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e The Drell-Yan process provides important information on the internal structure of
hadrons including TMDs.

e The Drell-Yan technique poses significant experimental challenges due of its very low
counting rates.

e However, theoretically, it is the cleanest hard hadron-hadron scattering process.

e The absence of a hadron in the final state simplifies factorization proof compared to
hadron-hadron collisions with hadronic final states.

1. Collins(2011), TMD Handbook(2023)
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e The SIDIS cross section in the parton model :
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e TMDs store 3D information and characterize the link between the spin and polarization
of active partons, as well as their motion.

1. TMD Handbook, 2023
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e TMDs store 3D information and characterize the link between the spin and polarization
of active partons, as well as their motion.
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e At leading twist there are : 2 pion TMDs and 8 proton TMDs : 6 — T-even & 2 —
T-odd*.
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Pion-induced Drell-Yan process

e Within the TMD factorization (¢1. < Q) the differential cross section in the Drell-Yan
1
process " :

do (ﬂ'_pﬂl"'l_X) a2

feos 2@
W .7:Q2{ [(l—i—cos 0)F, + sin? 0 cos(2¢) ]

+ S, sin 931n(2¢)F“"2¢ + St sinZ 6 [sin ps I

+sin(2¢ + ¢.) 1, | sin(2¢ — ¢s) 1,70 ] }
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1. S. Arnold et al., 2009
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e Structure functions are the convolutions of TMDs
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e Structure functions are the convolutions of TMDs
: 1 - . . . _
Clwfifi) = ~ E eg/dzkudzklpmk“ +hip—GL)w [fz(ww,kiw)fg(a:p,kip)]
q

e Transverse spin asymmetries :
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Ty b b - 5
Y ? F[}rU (wﬂ'7xp7qT7Q2)
1. S. Arnold et al., 2009
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Pion TMDs : Light-Front Holographic QCD

o The TMD correlator for the pion (twist-2) " :

1 ?
@ (z, kL) = 5 {fl yom +ihf‘%}
e The unpolarized pion TMD, f1 ~ describes the momentum distribution of unpolarized

quarks within the pion.

e The pion Boer-Mulders function, htfr describes the spin-orbit correlations of
transversely polarized quarks within the pion.

e hiL is naively a T-odd distribution which was vanishing due to the time reversal

invariance of QCD.

1. Goeke et.al, 05; Bacchetta et.al, 06
2. S.J. Brodsky et al., 2009
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Pion TMDs : Light-Front Holographic QCD

o The TMD correlator for the pion (twist-2) " :

® (2 ko) = % {f1 /L++ihf'[k;(/[7/h+]}

e The unpolarized pion TMD, f; » describes the momentum distribution of unpolarized
quarks within the pion.

e The pion Boer-Mulders function, htfr describes the spin-orbit correlations of
transversely polarized quarks within the pion.

e hiL is naively a T-odd distribution which was vanishing due to the time reversal

invariance of QCD.
Pion LFWFs in Holographic QCD

e The holographic pion LFWFs can obtained by solving the LF Schrédinger equation and
longitudinal wave equation for mesons? :
>  1-—ar? 2 m2 ‘
(—— _loan Ul(c)) () = M26(Q); <m’ + Ly, <:1:)> x(@) = M x().

d¢? 4¢2 1—=x
where, ¢ = | /2z(1 — 2)b;, with M2 = M2 + Mﬁ.

1. Goeke et.al, 05; Bacchetta et.al, 06
2. S.J. Brodsky et al., 2009

6/22



e Pion wavefunction With UJ_(() = r*¢? +2x2(J — 1) and a prescription by Brodsky et al.
2

2

2. C. Mondal et al. (2018); M. Aicher et al., (2010); B. Gurjar et al. (2023); R. Longo (COMPASS),
(2015)
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e The spin-improved holographic wave function :
W(z, k)

U, (k1) =[(Mazz + Bmg)hs, _j — Bkie "6, ;] =
’ ’ v o T
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e Pion wavefunction With UJ_(g) = r*¢? +2x2(J — 1) and a prescription by Brodsky et al.
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Proton TMDs : Light-Front Quark-Diquark model

