3. y3 JP. Ma’s Note, 3.42
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Parton Physics at Small-x

m Goal is to introduce some basic ideas
about small-x physics
Why is it interesting, how relevant
Current theoretical approach

m Connections to the TMDs

m References

Al Mueller, arXiv: hep-ph/9911289, hep-ph/0111244
Dominguez, Marquet, Xiao, Yuan, 1101.0715

) ! 7120118
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uon saturation inevitable at
small-x

Ly
# 3 -
~ : — e HERAINCe'p HERA 02 =10 G(:,‘V2
O wil ::, == O  Fixed Target I
2t :::“,.... _"‘f'.'.”"@'{':n = HERAPDFLO i —— HERAPDF1.7 (prel.)
JZ sk Z.:::,,".. e 5 0.8 wwssss HERAPDF1.6 (prel.
b E .:M x=0.0008 =15 -
ol M x =013, 14 Il experimental uncertainty

x=0.0020, i=13
3 ,.a—c""'M x= 00032, 12
C o= x= 0005 i=11

1035_ v W i &-\ 06
= W x=0013, &9 O L

- x=0.02 =8
X
N’
Y—
X

1 model uncertainty XU,

I parametrization uncertainty

WL T T sermeesssssrees
3 & W x=0032, &7

10 — DO -E— 0000008080880+ -ABES
3 B ——egr te e togto—o =013 &4

1 _ medtERRE R conn ~ =03

- T I et STy e
0] TN 0.2
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2 3 4

1 10 10 10 10 10052/ (;evz 10-4 10-3 10—2 10-1 1
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m QCD evolution drives the gluon distribution
rising at small-x

F, (f\ o re I

Figure 1.1: The processes related to the loueot order (QCD splitting
functions. Each splitting function P,,(z/z) gives the probability that
a parton of type p converts into a parton of type P/, carrying fraction
Tz of the momentum of parton p

#duf]/h T, p) = / — Pjr(2,as(p)) fryn(z/2,p)

\
reecrec|
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" S
BFKL evolution becomes
relevant at small-x

m Balitsky-Fadin-Lipatov-Kuraev, 19/77-78

ON(x,r7)
Oln(1/x)

= as Kprkr, @ N(z,r7)

m Balitsky-Kovchegov: Non-linear term, 98

ON (z,rT)

8111(1/:1:) = O I{BFKL ® N(Q?,TT) — (g [N(Ing)]z.

splitting recombination

=&
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Saturation at small-x/large A

saturation
region

P ,
X R
3 =
= &\ Small-x/large A
— N
X :é
£
: know how to

do physics here

Ol
w

as~1  Aqcp og < 1

Kt

-

A
A\
reerrrer ||||
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" I
Small-x approximation

m Take the leading contribution of high
energy scattering (eikonal approx)

m [ake the small-x limit whenever
applicable, and neglect all higher order
terms

There have been some recent developments
to deal with sub-leading contributions,
however, very subtle and complicated

cecee """‘ 7/20/18 155



" J
Light-cone decomposition
k= (K° £ k%) /V2

m Nucleon/nucleus moving in +z direction,
the probe in —z direction

pT>pT, ¢ >q"

m Useful Fourier transform

/+oo dr— @( ) —ikTz™ _ U (._) / > dk+€ik+m_ L
oo kTt +de |:> kt +1ie

/& tkl-T) k?f_ _ 1 ixfo

(27r)26 k2 2w 22

reeee ';‘" 7/20/18 156



» B
Small-x factorization

Mueller, 1994

m eikonal approximation in high energy

T

+00 +00
/ dr= A" (z7,z,) oF / drydrs O(x] — x5 )AT (27,71 )A" (23, 71)

— / Pz etolm (U(z,) — 1)

U(:z:l)=PeJ:p( zgf dr~ A" (z~ rl))

ceec " 7/20/18 157
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Basic rules

(Ul(x1) —1)

g (W(ZCi) — 1)ab = TLFTI'[U(ZCJ_)TaUT(ZC_L)Tb — TaTb]

ceceer) ';;| 7/20/18
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Example #1: gA>g+X

k K

(U(r1) —1)

kgL =ki — K
Ak au(kp# (K [ dzieem (U - D),

v

daf‘é_)qx d2x—l-d2y—L —ik (x1—yL) 1 T
- ihi-(@L=y1) — Tyl (2, )U
2k dy 2 7s(®) / @2m2 ¢ N, (U @OUH L)y

ececc) ';;| 7/20/18 159



" S
Dipole amplitude

m S-matrix describes quark-antiquark dipole
scattering on nucleon/nucleus
Sx(v?)(m,.w) = 5 (TrU(z)UT(y1))y
m Also referred as the un-integrated gluon
distribution in heavy ion community

d*z d? ik o —
]:(]ﬂ):/ (;ﬂ);ue brr@i=v) 9P (21 y) )

reeee ';"‘ 7/20/18 160
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Example #2: DIS

kl }égl m KgZ k2 —
| 7/20/18

A Y
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m The amplitude
proportional to

(transverse photon)

