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1. Motivation: Why TMDs?

Longitudinal momentum
kt =zPt
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e Partons

Courtesy of A. Bacchetta

e 3D momentum tomography of hadrons
e Rich quark dynamics (spin, chirality, orbital motion)

e Fundamental building block of hadronic processes
(SIDIS, Drell-Yan, electron-scattering, etc.)

e Flagship physics program of EIC, EicC, AMBER

[1] A. Accardi et al., EPJA 52, 268 (2016) — EIC, [2] D. Anderle et al., Front. Phys.
16, 64701 (2021) — EicC, [3] B. Adams et al., CERN-SPSC-2019-022 — AMBER

In this work, we focus on T-even unpolarized TMDs of 7 and K:

£1(x, ky) (twist-2), f19(x, k1), e (x, k) (twist-3), £, (x, k) (twist-4).

Q) How can we extract these TMDs “consistently”?



TMDs and Form Factors

forward limit

e TMD correlator (bilocal, forward): (P|q(0)['q(2)|P) - f9(x, k)
(I': Dirac structure)
I [ =yH r=1
twist-2 flq (x, k) foru =+
twist-3 fra(x, k) foru =1 ed(x, k)
twist-4 ful(x, k) for p = —

e Form factor (local current): (P’|g (0)T'q (0)|P) = p!T FII1 (0?) (p!"]: Lorentz prefactor)

de fdzkl Fa(x, k) o« FITT (02 = 0)

In this sense, form factors are the essential building blocks of the TMDs.

— if one wants the TMDs right, one has to get the form factors right!



Challenge: Zero modes & Higher-Twist TMDs
(P'|g(0) T q(0)|P) = p!" FIT1 (@?)

The matrix element built from “bad current" components are sensitive to LF zero modes:

_____________________________________________________________________

We developed a self-consistent LFQM based on Bakamjian-Thomas (BT) construction, that does two
things:

1) current-component-independent extractions

2) zero-mode effects properly incorporated



2. Covariant BS model (reference)

Covariant Bethe-Salpeter(BS) model: (J#) = (P'|g(0)y* q(0)|P) = (P + P")* F(Q?)

_q
CSpr
= x T = +
1 : 1 —:x 1—-¢ ”
(b) (c)
LF valence LF nonvalence
d4p1 Hy H,
U cov SH e Quarks: off-mass-shell (virtual propagators)

e ) @mAN, NN,

. e Vertex: off-LF-energy-shell P~ # p; + k™~

SH =spintrace, N, = pi — mf +ie, etc.

= (J#) -0y cONtains every contribution-including the zero mode.




LF Zero mode for the EM form factor F,,, (QZ)

(J#) = (P'lg0)y* q(0)IP) = (P + P)* F(Q%)

Jwa + (J7VEM in gt = 0 frame

d* Hy H{
iN, P1 o g SH _
(27T)4 NplNkN'pi
—\val —\Z.M.
[F(_) (QZ)]fun — <] )LF +<] )fFM
em LFBS (P+ P~




Zero mode for scalar form factor F,(Q%)
(3s5) = (P'l7(0)1 q(0)IP) = 2M Fs(Q?)

Using the covariant BS model:

d*p,  Hyg Hy
(Ig) = iN
S ) @m)* Ny, NNy

Tr[S]

We obtain the LF resultin g% = 0 frame

N. (dxd*k;

1+ Szm

full _ ’ ’ Sva
[Fs(@H)]iF = 16n2 | (1—-2x) x'Co kD) x(x, ky) oM

1o ky) = J
x2 (M% — M2)(M? — M2)
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2. LFQM -— BT based construction PR 92, 1300(1953) by Bakamjian and Thomas;

Adv.Nucl.Phys. 20, 225(1991) by Keister and Polyzou

Meson state: built on a free "on-mass” shell QQ basis

» P1 P~ = p + Pz
P = (P*,P~,P)) P b2 Mol mit ki mi+ ki
> 0~ _
pe M§+PL_mi+ph mi+pl g b
» D, p+ p;f p; Invariant mass

