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INTRODUCTION

@ Parton Distribution Functions (PDFs)

» Leading twist: f;(x), g1(x), h{(x) describe the quark structure of hadrons

» Only have one longitudinal freedom x, 7.e, quarks are perfectly collinear

€ Transverse Momentum Dependent (TMD) PDFs

» Admit a finite quark transverse momentum k
» Provide 3D image of hadrons in momentum space: f (X,k;)

» Correlation between parton momentum and hadron spin
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INTRODUCTION

@ Leading twist TMD PDFs

Unpolarized €—

Longitudinally polarized €—

Transversely polarized €—
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TMD-PDFs give the
number density of
partons, with their
intrinsic  motion
and spin, inside a
fast moving proton,
with its spin.
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INTRODUCTION

@ Test of the sign change of the T-odd TMD PDFs is a fundamental quest in
QCD dynamics. Measurement by COMPASS provides some hint on this sign
change.

@ Itis important to have precise measurement and extraction of the proton
Sivers function/Boer-Mulders function and pion Boer-Mulders function.

@ Itis also important to acquire the differential cross-section of the

unpolarized process with high accuracy, as it always appears in the
denominator of various asymmetries.
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INTRODUCTION

@ Recent COMPASS measurements (Unpolarized distribution)
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INTRODUCTION

€ Recent COMPASS measurements (Single Spin Asymmetries)

DIS 2%
M

0.4

s_-.-:
=

—04F

=

= 04
|

& 02

E

w b=

& 0
—0.2
—0.4

29+ 9,)

-

—0.4F}

'E{[— {]:
—0.2f

0.4}
{].25-
—~ {]
—{].25-

) Al X Z

| COMPASS
[ proto

- n 2015 data
021

107!

2x1071 3x107!

Xy

Zhengzhou University

PRL119, 112002 (2017)

S



) it £ %

Zhengzhou University

INTRODUCTION

@ Drell-Yan process A (P,)) + B(P,) — 17 (0) + 1~ (') + X .

» The asymmetries

Beam Target
24¢ 1 1
AE};( 7 X hlj X hl,g Boer-Mulders Boer-Mulders
in (¢ 1
A xfi, © f7, 1 Sivers
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UNPOLARIZED PROCESS

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

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

d*o d%b
— “IJ_ bH b Y
szdydqu an / (2::1') UuU (Q ) + Y[ (Q QL)

® 00 = %15 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
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UNPOLARIZED PROCESS

@ The structure function Wy can be written as

ﬁ};{;(@i b) = Hyy(Q: ) Z qff;?w( :f“"gF)fls’gFP(rp 1 GF ).

4.9

4 f‘ﬂﬂi' is the subtracted distribution function in the b-space and universal.

lq/H
® Hy;(Q; 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.

DIS 2%
M

Structure function 8



Zhengzhou University

UNPOLARIZED PROCESS

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

\ rsub : ' N Collins, Soper 81’
O Inf r (:E’b"u’gF) = K (b; ) Idilbi, Ji, Ma, Yuan 04’
Jd V(r

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

e

d K
d Ing - - fK(&'S(P")):
d Infs"" (z,b; u, () §:

_ oy SE
d Inp = Yrles(p) (2 )
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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)

fla,b,Q) = F x e x f(x,b, up)
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UNPOLARIZED PROCESS

€ When Fourier transform back to the momentum space, one needs the whole
b region (large b): need some non-perturbative extrapolation

Many different methods/proposals to
model this non-perturbative part

1 | I
/dee”“'bF(aj, b; Q) = 2/ dbbJo(k b)F(z,b; Q)
T Jo

(2m)°

€ To combine the information at small b (perturbative region) with that at large
b(non-perturbative region), a matching procedure must be introduced.

F<$7kL; Q) —

_ by ~ b at low values of b

« = bpax at large b values.
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UNPOLARIZED PROCESS

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

S = Spert + SNp.
@ The perturbative part of S being
Q> dﬁz 2

S@0) = [ L [t + Blan(m)|.

Hy
€ Non-perturbative form factor of S from pp DY (SIYY parameterization )

. b . Sun, Isaacson, Yuan, Yuan 14’ arXiv: 1406.3073
Snp = g1b° + 92111—1112 + g3b® ((«’Ifu/-’]'?l))i + (3?0/312))‘)

by Qo g1 = 0.212, go = 0.84, g3 = 0
q/p b Q a1,
DIS 229 SH (0. = P L+ 2
M xp (@:0) 2 be Qo 2 Sudakov =~ 12
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UNPOLARIZED PROCESS

@ In the small b region,

F(IL‘, b ,[L,CF) — Z Cq{—'i & fl(‘l’:u)ﬂ

Q dyi 2
F(z,b;Q)~C® F(x,c/b*) x exp —/ — <A In—= + B> X exp (‘Snon—pert(va)>

c/b* /L H
longitudinal/collinear part perturbative Non-perturbative Sudakov:
Sudakov part fitted from data

