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Background : DIS & SIDIS

DIS

)
e = Unmeasured
W ]

Point-like quark constituents reside
in the nucleon (1990 Nobel Prize)

Collinear factorization (Q2>>AQCD?2):

oPIS 30 [ W)y, Q2 s s (r)) fily, 1)

¢ Convolution of non-perturbative, long-
distance physics with the elementary, short-
distance, hard-scattering interaction.

¢ Some important and interesting information
of the structure of the hadron is lost, as all
other degrees of freedom are averaged over.
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TMD factorization (Q2>>PhT2):

doip—ihx = Z forp(@,k1;Q%) @ d6"7 @ Dy (2,075 Q%)
q

€ One additional outgoing meson is
measured.

€ The PDFs depend not only on x, but also
on the transverse motion of partons inside
the hadron.

€ Both TMD PDFs and TMD FFs are
accessible in SIDIS.



Background Drell-Yan process (TMD PDF)
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In DY, structure functions are expressed as convolutions of TMD PDFs. Since no ‘
outgoing hadron is measured, TMD FFs are not needed.

/
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Access to pion's TMD PDFs.




Background : TMD PDFs

’§TMD PDFs (transverse momentum dependent PDFs) describe the
transverse motion of partons and spin-orbit correlations inside hadrons.

Correlation function (SIDIS):

dg_d2£ i(k™T _ . - n_ n_
Dij(w. k1, S) = / e T (PSI OUG o) U e Vi OIP:S)
Pt Pt

with hadron momentum P and spin S = (Aﬁ>_Aﬁ>Si)
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The TMDs enter the general decomposition of the quark-quark correlation (leading twist).

P(r ki) = o {flm _ fip kLS (ky-S1) 51,74

=t + Ag1r Vst +

A/ 7 G177V + har 5 1
Ko,y ] (kL -S1), 1 [Fo,py] 1 R, ]

|| QUARKS unpolarized chiral transverse o |
| columns indicate quark's.

transversity distributions.

€Rows indicate the hadron polarization and |
U { S ht €Circled ones survive when integrated over the |
"y hy, the familiar parton density, helicity and

€For spinless pion, only the unpolarized TMD |
PDF and the Boer-Mulders function survive.



Background : Pion TMD PDFs \
For pion, the TMDs can be projected out as: J L
d d N Longn;udin’acl+ min;e;t:m [, P M
urlo ) = [ BT R D) 0)1 (€ )l (P)) = g
€k d&— d? + . |
el ) = [ ST ) (P (00 sa(€ €I (P)

with 1 process- dependent gauge links not shown explicitly.

@ The unpolarized TMD PDF flq U (X, k2 1) descrlbes the distribution of unpolarlzed partons

/

carrying the longitudinal momentum fraction x of the pion, and the transverse momentum k| .

¢ The Boer-Mulders function hJ‘l,ﬂ: (X,k2 1) describes a spin-orbit correlation of transversely

polarized partons, which is chirally odd (chirality of partons flipped by operator) and time-
reversal odd (flips sign under time reversal transformation). The Wilson line is very important in
getting a non-vanishing Boer-Mulders function that changes its sign from SIDIS to DY.

fix(z, ki) Global fits based on TMD evolution with phenomenological assumptions on
its form. Formalism under quantitative examination.

hlﬂT (z, ki) Phenomenological analysis and a few first attemps. Model and ansatz.

Calculation? Non-perturbative QCD required!




Nonperturbative QCD




Nonperturbative QCD

-

' Parton distributions amplitudes/functions:

| 1.generalized parton distributions (GPD)
3.transverse momentum distributions (TMD)
2.parton distribution amplitude (PDA)
4.etc...




Nonperturbative QCD
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{ Parton distributions amplitudes/functions:
' 1.generalized parton distributions (GPD)
- 3.transverse momentum distributions (TMD)
' 2.parton distribution amplitude (PDA)




Nonperturbative QCD
ﬁ Lqcp = @y (0 — gst" Ay — mi)g; — lF[f,,F S
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Nonperturbative QCD methods
1. ADS/QCD (Holographic QCD)
. Dyson-Schwinger equations.

