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3D Tomography of the Proton
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3D Tomography of the Proton
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TMDs from experiments

TMD processes:

Semi-Inclusive DIS Drell-Yan Dihadron in ete-
O-qu/P(ajakT)Dh/q(xakT) O-qu/P(xakT)fq/P(xakT) O-NDhl/q(xakT)Dhg/q(xakT)
€D = ho

(= %—LQ ;%//L A
hi /

Fragmentation

h Dy (2 kr) qgr < Q

HERMES, COMPASS, Fermilab, RHIC, Babar, Belle,
JLab, EIC, ... LHC, ... BESIII, ...
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TMDs from global analyses

Semi-inclusive deep inelastic scattering: [+p — [+ W(P,) + X

W r
dG ~ dsz eibT'PhT/Z

dxdydz;,d*P,; .

Xfi/p(xa bTa Q, Qz) Dh/i(zha bT? Q, QZ) Z ____

Kang, Prokudin, Sun and Yuan, PRD

t
s by, ©) = F00x, b(by), 1, €) s o s
¢ gx(b)/2 > Collins-Soper kernel (NP part)
X\ — f P(x br) Intrinsic TMD
QZ
0
0, ~ 1 GeV Non-perturbative when b ~ 1/Aqcp !
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TMDs from global analyses

Unpolarized quark TMD Quark Sivers function
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Cammarota, Gamberg, Kang et al. (JAM Collaboration),

Scimemi and Vladimirov, JHEP 06 (2020). PRD 102 (2020)
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TMDs from global analyses

Collins-Soper Kernel K(b., 1) = K**"(by, i) + gi(b7)
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Bacchetta, Bertone, Bissolotti, et al., MAP Collaboration, 2206.07598
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TMD definition

* Beam function: * Soft function :

Hadronic matrix element Vacuum matrix element

fi(x, br, p, )—hmZ hm
T e cuv \/ﬁ

First principles calculation of TMDs from the above matrix elements
would greatly complement global analyses!
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Lattice QCD

Lattice gauge theory: a systematically improvable approach to
solve non-perturbative QCD.

=TT 1 || lattice ztct=0
‘ | spacing a z—ct#0 X Y
lattice size L, Z/J
e.g., L=32,48. A
I |
\ F\i\ 0l
—
- w o
gluon quark

Imaginary time: t — it O(ir) 5 O(1)

Simulating real-time dynamics has been extremely
difficult due to the issue of analytical continuation. &
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Progress in the lattice study of TMDs

* Lorentz invariant method
* Musch, Hagler, Engelhardt, Negele and Schafer et al.

* Pioneering efforts focused on ratios of TMD x-moments (w/o soft

function) PRI EPL88 (2009), PRD83 (2011), PRD85 (2012),
f X fi/p(x’ T) PRD93 (2016), 1601.05717, PRD96 (2017)
Sl
fdx fj[/p](x, b;)
0.6 , , 000+
[ Sivers—Shift 1 !
— L - i =i
> 04 1 % -0.05 "
<} R et = f |
= 02! gl s 010 my =518 MeV |
- I - = _ [ _ ]
< 00 . " _0‘15{ br|=0.36 fm |
= | e=041, “a = 020
?E ‘0'2f bz = 0.25 fm, ."“Ii e S ;
2, _04; DWF II i K _025} u—quarks
A 4 S - Boer—Mulders Shift (SIDIS)
;<—DY SIDIS—)A _030"““““““““““’
_06 1111111111111111111111111 . 0 0 0 5 1 0 1 5 2 0
—c0  —10 -5 0 5 10 o ’ ’ ’ ’ ’
nlv| (lattice units) 1/¢
Yoon, Engelhardt, Gupta, et al., Phys.Rev.D 96 (2017). Engelhardt, Hagler, Musch et al., Phys.Rev.D 93 (2016).
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Progress in the lattice study of TMDs

* Quasi-TMDs

o - I * Ji, PRL 110 (2013); SCPMA57 (2014).
Large momentum eﬂ:eCtlve theory * Ji, Liu, Liu, Zhang and YZ, RMP 93 (2021).

(LaMET) * Ji, Sun, Xiong and Yuan, PRD91 (2015);
* Ji, Jin, Yuan, Zhang and YZ, PRD99 (2019);
o = - e Ebert, Stewart, YZ, JHEPO9 (2019) 037;
One-loop studies of quasi beam and + Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020);
Soft fu nCtionS * Vladimirov and Schéafer, PRD 101 (2020);

* Ji, Liu, Schafer and Yuan, PRD 103 (2021);
« Ji and Liu, PRD 105, 076014 (2022);

* Method to calculate the Collins-Soper ~ ° Peno Mangand zeng, 22070725

kernel Ebert, Stewart, YZ, PRD99 (2019).