Collins, Soper, Sterman 85, ResBos, Qiu, Zhang 99, Echevarria, Idilbi, Kang,

Vitev, 14,
DIS 201 Aidala, Field, Gamberg, Rogers, 14, Sun, Yuan 14, D'Alesio, Echevarria, Melis,
M Scimemi, 14, Rogers, Collins, 15, -+ mostly for the proton case Small b 13
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UNPOLARIZED PROCESS

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

pFOtOH
foF
1

1P (,b:Q) = 39 @) =S (@0 F(ay (@) 30O, © £/ ()

i
as [ C
Cq{_qr(iﬂ,b; ;EL:,CF) — 6(;(;" [5(1 — T) + — ( QF(l — ’I))] \

T

X,
Coeglz,b; 11, CF) ZZ—%?EFﬂI(l‘—iIL

@ If we perform a Fourier Transformation on 5> (5 p: ())

1g/p
> dbb -~
frofp(r: k11 Q) = f 5~ Jo(k L) Fig/p(, b Q)

0
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UNPOLARIZED PROCESS

q/m

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

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

F y b
Sy = qg1b 21 | :
NT g10” + go nb* HQ[}

€ With the assumption above, we can obtain the TMD distribution for pion

q/ ;
£ (2,0, Q) = o ESpert (@) =Sxb (Q0) F(as(Q)) S C @ 11/ (w, )

1

> dbb ~ub
Fagele ki Q) = [ G2 Rk fig (5 Q).
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UNPOLARIZED PROCESS

@® The structure function is as follows

Wou(Q:b) = Huu(Q ) Y e fof (w1, b5 1 Cr) fify (2, b5 1, Cr),

a.q

@ If we absorb the hard factors Hy; and F(a4(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

6(1 — ) + i (CF(l — ) + %(w‘z —8)0(1 — 1))] :

Coeq (@, b5 p) = dgqr 5

s
Coeg(x,b; p11y) = ?TR:I:(I — ).
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UNPOLARIZED PROCESS

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

Wyu(Q:b) = e 5}y €GChi @ fifn- (21, 1) Ceej @ f/p(2, 1)
q.q

® The differential cross section is

d*o > dbb —~—
102 dyd2q | — Jo/ﬂ %JO(QLE?) x Wy (Q:b),
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M

Cross section 17
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® Fit the theoretical estimate with the experimental data from E615, we can

J;'Q'fTT

obtain the parametersin Sy, (Q,b) X. Wang, Z. Lu, I. Schmidt, JHEP 1708 (2017) 137
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UNPOLARIZED PROCESS

@ The fitting parameters are as

gr = 0.082 +£0.022, ¢3 = 0.394 £ 0.103,
@ The fit coincides with the experimental data well when 0 < x < 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 xp.

DIS 2%
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UNPOLARIZED PROCESS
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Subtracted unpolarized TMD distribution of the pion meson for valence quarks in b-
space (left panel) and k| -space (right panel), at energies: Q? = 2.4 GeV? (dotted lines), Q? =
10 GeV? (solid lines) and Q% = 1000 GeV? (dashed lines).
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UNPOLARIZED PROCESS

1 —

% ¢ leea Experiment measurement
< 4 I ==== Theoretical estimate

Fg‘%_‘ 0 6 _ » - - ] i

—l o COMPASS 2015 © -NH, data |

43GeV <M, <85GeV

04} -

02} == -

00 [ e s 0 s a2 3 1 & 4+ & o 0 & 4 4 1 & s 4 o 0 4 4 s 3 ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0

q,(GeV)
The transverse spectrum of lepton pair production in the unpolarized pion-nucleon Drell-
Yan process, with an NHj target at COMPASS. The dashed line is our theoretical calculation using

the extracted Sudakov form factor for the pion TMD PDF. The solid line shows the experimental
measurement at COMPASS.
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UNPOLARIZED PROCESS

@ The theoretical is compatible with the COMPASS measurement at small
q, region with g, « @, 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 w~ N Drell-Yan process.

DIS 2%
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SIVERS ASYMMETRY

@ 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)

f£4ﬂ dgb I )
= OO b))+ Y (O, g ).
dQ?dyd?q gﬂ/ (QW)QE vu(Q:b) + Yuu(Q, q1)
d* Ao

, d’b .. o~ ,
B ca i1 b7 B ~
= 0g€ | 5&/ S MWL (Q:b) + Y (Q.q.).

dQ)%dyd?q (27)2

Sivers asymmetry 23
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SIVERS ASYMMETRY

€ Spin-dependent structure function

— 27 | | 7la(DY), :
Wor(Q:b) = Hyr(Q; ) Z ec;fl 7/m (T, b3 g, QF)fqu(z}}(i’pr b: 11, GF ).