A /d2x1J_d2w2J_€ik9u'(x”_x“)eikgl'm“

o o
li_ o kglJ_

s — kg11)? + 2(1— 2)Q

2
Rre) = S &2
f

472 tem

X [1—S(rL)]

(U(z1)UT(z2) — 1)

g
1
| [ Exidys [1or @, @F + e i, QP
0

, with rp =x; —y,.

receer?] ! 7/20/18 162



Qi
Example #3: Drell-Yan

|

(k)Y e Pule) Uas) = 1)
(k) e u(p2) (U (L) = 1)
pot k; e b

, 7/20/18
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m Amplitude squared proportional to

(k11 + koy)?
k%L(le — 22kg1)

1
— k2 F(k
kSL(kQL _ szg_L)2 g_L‘F( QJ_)

A o 2 /d2“"¢d2ywik“(x““)<U(wL)UT(yL)>

m Directly probe the dipole gluon distribution

cecers) ';*\ 7/20/18 164



" I
Example #4: quark distribution
at small-x

A A

(a) (b) (c)

N ki (kL —kg) k1
DY c 2 — = - ;
2q\PY) (z,k,) = e /d kg1 F(kg1) (1 k2 — (kL — kZL)2 " (kL — kgL)2)

XRQQ000Q00Q00 K

m [t can be shown that the DIS quark is the
same as the DY quark, although the
- diagrams are not

reeee ! 7/20/18 165



"
Example #4: one gluon radiation
BK evolution

m Soft gluon limit (666666 M
A /d2$1_Ld2w2J_eikgl_L.(:z:lJ_—:z;z_l_)eikg_L.xZL

kL —kgiy kY — kgL ) T
% - U(x1)UN(22)TU(z2)
<(k1J_ - kgl_L)2 (kl_L — ng_)2 ( ( ) )

ezee) \ 7/20/18 166



" A
BK: Real+Virtual

L 1
1 N ij N J T,

/ /
/ /
I I
I ZJ- | ZJ.
\ \
\ \

\

YL - < Yi

-« - -

i

>

a | €L (x_J_ —Z_L) €1 (YL —Z_L)]
M ) ) = 4mgT _ =
(x_L 71 )’L) Ur [ (xl — ZL)Z (yl — Z_L)2

L1 ; t ‘ ’ > a,N, (zL—yy)”
Z] : : : : = = 53" 2 <
%@: : : m 4% (z1—21)"(yL—21)

4 s N, d?b -
BYS( )(a:_L,’yL) __“ / ; 1 (L —y1)? [5(2)(w¢,y¢) _ Sgl)(w_l_,b_L,y_L)]

272 1 —b1)?(yL —b1)?
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Wigner Distribution
W(x,rk,)

Transverse Momentum
Dependent PDF f(x,k;)

Generalized Parton Distr.
H(x,S,t)
o
X
Form Factors
F1(Q)!F2(Q)
(rerree |:f
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TMD Gluons at small-x

LR n
7/20/18
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" S
Conventional gluon distribution

m Collins-Soper, 1981

GO (2 k) = / dé=d%¢ e PHE ik €
t - (2m)2 P+

X (P|FT(&7, £0) LLLoFT(0)|P)

1Gauge link in the adjoint representation
Le =Pexp{—ig f;_c dC—AY((,€1)) (00,00) | | (00,00)

(0,0) (00,0)

P exp{—ig f;f dCi-A (T =00,(1)} (- 8) (00.8)

’4\ . P P
. 7/20/18 170



Physical interpretation

m Choosing light-cone gauge, with certain
boundary condition (either one, but not
the principal value) A (T = o00) =0

m Gauge link contributions can be dropped

m Number density interpretation, and can be
calculated from the wave functions of
nucleus

McLerran-Venugopalan
Kovchegov-Mueller

cecer \ 7/20/18
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Classic YM theory: WW-gluon

m MclLerran-Venugopalan

GO (b ) = S| N(_? — 1 d?r, e~tkirL | _'_ri;?f
eGY(x, k) = — — PRI — €
g 1\'C (_ﬂ') r

1See also, Kovchegov-Mueller

[1Weizsacker-Williams gluon distribution is the
conventional one

ceceen '7"| 7/20/18 172



" S
DIS dijet probes WW gluons

ky
'j} -“1 — ( 111) -+ (]( ]\2) =+ X '”v“v"v'“v"v“vg(

J-‘r--__
-
T~
| ~—
C>:| D A’..)
O -_

J
C)(I

-)
=

m Hard interaction includes the gluon attachments
to both quark and antiquark

m The g, dependence is the gluon distribution w/o
gauge link contribution at this order

) ! 7120118 173



" S
Fundamental representation

1 ¢ dg_ng_ rPTe —ik . -
G (z, k) :2/(‘)7)3P+6"7’IP & ik

< (P|Tr [F (&=, e U (0) Y] | P)

U§[+] = U™ [0, +00; 0] U™ [+00, 75 €]
m Apply the following identity
OU() =igs [ dvt Ulmoo,v%50] (84" (v",0)) Ulv, o031l
2
— (Tr [B,U ()] U (v") [0;U ()] U (v)), =

gé/ dvtdo'™ (Tr [F*= (UM FI~ (@)U )

