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STANDARD PARTON DISTRIBUTION FUNCTIONS
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L o L % 04l 33 NNPDF30 NRLO Standard collinear PDFs
3 : describe the distribution
of partons in one
dimension In
momentum space.
They are extracted
through global fits

Accardi et al., arXiv:1603.08906


http://arxiv.org/abs/arXiv:1603.08906
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UNPOLARIZED PDF MOMENTS AND LATTICE QCD

Unpolarized moments

Wyr-ar lattice QCD —— W
global fit (PDFALHC) ---e--
global fit (uw avg) » -~
Xyrm, - : Xyt =,
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PDFLattice White Paper, arXiv:1711.07916

Fair agreement, but not perfect



FULL UNPOLARIZED PDF AND LATTICE QCD

Alexandrou, Cichy, Constantinou, Hadjiyiannakou, Jansen, Scapellato, Steffens, arXiv:1902.00587
see previous talk by Martha
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Transverse-Momentum Distributions

f(a??kT)
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TRANSVERSE MOMENTUM DISTRIBUTIONS

TMDs describe the distribution of partons in three dimensions in

momentum space. They also have to be extracted through global
fits.
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TRANSVERSE MOMENTUM DISTRIBUTIONS

TMDs describe the distribution of partons in three dimensions in

momentum space. They also have to be extracted through global
fits.
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How “wide” Is the distribution?
|s there a difference hetween flavors?

Does it get wider at low x?
momentum



PREDICTIONS THAT REQUIRE TMDS

from A. Apyan’s talk at LHC EW Precision sub-group workshop
https://indico.cern.ch/event/801961/
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PREDICTIONS THAT REQUIRE TMDS

from A. Apyan’s talk at LHC EW Precision sub-group workshop
https://indico.cern.ch/event/801961/

N 1.2
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1.05f ResBos2
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There is an entire industry of tools that make predictions for
observables that involve TMDs. Most of them neglect important

effects (especially at low pr) coming from nonperturbative TMD
components.
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Wigner distributions

p(CIZ‘, kJ_? bJ-)
5 dimensional

Longitudinal momentum

Flon
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Wigner distributions
(Fourier transform of
GTMDs = Generalized
Transverse Momentum
Distributions)

Fourier transform
of GPDs

TMDs

Fourier transform
of Form Factors

PDFs

see, e.q., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 11



TMD TABLE

quark pol.
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'é Ul f hi
é L giL hit
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Twist-2 TMDs

TMDs in black survive integration over transverse momentum

TMDs in red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)
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TMD TABLE

helicity

\\ quark pol.
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nucleon pol.
—

Twist-2 TMDs

TMDs in black survive integration over transverse momentum

TMDs in red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)
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TMD TABLE
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TMD TABLE

helicity

\\ quark pol.
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worm-gear

TMDs in black survive integration over transverse momentum

TMDs in red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)
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TMD TABLE

helicity

\\ quark pol.

U\\ L T
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transversity

worm-gear

TMDs in black survive integration over transverse momentum

TMDs in red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
Boer-Mulders, PRD 57 (98)

On top of these, there are twist-3 functions "



TMD TABLE

helicity

'. ' \\ quark pol.
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TMDs in black survive integration over transverse momentum

TMDs in red are time-reversal odd Mulders-Tangerman, NPB 461 (96)
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On top of these, there are twist-3 functions "



UNPOLARISED
QUARK TMD




FACTORIZATION AND UNIVERSALITY

semi-inclusive DIS
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FACTORIZATION AND UNIVERSALITY

proton antilepton

semi-inclusive DIS Drell-Yan
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FACTORIZATION AND UNIVERSALITY

oroton antilepton

semi-inclusive DIS Drell-Yan

electron [/, pion

e

positron pion

e—e+ to pions
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electron
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FACTORIZATION AND UNIVERSALITY

proton [on

semi-imelysive DIS
electron pion

\

—

positron pion

e—e+ to pions

antilepton

Jrell-Yan

TMD factorization well understood

see, e.q., Ji, Ma, Yuan, PRD 71 (05)

Collins, “Foundations of Perturbative QCD” (11)
Rogers, Aybat, PRD 83 (11)

