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Transverse Momentum Distributions
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Factorization
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SIDIS
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SIDIS

Semi-Inclusive Deep Inelastic Scattering
(1) + N(p) = L")+ h(P,) + X

¢ W term dominates in the region where P, < O
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SIDIS

Semi-Inclusive Deep Inelastic Scattering
(1) + N(p) = L")+ h(P,) + X
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Behavior at large b

do d*b . _
x [ 2 i, b) (e, b)

qu 47
1 - Integration up to infinity
when bT becomes large 5T
as(,ub)=a< 7 ) > 1
1 i invalidates perturbative
aS(Qz) > calculations
BVJ

necessary to introduce a
prescription




b* prescription
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b* prescription
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IMD PDFs

unpolarized Transverse Momentum Dependent Parton Distribution Functions
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IMD PDFs

unpolarized Transverse Momentum Dependent Parton Distribution Functions

r———————-— collinear PDFs
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IMD PDFs

unpolarized Transverse Momentum Dependent Parton Distribution Functions

matching to the
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IMD PDFs

unpolarized Transverse Momentum Dependent Parton Distribution Functions

matching to the
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IMD PDFs

unpolarized Transverse Momentum Dependent Parton Distribution Functions

matching to the

. . collinear PDFs
collinear region I l
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Logarithmic accuracy
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Logarithmic accuracy

do d*b

(dq—T) X H(Q? :U’) Eeib.qTxlf{](xla b7 L, <1)$2flq($27 b7 L CQ)

f{l(xa b;:uv C) — Z (Cq/j ) fj) (ZB, b*;,ub)

J

perturbatlve expansion

‘ in O((pt)

) ] _
<o (i)~ + [ L G - Blastilhn < ||
Co 1o A K
X fNP (ZE‘, b; C)
Accuracy | H and C' | K and v¢ | 7k | PDF and a; evolution
LL 0 - 1 -
NLL 0 1 2 LO
NLL’ 1 1 2 NLO
NNLL 1 2 3 NLO
NNLL’ 2 2 3 NNLO
N3LL 2 3 4 NNLO

4




Perturbative
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https://indico.cern.ch/event/849342/

Recent TMD fits of unpolarized data

Framework | HERMES | COMPASS DY oo dfction N of points | X2/Npoints
argﬁfi%g%z 57 NLL v v v v 8059 1.55
arxﬁﬁgg 473 NNLL’ X X v v 309 1.23
arx?/:81\sg022933474 NNLL’ X X v 4 457 1.17
arXi\§:\1/9212.10%532 NNLL’ v v v v 1039 1.06
ar;a\gigé%gso NSLL X X v v 353 1.02
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http://arxiv.org/abs/arXiv:1703.10157

N3LL Drell-Yan fit

A. Bacchetta, V. Bertone, C. Bissolotti, 6. Bozzi, F. Delcarro, F. Piacenza, M. Radicl
JHEP 07 (2020) 117 e-Print: 1912.07550

NO normalization
coefficients

D

oz =0.1
o x=0.3

Q = 10 GeV

= 0.001 _
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https://arxiv.org/abs/1912.07550

New extraction of unpolarized quark TMDs
in preeparalion

& GLOBAL ANALYSIS of Drell-Yan and Semi-Inclusive DIS data sets
L—————————————————-P 2031 data points

& Perturbative accuracy: N3LL-

& Normalization of SIDIS multiplicities beyond NLL

& Extremely good description: % /Nd t ~ 1
dld

19




Global analysis of DY and SIDIS data sets

Cuts on kinematics _

(Q) > 1.3 GeV 104;—
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Total number of points = 2031
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Perturbative accuracy: N°LL"

Orders in powers of X

Hard factor and Ingredients in perturbative
matching coefficient Sudakov form factor
\ VRN
Accuracy Hand C Kand yr YK PDF and as evol.
LL 0 - 1 -
NLL 0 1 2 LO
NLL 1 1 2 NLO
NNLL 1 2 3 NLO
NNLL 2 2 3 NNLO
NSLL 2 3 4 NLO (FF only)
N3LL 2 3 4 NNLO
N3LL 3 3 4 N3LO
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Extraction of unpolarized quark TMDs

What's new?