* Method to calculate the soft factor, and | | ... i neB 955 2020) PLE 811 (2020)
thus the x and br dependence of TMDs

 Derivation of factorization formula Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).

Shanahan, Wagman and YZ, PRD 102 (2020), PRD 104 (2021);
Q.-A. Zhang, et al. (LPC20), PRL 125 (2020);

Y. Li et al. (ETMC/PKU 21), PRL 128 (2022);

M.-H. Chu et al. (LPC22), PRD 106 (2022);

Schéfer et al., JHEP 08 (2021).
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Quasi TMD in the LaMET formalism

 Beam function in Collins * Quasi beam function:
scheme:

tcone direction

Lorentz boost and L = «
<

n(yg) = (—e*2,1,0,)

Spacelike but close-to-lightcone Equal-time Wilson lines, large
(yg = — o0) Wilson lines, not momentum P%, directly calculable
calculable on the lattice & on the lattice®@

Related by Lorentz invariance, equivalent in the

DZ _ : Ebert, Schindler, Stewart and
large P* or (—yp) expansion. YZ, JHEP 04, 178 (2022).
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Lattice

3 . . B
]Cl(x, bT’ //l, C, PZ) — lim lll’Il ZUV l

Pa>my a—0 \/S4q

Lorentz invariance Yp=Yp—JYB

v

New
\ 4

A EA —yp) = lim I 5
l ’ T’/’taéayp yB)— 1m I11m

ZLR !

Uv
—v;>1 -0 7/ S4
A
Same matrix elements, but Perturbative matching in
different orders of UV limits LaMET!
v B.

fi(xa bTa H, Z.:) — hm ZUV llm l

e—0 V> — 00 4 /Sq

Continuum Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).
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Lattice

3 . . B
Fe,bpu, & P = lim lim Zyy—

Pa>my a—0 \/S4q

Lorentz invariance Yp=Yp—JYB

v

New

ﬁLR(xa bTa M Ca yP _ yB)

Same matrix elements, but Perturbative matching in
different orders of UV limits LaMET!

fi(xa bT? H, Z.:)

lim Z;y lim

e—0 Vp—>—00

Continuum Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).
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TMDs from lattice QCD

Fivlx, by, u, PY) ] (2xP?)?
= exp | =K (u, by)In
X f;[/;](xa bTa H, C)
] « Ji, Sun, Xiong and Yuan, PRD91 (2015);
Reduced soft function v + Ji, Jin, Yuan, Zhang and YZ, PRD99 (2019);
Ji, Liu and Liu, NPB 955 (2020) e Ebert, Stewart, YZ, PRD99 (2019), JHEPO09 (2019) 037;
PI,_B 811 (2020’)_ ’ e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020);

« Vladimirov and Schafer, PRD 101 (2020);
* Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).

Matching coefficient:

try= ° Vladimirov and Schéafer, PRD 101 (2020);
o
Independent Of Spln! * Ebert, Schindler, Stewart and YZ, JHEP 09 (2020);

* Ji, Liu, Schafer and Yuan, PRD 103 (2021).

* No quark-gluon or flavor mixing, which makes gluon calculation

much easier. _
One-loop matching for gluon TMDs:

Ebert, Schindler, Stewart and YZ, JHEP 08 (2022).
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TMDs from lattice QCD

f?aive[s](x, b M, PZ) 1 ) }35 5
L d = exp [—K(,u,bT)ln (2xP)
X fip (e, by, s )
Fnaivels] x, b w, PZ
* Collins-Soper kernel; K. by) = dld - Fip 6 by, p, P
n <

f,'[/j,](xa bT) _ f %We[s](xa bT)
e by)  foabvelsliy by

* Spin-dependence, e.g., Sivers function (single-spin asymmetry);

* Flavor separation;

* Full TMD kinematic dependence.
* Twist-3 PDFs from small br expansion of TMDs. Ji, Liu, Schafer and Yuan, PRD 103 (2021).