Echevarria, Idilbi, Scimemi JHEP 1207 (12)
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FACTORIZATION AND UNIVERSALITY

antilepton

[!rell Yan

6
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L]
.....
........
-------------------

semi- m‘cluswe DIS

L 4

electron [/, pion

—

positron pion

e—e+ to pions
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FACTORIZATION AND UNIVERSALITY

electron
— TMD universality is not trivial
—
positron see, e.qg., Collins, PLB 536 (02)
) Collins, Metz, PRL 93 (04)
e—et+to pIOI'IS Buffing, Mukherjee, Mulders, PRD 86 (12)
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FACTORIZATION AND UNIVERSALITY

antilepton

[!rell Yan
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FACTORIZATION AND UNIVERSALITY

proton ' .................

semi- m‘cluswe DIS

L 4

6
]
L]
.....
........
-------------------

electron [/, pion

—

positron pion proton

e—e+ to pions : 0-n to pions AN

proton pion

pion
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FACTORIZATION AND UNIVERSALITY

......

electron

\ * o

IIIII

pion

/ ......

positron plon oroton | N

e-e* to pions ' 1-p to pions

. pion
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FACTORIZATION AND UNIVERSALITY

electron

\

—

positron pion oroton S %, pion

e-e* to pions p-p to pions
see, e.q., Rogers, Mulders, PRD81 (10) Buffing, Kang, Lee, Liu, arXiv:1812.07549 164


http://arxiv.org/abs/arXiv:1812.07549

FACTORIZATION AND UNIVERSALITY

S IMD factorization breaks in pp to hadrons }tilepton
|s the breaking large?

electron

\

pion

—

positron pion oroton S %, pion

e-e* to pions p-p to pions
see, e.q., Rogers, Mulders, PRD81 (10) Buffing, Kang, Lee, Liu, arXiv:1812.07549 164


http://arxiv.org/abs/arXiv:1812.07549

TMDS IN DRELL-YAN PROCESSES

.............................................. qT

nucleon

antiquark

Ky

nucleon
P,

F(%'U(QJ'A,ZEB,(]%,Q2)
— ZH Q2 2 /dszA d2kJ_B J1 ($A> kzuﬁ MZ) ff_L (CUBa kiB3 ,LL2) 5 (kJ_A —qr + kLB)

JrYUU(Q2 7)+0(M?/Q%)
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TMDS IN DRELL-YAN PROCESSES

.............................................. qT

nucleon ¥ quarck V—Ly—~
kB
antiquark
TMD Parton k k "
Distribution Functions A

F&U(xAvajBaq%aQ2)

nucleon
P,

— ZH Q2 2 /d2kLA d2kJ_B J1 ($A> kim MZ) ff_L (CUBa kiB? H2) 5 (kJ_A —qr + kJ_B)

JrYUU(Q2 7)+0(M?/Q%)
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TMDS IN DRELL-YAN PROCESSES

.............................................. qT

nucleon
kB .......................................
antiquark

TMD Parton k k
Distribution Functions A A nucleon
PA
W term
1 2 2
Fou(za,zB,q7,Q7) A

ZH Q2 2 /dsz_A dsz_B /1 ($A> ki/ﬁ M2) ff_L («’EBa kiB? ,UQ) 52 (kLA —qr + kLB)

JrYUU(Q2 7)+0(M?/Q%)
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TMDS IN DRELL-YAN PROCESSES

.............................................. qT
nucleon
kB .......................................
antiquark

TI.\/ID. Par_‘ton | kJ_ A k 9
Distribution Functions ~ N\_ = | nucleon

PA

W term
F&U(xA7xBaq%7Q2) /\

ZH%JGU(QQa NQ) /dsz_A dsz_B J1 (33A7 kim qu) f1d (va kiB? ,UQ) 52 (kLA —qr + kJ_B)

+ Y (Q% %) + O(M?/Q?)

The W term, dominates at low transverse momentum (gr «Q)
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TMDS IN DRELL-YAN PROCESSES

.............................................. qT
nucleon
kB .......................................
antiquark

TI.\/ID. Par_‘ton | kJ_ A k 9
Distribution Functions ~ N\_ = | nucleon

PA

W term
F&U(xfbe)q%?QZ) /\

ZH%JGU(QQa NQ) /dsz_A dsz_B J1 (33A7 kiA; qu) f1a (va kiB? ,UQ) 52 (kLA —qr + kJ_B)

+ Y (Q% %) + O(M?/Q?)