& Normalization of SIDIS multiplicities beyond NLL WHY?

ee




Normalization of SIDIS multiplicities

High-Energy Drell-Yan beyond NLL

QQ ~ 100 GeV
T T T 1 T T T [ T T T T T T T [ T T T
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_ [ ]
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é 0.05 |- T
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= t
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NNLL
NNLL' -
N3LL

Data

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro,

Piacenza, Radici, arXiv:1912.07550
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http://arxiv.org/abs/arXiv:1912.07550

Normalization of SIDIS multiplicities
SIDIS muttiplicities beyond NLL High-Energy Drell-Yan beyond NLL

Q) ~ 2 GeV Q ~ 100 GeV

NLL" _

L L |

HERMES 006 0 ATLAS 8 TeV, 1.6 < |y| <2 W
v : W NNLL
% mm—— NP predictions N3LL T~ A; | ;7
[ data % O 05 B NNLL _'
: — 5 :
1 —t- 9 4 mm N3LL -
= { Data
b g O 04 [ N I —
- a TS ]
A S \— % - | b ]
— —

description considerably worsens at higher orders
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Source of W term suppression

Hard factor
s

47

Hop' o (Q, Q) = €26ab (1 |

7.‘.2

Cr (- 164

3

)
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Source of W term suppression

Hard factor

2
(0.0 = o122 (102 D))

3

¢ introducing O(«,) terms
l reduces the structure function to
about 607 of its original value.




Source of W term suppression

Hard factor

¢ introducing O(,) terms

L —

reduces the structure function to
about 607 of its original value.

Full Hard Factor Hard Factor = 1
; NP predictions N3LL
I =
N - 4+ 3 N ==
= > _+ = =
= T : =
__:__ R .

COMPASS multiplicity

NP predictions N3LL

4




Normalization of SIDIS multiplicities

Introduction of a normalization prefactor

(at low P, )

/ W do"
'Y 2
O(as) dxd()*dz

Integral of the TMD formula

we would expect

O(ag)

collinear cross section

g5




Normalization of SIDIS multiplicities

Introduction of a normalization prefactor

[w

Integral of the TMD formula

O(ag)

(at low P, )
do"

™~ dzdQ2dz

we would expect

BUT

O(ag)

collinear cross section
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Normalization of SIDIS multiplicities

Introduction of a normalization prefactor

[w

Integral of the TMD formula

O(ag)

(at low P, )
do"

™~ dzdQ2dz

we would expect

BUT

this is not the case In the experimental
regions under consideration

O(ag)

collinear cross section

g5




Normalization of SIDIS multiplicities

Introduction of a normalization prefactor

(at low P, )

do"
/ 4 < dxdQ?dz O(as)

O(ag)

: : _ 0.8 1«
Integral of the TMD formula collinear cross section | (0)=3Gev ¥
050 — Fix order |
— Resum
0.4} ¢ Data -

3|g 03




Normalization of SIDIS multiplicities

Introduction of a normalization prefactor

do”

dxd()?dz O(as)

[w

 dxdQ?dz |nonmix.
PREFACTOR(z, 2, () = [ Wd2qr ¢ Independent of the fitting

parameters

—00222 5ff"|'5fg) {[Dh/f ®Cff®ff/N}(m’Z’Q)}

2

1 nonmix.

2
aS h / / N
3 Gy + 8) S (DI 0 Ol 1) (0,2,

¢ Depends on the collinear PDFs

do"

computed a priori, before the fit
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Non-perturbative part of TMDs

IMD PDF
1 1 k4
f1NP(CE, b%) x F.T. of (6 gla 4 )\Bki@ glB | )\C’e 91(1)

TMD FF |
Py pJQ_
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Non-perturbative part of TMDs

IMD PDF

k2 k2 (1 —x)* x°
finpe (@ bT x F.T. of 714 —|— )\Bk’J_e ng + )\Ce 910 g1(x) = N (1 — ) 3o

p2 i 2P 4+ 0)(1 — 2)7
DlNP(CIZ‘ bT) x F.T. of —|— )\FBkie QBJJ_B) 93(2) _N3 E25+5;E1_Z;y
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Non-perturbative part of TMDs

IMD PDF

k2 (1 —x)* x°
finpe(z, bT x F.T. of glA + )\Bkle I15 + )\Ce 910 q1(r) =N (1— 7)o 20

Gaussians —%mghted Gaussians
IMD FF B4 8L
P2 2P + — 2
] G TNy
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Non-perturbative part of TMDs

TMD PDF NN (1-a)
k] al K — ) 2°
lep(iE‘, b?p) x F.T. of —|— )\Bkie g1B || )\Ce glLC> gl(ZE) — Nl (1 - @)a 50

