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3D Tomography of the Proton (Hadrons)

gluon quark
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Tomography in the 3D momentum space

Unpolarized quark TMD
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TMD definition

* Beam function: * Soft function :

Hadronic matrix element Vacuum matrix element

—

B.
l —0 =0 4/ §9q

Collins-Soper scale
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Quasi TMD in the LaMET formalism

* (Collins) Beam function: * Quasi beam function:

Lorentz boost and L & «
<

lablé on the lattice

* Quasi soft function

Ebert, Schindler, Stewart and YZ, 2201.08401.

! Not directly calculable on the lattic
due to explicit time dependence

YONG ZHAO, 03/10/2022 7



Relation between quasi TMD and TMD

* Quasi TMD:

D 22 2ystve—
~ —> : = Bi/h g = X“mye (Ye+Yp=Yn)
-fl'/h(x’ b T> /’ta Ca XP 97/]) llm llmZ

PZ>>mN a—0 \/SQ(a 2yn,2yB )
* Factorization relation:

lim f/h(x T,,u,(: xP%, i) = C(XPZ,,M)GXP[—}/g(Iu, br)In —]f/h(x bT,,u,C) + @(yp e P)

o / \

Matching coefficient Collins-Soper kernel

See |. Stewart’s talk on the proof.
& No mixing between quarks of different

flavors and between gluon and singlet quarks;
* Ji, Sun, Xiong and Yuan, PRD91 (2015);

 Ebert, Stewart, YZ, PRD99 (2019), JHEP09 (2019) 037;
* Vladimirov and Schéfer, PRD 101 (2020); e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020);
 Ebert, Schindler, Stewart and YZ, JHEP 09 (2020); « Vladimirov and Schéafer, PRD 101 (2020);
* Ji, Liu, Schafer and Yuan, PRD 103 (2021). - Ebert, Schindler, Stewart and YZ, 2201.08401.
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Matching coefficient Collins-Soper kernel

& Not directly calculable
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Relation between quasi TMD and TMD

* Quasi TMD:

~

> — 2 ,2(yptyp—y,)
By C = XTmye

~/

Fonx, B g, & X, 1) = Jim limZ, —
0 [5aa, 2y, 25

* Factorization relation:

rnaive

. 1 (2xP%)? — i
i/h . q —k ,—
1m = exp|—=y.(u, br)ln fon(X, by, &)+ O(y3"e™P)
i— o0 83(19%/4) [2 : T S ] " ; Pl

@ br 1 1 A(2)(21)
i~ (xbpPo)2 Py (xP2)?

rnaive _ 1; 3 g Cq .
ilh  — il_I)I(l) ZUVBi/h/ \/ Snaive Snaive .

&) Directly calculable on the lattice

Reduced soft function: & (br, 1) = 1/S"(br, pt) Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020).
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Relation between quasi TMD and TMD

* Quasi TMD:

> — 2972 ,2(VptYE—Y,)
B ¢ =x"mye

ﬁ/h(xa ?Ta ﬂ, 57 Xﬁza ﬁ) Pllm hII(l) Z
>my a— \/SQ(a 2yn’2yB )

* Factorization relation:
rnaive @ 1 @

. ilh (2xP%)? — b e
Iim — exXp [—}/q(,u, bT)hl ]fq/h(xa b T U C) + @()’p € yP)

@ (bT 1 1 A(zgc[)
_ [Ga . i (xbpPeR Pegp (xPo)>
32}121V6 hm Z VBl/h/ Szalve Szaive | '

&) Directly calculable on the lattice

Reduced soft function: & (br, 1) = 1/S"(br, pt) Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020).
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Collins-Soper (CS) kernel from lattice QCD

(1, bg) = 1 o PD B e bt P
oL or In(P?/P3) TMD BTMD(+
112 Gy, xPY) Bag"P(x, b g, i, 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, Phys.Rev.D 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, Phys.Rev.D 99 (2019);
e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020).

 One can also calculate ratios of TMDs with different spin structures.
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Collins-Soper (CS) kernel from lattice QCD

(1, bg) = 1 o PD B e bt P
oL or In(P?/P3) TMD BTMD(+
112 Gy, xPY) Bag"P(x, b g, i, 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, Phys.Rev.D 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, Phys.Rev.D 99 (2019);
e Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020).

 One can also calculate ratios of TMDs with different spin structures.

The idea of using ratios has been used in the calculation of x-moments of TMDs:

Musch, Hagler, Engelhardt, Negele, Schéfer, et al., EPL88 (2009), PRD83 (2011), PRD85 (2012), PRD93
(2016), arXiv:1601.05717, PRD96 (2017)
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Collins-Soper (CS) kernel from lattice QCD

 Simulation of bare quasi beam function:
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Collins-Soper (CS) kernel from lattice QCD

* Lattice renormalization and conversion to MSbar scheme

—>

Z'(b%, i, 1) Zyy(b%, i, @)B_ (b7, b 1, a,n, PF)

: L. A Cancel linear divergences: ¢~ (27tlbrl)Va
e Nonperturbative Renormalization: Z;,

Operator mixing: Z{}I;,/(bz)ﬁrl(bz)

Shanahan, Wagman and YZ, PRD 101 (2020).

e Conversion to MSbar scheme: 7’

For b* = (),

Constantinou, Panagopoulos and Spanoudes, PRD99 (2019);
For arbitrary b~,

Ebert, Stewart and YZ, JHEP 03 (2020).
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Collins-Soper (CS) kernel from lattice QCD

* Fourier transform: extrapolation to co necessary,.