* Higher-twist TMDs.  Rodini and Viadimirov, JHEP 08 (2022).
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Collins-Soper (CS) kernel from lattice QCD

C(lua XPS) Ide eibzxpf Z’(bZ, /’ta ﬂ)ZUV(bza ﬂa a)an(bza bT’ a, 7]9 Pf)

Kq(iua bT) — 1 : ~ — ~
In(P/P3)  C(p,xPi) | db* €5 Z/(b%, p, i) Ziyy(b%, fi, a)By(b%, by, a, i, P3)
Perturbative Renormalization (and —iy
matching operator mixing) : :
1 Adep
X { 1+ 0| — : ?
(xPby)? (xPr)?
0 v 5/7 3/5 3/7
=00
@) I
™ ? [
I -0.5F /
3 :
2 y
?:v —1.05
ST .
0.2 0.4 0.6 0.8
L Shanahan, Wagman and YZ, PRD 104 (2021).
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Current status for the Collins-Soper kernel

P:.. =258 GeV

max

Lattice setup |Renormalization Opf-:r_ator Fourier Matching x-plateau
mixing transform search
PRD 102 (2020) | ™, = 1.2 GeV, Yes Yes Yes LO Yes
Quenched Pt =2.6 GeV
a=0.10 fm,
PR'[':‘2352(‘72’ ong) | = 34T MeV, N/A No (small) N/A LO N/A
P: =211 GeV
a = 0.09 fm,
SVZES 21 m_ = 422 MeV,
JHEP 08 (2021) Z N/A No N/A NLO N/A
Pl =227 GeV
PKU/ETMC | ¢ =0.091m,
21 m, = 827 MeV, N/A No N/A LO N/A
PRL 128 (2022) | P%,, = 3.3 GeV
a=0.12 fm,
PR[?\%Z(ZZ‘!) 22) m, = 580 MeV, Yes Yes Yes NLO Yes
P:.. =15 GeV
LPCoD a=0.12 fm,
290400900 m_= 670 MeV, Yes No (small) Yes NLO Yes

YONG ZHAO, 09/21/2022
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Collins Soper kernel

Comparison between lattice results and global fits

0.8¢

0.6}
0.4}

0.2}

1
Kby p =2 GeV)

~0.21

b(GeV ™)
— CASCADE e SVZES
— SV19 « ETMC/PKU
--= MAP22 SV7
Pavial9 v LPC20
Pavial7 - LPC22

: Bacchetta, Bertone, Bissolotti, et al., 2206.07598

SV19: I. Scimemi and A. Vladimirov, JHEP 06 (2020) 137

A. Bacchetta et al., JHEP 07 (2020) 117
: A. Bacchetta et al., JHEP 06 (2017) 081

CASCADE: Martinez and Vladimirov, 2206.01105

Approach

Quasi beam
functions

Quasi TMD
wavefunctions

Moments of
quasi TMDs

Collaboration

P. Shanahan, M. Wagman and YZ
(SWzZ21),
Phys. Rev.D 104 (2021)

Q.-A. Zhang, et al. (LPC20),
Phys.Rev.Lett. 125 (2020).

Y. Li et al. (ETMC/PKU 21),
Phys.Rev.Lett. 128 (2022).

M.-H. Chu et al. (LPC22),
Phys.Rev.D 106 (2022)

Schafer, Vladmirov et al.
(SVZES21),
JHEP 08 (2021)

YONG ZHAO, 09/21/2022
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Improved calculation with TMD wave function

®: Quasi-TMD wave function A. Avkhadiev, P. Shanahan, M. Wagman and YZ,
work in progress.
O = 20 Refd* (T = %)
| & a = 012 fm
[ i n°==6
1 L
. o
Q.-A. Zhang, et al. (LPC), PRL 125 (2020); [ -
Y. Li et al., PRL 128 (2022); e cmomemo™omg o LI EonTE
M.-H. Chu et al. (LPC22), Phys.Rev.D 106 (2022). [ =
» Physical pion mass and reduced N O ¢fa=17 t/a =20 |
systematics from Fourier transform R N B
. - PR SRR & O S &
Better suppressed power correction R
Y:I HENOHNEN FEEEEN
* More stable extraction of x-dependence g2 ==.-==H=========
s | | | W [ [e [ ]
* Renormalization of nonlocal operator . AECEEE e
enormaiizaton or noniocal operato e EEEEEE EEESEEEE
v AHAHEEEEE EEEONEN
* Systematic treatment of operator mixing using §§==EEEEEEE=:=EEEE
e Green, Jansen, and Steffens, Phys.Rev.Lett. 121 (2018) and PRD 101 (2020). :115 HEEEEEEEEEEEEE B
e Constantinou, Panagopoulos, and Spanoudes, PRD 99 (2019). > | ||| ] [ [
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Reduced soft function from LaMET

Light-meson form factor:  F(by, P9 = (a(—P) | j,(by)j»(0) | #(P))

T S by, ) [dxdx H(x, x', )
X D' (x, by, PYD(x', by, P?)