Gaussians —%aghted Gaussians
IMD FF B4 8L
Pl 2P + — 2
e ] e RN BT
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Non-perturbative part of TMDs

fue (2,br) o< F.T. of + ApkieTor +> 91(@) =N T

Gaussians —%%eighted Gaussians
IMD FF
P2

NP evolution 2 11 parameters for TMD PDF
2 U + 1 for NP evolution + 9 for TMD FF
= 21 free parameters




Fit results at N3LL : comparison with data
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SIDIS cut for data selection

COMPASS multiplicities
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escription

ATLAS at 7 TeV, 66 GeV < Q < 116 GeV, 0 < |y| < 1
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DY description

ATLAS at 7 TeV, 66 GeV < Q < 116 GeV, 0 < |y| < 1
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Possible justifications:

¢ small experimental uncertainties
¢ approximation of lepton cuts

¢ effects of the matching between
perturbative and non-perturbative

physics

ATLAS at 8 TeV, 66 GeV < Q < 116 GeV,0 < |y| < 04
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Fit
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Conclusions
MAP22 GLOBAL FIT - A new extraction of quark TMDs iz aresaration

¢ Global analysis of Drell-Yan and Semi-Inclusive DIS data sets

3 2031 data points
& Perturbative accuracy: N LL

¢ Normalization of SIDIS multiplicities beyond NLL

& Number of parameters: 21

2

& Extremely good description: % /Ndata ~ 1
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Drell-Yan

N(P4) + N(Pg) = ~*/Z = 111~

F&U(ajAa XB, qurv QQ)

= ZH ! /dQlﬂA d°k | p|f{

+ YUU (Q2, qT) + 0(M2/Q2)

for qT < Q

IMD factorization
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Drell-Yan tor g7 < O

N(P4) + N(Pg) = ~*/Z — 111~

W term

F&'U(QZAa LB, qura QQ)
— ZH%JQU(QQv u) /dQlﬂA A’k f{ (5'3Aa kiA? Mz) f1 (va kiB? NQ) 5% (kJ_A —qr + kJ_B)

+ Y, (Q%, q5)|+ O(M?/Q?)

Y term

IMD factorization
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Drell-Yan or 47 < Q
N(Ea)+ N(Pp) > 7"/Z = 170 TMD factorization

W term

F&'U(ajAaajBaq?FvQQ)
- ZH S H /koJ_A Pk p f{ (w4, K14 10°) [T (25, kT 53 0%) 0P (kia — g7 +Kip)

+ YUU (Q% q7)|+ O(M?/Q7)

¢ W term dominates in the region where qr «Q

Y term
S7




Drell-Yan or 47 < Q
N(Ea)+ N(Pp) > 7"/Z = 170 TMD factorization

W term

F&U(QZA,.Q?B,(]?F,QQ)
- ZH S H /koJ_A Pk p f{ (w4, K14 10°) [T (25, kT 53 0%) 0P (kia — g7 +Kip)

+ YUU (Q27 QT) T O(Mz/Qz)

¢ W term dominates in the region where qr «Q

Y term € Yterm notincluded in the Pavia analyses P




PVl7
GLOBAL FIT

cuts

Q> > 1.4 GeV?
0.2 < 2<0.7
Pyr,qr < Min[0.2 @,0.7 Qz] + 0.5 GeV

COMPASS
HERMES

E288

E288

E288

E605

Tevatron (Z prod.)
LHC (Z prod.)

1074

L] |
1073

03
10
X

Total number of points:

8059
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PV17 non perturbative functions

K2

N
€& Yla

1 (1+Ak?)

a (x. k%) =
leP( J_) T 14 + )\g%a

p2

D%I?Ph(zv Pi) —

T g3qa—h T ()\F/ZQ)gZa—)h 2

X-dependence

11 free parameters

2 P2
1 1 (6 gSaJ—_>h —|— )\Fi 6_ 94aJ—_>h>

non-perturbative Sudakov factor

g (br) = —gab7t/2
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PV19 non perturbative function

pr(ZIf,b, C) —

X-tependence
— Nl

g1 (QZ’) — E EXP _
NiB

91,3(513) — CXP
IO B

9 parameters
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data / predictions

Normalization of SIDIS multiplicities

4

" COMPASS multiplicities ;e

3.5 ® ratio N3LL
3.0

2.5

o ® @ O

2.0 o ¢ ® O ® o . |

1.5 o o ° ® 0 ° ¢ ¢ ° ¢ ® O

1.0 ® o © o o @ ® ® ° ® o °

0.5

0.0

0.2 0.3 0.4 0.5 0.6 0.7 0.8
szﬁ J.0. Gonzalez-Hernandez, PoS DIS2019 (2019) 176

The discrepancy amounts to an almost constant factor

“




Fit results: correlation matrix

: I1
! 4 0.5

290 Montecarlo replicas

Correlation matrix

¢ 21 parameters

¢ ideal situation: red diagonal, gray off-diagonal

4




Experimental uncertainties

(1) _

1,COTT —

(K)

1,COIT

- - O

m; Ui,unc o N
additive

correlated
multiplicative

central value
.