The W term, dominates at low transverse momentum (gr «Q)

As grapproaches Q, the Y term is needed to agree with perturbative
calculations done in collinear factorization

17



TMDS IN DRELL-YAN PROCESSES

photon
P B
.............................................. qT
HUCIeOH .......................................
/ antiquark
TMD Parton k k
e . LA A 1
Distribution Functions "\ 7| nucleon

Py

F&U(xAvajBaq%aQ2)

~ 2 My (@) /d%“‘ Pk g [ (xa k4 0%) 7 (25, ki %) 6P (kia —ar + k1)
o (2. 2y [ b1 Fa 2. 2\ fa 2. 9
- ZHUU(Q 1) /EJO(‘I)THC]TD P (za, b p?) fi (2B, b5 1)

The analysis of the W term is usually done in Fourier-transtormed space
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TMDS IN SEMI-INCLUSIVE DIS

TMD Parton ¢ I P TMD Parton

Distribution Functions Fragmentation Functions

T~

(e, Pir @) = 2 Hiuir @ 2) [k, 4P, fi (a5 ) DY (2 PR ) 6(ks — Par o+ PL)
+ YUU,T(Q Pyr) +0(M?/Q?)
—xZ’HUUT o /@JO(“)THPhLDNf(vaQb?U/ﬂ) DY~ (2,07 17
+YUU,T(Q ,Pir) +O(M?/Q?)
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DIFFERENT CONTRIBUTIONS TO TRANSVERSE MOMENTUM

“Intrinsic”
transverse
momentum

k1|~ Aqcp

20



DIFFERENT CONTRIBUTIONS TO TRANSVERSE MOMENTUM

“Intrinsic” soft and collinear
transverse gluon radiation
momentum

k1| ~ Aqep k| <@
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DIFFERENT CONTRIBUTIONS TO TRANSVERSE MOMENTUM

“Iintrinsic” soft and collinear hard
transverse gluon radiation gluon radiation
momentum

Vﬂ_‘NAQCD ‘kJ_|<<Q ‘kJ_‘NQ

20



TMD FACTORIZATION

1 . -
i, ks p®) = %/d%ﬁ_wrklf{”(w,bgu%
see, e.q., Rogers, Aybat, PRD 83 (11), other possible schemes, e.q.,

Collins, “Foundations of Perturbative QCD” (11) Laenen, Sterman, Vogelsang, PRL 84 (00)
Bozzi, Catani, De Florian, Grazzini, NPB737 (06)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (33)



TMD FACTORIZATION

1 . -
i ks p?) = %/d%wﬂbrhff(x,bgf)

(b p2) = 3 (Coyi @ £1) (b )5 Crito) e POIG fo ()

1

see, e.q., Rogers, Aybat, PRD 83 (11), other possible schemes, e.q.,

Collins, “Foundations of Perturbative QCD” (11) Laenen, Sterman, Vogelsang, PRL 84 (00)
Bozzi, Catani, De Florian, Grazzini, NPB737 (06)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (33)



TMD FACTORIZATION

1 . -
i ks p?) = %/d%wﬂbrhff(x,bgf)

(b p2) = 3 (Coyi @ £1) (b )5 Crito) e POIG fo ()

i
26_’YE
Hbo = b.
see, e.q., Rogers, Aybat, PRD 83 (11), other possible schemes, e.q.,

Collins, “Foundations of Perturbative QCD” (11) Laenen, Sterman, Vogelsang, PRL 84 (00)
Bozzi, Catani, De Florian, Grazzini, NPB737 (06)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (33)



TMD FACTORIZATION

perturbative Sudakov
form factor

f?(ft,bT;MQ) — Z(éa/z' & ff)(%b*;,ub) S (bxitio,41) gK(bT)ln_fNP (z, br)

Qe VE collinear PDF / \

My =
b nonperturbative part  nonnerturbative part
matching coefficients of evolution of TMD
(perturbative)
see, e.q., Rogers, Aybat, PRD 83 (11), other possible schemes, e.q.,

Collins, “Foundations of Perturbative QCD” (11) Laenen, Sterman, Vogelsang, PRL 84 (00)
Bozzi, Catani, De Florian, Grazzini, NPB737 (06)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C73 (33)