2 |
3. Effective theories and models, e.g., ChiPT, NJL model...}|
4. Light front QCD. |
5
6

. Lattice QCD.
. QCD sum rules.
etc...
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{ Parton distributions amplitudes/functions:
. 1.generalized parton distributions (GPD)

- 3.transverse momentum distributions (TMD)
' 2.parton distribution amplitude (PDA)




DSEs: QCD

&Dyson-Schwinger equations: general relations between
Green functions in quantum field theories.

o —
{ Derivation: “\ Quark propagator: Gluon propagator:
] ‘ i -1 ! !
1.Quantum Field Theory | —o—"'- ' ﬂ IR = G
2.Path Integral formulationj O~

- 3.Invariance of generating
~ functional |
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| , 4 “
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Non-perturbative)
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o G. Eichmann, arXiv:0909.0703


https://en.wikipedia.org/wiki/Green%27s_function
https://en.wikipedia.org/wiki/Quantum_field_theory

Quark's DSE:

Pion's BSE:

Constrain

,///AxiaI-Vector Ward-Takahashi Identity: P:K@vv = —@< i T 17);—@» — Z'(mﬁ%?KGD \
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DSEs: Pion (Beyond Rainbow-Ladder)

i T

/ . ; TAP
| Inhomogeneous BSE When P? = —m2, Td (k; P) ~ P2+:7Lz2 T (k; P)

5. (k; P) = Zaysy,

4 g(k q) Dy (k — q)—%S(%)eru(q P)S(q- )—rﬁ(q k=)

K\ +21/dqg Dog(k — q)—vasf(%)

)\ ) P Lei Chang and C.D.R
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(// Beyond RL ( Lei Chang YX L1u and C D Roberts PRL2011

1, Lei Chapg, C.D. Roberts PRC2012)
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DSES: S(q) and r(q; P) Significantly enhanced

dressed quark propagator: S()=) [———+- S L= mass function, signals
quark propag Y eyt () Sy

Complex conjugate poles, NO

poles on the real axis, consistent
with confinement!

pion BS amplitude: Cp(q; P) = s [iEp(q' P)+ v - PFp(q; P) + Y- q Gp(q; P) + 0. P, Hp(g; P)]

~ Fi(k: P) + FU(k: P).

| N 4 (1.2
/_1 dzpag:\ ‘LGFA J__(kz)

Dominant Contributions in BSA

Nakanishi-like integral representation, ]

i \AD
allowing calculation on a much wider range +(1- aF)AA;\'u,

of physical quantities. .

/ dzpos (2)Ane (K2),

~1
with Ap(s) = A2/(s+A?), k2 =k%2+ 2k - P
( Lei Chang et al, PRL2013)
A 10



TMD PDF: Two Approaches

Fully Dressed Quark propagator & Pion Bethe-Salpeter amplitude

.((/ Two approaches:

& Light-front approach Extract from pion's Bethe-Salpeter wave functions the LFWFs \\
and calculate TMDs using overlap representation.

& Covariant approach Compute the triangle diagrams in terms of fully covariant |
propagators/vertices with appropriate truncations.

N

——

TMD: (o) = [ £ TS e (P g0 a6 €. In(P))

11




Light-front QCD

The front form

= ct %0 = ct+z
= X il
X2 = X2 =

y Xo=Yy

z %= ct-z

= X

¢ A useful alternative to ordinary equal-time quantization: light-front time xt=ct+z, spatial
coordinate x- =ct-z.

& A natural formalism in describing hard hadron scattering, where the particles move at near
speed of light. The PDF, GPDs and TMDs are all defined within the front form.

& A relativistic description of bound systems in terms of quantum-mechanical-like wave
functions, i.e., the light front wave functions (LFWFs).The LFWFs are total momentum-
independent (only internal coordinates/momentum) and frame-independent (boost
invariant). They keep all the non-perturbative dynamical information of the hadron's
Internal structure.