[\

Interaction enters only through the mass operator M := My + Vjpg

. : . . Mass eigenvalue problem
e Kinematics/spin basis = free on-shell quarks

dynamics carried by M := My + Vg Hog = Mo + Vog

K
Vog = a+ br(br?) —cg—+ V,
— Poincare algebra preserved e (br®) — r hyp

& internal WF (x, k) boost-invariant. Hog |¥) = Mog |¥)




Optimized model parameters(in unit of GeV) and 1S state meson mass spectra

Model mq mg mc my ﬁqq Bsq ﬁss :ch Bsc ﬁcc :qu ﬁsb ,Bcb Bbb
Linear | 0.22 | 045 | 1.8 5.2 0.366 0.389 0.413 0.468 0.502 0.651 0.527 0.571 | 0.807 | 1.145
HO 0.25 | 0.48 | 1.8 5.2 0.319 0.342 0.368 0.422 0.469 0.699 0.496 0.574 | 1.035 | 1.803
(9657 9389) 9407, (GG9T) Y(9460) 9434
Mog = (P|Hos|P) Paa(xe k) = ¢,k )R7(x, k1)
QQ QQ
3/4 2 2
(6459) B (6277)6301;.2 (6499 Fg* @) 6330 4m3/* 19 k; ki + k7 :
sl == dp(x, k) =— 7 | ax &P\~ 552 : radial
(5375) B(5366) (5314 (3429)B (419)(5333) b X p
(5233) B(5279) (3233) (5315)B(5325) (5268) 2 2
o = (3= 2) o 4 70
z 2) 0 2M,

(G171) y [(2980) 3055+25

(2011) D (1968)(1981)
(1836) D(1870) (1875)
(958) M'(958) (958)
(548) M(548) (548)

@T8) K@94) (510)
(T30) m(140) (140)

CJ Model Exp. This work

K '(892) (782)

+4
(3225) 3p(3097)3102"

(2109)D ,2112) 5031
(1998)D (2010) (1962)
(350) (102 (1020) 9(1020) (1020) g35)

TS2°5%) 7\, 7o) )

CJ Model Exp. This work

R,7(x, k,): spin — orbit

Mass spectroscopy analysis

PRD59, 074015(99); PLB460, 461(99) by HMC and CR]/ PRC92, 055203(2015) by

HMC, CRJ, Z. Li, and H. Ryu/ PRD 100, 014026(2019) by N. Dhiman, H. Dahiya, HMC,
CR] / PRD106, 014009(2022) by A. J. Arifi, HMC, CR], YO



3. How we extract Form factors?

(P'|grq|P) = pTIF(Q?), (I =y#, 1)

e Matrix element in the BT-based LFQM: free on-shell (M - M,)

(P'|g Tq|P)gr = f [d°pile’ (x, KD (x, kJ_):RT’l PR

uy (p1)

Ny

r Uy, (p1)

Ra,a, (in g* = 0 frame)

Vi

partially BT-based (pBT)-LFQM

full BT-based(fBT)-LFQM

gl _ (P'lg Tq|P)gt
pBT SO[F]

I R
FfBT_<P|W|P>
BT

BT-construction: “only” in matrix element,
(but physical M kept in go!')

BT-construction: “both” in matrix element and

%) [T]

pBT misses the zero modes for “bad” currents
(=y",1)

fBT captures the zero modes for bad currents




FE(Q@)

EM and Scalar Form Factors of pion and kaon
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4. Unpo]arized TMDs and PDFs C. Lorce, B. Pasquini, P. Schweitzer; EPJC76,415(2016)

1 (dzd?*z
] _ = 1
ol (x, k) = f o

. e'?% (PIGOIT q@D)IP)| ,_

In conventional(e.g. pBT-LFQM) LF parametrization,

+
o (e, k) = £(x, k)

] _K .
ch (xr kJ_) — F f q(xi kJ_) (] - 1'2) >

»

Forward limit jdx jdsz_ CDEIF] (x, k1)
1

ol (x,k,) = Pﬂ (0, k) = = (PIg(OI q(0)IP)

_ M?
CDEIY ] (X, kJ_) — szfl(xr kJ_)



Sum rules for f,'(x) & f,!(x)

PBT-LFQM(e.g. EPIC76,415(2016) by C. Lorce et al.)