LOGARITHMIC ACCURACY

Sudakov form factor

9
LL Q'S In2" (Q—2>
Hp
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LOGARITHMIC ACCURACY

Sudakov form factor

2
LL o In*" (Q—2>

H
y 9
NLL o In*" <Q—2>, ot In*" 1 (Q—Q)
My M
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LOGARITHMIC ACCURACY

2
LL o In*" (Q—2> 0

2 2
NLL 'S In2™ <Q—2>, ' In2n—1 (Q—Q) 10
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LOGARITHMIC ACCURACY

Sudakov form factor matching coeft.
LL ok In*" (Q—22> ;10
My
NLL o' In*" (3—5), o In*" ! (ﬁ—g) ;10
NLL" o In*" (%), ot In*" 1 (%2) (éo + asél)

22



LOGARITHMIC ACCURACY

Sudakov form factor matching coeft.
2
L L s In2" (Q—2> oL
My
2 2
NLL an 1n2n (Q_>, an 1n2n—1 (Q_) ~0
S ,LL% S ,u% C
2 2
NLL” o In*" (Q—>, 2"t (Q—> C° + agCt
> 12 > 13 ( > )
. . Q?
the difference between the two is NNLL o In*" 2 (—2>
Hy
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COMPARISON OF DIFFERENT ORDERS

\/ Bertone’s talk at IWHSS 2019

I I ' '

1.5 F
1.0
0.5 | | | | |
0 5 10 15 20 25 30
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TMD FITS OF UNPOLARIZED DATA

Framework HERMES COMPASS DY Z production | N of points

Pavia 2013

arXiv:1309.3507 parton model v X X X 1538
Torino 2014 v v 576 (H)

arXiv:1312.6261 parton model (separately) (separately) o o 6284 (C)
DEMS 2014

arXiv:1407.3311 NNLL X X v o/ 223
EIKV 2014

arXiv:1401.5078 NLL 1 (x,Q2) bin 1 (x,Q2) bin v v/ 500 (?)
SIYY 2014 ’

arXiv:1406.3073 NLL X v v ol 200 (Q)
Pavia 2017

arXiv:1703.10157 NLL v v v v 8059

SV 2017 /
arXiv:1706.01473 NNLL X X v v’ 309

arXiv:1902.08474

24
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http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157

x-02 COVERAGE

or AT‘LAS(116<Q<150‘) | ‘_ ATLAS ree
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D " -
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@ @ © < x
| 8888 .°
[ 0
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1074 1073 1072 107" 1
X
Bacchetta, Delcarro, Pisano, Radic, Bertone, Scimemi, Vladimiroy,
Signori, arXiv:1703.10157 arXiv-1902.08474
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=02 COVERAGE
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arXiv:1902.08474

Bacchetta, Delcarro, Pisano, Radici,
Signori, arXiv:1703.10157
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FIRST TMD GLOBAL FIT

10
~1~Q2)=4.3 GeV? (Q?)=4.8 GeV? (Q@?)=3. GeV?
=0.022 X)=0.033 X)=0.055
oMP 0
S

10

Norm. multiplicity
\S) N o ©

—_
o

Norm. multiplicity
N N o) o

I DD
P00,

0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9
PhT[GeV] PhT[GeV] PhT[GeV]
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Norm. multiplicity

Norm. multiplicity
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The fact that it goes to zero at x=1 is built in, but the sharp
decrease seems to be data-driven.
However, it could still be an artefact of the fit.
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PROBLEMS WITH NORMALISATION

F. Delcarro’s talk at IWHSS 2018
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PROBLEMS WITH NORMALISATION

F. Delcarro’s talk at IWHSS 2018

We made predictions using the
PV 17 extraction and compared
them with the new COMPASS

data, without normalization
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PROBLEMS WITH NORMALISATION

F. Delcarro’s talk at IWHSS 2018

We made predictions using the
PV 17 extraction and compared
them with the new COMPASS

data, without normalization

factors

The agreement is bad
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PROBLEMS WITH NORMALISATION

F. Delcarro’s talk at IWHSS 2018

We made predictions using the
PV 17 extraction and compared
them with the new COMPASS

data, without normalization

factors

The agreement is bad
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the situation worsens!