12


https://en.wikipedia.org/wiki/Quantization_(physics)

Light-front approach

e = [ B EELAE K ek (D)0 a6 €1 n(P))



Light-front approach

7 (P)).

dE~d?€ | ie—pt e _
Pl k) = [ Sgpte s ak%(p)qmw* P
Decomposition

T qd(-) (5_7 gJ_)
canonical expansion




Light-front approach

oy [ AEEPEL i g, e Fock Expansion
frle ) = [ S
Decomposition

+qy(§,€L)
canonical expansion




Light-front approach

d&— d? o Fock Expansion
Plo k) = [ S €rk“wP)q<o>v+*lw<zﬂ». ;
D

ecomposition

T qd(-) (g_a gJ_)
canonical expansion




N
Light-front approach (M. Burkardt et al, PLB 2002)

Fock Expansion

Pl b) = [ St € k) (n(p) o)y EE (P

l Decomposition
d(+) (g_a gJ_) T qd(—) (S_a SJ_)

l canonical expansion

2 5 . R , o+
4y (€T =0,67,61) = [ Gt Talba(k)u(kX)e~ 76 L) 1 af (k)w(kA)elF T —Radu)]

e Sy
7T (P))r.=0 = / 2(2m)3 T ¢T¢(5’7 lﬂ) bLTz(x ]ﬂ)djm(l S el L bjm(w kl)dLTi(l — x,—k)]|0)
2k, dow ! T ; 5,
() T s / 2@ ol %T(l‘ lﬂ) (k1 — k)bl (, k)l (1 — 2, — i)+

+ (k1 + ik2)bL i (@, k1 )dhy, (1 — 2, —k1))|0)
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LFWFS

' \

& A great challenge to computation.
¢ Effective interactions have been used, i.e., holographic QCD.

/ Extraction from Bethe-Salpeter wave function:

| Fourler transformatlon of LFWF

—— == —— =— -

0]d 1 (0)oFiysup (67, €0)|nt (P >>=—M P aws m /JL

— — s A U11 - J e\ I\ 2

Correlation function & LFWFs: L <O\J+(O)’Y+’Y5U+(§_75L)\7T (P)) = Z\/_P %(f fl)
(

_ . ) l‘
Correlation function & BS wave function: [ (0|7{¢(&)4(0)}|x(P)) = e~ 1F¢/2 /dk‘*e‘z(’“‘P/mX L. P) |

x(k; P) = S(k)I'(k; P)S(k — P)

- e e e —— == = =

LFWFs & BS wave function: | 7i2
oz, k) = @/%Tm vsx (e P) 8(2P - n — k - n), B
dk?_ T - L
hi Vi (x, k) = \],%/f > Trp a“ynuky%x(k;P)] d(xP-n—Fk-n), : |
T _
A o |
~where k = (K, k%), k= (0,k,,0) and n® =0 J J

M - R E—S————————.— //‘/ 14




LFWFs:

// Reconstruction from moments

/ Dlrect computation

Z R
(kZ+zk-P+AZ)P

© Feynman parameterization
~ change of integral variables(Cedric Mezrag)

Conclusmn

\\ ¢0(513 k2 fdy’dz’zpo(x y 2/ k2)




k’i-dependence

& Strong support at IR, a consequence of the
DCSB which generates significant strength in
the infrared region of BS wave function.

& In the ultraviolet region, 1q(z, k2 ) ~ 1/k? and
1(x,k3) ~1/k7 . Embed in DSEs (one-gluon
exchange) and agree with pQCD prediction. (Ji
et al, EPJC 33,75)

1 wi(x.k2)

--
'-‘-- -...
.

Vi (, K )
Qﬂi\r( 7]{3_) - 1 L 9
fo dx?vbi(x? kJ_)
1.4 AN
1.2 ./,” \\\\\
@ 1 (74 N
Zi{ 08 // ‘\:\\\
508/ \
] wo(x,k2) 0:2 / :‘

x-dependence

& Symmetric respect to x=1/2, u-d iso-
spin symmetry.

& Yo(z, ki) broad concave curves shrinks
to the conformal limit 6x(1-x) as k_T
Increases.

16




Covariant approach
flz, k5) = QI(SQI)Z .n—xP - nTrCDm]inP

—

o ee em me

Full contribution in RL truncation. Additional contribution from the twist-two operators
acting on the Bethe-Salpeter amplitude. Respects the nonlocal properties of the pion
wave function.

