision EICs are the most promising experimental setup for studying the
Internal structure of nucleons, in the future.

® \We apply the TMD factorization formalism to predict the Sivers asymmetry of charged Kaon
production and A hyperon production in SIDIS process are sizable at the kinematics of EIC
and EicC, which can serve as a tool to extract the information of sea quark Sivers function as
well as to constrain the flavor dependence of Sivers function.

® The measurement of the Collins asymmetry of semi-inclusive A production at future electron—
ion colliders can provide useful constraints on the sea quark transversity distribution function
as well as the flavor dependence of the TMD transversity distribution function.
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Summary and Outlook

» Outlook

® The DGLAP evolution of the Qiu-Sterman function in the TMD evolution schemes
will play a role in the phenomenological calculation, which should be considered in
the future interpretation of experimental data as well as theoretical studies.

® There is still no parametric extraction of A hyperon Collins function, which
Indicates the importance of future precise measurement data to extract the
parameterization of the A Collins function combining with e*e™ annihilation data.
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