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Perturbative VS Non perturbative QCD
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* Two distinct energy scales: the hadronic scale (order Aqco) and
the hard scale Q of the process.
* For several processes, factorization has been proven.
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The hadron structure in high energy processes: examples

/
Proton-proton pp collision
nucleus

&
Lepton-proton scattering
nucleus
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NONPERTURBATIVE
PHYSICS:
CORRELATION FUNCTIONS



Quantum field theory language

QCD paradigm: quarks and gluons are confined inside
hadrons (no free-fields)

Zu k) = ®;;(k; P)

-3 [ Grpany FIBO1X) XIGO P16+ P~ Py

Ko dil Jik€ o
- / So7e™E (P, 0)34(6) P)
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Transverse momentum dependent (light-front)
correlation function for quarks

dé - P& .
(27)3

(I)[U](ZE ki B, Sh= /

(P, S|9;(0)Up,e¢:(8) | P, 5>‘

£E-n=0

Nonlocal operator: color-gauge invariance? 'k

Wilson lines: connect the
two space-time points and Type of path in high energy processes:
restore gauge invariance staple-like

:
U(0,5)=0 eXp(—igfds“AM) (future- or past-pointing)
: E
S T

1 ;‘ Process dependence! 1
(O > E.P

) 0
[Brodsky, Hwang,Schmidt, 2002; 0 E.P
Belitsky, Ji, Yuan, 2003; Boer, Mulders,Pijiman, 2003]
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Process dependence of the TMDs

The path connecting the end points depends on the color flow
process dependence

Famous sign-change of the Sivers and the Boer-Mulders functions

(@, k2) = — i (2, K2) (2, k2) = bl (2, K2)

SIDIS Drell-Yan SIDIS Drell-Yan

[Collins, 2002]

Universality of PDFs

Gauge link reduces to a /dkT
line:

PDFs are universal!
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Transverse momentum dependent (light-front)
correlation function for gluons

) e (k)ek (k) = T (k;n, P)

A 2 d4€ eik-f N nv
= [ e PIF™@F™ () |P)

T 0V (g kg, P, S) = / B¢ (PS| P (0)Un g™ (€Ul 1P, S)

&E-n=0

Gauge invariant thanks to the Wilson lines (not unique)
Parametrized in terms of gluon TMDs
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Transverse momentum dependent (light-front)
correlation function for gluons

= Leading twist
A contribution: M and V
transverse
- Gauge link structures:
0 £.P . :
staple-like

—
P
k’

[Dominguez,Marquet, Xiao,Yuan,2011]

df - Pd*¢r
(2m)°

MOYY (2, kp;n, P, S) = / (P, S| F™(0)Up g F™ (6)Ufe gy 1P, S))

&E-n=0

Process dependence!

process dependence, non universality and more:
[Boer, Mulders,Pijiman, 2003;Bomhof, Mulders, Pijlman, 2006]
[Bomhof, Mulders, 2006,Buffing, Mukherjee, Mulders,2012]
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| e

Relevant regions for gluon distributions

H1 and ZEUS HERA I+1I PDF Fit

Q* =10 GeV*?

—— HERAPDF1L5 NNLO (prel.)

B exp. uncert.

model uncert.
I parametrization uncert.

v HERAPDF1.0 NNLO(prel.)

March 2011

HERAPDF Structure Function Working Group

GLUON PDFs

% Large-x: suppressed
%k Small-x: dominant
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TARGET SPIN




Polarized Hadrons

Parent hadron momentumP ;
Parton momentum k* = x P* + k. + (k- P — cM*)nt ;
* 1, light-like vector satisfying P - n =1 ;

Vector polarization:

Construction of the space-like spin vector satisfying P - S = 0;

PH
s 57 | S%—MSLTL“

/ M
“Light-cone helicity”
(IMF  helicity of the particle)

Simple interpretation in light-front formalism.
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Tensor polarization (relevant for spin-1 and higher)

- Construction of the symmetric traceless spin tensor satisfying P.T"" =0;

2 4 pupv  Gtp
Hv | | LV
gSLL gT _I_ gSLL M2 I M | STT
4 2 1%
§M SLL ntn

PR
M2

4
~ 5, Pn) - MSU)

- Five more spin components (representing combinations of probability of
finding the system in a certain spin state—less simple to visualize)