Lg
— 00 _

7/120/18 174




"
Dipole calculation

; )

AVAVAVAV AVAVAVAV AVAVAVAV §
a (b) (c)

(a)

A /d2x1_|_d23;2J_eikgl.L'(le_—iBz_J_)eikg_L-a:zJ_

| T X
e Ve -

ceceen '7"| 7/20/18 175



" S
Expansion in the correlation
limit, q,<<P,

m There is cancellation between two-point
and four-point functions

m final result
Pf +6"}
(Pf +6§)4

. 3 (13‘1?(13'1?, —ig | -(v—0") i+ [+]t it [+]
x (167°) 2 ¢ qL 2 (TeF (o) U T (o)UY

= Qe €200 (T — 1) 2(1 — 2) (:2 + (1 — :)2)

q /

g

Agrees with the TMD result

, 7/20/18 176



"
Photon-jet correlation probes
the dlpole gluon distribution

T°T
—q2 + 1€ -

L (—i u T°T¢ + raTb)
( g)( q2 + 1€ q2 + 1€

()
Q2 + 1€

There is no color structure corresponding to
this, We have to express the gluon
/) Distribution in the Fundamental

representation
reccrec]

_ 7/120/18 177
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m Dipole gluon distribution

—~(2) ; _ (IE_(IE_L s Dbe— et
IG’Q)(I_ l{, ) — 9 S 6_,,z.lP £ —ik €
- (2m)3 P+

(P|Tx [FH(&, eUTTET(0)u] | P)

m This is the dipole gluon distribution, also
called unintegrated gluon distribution

e r —1 T 2
rGP)(z,q,) ~ Sifd st “"( )(()-71)

2*0

cecer ';;\ 7/20/18
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" S
Intuitive explanations

m Final state interactions in DIS can be
eliminated by choosing the light-cone gauge
- number density interpretation

m Photon-jet correlation have both initial/final
state interactions, can not be eliminated by
choosing LC gauge - there is no number
density interpretation - dipole gluon
distribution

reeee '7"‘ 7/20/18 179



"
Dijet-correlation at RHIC

m Initial state and/or final state 5

Interactions b
Jet 2

0

Boer-Vogelsang 03

Standard (naive) Factorization breaks!

Becchetta-Bomhof-Mulders-Pijiman, 04-06
ceceect] f Collins-Qiu 08; Vogelsang-Yuan 08
— Rogers-Mulders 10; Xiao-Yuan, 10



» B
Modified factorization

m Dilute system on a dense target, in the
large Nc limit,

dO-(pA—>Dijet+X)
dP.S.
2
Qg 1) 77(1 (2) 77(2)
~ ZIM(II) ,;2 ]:( )Htgg)—mg +]: )Hég%qg]

2
g
= l’19(‘~lf1)A_2 []:fg;) (H5§9—>qq T H(;—’gg)

LF 2)( HY, + H® ) FOH®)

9999 gg—>gg] '
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m Hard partonic cross section

§° (82 4+ u?)

(1 _ 2 _
Hagsag = _25ut? Hagag = —25ut2
59 (12 | ~2\2 A (52 1 A2
H(l) L 1 .2(f+ll) (2) L 1 —l(t+ll)
WTHAN, 2at T T¥TMAN, &2
5 (2 2\ [ 22 K (22 i~)2
e _Z (1‘ + u ) (.s — l‘u) @) _ 4 (._s — tu)
99—99 4&21:2 §2 ? 99—+99 'z}.i.s:-?
(22  1\2
He 2 (s — tu)
99—99 ,&2{2

A
"N
Frrererer ‘m
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m Kt-dependent gluon distributions

fé;) — ;I’C;(Q)(;l’,.qL). ]:(53) — /J’G(l)((jl) ® F(qa) .

, . q11 - g (9Y,
Fog = / 1GP(q1) ® F(gp), F2) = / i G (@) © Fgo)
11

FO = / 1GO (q1) ® F(q2) ® F(gs) .

A_\ m|| 7/20/18 183
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Violation effects
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" A
Further developments

m Sudakov resummation for small-x TMDs

Mueller-Xiao-Yuan, PRL110, 082301 (2013);
Xiao-Yuan-Zhou, NPB921, 104 (2017)

Balitsky-Tarasov, JHEP1510,017 (2015)

m Transverse spin-dependent TMD gluon at
small-x

Related to the spin-dependent odderon, Boer-
Echevarria-Mulders-Zhou, PRL 2016
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GPDS
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» S
DVCS and GPDs at small-x

Y A ot

1—2
P A P’
/<‘_/;\\
1 [dC . prr | | Hoodbhoy-Ji 98
/ e (W |FT(=¢/2)F(¢/2)lp)  Diehl 01

P+ 27
5z‘jA2
J.) N

5ij :I?ETg(x, AJ_)

m All other GPDs suppressed at small-x

) ! 712018 187



Dipole formalism

zy, =by +(1
; A ; >VV\/ /\N\< é ; >'VAVL\/
Ty =11 — Ta) ‘ﬁu 1—2 ki )
k11 kay
d?r | d?b - r
Fr(qL,AL) = = LebrALtiriaLg, (b_L +=,by — —l)
(2m)4 2

m Elliptic gluon distribution (Hatta-Xiao-Yuan 16)

Fr(qr, A1) = Fo(lgLl, |AL]) +2cos2(¢q, — da, ) Fe(|qL],|AL])

‘\I '7"| 7/20/18 188



GPDs and dipole

2N,
oHy(a, A1) = == [ PadiFo.