We are still
struggling to find a
way out...
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to appear in F. Placenza’s PhD thesis
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Black dots: large normalisation factors
required to fit COMPASS multiplicities at NLL
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PROBLEMS WITH NORMALIZATION
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PROBLEMS WITH NORMALIZATION
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PROBLEMS WITH PIONS

Viadimirov, arXiv:1907.10356
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PROBLEMS WITH PIONS

Viadimirov, arXiv:1907.10356

large normalization factors
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PROBLEMS WITH PIONS

Viadimirov, arXiv:1907.10356
large X2 contribution from normalization

large normalization factors
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PROBLEMS WITH HIGH TRANSVERSE MOMENTUM

Gonzalez-Hernandez, Rogers, Sato, Wang arXiv:1808.04396
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At high gr, the collinear formalism should be valid, but large

discrepancies are observed
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PROBLEMS WITH HIGH TRANSVERSE MOMENTUM
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The discrepancies could be largely resolved by including NLO and

modifying the gluon collinear fragmentation function .
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However, large discrepancies are found also in low-energy DY
scattering data
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Bacchetta, Bozzi, Lambertsen, Piacenza, Steinglechner, Vogelsang arXiv:1901.06916
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BOTTOM LINE
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BOTTOM LINE

Normalizations discrepancies are all over the

place, at least a low/moderate Q!
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THE PROTON IN 3D (IN MOMENTUM SPACE)

Repl = 105 §
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'1‘91.0 ~0.5 0.0 0.5 1.0 ‘1'91.0 -0.5 0.0 0.5 1.0
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At the moment, the unpolarized analysis is done with no flavour
dependence

43



THE PROTON IN 3D (IN MOMENTUM SPACE)

k, (GeV)

k, (GeV)

'1‘91.0 ~0.5 0.0 0.5 1.0 ‘1'91.0 ~0.5 0.0 0.5 1.0

k, (GeV) k, (GeV)

This is an image of the quark structure averaged over spin.
What happens it we include spin?
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THE PROTON IN 3D (IN MOMENTUM SPACE)
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THE PROTON IN 3D (IN MOMENTUM SPACE)
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THE PROTON IN 3D (IN MOMENTUM SPACE)
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“Sivers effect” |
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“REAL" 3D IMAGES IN MOMENTUM SPACE
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These are images entirely based on data (polarized and unpolarized)

Bacchetta, Delcarro, Pisano, Radici, in preparation
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“REAL" 3D IMAGES IN MOMENTUM SPACE
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k, (GeV)

'1'91.0 ~0.5 0.0 0.5 1.0 '1'91.0 ~0.5 0.0 0.5 1.0

k, (GeV) k. (GeV)

These are images entirely based on data (polarized and unpolarized)

Bacchetta, Delcarro, Pisano, Radici, in preparation

48



“REAL" 3D IMAGES IN MOMENTUM SPACE

k, (GeV)

'1'91.0 ~0.5 0.0 0.5 1.0 '1'91.0 ~0.5 0.0 0.5 1.0

k, (GeV) k. (GeV)

These are images entirely based on data (polarized and unpolarized)

Bacchetta, Delcarro, Pisano, Radici, in preparation
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SIVERS FUNCTION EXTRACTIONS
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SIVERS FUNCTION SIGN CHANGE

Sivers function SIDIS = — Sivers function Drell-Yan

Collins, PLB 536 (02)
z 1
< [ STARp-p 500 GeV (L = 25 pb™) *AR

e
08F9.5<P) <10 Gevie TP s/t X @gx
N {: +
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0.1
8_(/)
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€ O T
N -0.1+
- KQ (no “sign change”) - _ _
"0-6F" = = Global y2/d.0.1. = 19.6 /6 c, ., i e
-0.813.4% beam pol. uncertainty not shown 0.5 0 0.5
F | | XF
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-0.5 0 0.5

yW
STAR Collab. arXiv:1511.06003
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SIVERS FUNCTION SIGN CHANGE

Sivers function SIDIS = — Sivers function Drell-Yan

Collins, PLB 536 (02)
z 1
< [ STARp-p 500 GeV (L = 25 pb™) *AR

0895 <PY <10 GeVic P =/t X Way
n {: +
6f -« COMPASS 2015 data With sign change \\_F /
0.1
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G
€ Of e
- o1
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“0-6F = = Giobal y2/d.0.f. = 19.6 /6 . Mithoutsign change
-0.8 :_3 4% beam pol. uncertainty not shown 0.5 0 0.5 X
_1_ T SR TR SRR A N SR SR S ) ) ) F
-0.5 0 0.5 prediction with TMD
yY evolution equations