Tree-level approximation:

e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020); H(x,x',p) = 1+ O(ay)
e Jiand Liu, PRD 105, 076014 (2022); s

e Deng, Wang and Zeng, 2207.07280.

F(by, P°)
[(I)(bz O bT? PZ)]Z

= SI(by) =
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First lattice results with tree-level matching

a=0.10 fm, a = 0.09 fm,
m, = 547 MeV, m, = 827 MeV,
P =211 GeV Pt .. =33 GeV
100_: t\\‘x - Sl%l\;_sloop 1.6 1 —loop ) )
] . ¥ P?=1.05GeV, y=2.17 141 "S5 Pi=32% {pi=52
N T P?=1.58GeV, y=3.06 \. ,1—1loo . .
\{ § P?=2.11GeV, y=3.98 1.21= N S s g IPZ=42T EPZ=62T
\ i ~1.01= N
) \\ Ng 08 * \'\
\ ] e .
1 \ = S
107 ; ‘.| 1 1 0.6 RN
] \, L .
|| | 04 \’ ; T
: 0.2 N
: 0.0— - - S - - -
0.1 0.2 0.3 0.4 05 0.6 0.7 00 01 02 03 04 05 06 07
b, /fm bJ_/f‘m
Q.-A. Zhang, et al. (LPC), PRL 125 (2020). Y. Li et al., PRL 128 (2022).

Beyond tree-level, it is necessary to obtain the x-dependence
to carry out the convolution.
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Challenges and opportunities

* Reducing the noise * Benchmarks:
Momentum smearing techniques y Plelite?ut in x for Collins-Soper kernel
calculation;

Higher statistics for matrix elements at long

range to control the Fourier transform $ * Stable results at large P2. Quasi TMDs

shrink to [0,1] region in the large

. : . momentum limit;
* Renormalization and matching S

* Agreement with perturbation theory at

* Operator mixing, other lattice artifacts; small br;
Higher-order perturbative corrections; ° Comparison with g|0ba|
analyses:

Resummation of large logarithms.

. * Reliable errors in a given region of (x, br);
®* Power corrections
* Constraining the Collins-Soper kernel

Larger momentum, smaller lattice spacing $$ and TMDs of spin and flavor dependence

$ In the non-perturbative region;

Physical quark masses $$$ * Should/how we use lattice results as
inputs?

» Satisfying the hierarchy 1/(xP?) << br << n $$

YONG ZHAO, 09/21/2022 23



Conclusion

* The quark and gluon quasi TMDs can be related to the new
LR scheme, which can be factorized into the physical TMDs;

* There is no mixing between quarks of different flavors, quark
and gluon channels, or different spin structures.

* The method for calculating all the leading-power TMDs is
complete;

¢ | attice results for the Collins-Soper kernel and soft function
are promising, but systematics need to be under control.

YONG ZHAO, 09/21/2022
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Outlook

Targets for lattice QCD studies:

Observables

Status

Non-perturbative Collins-Soper kernel

v/, keep improving the systematics

Soft factor

v/, to be under systematic control

Info on spin-dependent TMDs (in ratios)

In progress

Proton v.s. pion TMDs, (x,b;) (in ratios)

In progress

Flavor dependence of TMDs, (x, b;) (in ratios)

to be studied

TMDs and TMD wave functions, (x, ;)

In progress

Gluon TMDs (x, by)

to be studied

Wigner distributions/GTMDs (x, b;)

to be studied

YONG ZHAO, 09/21/2022
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Backup slides

Data used by the MAP collaboration in 2206.07598

1055 AR T T T T T
T ZT
o7 —2/
N> 103 F E
¢ E605
g | — E772
— E288
%»102 E —— STAR E
. —— PHENIX
[ —— CDF /
- —— DO
1L LHCDb |
10 f —— CMS =
i ATLAS
- —— HERMES
COMPASS
10° 10~ 103 102 101

xXr

10°

Bacchetta, Bertone, Bissolotti, et al., MAP Collaboration, 2206.07598
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Large-Momentum Effective Theory (LaMET)

X. Ji, PRL 110 (2013)

z+ct=0, z—ct#0 =0, z#0

PDF f(x): Quasi-PDF f(x, P?):
Cannot be calculated Directly calculable on the
on the lattice lattice
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Large-Momentum Effective Theory (LaMET)

X. Ji, PRL 110 (2013)
z+ct=0, z—ct#0 Related by Lorentz boost t=0, 720

2

4

PDF f(x): Quasi-PDF f(x, P?):
Cannot be calculated Directly calculable on the
on the lattice lattice
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Large-Momentum Effective Theory (LaMET)

X. Ji, PRL 110 (2013)
z+ct=0, z—ct#0 Related by Lorentz boost t=0, 720

2

n
.