4N, M2/
- d2q_LQ3_Fe
ozSA?L

CCETg(x, A_]_) -

cecer ';;| 7/20/18

Elliptic gluon
distribution
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" JE

DVCS: Helicity-conserved Amp.
97" Ao(AL) + A" Az(AL)
20K AY m

A% 91

2 2
+(1—2)%)k. - (kL +q1)
dzd?q, 2k, Fo(q., A
er = 2(1 — 2)Q?

m Dominant contributions from z~1 or 0,

po_
h'[” =

K, 1 2K 1
/(QW)LQ k,Q/dquQLF (gL, A1) :>/ ZWLQ K2 rHy(z)
i

cecersd] Hatta-Xiao-Yuan 1703.02085
| 7/20/18 190



" I
Helicity-flip amplitude

2(1—2) 2q11 - Ak - AL —quy - ki A%
gi, (k1 +€)) AT

/dzd2qLd2q1L Fe(qi,AL)

m In the DVCS limit, Q>>A

)
eqN
2

Aoy = — c
2 Zq:Q

62043A2L

— 4qQQM2 ETg(.fL', A_L)

cecersd] Hatta-Xiao-Yuan 1703.02085
| 7/20/18 191
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= B
DVCS: Collinear factorization
TH = / d*z2e7 " (P'|j#(2/2)5% (—2/2)|P) = ¢"* Ty + ¥ Ty

Z /dwa J(z, €07, 1 1

a(x):w—ﬁ—l—ie_'_a:—k&—ie

Hoodbhoy-Ji 98
m I[maginary part at xi=x
IIHT'O — gz eg [qu(gaga A?L) + €HQ(§7€7 A?L)]

T Qg A2

ImT2 — _E%4M2 Z ngTg f £3A2)
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" S
Quark/GPD quark at small-x

m DGLAP splitting dominated by gluon
distribution/GPD gluon

Casl ! 5 NP /o a1l 2 [ dk?
ra(@) = 525 [ 0@+ 0= 020w [T meowgry [ G
2 as 1 ! C2+(1_C)2_§;C2 / / 2 dk_zJ_

J;'Hq(m,g,A_L):%g/x dC (1_%(2)2 ng(:’U?g?A_L)/?

GPD quark distribution  ~ ¢a,(6,92: 1 -1 dki
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" JE
m \We have established the consistency

between the small-x dipole formalism and
the collinear GPD framework

m The cos(2phi) asymmetry in DVCS will
provide information on the elliptic gluon
distribution at small-x

m Extension to polarized parton distributions/
OAMs is anticipated, but much more
Involved

Kovchegov et al, 1511.067/37,1610.06188

) Hatta et al, 1612.02445
cecer \ 7/20/18
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"
Grand Jewels of Hadron Physics
O Wigner distributions (Belitsky, Ji, Yuan)

W(x,by ,ky)
Wigner Distributions

fon N fon Dipole scattering

Fourier trf. [
K 2 hes amplitudes
flx,kp) fxby) o = H(x,0,1) . )
transverse momentum impact parameter t=-A generalized parton S 1 _I_ /
distributions (TMDs) distributions distributions (GPDs) ' I l I I - ( )
semi-inclusive processes exclusive processes a X N Tr U RL U RJ_
< % 1 M c x

[d'ky [, Jax Jdn™
% 0 v v C S N D

f(x) E(t) A, o(0)+454,,(0)+....
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations

Hatta-Xiao-Yuan,1601.01585
earlier: Mueller, NPB 1999

~
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Probing 3D Tomography of Protons at
Small-x at EIC

Diffractive back-to-back dijet productions at EIC:
Hatta-Xiao-Yuan,1601.01585

* |n the Breit frame, by measuring the recoil of final state
proton, one can access A,. By measuring jets momenta,
one can approximately access q;.
.= The diffractive dijet cross section is proportional to the
rm\quuare of the Wigner distribution.
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S
Parton Physics: Lattice QCD

m The only known rigorous framework for ab-
initio calculation of the structure of protons
and neutrons with controllable errors.

m After decades of effort, one can finally

calculate nucleon properties with
dynamical fermions at physical pion mass!