STAR Collab. arXiv:1511.06003
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SIVERS SHIFT IN LATTICE QCD

0.1 " Exp. Estimate, —¥%—

DWF-on-AsqgTad; 0.12 fm, 518 MeV —&—
00 | DWF; 0.084 fm, 297 MeV
' Clover; 0.114 fm, 317 MeV —a—

. f
0.3 | 4{] i %

0.4 |

1]

Gen. Sivers Shift (SIDIS, u-d; GeV)

Iby| = 0.35 fm
05 *

0 0.2 0.4 0.6 0.8
G
Yoon et al., arXiv:1706.03406

Pioneering lattice studies are in agreement with phenomenology
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SIVERS FUNCTION AND ANGULAR MOMENTUM

based on Burkardt, PRD66 (02)

Bacchetta, Radici, PRL107 (11)
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SIVERS FUNCTION AND ANGULAR MOMENTUM

based on Burkardt, PRD66 (02)

Distortion in coordinate
space related to orbital
angular momentum

E(x,0,0;Q%) L(z) = fi22"(z;Q2)

Bacchetta, Radlici, PRL107 (11)
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SIVERS FUNCTION AND ANGULAR MOMENTUM

based on Burkardt, PRD66 (02)

)
.
.
\\
Distortion in coordinate
space related to orbital Lensing function
angular momentum (final-state interaction)

J_ 0
E*(2,0,0;Q7) L() = fi7 " (2; QF)
Bacchetta, Radici, PRL107 (11)
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SIVERS FUNCTION AND ANGULAR MOMENTUM

based on Burkardt, PRD66 (02)

) S

\ Sivers function

(distortion In

Distortion in coordinate transverse-
space related to orbital Lensing function momentum space)

angular momentum (final-state interaction) /

J_ 0
E*(2,0,0;Q7) L() = fi7 " (2; QF)
Bacchetta, Radici, PRL107 (11)
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SIVERS FUNCTION AND ANGULAR MOMENTUM

based on Burkardt, PRD66 (02)

) S

\ Sivers function

(distortion in

Distortion in coordinate transverse-
space related to orbital Lensing function momentum space)

angular momentum (final-state interaction) /

This appealing picture works only with two-body

.2
systems (quark-+spectator) (2; Q1)

Pasquini, Rodini, Bacchetta, arXiv:1907.06960 CeglSiCRLClo/laMLINIVACR),
53




CONNECTION WITH TOTAL ANGULAR MOMENTUM

S —_——
- 2_ 2
| =4 Gev} Il Diehl & Kroll, EPJ C73 (13) 2397
0.05¢ 1 : Goloskokov & Kroll, EPJ C59 (09) 809
- 000 - . Bacchetta & Radici, PRL 107 (11) 21200
+ L .
2 |
-0.051
-0.10}
—018
N 0.2 0.3 04 0.5

JU+U

Estimate of angular momentum based on
lensing assumptions + Sivers fit
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CONNECTION WITH TOTAL ANGULAR MOMENTUM

0.10
| Il Diehl & Kroll, EPJ C73 (13) 2397
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% ; . Alexandrou et al., arXiv:1706.02973D
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Estimate of angular momentum based on
lensing assumptions + Sivers fit
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CONNECTION WITH TOTAL ANGULAR MOMENTUM

Lattice QCD
0.10; - - /
I Diehl & Kroll, EPJ C73 (13) 2397
0.05f 1 Goloskokov & Kroll, EPJ C59 (09) 809
[] Bacchetta & Radici, PRL 107 (11) 21200
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83 B Alexandrou et al., arXiv:1706.02973D
-0.05} ~
-0.10} -
| Q°= 4 GeV?
013 0.2 0.3 0.4 0.5
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Estimate of angular momentum based on
lensing assumptions + Sivers fit
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PROTON SPIN BUDGET ACCORDING TO LATTICE QCD

C. Alexandrou et al, arXiv:1706.02973
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[HE FUTURE




“NEW" DATA FROM HERMES!
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HERMES Collab., arXiv:1903.08544
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“NEW" DATA FROM HERMES!
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HERMES Collab., arXiv:1903.08544

57


http://arxiv.org/abs/arXiv:1903.08544

“NEW" DATA FROM HERMES!
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HERMES Collab., arXiv:1903.08544

