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| Introduction

€ Parton Distribution Functions(PDFs)

» Leading twist: f; (x), g, (x), h{(x) describe the quark structure of hadrons

» Only have one longitudinal freedom x, i.e, quarks are perfectly collinear

€ Transverse Momentum Dependent(TMD) PDFs

» Admit a finite quark transverse momentum k|
» 3D internal picture of hadrons

» Correlation between parton momentum and hadron spin

PDF



| Introduction

€ TMD factorization and TMD evolutions

» TMD factorization frame:

valid in the regionq; < Q

observables :convolutions of hard factor and well-defined TMD PDFs/FFs

» TMD evolution:

convenient to perform in b-space (conjugate to k; via FT)

TMD



Il Introduction

@ Drell-Yan process
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The Collins-Soper frame

Process under study
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@ General form of the cross section
(Beam: unpolarized Target: transversely polarized)

LO .2 b
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Cross section
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€ The asymmetries

Beam Target
Ai}};((%)) x hig R h}tg Boer-Mulders  Byer-Mulders
sin (@ q q q .
AT s < fl. ® f fltﬂ Sivers
Ai}':'f_@f,f)_fﬁﬁ) x hng_ R h?,p Boer-Mulders Trangvergity
Ai}'}(2¢+(’b5) x hti R h#"p Boer-Mulders Pretzelosity

Asymmetries
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’l Unpolarized process

@ The kinematical variables defined as

s = (P, + PR the total centre-of-mass energy squared,
Tq(b) = q° /(2P - q). the momentum fraction carried by a parton from H,s).
TFp = Ty — Tp. the Feynman variable,

M 3” = ()> =¢* =5 x, rp, the invariant mass squared of the dimuon.

1. q* 1. = i,rp+1/1:2 + 47
2 T
T=Q%s = wnap, 4= Elnq—_ B 5111;’ Trfp = 2 - o Lw/p = \/’Feiy-

Variables definition



|| Unpolarized process

@ The differential cross section for the unpolarized 7 ~-proton Drell-Yan
process has the form

J. C. Collins, D. E. Soper and G. F. Sterman, Nucl. Phys. B 250 (1985) 199

dQZddeqJ_ = 00 ‘ (2?1_)2 € WUU(Qu b) + 1/UU(CQ? QJ_)?

2
47Taem .

@ 90 = 3ngs@7 is the cross section at tree level with N.= 3

@ The structure function in the first term with Wy, (Q; b) is dominant at the
low g K Q value

@ Y, term provides necessary correction at moderate g, ~ Q value, which
was neglected in this work

General form of differential cross section



|| Unpolarized process

@ The structure function Wy can be written as

—

W (Q:b) = Hyy (Q; 1) Z eﬁff‘;—‘}w(:rw, TNG) ﬁlslél/)p(ifp bi e, ().
.

e

4 ff’;]; 5 is the subtracted distribution function in the b-space and universal.

® Hy;(0Q; wis the factor associated with hard scattering and scheme-dependent.

€ The way to subtract the soft factor in the distribution function depends on the
scheme to regulate the light-cone singularity in the TMD definition.

TMD structure functions



|| Unpolarized process

€ The TMD evolution equation for the {rdependence is encoded in a
Collins-Soper (CS) equation through

O Infs" (2, by, Cp) -
= K(b;

€ The TMD evolution equation for the u dependence is encoded in a RG
equation through

i~

d K

Tl —Yi (as(p)),

d Inf*"(z,b; p, Cp) CF
d lIllu, == PYF((){S(JU')a F)

TMD evolution



Unpolarized process

@® The overall solution structure is the same as that for the Sudakov form
factor.

@ The energy evolution of TMDs from initial energy u;, to another energy Q is
encoded in the Sudakov-like form factor S by the exponential form exp(—S)

f(CCb, Q) =F X 6_5 X }f(&'}b, ,U}b)

The Sudakov form factor



Unpolarized process

€ To combine the information at small b with that at large b, a matching
procedure must be introduced.

b, ~ b at low values of b

by = b/\/1+ b%/b2,
/[ /binax by =~ bpax at large b values.