=
- "
\
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» I
Nucleon Structure from Lattice QCD
J.R. Green et al, 2012 & 2014

. | | Nearly physical
2 0
/ f ; pion mass
o.20kF - l ]& . mﬂ= 149MeV
.__'T. 0.15F i
010k
) BChPT ® 24048 coarse

0.05M w 32064 fine ¢ 32048 coarse

®  J2chE coarse W 48048 coarse

+  24c24 coarse *  CTEQS
”'{:}[F]. 10 [b.ll.':- [b.'l_‘h {J.'I_‘.'- {J.Etll {J.E!.'- Lh 4ih

ity [GEV]

A

_~_Quark momentum fraction (x),—q = / dex (u+%—d—d)

\
rrrrrrr M
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" S
Strange Quark Magnetic Moment

R.S. Sufian et al, (2+1) flavor of overlap
domain wall fermions at physical pion mass

0.00 |- -
—0.02

—0.04

»2—0.06 F * G3y (0) |physicar #° /d.0.£.~0.6
& 241, Gy, (Q* =0, m)
—0.08 F 391 G (O =
1 ¥ 321 Gy (Q° =0, m)
—-0.10} 321D, Gy, (Q* =0, m,)
§ 481, Gy, (Q* =0, m))
] ]

—0.12 - ' ' '
0.15 0.20 0.25 0.30 0.35 0.40

m_(GeV)
PRL 2016

—

1

~

A
\
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" S
Directly compute PDFs from lattice

QCD Ji. PRL, 2013

u‘“’—d“"forl’;sT:&r/L (0Tee%e : ‘ ' 08 L I I I I
u® —d for Py =8r/L 02271 K C T XQSM
u® —d for Py = 10n/L \ o NNPDF
15 b MSTW _";;:\_ | 0.6
CJ12 ‘\\ ........
ABMI11 CRIRERRE -y
<
<
1} |
~
‘ N
\ =
AR
\g'«»:‘\
AN
\\\\\\ Xy ’x
1 0.5 0 0.5 1
X

Alexsandrou et al., 2016 Chen et al., 2016
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" S
Directly compute PDFs from lattice
QCD at physical pion mass

6 r 1 A L B B | I B B DO B B S B
6m/L | u—d f ---CT14 !
sr/L ;k n ‘r —matched PDF
4 - |[E107/L ' . [ ]
nICIs [
I ABMP16 2l
o | [MINNPDF3.1 T
3@‘ 1;
0 e Bl :
0'.
[ L
[ L
-2 1 1 1 4t ]
1 05 0 0.5 1 04 -02 0 02 04 06 08 10
z X
Alexsandrou et al., 2018 Chen et al., 2018
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e ORderstanding

of
the Nucleon Structure ir‘]QCD

isand Euture(@ /

Electron lon Collider:
The Next QCD Frontier

Measurements

Theory/
Phenomenology

A
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Back-up
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" Transverse momentum distributions:
A unified picture

‘ 2
saturation Qs(Y) e
region ¢
o
C
RS,
(@)}
X
= o
)
£ |2
I T
> |8
-
=
a
c DGLAP
- CSS
0 1 2 3 4 5 6 Tki(Gev

In Q2 Prokudin-Sun-Yuan 15

204



" S
Small-x evolution:
Non-linear term at high density

m Balitsky-Fadin-Lipatov-Kuraev, 1977-78

ON(z,rr)
Oln(1/x)

= as Kprkr, @ N(z,r7)

m Balitsky-Kovchegov: Non-linear term, 98

ON (z,rT)

8111(1/:1:) — Qg I{BFKL @ N(TE,TT) — (g [N(Ing)]z.

splitting recombination

=&
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Therefore

m X-dependence of the TMDs at small-x, in
principle, can be calculated from the QCD
evolution (BK-JIMWLK)

m How about Q?

Sudakov double log resummation (which
controls Q-evolution) can be performed
consistently in the small-x formalism

Mueller, Xiao, Yuan, PRL110,082301 (2013);
Phys.Rev. D88 (2013) 114010;
)\I Xiao, Yuan, Zhou, NPB 2017
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" S
Gluon tomography at small x

e+p—e+p+JiY

15.8 < Q% + M3, < 25.1 GeV?
0.12
0.1 F
.y 008
UC) 0.16<xy<0.25 T~ 0.06
o i e S, —_— 0.04
S 5 02 04 06 08 1 \12 14 16 0.02
) — 012 1.4 1.6
o 6 : 012
c [ 0.1
O 5 1 . 008
5 0.016 < x, < 0.025 T/ 008
o sl O i 0.04
= 0 02 04 06 08 1 12 14 16, 0.02
w 3t 12 14 16
(@]
2 0.12
0.1
1} . 008
0.0016 < x < 0.0025 " 0.06
0 - - - - e 7 0.04
0 02 04 06 08 1 |12 14 16 0.02

br (fm) " EIC-White paper
NG arXiv:1212.1701



Unpolarized quark distribution
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Hadron tomography via GPDs

m GPDs: fully correlated parton distributions in
both momentum and coordinate space

oz, ~10 T

®
)9 _
PDFs —> 3

/0\\
&5 : v

P

m From the Fourier transform of the momentum
transform, we will obtain the partons’ 3-d
image in hucleon

Burkardt 00,02;
Belitsky-Ji-Yuan, PRD04
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"
3D image of quarks at fixed-x

m GPDs can be used to picture quarks in the proton

(Belitsky-Ji-Yuan, PRD 04)

Fourier transform of the GPDs (respect to the momentum
transfer) is a function of position T and Feynman momentum

x: f(rx)
One can plot this distribution as a 3D function at fixed x

Beam direction i

Z . L
fim /6 ‘ /

a low x moderate x high x

recreec)|
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Stratmann, et al.
EIC-White Paper
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Quark imaging from EIC

0.5 1 1.5

x g(x,6,0%) 1fm™

0.5 1 15 -15 -1 =05

“a(x,b,0%) [fm™)

x ¢(x,b,0%) Lfm™]

x=10"

by =0 fm

0° = 4GeV?