Even if the experiments was closed 10 years ago, they are still

producing results
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NEW DATA FROM COMPASS

811 O*(GeV/c)?
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COMPASS Collab., arXiv:1709.07374
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NEW DATA FROM COMPASS

811 O*(GeV/c)?
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COMPASS Collab., arXiv:1709.07374

COMPASS is in “full swing” mode.,
Will provide data about pion structure as well.
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FIRST JLAB PRELIMINARY DATA
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FIRST JLAB PRELIMINARY DATA
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SOLID @ JLAB

see J-P Chen’s talk
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LHCh FIXED TARGET, INCLUDING POLARISATION

and SMOG2
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LHCh FIXED TARGET, INCLUDING POLARISATION

Polarised target

L++C

spin

and SMOG2
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ALICE FIXED TARGET
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ALICE FIXED TARGET

z=-4700 z=-2750

A-side
| =]
U & | ]
”
V2

Possible fixed-target positioning
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EXPECTED EXTENSION OF DATA RANGE
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THE ELECTRON-ION COLLIDER PROJECT

» High luminosity: (1034 cm-2 s-1)
» Variable CM energy: 20-100 GeV
» Highly polarized beams

» Protons and other nuclel
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THANKS TO HADRONIC PHYSICS GROUP IN PAVIA

Chiara Bissolotti

Valerio Bertone

Miguel G. Echevarria Barbara Pasquini
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CONCLUSIONS

» Full-fledged TMD extractions up to NNLL accuracy are coming
out and being constantly improved

» \We are facing problems with normalizations of SIDIS data, in
particular when going at higher accuracy

» Consistent extractions of the Sivers function are also now
possible

» We expect a steady flow of data coming up in the next years
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TRANSVERSELY POLARIZED PDF MOMENTS AND LATTICE QCD

1
— 9 __ q 2 q 2
Tensor charge 5q:gT—/ dx |hi(z,Q%) — hi(z,Q?)]
0
i v Alexandrou et al., arXiv:1703.08788
0.2
i ® Gupta et al., arXiv:1806.09006
I ® Anselmino et al., arXiv:1303.3822
0.0 ® Kang et al., arXiv:1505.05589
I ® Linetal., arXiv:1710.09858
-0.2- | cacoder At ® Radici et al., arXiv:1802.05212
BS
~0.4
-0.6-
~0.8'
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TRANSVERSELY POLARIZED PDF MOMENTS AND LATTICE QCD

1
Tensor charge 6q = gt = / dz [hi(z,Q%) — hi(z,Q?)]
0
i v Alexandrou et al., arXiv:1703.08788
0.2 ® Gupta et al., arXiv:1806.09006
I ® Anselmino et al., arXiv:1303.3822
0.0 ® Kang et al., arXiv:1505.05589
| S ® Linetal, arXiv:1710.09858
02 il A, ® Radici et al., arXiv:1802.05212
:8 L
0.4
-0.6 At the moment, there is a clear
o tension between extractions and
R lattice calculations
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FULL TRANSVERSITY PDF AND LATTICE QCD

6 . !
— — —P3=107/L ;
i SIDIS (JAM) | . .
’ SIDIS (BR) | attice calculation
= SIDIS g7 | /(quasi-PDF approach)
| r
S
N s
- s
0 Prmmiiiiiociic y
| ~ global fits
1 0.5 0 0.5 1

Alexandrou, at al. arXiv:1902.00587
plot courtesy of F. Steffens Radici, Bacchetta, arXiv:1802.05212
Lin et al., arXiv:1710.09858
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TRANSVERSE MOMENTUM IN FRAGMENTATION FUNCTIONS

d’o/dz dk? [fb/GeV?/c?]

First direct measurement of TMD effects in fragmentation functions
Makes use of thrust axis: the formalism should take it into account
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http://arxiv.org/abs/arXiv:1807.02101

FLAVOR DEPENDENCE OF TMDS

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

~ “
o 1.8
O
X *
— 1.6 .o
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2 ,_5 § 3 1.2 o~ .3.
S WX 10 * .
— %o
C_) T_j 0.8 e % ] ‘.’.o'
T = : .
o 0.6
0.4
02 04 06 08 1.0 1.2 14 1.6
(k2 q,)
(k2.