=) (mi—t) Vit (my —t;)

2,7=1 L
predictions

()  _ () |
covariance matrix O corr = 04 corr i
S N ) ()
2 OO z z
V;j — 5 5ij T (Z 5i,add5j,add T Z 5i,mult5j,mult> s
=1 =1
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Experimental uncertainties

4 () 4 (k)
Mi T 04 unc O-z',corr — C Ji,corr
correlated
additive multiplicative

=) (mi—t) Vit (my —t)

1,j=1 L
L predictions

D"Agostini bias

covariance matrix

Ka
E(
Vij = 5705 + (Z 5§,;dd5;,;dd

[=1

ko,

[ [
S (sg,m;m) —
=1




Experimental uncertainties

4 () 4 (k)
Mi T 04 unc O-z',corr — C Uz’,corr
correlated
additive multiplicative

n

=) (mi—t) Vit (my —t)

predictions
[p prescription
covariance matrix l

1, mult™” 7, mult ™

Ka km
Vtij — 8?5@']' -+ Z 5§f;dd5§f;ddmimj -+ Z 5(l) 5(l) t(.O)tg.O)
[=1 =1
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Chisquare

k 8X2
d’L — Z AOéO-Z(,aCZ)rr 6’)\@ =0
a=1
j

shifted prediction

m._z. 2 k
() 1 )\2
(") T2

penalty term

nuisance
parameters
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Outlook

& What happens to TMDs
once we include EIG data?

10° | | | |
10 | //
N> 10° ¢
) - —— E605
| — K772
.Q_D. | —— K288
Q) F —— PHENIX
f —— CDF
[ —— DO
- —— LHCDb
1 | —— CMS
10 e —— ATLAS
- —— HERMES
- —— COMPAS
- —— EIC
107° 10~4 1077 102 10~

10°

Electron-lon Collider
to be built at Brookhaven National Lab
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A few tools to estimate EIC impact

x=0.001, Q=1 GeV

¢ sensitivity coefficients

Vs = 28 GeV
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Impact studies starting point

PV17 TMDs

predictions using global fit
of Pavia 2017

EIC pseudodata

we took the average kinematic variables of each point
and the relative uncertainty on the observable

|

Fyur(z, z,qr; Q)

Bacchetta, Delcarro, Pisano, Radici, Signori
arXiv:1703.10157

49



https://arxiv.org/abs/1703.10157

EIC impact studies

SENSITIVITY COEFFICIENTS

FUU,T(xa <y 4T, QZ)

S

experimental uncertainty

(from pseudodata)

Observable

_ Uistribution

- |

- TMD parameters
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EIC impact studies

SENSITIVITY COEFFICIENTS

V3 = 140 GeV
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EIC impact studies

SENSITIVITY COEFFICIENTS

S[f;, O] = (O-fi) —=(O) {[i)

EAOAf;
" g m N (mid x TMD PDF width) sensitivity coefficient (weighted average over (), z, Pr)
o 3
o 859 o (low x TMD PDF width) 21
.~ — g2 (nonperturbative evolution) ; o I
TS mNY (mid z TMD FF width) 2]
QL b% B \r (TMD FF nongaussianity) 3 l_f u PSS S U S R S |
1_
~ — 3 R P — S JE SR I — e W e = N |
Vs = 28,44,63,84,140 GeV %
1_
1_
0| 5 DR SRS ST S SR SEAS CEEN CHEE TR CHAe SR
11 u |
2 b -
1_

I i IL IL 1 .
R Y| T YL T

N B
Yol IL Il Baln 10g10(=’17)
-

| | | | | | | | | | | | | | | | |

|
—3.8-3.6-34-32 -3 —28-26-24-22 -2 —-18-16-14-12 -1 —-0.8-0.6-0.4 —0.2

52




TMD distribution

EIC impact studies R
REWEIGHING <
from NNPDF Collaboration g
arXiv:1108.1758 £
1 9 Sl e _
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55



https://arxiv.org/abs/1108.1758