Give pion's pure valence picture as two fully dressed quarks, which carry all the pion’s
light-front momentum at a characteristic hadronic scale. (Lei Chang et al PLB 2014 )

N, dk>
2 c
&\f(xjkb/m) == (2w)45(n k—an - P)Trp{n - 8k[

<(k—P/2; —P)S(k)| T»(k — P/2; P)S(k — P)}.

Extracting TMD: Moments -> Feynman parameterization -> change of integral variables.

S 17



TMDs from two approaches

] coV
] LF

& Unpolarized TMD obtained from the two approaches are close, e.g., their mean square root of
o« e . 2V_ fLF(z 12 ) 2
deviationi1s = \/ [ do [1 k2 (flcovu,m fEE( ,zm) ~ 16%

OV (zk%)

& Both symmetric with respect to x=1/2, isospin symmetry manifest.

& Significant strength in the infrared which is relevant for the W-term in TMD factorization.
Importantly, they are smooth and unimodal instead of the double peaﬁé@“ﬁiﬁfoﬁle from ADS

/

QCD. |
& They both decrease as 1/k 14 in the ultraviolet, agree with p@%

0. \\
(A. Bacchetta, S. Cotogno, B. Pasquini PLB2017) A
a
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TMD: Valence PDF

i) = [

dk?
(2m)3

fl,w(xa kia MO)

0.41

0.3}

Solid: Cov [E
Dashed:LF Fa3e;

>

2.0

-
......
L4 -~

*
X

0.0 0.2 0.4 0.6 0.8 1.0
X
NLO DGLAP evolution on v(z,ug) performed with
the QCDNUM package.as(1GeV) = 0.491 and VFNS
is taken. The initial scale pg = 520 MeV produces

()2 ~ 0.24 at py = 2GeV, close to the 7N Drell-Yan
data analysis 2(x)#* = 0.47(2) (Sutton1991,Gluck1999)

and lattice simulation 2(z)#2 = 0.48(4) (Detmold2003).
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TMD: Valence PDF

dk?
’U(CC;/L()):/(27_‘_J)_3f1,7r(x7ki;:u())

Solid: Cov

2.0

00 02 04 06 08 10

—
Lo
-

DET RN X 0.2f

>

0.41

0.3

0.0 0.2 0.4 0.6 0.8 1.0
X
NLO DGLAP evolution on v(z,ug) performed with
the QCDNUM package.as(1GeV) = 0.491 and VFNS
is taken. The initial scale pg = 520 MeV produces
()2 ~ 0.24 at py = 2GeV, close to the 7N Drell-Yan

data analysis 2(x)#* = 0.47(2) (Sutton1991,Gluck1999)
and lattice simulation 2(z)#2 = 0.48(4) (Detmold2003).

&The valence PDF obtained from LF & COV approaches generate the green band. The
green band 1s narrow, suggesting a good convergence of two approaches.

&The green band is close to Aicher et al's (Aicher PRL 2010) NLO analysis on E615
employing the soft-gluon re-summation (blue solid curve).

& Decrease as (1-)()2"'[3 (p>0) at large x, a consequence of (1-x)2 behavior at hadronic
scale and DGLAP evolution. Consistent with pQCD prediction.

& Note: considering gluon contribution at hadronic scale would increase initial scale.

19



TMD: Gaussian Ansatz

/,,»,, - B =
Vi

'Gaussian ansatz with non-constant (2 () |

Flaw k) = (e, 0jexp(—K /(K (2)a)
(2 () = f2(a)/ (xf

\_




TMD: Gaussian Ansatz

A~
7
Vs

ZGaussian ansatz with non-constant (% (z)) ‘

a2 = fi(e,0)exp(—k2 /(2 (0)a), |
(k2 (2))q = fi(z)/(nfi(z,0)).

— Oiriginal

----- Gaussian

.

L T | KL ]
>0 8 1.0

From up to bottom, x=0.5, 0.3, 0.1 respectively

& The Gaussian Ansatz approximates the profile our TMDs when k| is not large.

™~ <ki(g;)>G varies about 15% when x 1n [0.1,0.9]. Separable k| and x dependence works as an
approximation. (Invalid at higher k| )

& (k*)a ~0.19(1) GeV? within the general estimated region [(0.3GeV)?, (0.5GeV)?] . (Stanley
Brodsky PRD2011).