—

Jdbz einfo Z’(bz, H, /Z)ZUV(bZa ﬂ’ a)an(bZ’ b 7> 4> 1 Pf)
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Shanahan, Wagman and YZ, PRD 104 (2021).
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Collins-Soper (CS) kernel from lattice QCD

. Perturbativelmatching and forming ratios at different P~
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Shanahan, Wagman and YZ, PRD 104 (2021).
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Current status for the CS kernel calculation

max

Lattice setup |Renormalization Op_er_a tor Fourier Matching Plateau
mixing transform search
SWZ20 a = 0.06 fm,
PRD 102 (2020) | ™z = 1.2 GeV, Yes Yes Yes LO Yes
Quenched Pi. =26 GeV
a=0.10 fm,
oA oo | e = 547 MeV, N/A Yes N/A LO N/A
P:. =211 GeV
Regensburg/ | ¢ = 0.09 fm,
NMSU 21 | m, =422 MeV, N/A No N/A NLO N/A
JHEP 08 (2021) | p+ =227 GeV
PKU/ETMC a = 0.09 fm,
21 m_ = 827 MeV, N/A No N/A LO N/A
PRL 128 (2022) prznax — 3.3 GeV
a=0.12 fm
SWZ21 ’
PRD 104 (2021) | Mz = 580 MeV, Yes Yes Yes NLO Yes
P: =15 GeV

YONG ZHAO, 03/10/2022
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Lattice results on the CS kernel

a=0.12 fm, m_ =580 MeV, oh
anahan, Wagman and YZ, PRD 104 (2021).
Pz =15 GeV i .
max Comparison with phenomenology
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SV19: I. Scimemi and A. Vladimirov, JHEP 06 (2020)
Pavia19: A. Bacchetta et al., JHEP 07 (2020)

i @b P2 Py (xPo)?

Discretization and power corrections: O
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Lattice results on the CS kernel

a=0.12 fm, m_ =580 MeV,
Shanahan, Wagman and YZ, PRD 104 (2021).
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Lattice results on the CS kernel

CASCADE
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Pavial9
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br[GeV ]

From A. Vladimirov’s talk.

PPCy
LPCys
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Reduced soft function from LaMET

rnaive B 1 2P
= (P, o) exp[ =y, bpln (

Fon@, B 1ot ©) + O(y5ke™7)
f— 00 8§](bT,M) ] ah ! d

Reduced soft function:  S"(by, u) = [g!(br, j0)]°

Ji Light-meson form factor:

F(bT9 P%) = (n(-P) |j1(bT)j2(O)|7T(P)>

PZ>>mN

St (br. ) dedx H(x, X', )
X CI)T(x, by, P)Y®(X', by, P*)

®: Quasi-TMD wave function
_ {016(") | x(P))

/ ¢4
5 naive
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Reduced soft function from LaMET

e J[ree-level approximation:
Hx,x',u) = 1+ O(ay)

2\ Pi>m
For PPz g, ﬂ)[dxdx @' (x, by, PYD(X', by, P7)

= S{bpIPb* = 0.by, P

F(by, P%)

S7(by) =
= Sqbr) = [®(b7 = 0,b, P?)]2

 Beyond tree-level, it is necessary to obtain x-dependence.

YONG ZHAO, 03/10/2022
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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 P: =33 GeV
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\ ~ 08_ * &
-1 | \ ) : %
107" \‘ 1 1 0.6 AN o
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Q.-A. Zhang, et al. (LPC), PRL 125 (2020). Y. Li et al., PRL 128 (2022).
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Outlook

Targets for lattice QCD studies:

Observables

Status

Non-perturbative CS kernel

v/, improving the systematics

Soft factor v/, to be under systematic control
Info on spin-dependent TMDs (in ratios) In progress
Info on 3D structure, (x,b7) (in ratios) In progress
Proton v.s. pion TMDs, (x,b7) (in ratios) In progress

Flavor dependence of TMDs,(x, by) (in ratios)

to be studied

TMDs and TMD Wave functions, (x, b;)

In progress

Gluon TMDs  (x, by)

to be studied

Wigner distributions/GTMDs (x, br)

to be studied

YONG ZHAO, 03/10/2022
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Outlook

* Systematic uncertainties:
* Pion mass dependence;
* Lattice renormalization: operator mixing, continuum extrapolation;
* Fourier transform (FT);
* NLO (and higher order) matching, resummation;

* Plateau in x-space affected by FT and the size of power corrections.
* Milestones In 5 years:

« 5-10% level precision for the quark CS kernel for 0.4 GeV < bT_ Y. GeV;,

* 5-10% level precision for ratios of spin-dependent (quark) TMDs;

» Controlling the systematics in the soft function for obtaining the (x, by)
dependence of (quark) TMDs;

* Extend to the gluons.
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