-5 -1 =05 O 0.5 1 15 =15 -1 -05

A A A A
[SET) — ) =) 0 - s}
I

0

by | fm]
Mueller, et al., 1304.0077

0
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In particular

0.04[- XAU L xAd 1 004

all unceriainties for ay”=9

0.02f -~ 4 002

0.02| == DSSV
[ === DSSVand
004F EIC 5 GeV on 100 GeV

& 5GeVon 250GeV
lllll 1 1 Illllll 1 L LLiiu

0.0af XAS

0.02F

0.02f

: f_ -5-0.1 1 1 1 1 l 1 1 1 1 i 1 1 1 1 l 1 1 1 1
V04 02 - X ]
p @ =10GeVe g 1, 0.1 -0.05 0 0.05 0.1
107 10" 1 107 107 1 1. [0.0001-0.01
) ) Ag' 00001001
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Kt-dependence

u quark

Momentum along the y axis (GeV)

. . ;\”m' — . -3
05 0 05 o 02 o4 06 o8 110
Momentum along the x axis (GeV) Quark transverse momentum (GeV)

i A
reeeer ’m
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Di-hadron correlations

018 o & Q2=1 GeV? [ EIC stage-Il pligger s 2 GeVic
0.16 |- PN 021 rLat=101A 1< p2590° < plrigger
014 [ ‘ N nl<4
012 F Y =015 -
e~ C ) B eAu - nosat
g 01FfF / /eca \\ \ S -
2 - f \ S L
O 008 - ' é 0.1 N
0.06 [ N
004 [ 005 |-
0.02 |- I
() S EFFFPS WA WSS B ISP B e R I T
2 25 3 35 4 45 2 25 3 3.5 4 45
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Partonic cross section eq—2>e'q’

m Cross symmetry with e+e-->qq

A3k 1

I Wi NV : o € YAV
— 1 et
2 _ %% 2 2 2
q-pP
u=(k'—p)’=—-2k"-p=—s(1—vy), Y=

(s° + ) = s*(1+ (1 —y)*)

o2
do(ep — € + X) = /dwdyZQ(; [1 + (1 — y)2] Zegqbq/p(a:)
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SIDIS: at Large P+

m When g;>>Aqcp, the P, dependence of the
TMD parton distribution and fragmentation
functions can be calculated from pQCD,
because of hard gluon radiation

m Single Spin Asymmetry at large P+ is not
suppressed by 1/Q, but by 1/P

cecersd) .;:v‘ 1



Fragmentation function at pr>>Aq¢p

I I
| EQQ 6 99= |
A | Y ‘-9999'99/
Q0010000 A Y I Y

A : Y A :
| |
| | |
—~ Qg 1 dZA
) — C /_
q(zp,p1) 222 F | q(z)
1+ &2 - ¢
9 LS — 1) <|nT_1)]
[(1 -y P
. See, e.g., Ji, Ma, Yuan, 04
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Sivers Function at large k-

+
k4o

Quark-gluon
Correlation Qiu, Sterman, 91,99

(P,5)



" J——
Qiu-Sterman matrix element

4 +
gl Ej"g kqi

(P,S)

dy; dy, . _ _
=/l

X (P, 5r¢a(0)y* [T F, (y3)] Ya(yr)|P, 51)

e ':;| 221



Sivers Function at Large k-

s 2M d
gr(z, k1) = 4(;2 (ki)pQ/—x{A-l-CFTF(ZU)

x §(€ — 1) (ln ¢2/k2 — 1)}

m 1/k* follows a power counting
m Drell-Yan Sivers function has opposite sign

m Plugging this into the factorization formula,
we indeed reproduce the polarized cross
section calculated from twist-3 correlation

cecersd) .;';-‘ .




SSA in the Twist-3 approach

PB;

Fragmentation fun
\hat q(x’)

Twist-3 quark-gluoil
Correlation: Tg(x,,x

dxdz _
do E’BaSJ_BPhJ_a/;?q(Z)TF(ZB,ZE‘ — ajg) X oo

‘\I Qiu,Sterman, 91
— 223



Factorization guidelines

Reduced diagrams for different regions of the gluon momentum:
along P direction, P’ , and soft Collins-Soper 81

-

A
\
Frreerrerer ||||

, 224
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Final Results

m P dependence

dA\o
d?q | dy

e

Stvers function at low Pq

dAo@5S  dAc@S

= [ar(z1,k1)3(0, k1) ( =

d2q, dy  d2q dy

\

Qiu-Sterman Twist-three

m Which is valid for all P range
Resummation can be performed further

‘aspt.)