& TMD evolution?

7, 20



TMD evolution:

The renormalization group (RG) equation TMD PDF:

.
d
p WFJCHL z,b; 11, ¢ {WF 1y G f<—h(33 b; i,
TMD PDF in the
C CFf<_h X, b ,LL, Df ,ua f<—h €, b Iu, coordinate space

The scale W is the standard RG scale, with the additional rapidity factorization scale C to
regularize the light-cone divergence arising from Wilson lines. They were usually chosen to
be the same order of scattering scale.

- d ' d =
Fpen(w,b;up,Cr) = exp| (%J«:(Ma C)—M - Df(:ua b)—C)]@feh(CU, b; 1, Ci) )
P H ‘ G

TMD PDF at initial scale,
non-perturbative input.

Contains a non-perturbative term of the anomalous
dimension D at large b, i.e., -g2b?

21
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TMD evolution: *

1 — e_béj_/bfnin

/

/’ - - 1 4
| b*-prescription: o (1 e ax) /
| * = Omax

It saturates at the cut off bmax where non-perturbative (small kT) TMD
PDF dominates. Matching the large and small bT behavior.

Extraction of partonic transverse momentum distributions from semi-inclusive deep-inelastic
scattering, Drell-Yan and Z-boson production (Alessandro Bacchetta et al, JHEP06(2017)081)

— HERMES and COMPASS, SIDIS, 10 GeV?-Q?> 1.4 GeV?
& — E288 and E605, DY, 100 GeV2-Q?> 16 GeV?, 0.36>x;

>0

— e —— — — =

/ C-prescription: (1, ) — (wi, Gu) instead of (ui, Gi) = (1f,Cr) where ;2 dF(x,db;u,Cu) _ 0
"“ Ce : . . . ap
| Allows to minimize the impact of perturbative logarithms in a large

range of scales and does not generate undesired power corrections.

Analysis of vector boson production within TMD factorization (Alexey Vladimirov

et al, Eur. Phys. J. C (2018) 78:89)

—E288: Drell-Yan process, at 4 < Q < 14 GeV.

—CDF/D0: Z-boson production at /s = 1.8, 1.96 TeV.

‘ —ATLAS/CMS/LHCDb: Z-boson production at s = 7, 8, 13 TeV.
K —ATLAS:Vector boson production outside the Z-peak
a3

(46<Q<66and116<Q<150GeV)at/s=8 TeV. arTeMiDe code

— e —_——




TMD evolution:

g ﬂIJ,JT(X!kJZ_;lJO)
L1 10%f o(x.kE:H)
= ,

& Evolution has a significant effect, leading to approximately an order of magnitude of
suppression at small kKT , and a broad tail at larger kT .

& The evolved TMD PDF at smaller x is broader than that at large x( No longer symmetric
in x, No factorized kT dependence).

Experiment?

S 23




Lorentz invariant

Drel I 'Yan PrOCGSS structure functions

?General form of the DY cross secti

d COS . O ‘\ " 1 1
P adQ) Kz{((l + cos20)FL,, + (1 — cos?0)F2,, + sin20 cosdp Feo? + sin26 cos2¢p F unpolarized-unpolarized

+ Sar(sin20 SIH¢F znllfd) + sin¢ sm2¢F Sm2¢) + Sy (sin26 SIH¢F ? 4 sin’¢ s1n2¢F o)
+ 1S, rIlsing (1 + cos?0)Fr, + (1 — cos?0)FZ,, + sin26 cosqu‘}(gd’ + sin%6 0082¢>FC(’82¢)

+ cos¢,(sin26 s1nng§3?]¢ + sin’f Sm2¢Fm2¢)] + [S,7l[sing, (1 + cos?O)Flp + (1 — cos20)F3,;

+ sin26 cosp Fyyp Th? + sin?6 cos2¢p F COSM) + cos¢,(sin26 sing F 7’ SInd+ sin20 sin2p F Smw)]

+ 8.8, (1 + cos20)FL, + (1 — cos20)F2, + sin26 cosp FSo? + sin26 cos2p FO>?)