@ In the small b region, the TMD at fixed energy u can be expressed as the
convolution of the perturbatively calculable hard coefficients and the
corresponding ordinary integrated (collinear) PDFs

F(x,byp, Cp) = Z Cyei @ filx, p),

iy = co/by with ¢ = 2e77E, yp &~ 0.577 being the Euler Constant
Region analysis



|| Unpolarized process

€ The Sudakov-like form factor in can be separated into a perturbatively
calculable part and a nonperturbative part

S = Spert + SNP-
@ The Sudakov form factor S for quark and antiquark can have the
following relation A. Prokudin, P. Sun and F. Yuan, Phys. Lett. B 750(2015)533

SEp(Q,b) + SEp(Q,b) = Snp(Q, ).
pert(Q: ) pert(Q by ) pert(Q b )/

@ The perturbative part of S being

2

Q* gp2
S = [ P At (mim; + Ba )]
wy a Sudakov form factor



|| Unpolarized process

€ A universal non-perturbative form factor associated with the
transverse momentum dependent quark distribution functions in
Drell-Yan process has arXiv: 1406.3073

b
Snp = g1b® + 19'2111—1112 + ggb” ((ﬁo/-’l’?l))\ + (-’170/3?2)'\) :
b Q[}
g =0.212, g =084, g¢g3=0

with the initial scale Q% = 2.4 GeV?, limited boundary byax = 1.5 GeV !, fixed 2o = 0.01
and A = 0.2

q/p b ‘
SI?P (Qab) = g—glnb—ln% + %bZ?

The Syp for proton TMD



Il Unpolarized process

€ With all the ingredients above, we can obtain the TMD distribution for
proton

q/p

N f |
;‘-tfp(ﬂ:j b; Q) = o~ 3 9pert (Q,bx) —S\p (@1 F(ag(Q)) Z OE;E—i 2 i,’p(zj )

s (C
Coeabi11,G8) = By 81 =) + 2 (L1 =) |

w

s
Cq{—g(xﬁ b;!‘i'ﬂ CF) — ?TR‘T(l T ‘T)J

@ I[f we perform a Fourier Transformation on ffg}’p(;m b; Q)

> dbb ~
flq/p(ir:‘l':J_;Q) _/ —JD(kJ_b) f;})p(ﬁb(g).

0 27l._
Proton TMD



|| Unpolarized process

q/m

€ Assuming the non-perturbative Sudakov form factor S (Q.b) for
quark distribution function of 7 meson as

X. Wang, Z. Lu, I. Schmidt, JHEP 1708 (2017) 137

/7 b
qu = gTb? + g3 ln—lng
Qo

€ With the assumption above, we can obtaln the TMD distribution for

pion
@) F(as(@) Y Clti@ £/ (@ my)

The Syp for pion and pion TMD



|| Unpolarized process

® The structure function is as follows

WUU(Q;E’) HUU Q 2 262 S:JJ-}? 33‘1,6' H:CF)fsu‘S(xQ:b s CF)?

@ If we absorb the hard factors Hyy and F(«s(Q)) into the definition of C-
coefficients, the C-coefficients become process-dependent

S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 596 (2001) 299

-0+ 2 (Fa-0+ Le-9in-a)|

«
Cyeglx, by p1p) = ?STRZI?(l —x).

Coeq (@, 0; p1p) = dgg

Structure function



Il Unpolarized process

@ The structure function Wy in b-space can be written as

Wyu(Q;b) = e 5@ 5 3" e2Cy i @ fifn- (w1, 15)Cj @ f (w2, 1)

q.q

@® The differential cross section is

d'o > dbb —
g = | Sl x W (Q:b)

Differential cross section



|| Unpolarized process

€ In E615 experiment, 252 GeV pions colliding on tungsten, and kinematics
02<a, <1, 004d<any<l, O<axp<l, 4.05GeV <@ <855 GeV.