[Bacchetta,PhD Thesis,2002]
[Leader, “Spin in Particle Physics”, 2001]
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Gluon TMDs in spin-1/2 target

GLUON POLARIZATION
Unpolarized Circular Linear Spin 0 and 1/2

@ [Mulders,Rodrigues,2001]

[Meissner, Metz and Goeke,

TARGET SPIN

fir

* The functions have dependence:

ICRICN Y

e Bold face: collinear PDFs

e Red Boxes: T-odd

* The gluon Boer-Mulders is T-even

e There is no gluon analogue of the transversity PDF
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Gluon TMDs in spin-1/2 target

GLUON POLARIZATION
Unpolarized Circular Linear Spin 0 and 1/2

@ [Mulders,Rodrigues,2001]
[Meissner, Metz and Goeke,

2007

TARGET SPIN

fir

g7 J1
. 11 1Jta
: 165 K
f[U’U ](xa k%) LL : T](\XIQT Sth_L
* Bold face: collinear PDFs ij k-St

gr¢€ 1
* Red Boxes: T-odd TU ) M flT

* The functions have dependence:

7;6?22 kT ¥ ST
: giT
M
e There is no gluon analogue of the transversity PDF
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Gluon TMDs in spin-1 target

GLUON POLARIZATION

Unpolarized Circular Linear
U o> hi
= L hllL
(a8
& 1T e GIT bl
Ll
T i
LT LT giLT hirr, higr
JE92 JiTT NTT (::)h% Tt i
S LLU : gpSrrjinL
S{Z kJ} k’ijOé
LTL: =L prr+ L _Sirohize
Two additional collinear functions M M? :

CIN Ratte’
.. € k STT
. . T~™T af
Spin | TTC : ie? ——— NTT
[Jaffe & Manohar, 1989] M

[Boer,C,vanDaal,Mulders,Signori,Zhou,201 6]

etc...
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Gluon PDFs in spin-1 target

GLUON POLARIZATION

Unpolarized Circular Linear

@

ik

LL @

LT
[Jaffee,Manohar, 1989]
1T hiTT (513 ) [Artru,Mekhfi,1990]

TARGET SPIN

Volume 223, number 2 PHYSICSLETTERS B 8 June 1989

NUCLEAR GLUONOMETRY *

R.L. JAFFE and Aneesh MANOHAR

Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

Received 24 March 1989
We identify a new leading twist structure function in QCD which can be measured in deep elastic scattering from polarized

targets (such as nuclei) with spin = 1. The structure function measures a gluon distribution in the target and vanishes for a bound
state of protons and neutrons, thereby providing a clear signature for exotic gluonic components in the target.

i =
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A(CL’) Double helicity flip structure function

I Probability to find linearly polarized gluons
h1irT (:1;‘) inside a transversely tensor polarized target
(misleadingly called “gluon transversity”)

[Detmold,Shanahan,201 6]

| attice calculations [INPLQCD collaboration,2017]

thT (:1:‘) Clear signal of a non-vanishing first Mellin moment

flLL (az‘) With the current precision not resolvable from zero
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POSITIVITY
BOUNDS



Matrix representation of the correlator

1 2l Tl
p=3 (1+ 357 + 3z ).

Single out hadron spin:

I — Z pSS/Gi‘L

Gamma: matrix in the gluon polarization space
G: matrix in gluon®& target spin space

1
Circular polarization bases |+) = ?E(IJ/’) + ily));

G

Quarks: ng e
lav o2

[Bacchetta,Boglione,Henneman,
Mulders ,2000]

'Bacchetta, Mulders2001]
Gluons:

'Mulders,Rodrigues,2001]
[Meissner, Metz and Goeke,2007]
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Positivity bounds on gluon TMDs

6x6 matrix in gluon ® target spin space

, . @ - Explicit form

in

BB = [l e e i

SS

1709.07827

% 5 i

| 1TT 9

‘hlL 1LL| e Bounds can be sharpened!

2

.. 6 more inequalities from the remaining 2x2 principal minors

(h{ + 4hirr) < (f1 — fior) <f1 | JiLL | 91>
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Bounds on the gluon PDFs in spin-| targets

Only few gluon functions survive upon integration over transverse momenta:

Bounds come from . !
the diagonalization Lattice calculations on

of the full Matrix ~ peesrmsmememmsesmmsmsmmsesmmacmsmet  the first moment of

this bound
[Detmold,Shanahan,2016]
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REMARKS ON
POSITIVITY BOUNDS



* Model-independent inequalities;

 Rigorous test of QCD;

e Allow for an estimate of the magnitude of
the functions.