4

PDF £(x): Quasi-PDF f(x, P?):
Cannot be calculated , ~ 9 Directly calculable on the
on the lattice lim f(x, P*) = f(x) lattice
P*—>o0
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Large-Momentum Effective Theory (LaMET)

X. Ji, PRL 110 (2013)
z+ct=0, z—ct#0 Related by Lorentz boost t=0, 720

sl sl

PDF £(x): Quasi-PDF f(x, P?):
Cannot be calculated , ~ 9 Directly calculable on the
on the lattice lim f(x, P*) = f(x) lattice
P*—>o0

X
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Large-Momentum Effective Theory (LaMET)

* Quasi-PDF: P* < A;

/\: the ultraviolet lattice cutoff, ~ 1/a
* PDF: P* = o0, implying P* > A.
* The limits P* << A and P* > A are not usually exchangeable;

» For P* > A cp, the infrared (nonperturbative) physics is not affected,
which allows for an effective field theory matching.

A2

~ QCD
fx, P A) = £, 1) + O P )
Power corrections

* X.Ji, PRL 110 (2013); SCPMA57 (2014).
* X. Xiong, X. Ji, J.-H. Zhang and YZ, PRD 90 (2014);
* X.Ji, Y.-S. Liu, Y. Liu, J.-H. Zhang and YZ, RMP 93 (2021).
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LaMET calculation of the collinear PDF's

A state-of-the-art calculation of the pion valence quark PDF with
fine lattices, large momentum and NNLO matching:

41 i
| mBNL-ANL21
= | m BNL20 |
(50 3t mJAM21nlo -
= | _-ASV -
~E .-GRVPIl
| 2t xFitter -
3 | |
S |
< 1 -
0.0 0.2 0.4 0.6 0.8 1.0

Gao, Hanlon, Mukherjee, Petreczky, Scior, Syritsyn and YZ, PRL 128, 142003 (2022).
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Factorization relation with the TMDs

* Factorization of quasi-TMD:

. . 1 ’ o
6 b7, 1, &, xP%) = exp| = K¥(u, b)ln Z]f,-/hu, br. . ) + O(y5Fe™7)

= x*mle?rt 22 Warning:
soft function still not calculable on the lattice

- Factorization of naive quasi-TMD:  Fii* =1imZ2,,B,/,/5],,

rnaive 1 9) }“)z 2
i = exp[—K‘I(/,t,bT)ln( )

— ] S7 .
V7, 1) 2 ¢ e ([T
C e

X Jirn H

v _ _ Directly calculable on
. * Ji, Sun, Xiong and Yuan, PRD91 (2015); ]
Reduced soft function v . Ji, Jin, Yuan, Zhang and YZ, PRD99 (2019); the lattice!
Ji, Liu and Liu, NPB 955 (2020), * Ebert, Stewart, YZ, PRD99 (2019), JHEP09 (2019) 037;
PLB 811 (2020). « Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020);

» Vladimirov and Schafer, PRD 101 (2020);
- Ebert, Schindler, Stewart and YZ, JHEP 04, 178 (2022).
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Backup slides

9 6

q:b) V C]j(o)

q0)

b* = —b? — b} < b ~ 1/Ncp

Hard particles cannot propagate
that far!

1, ] (including spinor indices)
remain intact

x 0; Gan mix with singlet
channel and with gluons

YONG ZHAO, 09/21/2022
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Collins-Soper kernel from lattice QCD

1 o C. (4, xP3) an(x, b, u, P)

Kq(//l, bT) — 1 p . ~
n(P{/P)  Co (i, xP) Byy(x, by, u, P3)

+ power corrections

Studying CS kernel through quasi-TMDs suggested in
* Ji, Sun, Xiong and Yuan, PRD91 (2015);

The concrete formalism first derived in
® Ebert, Stewart and YZ, PRD 99 (2019).

Does not depend on the external hadron state, could be calculated with pion
TMD or wave function (vacuum to pion amplitude) for simplicity;

e Shanahan, Wagman and YZ, PRD 102 (2020);
e Ebert, Stewart and YZ, PRD 99 (2019);
e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020).
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