@ The experimental observables measured at E615 are

d*o 1 55" ° dby —
= 09 2??@1/ dQ2/ gJﬂ(mb) x Wyu (Q;b).
0

g1 = 0.082 £0.022, g5 = 0.394 £ 0.103,

E615 differential cross section



|| Unpolarized process

@ Fit the theoretical estimate vyith the experimental data from E615, we can
. ] q/m
obtain the parameters in S{. (Q.b) X. Wang, Z. Lu, L. Schmidt, JHEP 1708 (2017) 137
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|| Unpolarized process

— 5 T —_

Z 1 x. =01 <

< 4 LT 2

5 Z

gés” i 0.1
0.01
1E-3
1E-4
B4y

Subtracted unpolarized TMD distribution of the pion meson for valence quarks in b-
space (left panel) and % -space (right panel). at energies: Q2 = 2.4 GeV? (dotted lines), Q% =
10 GeV? (solid lines) and Q2 = 1000 GeV? (dashed lines).

X. Wang, Z. Ly, I. Schmidt, JHEP 1708 (2017) 137 Pion TMD



|| Unpolarized process

€ In COMPASS experiment, 190 GeV pions colliding on NH5, and kinematics

005 <xy <04, 005 <x:<0.9, 43GeV <Q <85 GeV.

€ The experimental observables: normalized differential cross section

1 do 1 N;

E d(ﬂ_ N Eif\r@ AQJ_ '

COMPASS



| Unpolarized process

AO.S....,....,...., r——r—r—r———r—r—r—r

% e Experiment measurement
S 4 L | ==== Theoretical estimate

g6k = .
—| b L COMPASS 2015 n-NH, data
43GeV <M, <85GeV
04F - -
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The transverse spectrum of lepton pair production in the unpolarized pion-nucleon Drell-

Yan process, with an NHg target at COMPASS. The dashed line is our theoretical calculation using
the extracted Sudakov form tactor for the pion TMD PDEF. The solid line shows the experimental

measurement at COMPASS.
X. Wang, Z. Lu, I. Schmidt, JHEP 1708 (2017) 137 Prediction



Il Unpolarized process

@ The theoretical is compatible with the COMPASS measurement at small
q, region with g, «< Q, indicating that our approach can be used as a first
step to study the Drell-Yan process at COMPASS.

€ Our study may provide a better understanding on the pion TMD distribution
as well as its role in Drell-Yan process.

€ The framework applied in this work can also be extended to the study of the
azimuthal asymmetries in the = N Drell-Yan process.

Quick Conclusion



| Transversely polarized process

@ The transverse single spin asymmetry can be defined as
M. G. Echevarria, A. Idilbi, Z. B. Kang, and I. Vitev, Phys. Rev. D 89, 074013(2014)

Spin-dependent Spin-independent(Unpolarized)

d*o d?b

T (Qib) + You(Q, 41 )

dPdyd2q, ' °J) (2r)?

b2

dﬁl.&ﬁ" af o d?b id biis -
dQRdydq ZGDEESL/ e Wor(Q: )+ Yir(Q.au)
o Sivers Asymmetry



| Transversely polarized process

€ Spin-dependent structure function
{HFUQ b) = f¥UT{(2§H):E:f%jiqﬁdﬁ%wb§ﬂ;CF)f??ﬁzf%:;hb;ﬂ;CF).