1. S.J. Brodsky et al. (2001)
2. D. Chakrabarti et al. (2015)
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e The two particle Fock-state expansion with J, = :I:% for scalar diquark :

dad?
lu 8)* :/ = E P (@, pL) N As;zPT pL)
2(2m)3

1795 Ag=0

1. S.J. Brodsky et al. (2001)
2. D. Chakrabarti et al. (2015)
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and for a vector-diquarks :

dmﬁpL L)
v A= = / § E ik (@, p1) I\ Aas Pt pl)
2(2m)3 4 /z( A

A =0,%1

1. Gutsche et. al (2014)
2. Brodsky-Teramond (2009)
3. D. Chakrabarti, T. Maji (2015)
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and for a vector-diquarks :
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o The light-front wavefunctions?
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e The AdS/QCD scale parameter k = 0.4 GeV, and the quarks are assumed to be
massless.
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e The AdS/QCD scale parameter k = 0.4 GeV, and the quarks are assumed to be
massless.

e Model parameters a;, by and §” are fitted by the experimental data of the Dirac
F1(Q?%) and Pauli F»(Q?*) Form Factors®.

1. Gutsche et. al (2014)
2. Brodsky-Teramond (2009)
3. D. Chakrabarti, T. Maji (2015)
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e Unpolarized parton densities are in good

[ MSTW2008(nnlo)

agreement with the

available global analysis®
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1. T. Maji, D. Chakrabarti (2016)
2. B. Gurjar, C. Mondal (2023)
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o Unpolarized parton densities are in good agreement with the available global analysis®
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e Pretzelosity TMD PDF, thq : Contributes to sin(2¢ + ¢,) asymmetry *.

1. T. Maji, D. Chakrabarti (2017)
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e Pretzelosity TMD PDF, hﬁ‘f : Contributes to sin(2¢ + ¢,) asymmetry *.
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e Kotzinian-Mulders TMD PDF, hfl‘f : Contributes to sin(2¢) asymmetry *.

1. T. Maji, D. Chakrabarti (2017)
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Initial vs Final state interaction and T-odd TMDs

e A gluon exchange between the outgoing (incoming) quark (anti-quark) and the target
spectator system is known as the FSI (ISI)!.

1. C. Pisano, L. Gamberg et al., (2011)
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Initial vs Final state interaction and T-odd TMDs

e A gluon exchange between the outgoing (incoming) quark (anti-quark) and the target
spectator system is known as the FSI (ISI)!.

. B '
q q
k :
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R ————————¢= B =)=

e Gauge link for T-even TMDs =- Unity & T-odd TMDs = Unity
Zr

22

DY SIDIS

Wlz1; 2] = Pe 9 S=7 dA) . -

Zy

o Sivers and Boer-Mulders functions are T-odd and have opposite sign in SIDIS and DY
processes. [ HERMES/COMPASS]

fidlsiprs = — fi by, hi%srprs = —hi by

1. C. Pisano, L. Gamberg et al., (2011)
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o The perturbative Abelian U(1) & the nonperturbative SU(3) kernel *.

) Cras . 2 zl(z,q.)
1G(%¢1L)|U(l> o< =l ; iG(z,q1) su@E) eI

WF FSi WF

1. Z. Lu and Ivan Schmidt (2007) , C. Mondal et al. (2019)
2. Leonard Gamberg, Marc Schlegel (2009)
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e The QCD lensing function is obtained from the eikonal amplitude of quark-antiquark
scattering by exchanging non-Abelian soft gluons?.

e The Lensing function, I(z, g, ) connects hisrl) with chiral-odd pion GPD, HT 2.
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0 L
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2. Leonard Gamberg, Marc Schlegel (2009)
13/22



Sivers & Boer-Mulders Functions
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o In scalar-diquark model *, f;# = hi".
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o Axial-vector diquark model? fif* & hi* < 0, and fi5? > 0, hi? < 0.

1. V. E. Lyubovitskij et al.,(2022)
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TMD scale evolution

e TMD evolution is governed by two differential equations (RG-equation) in UV and
rapidity renormalize scales.

1. M. G. Echevarria et al. (2014), S. M. Aybat et al., (2011)
2. Brock, Landry, Nadolsky, Yuan (2003)
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e The perturbative sudakov FF, Sp(Q,b.) — same for all kinds of distribution functions,
i.e., Sp is spin-independent.
Q* 2
d
Sp(@.b.) = / %= e mm + se.).