Extend to other TMDs

e A
oo | 7/20/18
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Polarized TMD Quark Distributions

Nucleon
Unpol. Long. Trans.
Quark
UnpOl. fl(xa kJ_) ijj(ll\l)
Long. gi(z, k1) gir(z, k1)
Trans hi(z, k)| hip(z, k1) ha (@, k)
S | hllT(xakL)

,

Boer, Mulders, Tangerman (96&98)
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TMDs and Quark-gluon
Correlations (twist-3)

m Kt-odd distribution

| ~ 2k, k2
flL'.l'(I' A‘_L) GD(’I:I,:I;Q GD('TIVTQ) TF(I',SC) - —/ 27TL AjgflT|DIS(x kJ_) ‘
, ~ 2 1.2
ng(SC, k;J_) ‘|:TF(-’I;1: x?)TF(.’Ifl, 7:2)} TI(;,U)(.’]:, ;L‘) = — / de;TJ- ;:4'1'2]7, ‘DIS(-T kJ_)
I
hi(xz, k)= T}(f) (z1, x2) §(z) = /d%L ’;\;Qgﬁ(x k)
hlL(xka_)<:> HD(-TI,QJQ) /dzlﬂmphu:x ki)

Boer-Mulders-Pijlman, 2003
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Quar;—gluon correlations

(twist-three)

m Have long been studied,

Di: (41,2, 8) = (P, 5| ¥(0) I' D'(y2) ¥ (1) | P, s)
Fy (Y1, Y2, 8) = (P, 5[ (0) Ty B (y2) ¥(11) | P )
m F-type and D-type are related to each other,

Ellis-Furmanski-Petronzio 82, Eguchi-Koike-Tanaka 06
1

(}D(x,xl)::13 T%($,$1%
r — T
~ 1 - -
Gp(z,z1) = P:z: - Tr(z,z1) + 6(z — x1)g(x),
— I
1 o
Ep(z,z1) =P Tz(? )(x,:rl),
r — T
1 ~
Hp(z,z1) = P T (z,21) + 6(z — x1)h(z)

-

A
\
Frreerrerer ﬂ
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twist and collinear expansion

R.K. Ellis et al., 82;
E Qiu-Sterman, 90

(b)
Twist-three matrix

YoLY)—7

Gauge invariant twist-:
. | Quark-gluon correlatio
functions: D- or F-type

zP
P

(a)

(V1)

)
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Large kt TMDs
—

~

A
reecrec|
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Generic results

Zhou,Liang,Yuan,2010
m Kt-even TMDs
2 2 2
N R Py | WP (N sl B
hlembs) = ougcr | 21 )[u—m”“ " l)]

a, 1 dzx
g1L(fCB,k1) = _TCF/?glL(x)

1+ &2 r5(Y
-+ 0(1 — In =+ —1
ai—of FU Y (n K2 )]

(2 2
hi(zp, ki) = — —»LCF d—xfl(x)[ = +0(1—=¢) lnxl—?g —1)]

Splitting kernel

A
"N
Frrererer ‘m

\| 7/20/18 232



m Sivers and Boer-Mulders

2 F 2 2
M dx ) T5C
Lloy(zp. k) = == / Ap |+ CpTr(x,2)6(1 =€) [ In 2= -1
firlov(zp, k1) = — @y ) o |t FTp(z,z)6(1 —¢) P
B 4
1 Qg M? dx (o) B xQBCQ B
lovies k) = o /5 A fr T 61 -0 (1n B
1 1 —1-62 CA 1 —1—5 CA ~
Al = — T T T
1 28 Ca 2
Ay = ———T) T
ki 2Nc F (x7x)(1_§)+ + 2 F (xﬁxB)(1_§)+
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v e x% N Tp 212 B N Cy (2% + z71) (208 — T — 71) é’D(x,xl
T Ty  TT T 2 (xp — z1)(x — x1)x4
2 C 2 _

+ |CF xg 4B _TE ) 4 A T T Gp(z,71) (
x 1 T 2 (1 —xp)xy
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Asymptotical Freedom and
Factorization

m QCD is an asymptotical freedom theory
(Gross, Politzer, Wilczek, 1973), where
perturbation method becomes relevant at
large scale.

m While, because of confinement, a typical
hadronic process contains multiple scales, e.qg.,

the nonperturbative scale Aqqp, meaning that
a QCD factorization must be proven in order
to successfully separate different scales.

rr‘r—rr}I |||‘ 235

IIIIIIIIIII



One Large Scale Factorization

m If the physics only involves one large
scale, the factorization is the simplest,

Inclusive DIS and Drell-Yan
Jet production

Inclusive particle production at hadron
collider

Hard exclusive processes, Pi form factor,
DVCS, ...

o(Q)=H(Q/1) f1(n)..



" S
Additional Large Scale Introduces
Large Double Logarithms

m For example, a differential cross section
depends on Q; where Q#»>Q;*>>A%q ey

do 1 i 21 Q7
5= -5f1®f28®) agln 5
dQl Ql i ’ Ql

m We have to resum these large logs to make
reliable predictions

Q+: Dokshitzer, Diakonov, Troian, 78; Parisi
Petronzio, 79; Collins, Soper, Sterman, 85

o Threshold: Sterman 87; Catani and Trentadue 89
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Why Resummation is Relevant

m Soft gluon radiation is very important
for this kinematical limit

q
m Real and Virtual contributions are

“imbalanced” IR cancellation leaves
large logarithms (implicit)

rf;—'->| ":| 238
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How Large of the Resummation

ao 1 do/dQy {pb/GeV) I OF _

P
[ 0 66 < Q < 116 GeV
-

a

19 — ... — 40 | (3]
NLO Q. (GeV)
,A} A Kulesza, Sterman, Vogelsang, 02
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General Structure of Large
Logs

LO 1

NLO |o L2 oL o,

NNLO o214 all’ o2l2 +...