Ratio width of down valence/
width of up valence
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FLAVOR DEPENDENCE OF TMDS

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

~ b Y
o D 1.8
Q=
4 1.6
O © .
< c>1 1.4 ..
S > o~ L8
; ,_5 § 3 1.2 P |
’ -
5 < UIX 1.0
T 2
o 0.6
04
02 04 06 08 1.0 1.2 1.4 16
(K2 4,)
(K2 ..)

Ratio width of down valence/
width of up valence

There Is room for flavour dependence,
but we don’t control it well




IMPACT ON W MASS DETERMINATION

ATLAS Collab. arXiv:1701.07240

ATLAS ¢ my
== Stat. Uncertainty

— Full Uncertainty

LEP Comb. PA 80376+33 MeV
Tevatron Comb. ® 80387+16 MeV
LEP+Tevatron PR 80385115 MeV
ATLAS PR 80370+19 MeV

Electroweak Fit 80356+8 MeV
| | | | |

80320 80340 80360 80380 80400 80420
m,, [MeV]

my = 80370+ 7 (stat.) = 11 (exp. syst.) + 14 (mod. syst.) MeV
= 80370 £ 19 MeV,

mwy+ — my- = —29 £ 28 MeV.
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IMPACT ON W MASS DETERMINATION

ATLAS Collab. arXiv:1701.07240

ATLASI l'”M |
= Stat. Uncertainty
Tl Dneeriany All analyses assume that
e ome o LTI ey TMDs are not tlavour
Tevatron Comb. o_E0387+16 MoV dependent_
EP+Tevatron o 0385415 MV What happens if they are?
ATLAS P 80370+19 MeV
Electroweak Fit | _?%35&8 MeV| |

80320 80340 80360 80380 80400 80420
m,, [MeV]

my = 80370+ 7 (stat.) = 11 (exp. syst.) + 14 (mod. syst.) MeV
= 80370 £ 19 MeV,

mwy+ — my- = —29 £ 28 MeV.
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IMPACT ON W MASS DETERMINATION

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

Try some judicious choices of flavour dependent widths and check

Uy

d

Us

d

S

Cﬂ»-lkw[\Dr—\gJ
ﬁ

0.34
0.34
0.55
0.53
0.42

0.26
0.46
0.34
0.49
0.38

0.46
0.56
0.33
0.37
0.29

0.59
0.32
0.55
0.22
0.57

0.32
0.51
0.30
0.52
0.27
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IMPACT ON W MASS DETERMINATION

Try some judicious choices of flavour dependent widths and check

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

Set

Uy

d

Us

d

S

QU i W DN =

0.34
0.34
0.55
0.53
0.42

0.26
0.46
0.34
0.49
0.38

0.46
0.956
0.33
0.37
0.29

0.59
0.32
0.55
0.22
0.57

0.32
0.51
0.30
0.52
0.27

narrow, medium, large
narrow, large, narrow
large, narrow, large

large, medium, narrow
medium, narrow, large
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IMPACT ON W MASS DETERMINATION

Try some judicious choices of flavour dependent widths and check

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

Set Uy dv Us ds S
1 10.3410.26|0.46]0.59(0.32| narrow, medium, large
2 10.34/0.46|0.56|0.32(0.51| narrow, large, narrow
3 [0.55]0.34(0.33|0.55(0.30| large, narrow, large
4 10.53(0.49/0.37]0.22]0.52| large, medium, narrow
5 10.42]0.38(0.29/0.57]0.27| medium, narrow, large
AMy+ [AMy, -

Set |\mr pre|mr pre

110 -1]-2 3

210 -6|-2 0

31-1 9|-2 -4

410 0|-2 -4

510 4]-1 -3
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IMPACT ON W MASS DETERMINATION

Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101

Try some judicious choices of flavour dependent widths and check

Set ufv dfv us dS S

1 10.3410.26|0.46]0.59(0.32| narrow, medium, large

2 10.34/0.46|0.56|0.32(0.51| narrow, large, narrow

3 10.55(0.34]0.33|0.55|0.30| large, narrow, large

4 10.53/0.49(0.37|0.22|0.52| large, medium, narrow

5 10.4210.38/0.29|0.57|0.27| mMedium, narrow, large

AM A My, - . .

= Wt W Not taking into account the
1et et flavour dependence of
ol o 612 o TMDs can lead to errors in
31-1 9|2 4 the determination of the W
410 0 |-2 A4 mass
510 4]-1 -3
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