Process dependence:
The matrix G is positive semidefinite only for operators in

the form OT(0)O(E). The simplest gauge link structures for
which this holds are [+,*], [-,—], [+,—],and [—,*] ;

QCD evolution effects:

Multi-scale evolution: no studies have been performed on the
(in)stability of the TMD bounds after evolution.

Collinear bounds are stable under DGLAP equations

Sabrina Cotogno
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EXPERIMENTAL
RELEVANCE



Experimental relevance at present facilities:

Spin-| program at JLab:
*  Proposals on tensor polarized experiments using nitrogen targets:

extraction of the gluon structure function A (encouraged for full
submission at |Lab by PAC 44)

In the future...

Possibilities at LHC:
- COMPASS and AFTER@LHC (it allows, ' @
in principle, for polarized targets) / =

T —

Electron lon Collider EIC
Would allow to thoroughly study many gluon observables.
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CONCLUSIONS



Conclusions

Gluon TMDs are fundamental tools to understand hadron internal structure
(3D distribution of momentum);

Their knowledge would reveal a lot about the internal dynamics of gluons in
hadrons, which is at present almost unknown;

TMDs allows one to study fundamental problems such as gauge invariance and
process dependence.

Gluon distributions (PDFs and TMDs) are dominant is in the small-x limit: it is
important that future facilities access this kinematical region.

When hadron polarization is included, the additional degrees of freedom could
open up a wide range of new phenomena (signs of different types of parton-
hadron correlations);

Positivity bounds can be used as model-independent tools to estimate
magnitude of mainly unknown functions.

“Exotic” or non-nucleonic gluonic effects within nuclei would also allow to
study more thoroughly the binding between the constituents;

Thank you!
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BACK UP SLIDES
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Unpolarized Longitudinal Transverse

f1

Functions depend on:

fUY (z, k%)

fir

\LL h
U / b LL Bold-face:
firr /hlLTa hlLT Collinear

firT / hirr, hipr Red Box:
T-odd

Spin-orbit correlations:  Sivers function  Boer-Mulders function

Q)\(PXkT) 5-(P><kT)

® hur is T-odd and survives kr-integration
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Parametrization of the gluon correlator:

X

U
2{ - 10 )
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Density matrix

8=

(1 + =8'%! + 3T'Lﬂzw)

1
3

s | e 1 Spre—iSLT STa—iST 1 .
) =+ 3 +3 2\/3 IL"' 2\/3 i ?(S‘I‘wa_ZSTTwy)
SLTm+iSLTy & STm—F‘iSTy_ s 5 28 LL =SLT:L'+7:SLTy < STm—iSTy
2v/2 2v/2 3 3 2v/2 2v/2

s ; —SLTa _I:SLTE STz +z§Ty_ e SLL 1
2(STT33:13 + ZSTTw'y) 2v/2 -+ 22 3 + - ol 3

Sabrina Cotogno Ghent, 5-9 February 2018



Positivity bounds: construction of the matrix

At At

) BJr € C is the transformed of A under Parity

g . X —2'L¢ 2
f1—|—f1%—g1 e\@;Mk (firr+ifir—g1r—igiLr+hirT) T2 (firr+igirT—hiTr) \

i} . .
351\12 (fir—ifiz—gir+igiLTr+hiLT) h-hee \/—M  (fror—ifir+oir—igiLT+hi

21¢ 2 ,L¢
Mk (irr—ig1rT—hizry) - k (flLT+¢f1T+91T+291LT+h1LT) f1—|—fl%+gl /

o216 12

i S Cee e oy all el e oty I8
AN 2 (2h1 +hlLL 2ihy7) /2 M3 (hiprtihir) By vl
_2i¢k2 3iq§k3

el - & i b e 5 s nilE
=3 \/§M _Zhl) T 9M2 (h'l _hlLL) - 2v2M3 (hlLT_Zth)
—2i¢ ;.2

—iP L : e 3
—2h1TT e\/§M N2 ( hJ_+h1LL+2th_L))

Sabrina Cotogno Ghent, 5-9 February 2018