4.9

;Lla(DY), 4. - o —ik B KT oY),
f1Tq/p)(3-z-be /1, CF) —/d kie ™ v/ f1’.1ﬂ(,q/p(i_-kpﬂ)_-
p

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

Structure function 24
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SIVERS ASYMMETRY

@ 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)

Slalff _ (L}%n + QSHIHQ) /
Qo

BV o= (k2)0,/4 = 0.071GeV? @Y= 1go=0.08GeV”
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SIVERS ASYMMETRY

@ 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

~1a(DY —f‘h ’
’(ﬂ”q/p)(I bi ) = ZAQ}:—E M

Qiu-Sterman matrix element 7, (. 2) is

the most relevant one

A
Tq_p(.‘}.'.;l.’) = /dQAL |1[Lp| fljf_t”D;ﬁp( }l_J_) — 2\[ flT?/gI ( )

DIS 2%
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SIVERS ASYMMETRY

@ Sivers function in the b space
.9

bd siv__ 1
Y ACT @ T, p(w, a puy)e” SN2,

g1

i D)) —
flqu/p ("I'_' b'.' Q) T
@ Sivers function in the transverse momentum space

ll - 2 _qgsiv__1¢
\[L flT Q/P( Z‘J—Q) /; db— ]1 AL]) ZACQW—I f#i}p(i’rﬁb)e SXp 3P
p _
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SIVERS ASYMMETRY

@ The spin-dependent differential cross section

ZA - b i iy
o _ 0060.33 5o / ) e““'bI'"'I-"-’gT (Q: D)

dQ2dyd?q . (27)?
a > 2 ¥ , .
- Ao 0 dbb™Jy (q.b) Z A(i—sT (. p3 )

q,%,]

f1 /7
(55“+5’ 1 +Sp)
NP NP
X Cgej @ f1j/n(Tr, pip)e

q<q’

DIS 2°=

T

o s 1 Cr, .
ACY  (2.b; 1) = gy {O(l —x)+ ds (— _(1—2)+—(x

Cross section
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SIVERS ASYMMETRY

€ Qiu-Sterman function parameterization

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

¥ ]
] (G-'q -+ ,ﬁq)(“qq*ﬁﬁ;q)

q,F (I? ‘1 = | "Ilt} ™ (1 _ I)'ﬁq fq/p (Ir ,[.ﬂ)_.

.Clﬁq P T_J)q
g By

Set 1:propotional to unpolarized PDF

Set 2:adopt approximate evolution kernel

N, 1+ 22 o P 4 1+ 22 3.
c AY — — — _O 1 - Z .

QS function 29



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

siv |
AU'[ B
0.2

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

}
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SIVERS ASYMMETRY

@ 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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SUMMARY

@ The Non-perturbative Sudakov form factor for the unpolairzed TMD of the
pion is extracted for the first time from the E615 DY data within the TMD
factorization incorporating TMD evolution.

@ The transvere momentum spectrum of the dilepton agrees with the
COMPASS measurement at small gr region, indicating that our approach

can be used a first step for precision study of pion-nucleon DY.

@ The Sivers asymmetry calculated from the TMD evolution formalism is
qualitatitvely consistent with the data at COMPASS.
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SUMMARY

@ The results might be improved by including higher order calcuatoin of the
hard coefficients, and with more flexible parameterization on the
nonperturbative part.

@ The framework applied here can be also extended to the study of the other
azimuthal asymmetries in the pion-nucleon DY.
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BACKUPS

@ Drell-Yan process A (P,)) + B(P,) — 17 (0) + 1~ (') + X .

» General form of the cross section
(Beam: unnolarized Target: unnolarized /transverselv nolarized)

LO 2 |
df;fﬂ — E—qzcr"u{ (1 + cos?(8) + sinz(ﬁjﬂﬁfj{z”] EDS[Q{;E;])
+57 | (1 + CGSE(H)H??? $s) sin( ) Leading-twist

+ sinz(ﬂ] (Aﬂm[gr‘;}ﬂ;}'g] sin(2¢ + ¢g) + A?m{zﬁlﬁ_ﬂﬂ] sin(2¢ — ‘i’s]) }

UrT T
DIS ‘L_@“‘g

DY
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BACKUPS

€ The kinematical variables defined as

S = (P, + )2 the total centre-of-mass energy squared.
Ta(b) = 2/ (2P - q). the momentum fraction carried by a parton from H,y).
Tp — Tg — ;1‘5. the Feynman variable.
M ;‘:H = Q% =¢* =5 1, 1. the invariant mass squared of the dimuon.
QQ/ 1l gt 1l T j:;rp—l—\/;r%—l—il’r N
T = S = Iplp, y=—=ln— = —In—. ., _ ot
2 T2, T 5 - Trp = VT

DIS 2%
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BACKUPS

€ T-odd TMD PDFs

» Sivers function: correlation between the transverse spin of the nucleon and
parton transverse momentum

» Boer-Mulders function: correlation between the transverse spin of the quark
and quark transverse momentum

p

§-(pxky)  sg-(pxky)  S-s
"Sivers effect”  “Boer-Mulders effect”
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BACKUPS

@ Test of sign change at COMPASS

PRL119, 112002 (2017)

DGLAP: Anselmino, Boglione, D’ Alesio, Murgia, Prokudin, JHEP04,046
TMD-1 : Echevarria, Idilbi, Kang, Vitev, PRD89,074013
TMD-2 : Sun, Yuan, PRD88,114012

T T 1T
|

1T T 1

05

|
&
W
o
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