2
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where py, = 277 /by, with b, = b1 /4/1+b% /bRax 5 bmax < 1/Aqep.
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i.e., Sp is spin-independent.
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2 B [
b

where Ly = 26_’”3/1)*, with b, = bJ_/ 1+ bi/b?nax , bmax < 1/AQCD-

o b, always remains in perturbative region (0 < by < bmax) 2
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e b, is the reason to introduce the Nonperturbative Sudakov form factor .
Qr
Snp(Qfibr) =g1(b1) +g2(bi)In ==,

Qo
with gl(bJ_) = glbi and g2(bJ_) = g2 ln(bJ_/b*)

1. Colins Soper (1982); Collins, (2011)
2. A. Bacchetta et al., (2019)
3. S. Bastami, L. Gamberg, B. Pasquini et al., (2021)
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sin(2¢ — ¢s) asymmetry

o In Drell-Yan process : sin(2¢ — ¢s) asymmetry ~ hll(,r) ® hip)

sin(2¢—¢s)
ASR2O=s) () = Fur (@p,@m,a1)
ur Fpo T =

FLy G anal)
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sin(2¢ — ¢s) asymmetry

o In Drell-Yan process : sin(2¢ — ¢s) asymmetry ~ hll(,r) ® hip)

pein(26—6s)

UT (zp,ex,q])

sin(2¢—¢
Aur °

)
(xp,xx,q)) =
FéU(zpvm‘rerL)

-]

e The structure functions :

FlllU =C [flyé/wflyq/p} ’ Ftsji;(2¢7¢5)

LS

My 1,q/«h1,q/p:|

® sin(2¢ — ¢s) asymmetry need knowledge of the pion Boer-Mulders function, which is

not parametrizable.
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o ATR(29=P8) o —hiirll’j'(ww)h;p(zp) <0 = COMPASS data indicate a positive sign for
the pion Boer-Mulders TMD hf‘;lzﬂ.
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sin(¢s) asymmetry

® sin(¢s) asymmetry ~ f1 /» ® fllT,q/p

Fon0e) (o), 0, q1)

AT (@, wm,q1) =
vr P F[IJU(:EZNmW)qJ_)

e The structure functions :
. in(bg) bk i
Fyy=¢C [flyé/"flyq/zn] ) F[S]T 5 =C [ Mpfl,é/wflT,q/p]

o Only the Sivers asymmetry can be completely described by model predictions and
parametrizations.
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sin(¢s) asymmetry

o sin(¢,) asymmetry ~ f1.5/x ® fi o/

Fon0e) (o), 0, q1)

AT (2w, q) =
vr P FlljU(:Ep,m,th_)

e The structure functions :

1 in(¢g) Ak n
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o Only the Sivers asymmetry can be completely described by model predictions and
parametrizations.
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sin(¢s) asymmetry

: 1L
o sin(¢s) asymmetry ~ fi g/x @ fir q/p
Firl®) (@, ox,q1)

AT (2w, q) =
vr P FlljU(:Ep,m,th_)

e The structure functions :
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o Only the Sivers asymmetry can be completely described by model predictions and
parametrizations.
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sin(2¢ + ¢s) asymmetry

e In Drell-Yan process : sin(2¢ + ¢,) asymmetry ~ hll(,r) ® hf‘T(p)

in(2¢+¢s)
Asm(2¢+¢$)(:r TrrqL) = F(SJ‘;‘ “(#p; Ty q1)
UT py Ty =

F[}rU(Ipvfﬁ‘rUQL)
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sin(2¢ + ¢s) asymmetry

e In Drell-Yan process : sin(2¢ + ¢,) asymmetry ~ hll(,r) ® hf‘T(p)

sin(2
Fz,!;( ¢+¢S)(a¢p,x,‘., q1)
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e The structure functions :
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19/22



sin(2¢ + ¢s) asymmetry

o In Drell-Yan process : sin(2¢ + ¢5) asymmetry ~ hll(,r) ® hf‘T(p)

sin(2
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o This asymmetry is proportional to ¢35 for ¢, < 1 GeV.
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sin(2¢) asymmetry

e sin(2¢) asymmetry ~ hf‘,q/,r ® hfL,q/p

sin FRC (a0, q1)
AUL(Qd))(xPaxﬂ'v(IJ_): UL 2T

F[ljU(xlﬂwﬂWqJ_)