(P'| JH|P) = SOSBT Fem(qz)

AP’ J*|P)
1=E 2=0)=1
em(Q ) QI—I}%) SOSBT

l

PRV Ty PR

+
Q-0 pBT

: q
T f dx f,/(x) #1

___________________________________________________________________

fBT-LFQM: This work
(P'] JH|P) = SO?BT Fem(qz)

. / ]l’l'
1=FmQ®=0)= (121_% <P | P |P>
fBT

M- M,

o S _ a0,y —
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u/lK .
f4 pBT(k)n ky)- valence

1.0

f L'ET(kX, ky): zero mode

zero-mode !



f u/ﬂ:(xa kj_) |

£/ (x, k)

TMDs in the fBT-LFQM




QCD Evolution of twist-2 PDFs

0.6 r . . r 0.6

LQCD by C. Alexandrou et al. [PRD 104, 054504 (2021)]

2 2
pe =27 GeVv — This work | ] _ — This work | ] _ — This work
Lattice QCD ’ Lattice QCD Lattice QCD

0.8 1.0

12 [GeV2] | ()T (x2yME (x3yul K (xyuTK (o) STKC (324K (3 3ySTR (x4)STK

val val val val val val val val

This work 16 0.213 0.080 0.038 0.021 |0.282 0.129 0.072 0.044

DSE approach [98] 27 028 0.11 0.048 0.36 0.17 0.092
XCQM [99] 0.23 0.091 0.045 0.24 0.096 0.049
BLFQ-NIJL [16] 0.201 0.077 0.037 0.021 [0.228 0.094 0.049 0.029

lattice QCD [52] | ! 0.217 0.079 0.036 0.019 |0.279 0.115 0.058 0.033 |




5. Summary

We developed a self-consistent fBT-LFQM for the PS meson, in which the uniform replacement M - My at
the integrand level ensures current-component-independent extractions, with the LF zero modes properly
incorporated.

Main results:

e EM form factor: unique across all three projections in the fBT-LFQM.

e Scalar form factor and e?: zero-mode contribution explicitly identified and incorporated.
¢ Full T-even TMDs: SU(3) breaking is manifest; the f4q sum rule is satisfied.

¢ VValence PDFs and Mellin Moments: good agreement with LQCD and other models.

Future work will extend to polarized TMDs, GPDs, GTMDs, and comparison with EIC/EicC/AMBER.



Back up



Covariant BS vs fBT-LFQM

Two consistent models — where does the LF zero mode sit?  (P'|O#|P) = go* F

off-shell - 4D loop —> LF projection BT-based - on-shell quarks - direct 3D
1 (7|3}
= — "To® F ={P'|—|P
Fgs Py (P"|O*|P) g fBT o ||
Zero mode -> in the matrix element Zero mode -> in the Lorentz prefactor

(-)gr = valence

() = valence +zero mode
M — M,- prefactor: integrand level

prefactor: external (physical M)

( v/ covariant (reference) ) ( V' self-consistent )

Covariant BS and fBT-LFQM bookkeep the LF zero mode in different slots — the matrix element (BS) vs the Lorentz
prefactor (fBT). Two distinct models — each incorporating the zero mode self-consistently in its own slot.



3. Form factors: partially BT-based(pBT) LFQM vs full BT-based (fBT) LFQM

P e e e e e e e e e e e e e e e e e

— | _ P
(P'|ql'q|P) = PIF(0%), | gg[)’“] — (p# — g

> P=P+P,P-q= M? — M2

partially BT-based (pBT)-LFQM

full BT-based(fBT)-LFQM

gl (P'lg Tq|P)gt
pBT SO[F]

r ,ql'q
FAL = <P | |P>
2
BT

BT-construction: “only” in matrix element,
(but physical M kept in go!')

BT-construction: “both” in matrix element and

%) [T]

pBT misses the zero modes for “bad” currents

fBT captures the zero modes for bad currents

T=y7,1)
u — u _ P'q
SOB/B'I]“ = PH pl[oyBT] = (P“ - q" )

qZ