NLO |a’lL* o’ 1> o’ 14 +...

N:LO, (aFLE ' qELE L aREaesy -+ .




Two Large Scales Processes

m Include
DIS and Drell-Yan at small P+ (Q+ Resum)

DIS and Drell-Yan at large x (Threshold
Resum)

Higgs production at small P+ or large x
Semileptonic B Decays

Non-leptonic B Decays

Thrust distribution

Jet shape function

rr:—_”>| ';I"" 241
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Collins-Soper-Sterman Resummation

m Introduce a new concept, the Transverse
Momentum Dependent PDF

m Prove the Factorization in terms of the
TMDs

o(P+.Q)=H(Q) f1(kit.Q) fo(kor, Q) S(Ar)
m Large Logs are resummed by solving the
energy evolution equation of the TMDs

0

‘_\| fi'i" Collins-Soper 81, Collins-Soper-St



" A
CSS Formalism (II)

m K and G obey the renormalization group

eq.
] 0 K = —VK = ° ¢
dlnpu dlnpu
m The large logs will be resummed into the

exponential form factor

Q d Q
W(Q,b) =e 1/b7M('”EA+B)

C® [ fo

A,B,C functions are perturbative calculable.
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SSAs: DY as an example
A(Pa,S1)+ B(Pg) > v (q) + X = £+ 0 + X,

m P dependence

dAo / o1k (oo k) (dAaQS dNo@3 | )
ar\z1,r] )q\=2, k| — t
d?q dy d2q dy  d2q dy ™
Stvers function at low Pt Qiu-Sterman Twist-three

m Which is valid for all P range



B
CSS Resummation

dAO‘(S_L)
dydQ?d?q.

m Separate the singular and reqular parts

= 00e*?SSWi(Q; 91)

d?b
Wor(@ias) = [ corvze™ Wor(@ib) + Yer(@i 0

m TMD factorization in b-space

Wr(Q;b) = fir™ (21,6, ¢1)d (zQ,b Ca)

B x Hyr(Q) (S(b,p)) ™" ,
reeee '7‘| 7/20/18 245



7" (q1) 7:(q1)
Leading order >§ﬂf< >“(f§{

m Small-b expansion, 1/b>>intrinsic kt

Fig.2 = / d2(]¢e"i‘n'g¢( ( ZQ ) )

X [0(qL — ko1) —6(qL — ku)]

— ( - ?’g+ I:e_Zkz-L‘bJ- _ e—ZE]__L'gJ_]

1g 1) o
—(k;— _ k‘i{-) . Z.E (_Zb_L) kg_L )

WoP(@.b) = (T ) Teler, 2)a(e)
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Virtual diagrams

< e
R (i

5 a_C 47r,u 1 /d:l: d:z:
0 r Q2 [(1—¢€) ) z 2

Ty (z, )q(z')Cpd(1 — = [__ 23 —I—7r2]

€2 €

N
soft divergence collinear diverqe
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Soft divergence fro

HUH g

=
=

real diagrams

= EJZ
=

et
>%?3>< X

A




"
Collinear divergence--splitting
e () ([ ] uni
+ Pagrag ® Tr(21,21)) + Cr(1 — £)6(1 = &)

+ gy ) (- 60901 - &) +60 - )61 - &)

e (22) 2o}

—10%
: : by) = = ——+In ;e 2"
m Sivers function fir(a1, 1) ( ){l 2z’ ]
X'Plz;_)qg & TF(Zl + 5(1 gl)CF [—— In —6_27E

2 b2u?
22C2b? 3 4 72
__1 2( 1 ezny—1) B ]

4 2

'.:;h I?I] 7 +( 2;;,) (1 61)} .
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Hard factor at one-loop order

m Same as the spin-average case
Hyp = Hyploy

Qs Q2 2 2 2 2
= —Cp |In—(1+1Inp*) —Inp*+In“p+ 27" — 4|,
27 142
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Final resum form

WICJXT(Q; b) = G_SUT(QZ’b)Wl(}T(Cl/ba b)
= (—ib%/2) e —Sur(Q ’b)Ei,j
xACy; ® fz(a( 1)Cq ® fi/B(2)

m Sudakov the same

C2Q? d 2 22
Sur(Q?,b) = /02/172 H—A; lln (CMQ )AUT(Cl g(u))

1 BUT(Cl, Co; g(,U’))] )
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Coefficients at one-loop order

Ap). = Cp, By) = —3/2Cr, ACTO =§(1 —1z) ,

1 C T2
ACE = _4Nc(1 — )+ 7F5(a: —1) {7 — 4} ,

m It will be important to apply this
resummation formalism to study the
energy dependence of the SSAs

Work in progress...
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