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)
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sin(2¢) asymmetry

e sin(2¢) asymmetry ~ hf‘,q/,r ® hfL,q/p

sin(2¢)
AT () Foi o (@p, @n,qu)
UL P T -

F[l]U(:EINz7|'7qJ_)

e The structure functions :

1 sin(2¢) RIS I IO S B Sy T N
Fyu =¢ [fl‘q/"fl"m’] » o For =-C o, Ehy g/t asp

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)
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sin(2¢) asymmetry

e sin(2¢) asymmetry ~ hf‘,q/,r ® hfL,q/p

sin(2¢)
AT () Foi o (@p, @n,qu)
UL ps Ty =

F[]}U(:Ep7z7r7ql)

e The structure functions :

Fro=Clfio/mnf Fsine) o 2(hkyg)(hkyp)—Fkin-kip RL  pt
vU — 1,q/mJ1,q/p]| > UL - Mz Mp 1,q/=""1L,q/p
o, 0.15, 015 i
&= perturbative LFCQM-JAM20 &= perturbative LECQM-JAM20 &= perturbative LFCQM-JAM20
== Nonperturbative — LECQM-LFCQM = Nonperturbative — LECQM-LFCQM == Nonperturbative — LFCQM-LFCQM
SPM-JAM20 SPM-JAM20 010 SPM-JAM20
0.10 - SPM-SPM 0.10 - SPM-SPM : -+ SPM-SPM

sin(20)
AUL

7005 010 015 020 025 030 035

x, T [

e In DY sin(2¢) asymmetry requires a longitudinal proton polarization and could be
studied in DY with doubly polarized protons in a future NICA experiment.®

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)
20/22



cos(2¢) asymmetry

i L
o cos(2¢) asymmetry ~ hy o, ® hy
F505(2¢) (Tp,Tr,q1)

1 qcos(2¢)
A (@p, Tr,qL) =
vu P F(1]U(xpix7\’7ql)

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)

21/22



cos(2¢) asymmetry

® cos(2¢) asymmetry ~ hiq/w ® htq/p
2¢
1 4o0s(29) _ F;]OS( N(@p, ryqL)
vU (pr?mQL)*Fl—
UU(xpixﬂ’qu_)

e The structure functions :

1= cos(2¢) o | 200 E )Rk )~k R, N

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)
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cos(2¢) asymmetry

o cos(2¢) asymmetry ~ hi- e ® hi- a/p
2
1 4cos(2¢) _ F[i'o[j( 2 (wp7w7l‘) QL)
Ay N (@p TryqL) = —
UU(xpaxﬂ'v(]J_)
e The structure functions :

Fr =C\|fia/nf FCOS(2¢) =C 2(h-ky ) (h- kJ.p)_kJJr kJ.p hJ_ hJ_
vu = 1,q/mJ1.q/p| > uuU - Mo M 1,q/7""1,q/p
0. o 0.
= perturbative &= perturbative --- SPM-SPM == perturbative --- SPM-SPM
== Nonperturbative s Nonperturbative — LFCQM-LFCQM = Nonperturbative — LFCQM-LFCQM
0.08 SPM-BMP10 0.08 SPM-BMP10 0.08 SPM-BMP10
LEC-BMP10 LFC-BMP10 — LFC-BMP10
0.06 \
5 0.04 - 3 §5
D T T ey = <
[

e The asymmetry, ACOS(2¢) o hl(l)uhl“ = hiy is positive in DY, which is opposite to
SIDIS analyses and hence in agreement with the prediction for the process dependence
property of T-odd TMDs.

1. S. Bastami, L. Gamberg, B. Pasquini et al. (2021)
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Conclusion

o We presented a complete description of polarized DY at leading twist using TMD
evolution at NLL accuracy.

@ The required TMDs include on the nucleon side f1 p, fllT’p, hi,p, hllp, hfﬁ and hllf;
and on the pion side fi x, hl{,,.

@ The T-odd TMDs requires gluon rescattering to obtain nonzero contribution. We
explored the usage of a nonperturbative SU(3) gluon rescattering kernel, going
beyond the typical approximation of perturbative U(1) gluons.

@ Our analysis reveals that the above asymmetries at COMPASS can be qualitatively

described (sign and magnitude) by analysing the pion TMDs in a holographic
light-front QCD framework and the proton TMDs in a soft-wall AdS/QCD model.

Thanks for your attentation!!
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