+ S,1Srllcosd, (1 + cos2O)FL, + (1 — cos20)F2, + sin26 cosp FS%? + sin?6 cos2¢ FS0>?)

+ sing,(sin26 smquSLl;"5 + sin%6 sm2¢FSln2¢)] + IS ,71S, [cosd, (1 + cos?0)FL, + (1 — cos’6)F2,

+ sin26 COSCbF;OLSqﬁ + sin%6 C0$2¢Fcosz¢) + sing ,(sin26 smqﬁF;lz"5 + sin%0 s1n2quSln2¢)]

+ |S,711Sp7l[cos(py + ¢,)(1 + cos?O)Fry + (1 — cos20)Fa, + sin20 cosp Fir? + sin?6 cos2¢p Fp?)
+ cos(¢py — ) (1 + cos?O) Flp + (1 — cos?0)F2, + sin26 cosp Fn? + sin?6 cos2 Fr?)

+ sin(¢p, + ¢p)(sin20 sin Fin? + sin?@ sin2p Fn-?)
+ sin(¢p, — ¢p)(sin20 sin Fn? + sin?0 sin2¢p Fi- ) ).

g is the di-lepton momentum, 6 and ¢
are the angles in the Collins-Soper frame.

lepton plane

U\ Collins-Soper frame

o\; - 24



DreII Yan Process

—— —— N—

// Experiment (E615)

d3o d?o

dz dx ndgr daiﬂde

P(QTa TF, m,u,u)

"Experimental study of muon pairs produced by 252-GeV pions on tungsten",

\ Phys.Rev. D39 (1989) 92-122.

Transverse momentum dependence parameterized by function P(gT;xF m/,t u \/) (DATA!)

q xW—I—xN)

3 \/5

q = 7(% —TN)

Conway, J.S. et al.

i d O
Er (T N,
dwﬂdequ g7 | Py (T TN, qT)
TMD formalism: F}, (21, 20, qr) = Z /d ki d?ky 6P (qp — kil — ko)




Drell-Yan Process

Y

2.0

The fitting function P(qr;xr,nu,)/qr at r = 0.0 (red solid), 0.25 (green
S solid) and 0.5 (blue solid). The Jpand colored bands are our results based on
N b*-prescription, with upper boundary corresponding to go = 0.09 and lower
= boundary for gy = 0.0. The dash4d lines are obtained following (-prescription
N where go is found to be consistent] with zero at NNLL/NNLO.

RN
@)

N -

P(CIT;XF,mpp)/CIT
>

O
o

O
0O
o L] L] L] L]

0.5 1.0 1.5 2.0

€Our results using two evolution schemes generally agree with E615 measurement. In
particular, when g2 goes to zero as suggested by C-prescription at higher order. The
deviation is less than 10%for XF =0 and xF =0.25, and increases to 30% at most for XF =
0.5.

& Our calculation also shows the TMD formalism becomes less valid as XF goes larger,

where TMD formalism is believed to be less valid. Berger- Brodsky effect with pion

distribution amplitude.
26



Flavor Dependence of TMD PDF in Kaon

1.0

&Non-symmetric in x=0.5, skewed with s quark carrying more longitudinal momentum
fraction.

- fu (:E, ki) = fs (1 — X, ki) , not the simple flavor independence in k_\perp.

&The width of transverse momentum increases by about 10%, m_s/m_u masked by DCSB
effect.

S 27



. _________________________________________________
Summary Findings & Conclusion

1. Based on two approaches, the TMDs

QCD's DSE at hadronic scale have the smooth
and unimodal, different from
holographic QCD prediction.

2. Gassuian ansatz serves as an
approximation to TMD in the IR at

Light Front S hadronic scale.

Approach Approach 3. Evolved TMD gets suppressed in
magnitude with a broader tail.

4. Good agreement with E615 data on
the transverse momentum
dependence in the TMD region.

5. Flavor dependence in TMD PDF from

kaon.
Outlook

b*-prescription

C-prescription

1. Boer-Mulders function: careful
treatment on the Wilson line; positivity
TMD (6 GeV) relation to be satisfied.

2. Nucleon: DSEs ready; LFWF
projections ready; formulation and
computation!
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