4,9

. ke
féﬂf}?PY (I b s ('F) /ddk kb L M #2E(Iklu)
P

Follow the same evolution equations and the solution
structure can be written in the same form

Spin-dependent



| Transversely polarized process

@ Perturbative Sudakov form factor has the same form as unpolarized PDF

€ Nonperturbative Sudakov form factor has the parameterization as

M. G. Echevarria, A. Idilbi, Z. B. Kang, and I. Vitev, Phys. Rev. D 89, 074013(2014)

Sxp = (9?” + gii‘flﬂQ) b,
(o

gfiv — <k§J_>Q0/4 = 0.071GeV? y;ﬂh’ = %92 — (0.08GeV?

Sudakov form factor



| Transversely polarized process

€ In the small b region, the Sivers function can be also expressed as the
convolution of perturbatively calculable hard coefficients and the
corresponding collinear correlation functions as

N —?b“
fIJ:_FqDY)( o) = ZA(._TH @

Qiu-Sterman matrix element 7, p(x,x)is

the most relevant one

k3
Tyrtor) = [ S o) = 200, 7R ),

Low b region



| Transversely polarized process

@ Sivers function in the b space

_ . .j—SSiV 1 Sp
fqu/p 7,b;Q) = 2“ E A q<_3®ﬂ}F(I; T flp)e” NPT 2R
@ Sivers function in the transverse momentum space

kJ_ o0 b? o
Effi"q/p(f i‘oJ_wQ) —/0 db2—J1 kJ_b ZA i ®flT1/p(I ,UZ) S QSP.

Sivers function



| Transversely polarized process

@ The spin-dependent differential cross section

d*Ao 5 12D P
= 0" S LT (Q:h
dQ2dyd2q, o€ L/(QW)Q (@ D)

g0

= — dbeJ1 (le) Z € AC{?:_IQF (I'p: Lps )ub)

/i
0 q:%,J

- fl J
— (Sﬁg +Syp" —I—Sp)
X Cg<_j X flgj/ﬁ(;rm p,b)e

T ) ¢ - | (X g 1 | CF 9 -
AC (2,03 j1y) = gy [O(l —z)+ — (—41\2(1 — )+ T( —8)0(1 — r))] :

T

Spin-dependent



| Transversely polarized process

€ Qiu-Sterman function parameterization

M. G. Echevarria, A. Idilbi, Z. B. Kang, and I. Vitev, Phys. Rev. D 89, 074013(2014)

g + )@ ")

Tq’F (I: | @ - Aqu ( g Hfq e (1 B I)ﬁqu/'p (I: ,U,):

Energy dependence

Set 1:propotional to unpolarized PDF

Set 2:adopt approximate evolution kernel

pQS%pfl_i\"Tcl‘FZQ_i\rd(l_z)' Pfl:% 1+ 22 +§5(1—z)
@ Tl 91— O | R AN € P |

Qiu-Sterman



’ Transversely polarized process

® Setl

£, xbQ)

IE-3 &

L L P 1. L L L 1 L L L 1 1 L L L L 1 L P L
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X. Wang and Z. Lu, Phys. Rev. D 97, 054005 (2018)



’ Transversely polarized process

® Set?

1E-3 ¢

1E4 b e e
0.0 0.5 1.0 15 2.0 2.5

K (GeV)

X. Wang and Z. Lu, Phys. Rev. D 97, 054005 (2018)



| Transversely polarized process

@ Sivers asymmetry with the COMPASS measurement
X. Wang and Z. Lu, Phys. Rev. D 97, 054005 (2018)
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| Conclusion

@ The Sivers asymmetry calculated from the TMD evolution formalism is
consistent with the COMPASS measurement.

@ The scale dependence of the Qiu-Sterman function will play a role in the
interpretation of the experimental data, and it should also be considered in the
phenomenological studies.
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|| Unpolarized process

@ The fit coincides with the experimental data well when 0 < xr < 0.8.

@ The fit breaks down when x is above 0.8 since at that region the TMD
factorization is invalid and the higher twist effects dominant.

@ For the pion-induced Drell-Yan process in fixed-target scattering, the NLL

threshold resummation effects are also important in the kinematic higher
X

Fitting Results



