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Outline of the talk

Hadron structure ... :
1) Transverse-momentum-dependent distributions (TMDs)

2) Transverse spin and the Sivers function

... and connection to high-energy physics:
3) The unpolarized TMD PDF

4) impact on W mass determination
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TMDs



TMD PDFs

- \Jransverse momentum extraction of a parton
kr
whose momentum has
longitudinal and
transverse components

» .
\ with respect to the
® partons parent hadron momentum

richer structure
than collinear PDFs

Longitudinal momentum

probe

hadron
momentum

//

(
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Hadron tomography

A =0 parton correlation function
/ H(k, P, A)
k. P) parton correlation function Y [ dk—
f(k, P) J
=0 FT
/ H(z,k,&,b) €« H(z,k,{,A) GTMD
dk~ W(x,k,b) Wigner distribution
J k™ y (2, k, b)
Y | Pk
[ d’k
=0 FT
[ d?b H(z,&,b) <> H(x,£,A?) GPD
FT
f(:E, z) - f(:l:, k) f(aj, b) impact parameter
TMD distribution Y [dzaz™ !
[ d°k
£E=0
Jd*b J / > ho Aun(A%) (26)
GFF
/(@) F(b) <> F, (A% S
PDF form factor
M. Diehl - 10.1140/epja/i12016-16149-3 °
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http://dx.doi.org/10.1140/epja/i2016-16149-3

Motivations

Nucleon/nuclear tomography in momentum space:
aimed at understanding how hadrons are built in
terms of the elementary degrees of freedom of QCD

et prcgon High-energy phenomenology:
. Improve our understanding of scattering experiments

5 t . . .
<bf // ................. J i----() and their potential to explore BSM physics
pT‘// assuming a certain degree of knowledge
of hadron structure

proton

An intersection between

particle and nuclear physics! °
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Quark TMD PDFs

®;j(k, P; S, T) ~F.T. (PS | 4;(0) Upgg ¢i(§) [PS )

U L T
Quarks| 7 |[7TA°| dio"TH°
U J1 hi
L \ gdi hf_L
T | fir \or | ha, hiz

Sivers TMD PDF

unpolarized TMD PDF

similar table for gluons and for fragmentation

bold : also collinear
red : time-reversal odd (universality properties]

|LF

extraction of a quark
not collinear with the proton

encode all the possible
spin-spin and spin-momentum
correlations
between the proton
and its constituents
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The Sivers function



Quark correlations

lepton
scattering process participated
\ by a hadron :
quark (k) need a “transition” from the hadron
to a parton

s.'*

Parton Distribution Function - PDF
hadron (P) Y *
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Quark correlations

lepton

\

quark (k)

s.'*

hadron (P) L

hadronic part
the | hadronic part described as a quark-quark
correlation in space-time

quark (k) A y quark (k) {(I)(,lg’P) — FT<P’¢_](O) U wz(g)‘Pﬂ

—)—| I_)_ € is the Fourier-conjugated of

hadron (P) ! hadron (P) quark momentum k

o(k,P)
Argonne°




Gauge invariance

®(k, P) = F.T.(P[i;(0) U 4(6)|P) S k) Pt
color space

color space LI—’I(E)

gauge link U

Wi(0) ¢

space-time

dSMA“a(s)ta}

operator implementing the parallel transport equation for the spinor Ar Onneo
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Process dependence

proton

A

.y  Drell-Yan

/.,/.*
'Y

In Drell-Yan the remnant of the proton feels
lepton the color force of a quark in the initial state

antilepton

®(k, P) = F.T.(P[¢;(0) U(0,£) ¢:(¢)|P)

A JEN
X
proton remnant

transv.“plane” e —— LPI(E)

>

gauge link Ut!

\;(0)
/\C).}/f- “[-] path” in space-time E
space-time light-cone minus component
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1'[5‘ I 2 NATIONAL LABORATORY




Process dependence

lepton

lepton

In SIDIS the remnant of the proton feels
the color force of a quark in the final state

hadron
proton oy
/ O(k, P) = F.T.(P|;(0) U0, €) v:(€)|P)
o o
remnant AR
transv. “plane” . LPI(E.)

W;(0) gauge link Ul*1

“[+] path” in space-time

light-cone minus component
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Generalized universality

The hard process determines the direction of the gauge link
Thus the distributions depend on the process

What happens to the concept of hadron structure?




Generalized universality

The interplay between time-reversal symmetry and gauge symmetry
generates relations between the two different gauge link configurations.
For example:

T-even distribution

= /7 D@

striking consequence
of the symmetries of QCD

T-odd distribution

The “sign-change” relation for T-odd TMD PDFs,
such as the Sivers function, is yet to be proved experimentally.

Argonne°
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The Sign Change See also talk by A. Quintero




The Sign Change See also talk by A. Quintero

pok (g 2 =

Lf

Collins, PLB 536 (02)




The Sign Change See also talk by A. Quintero

Ceal [+, 12 cal [], . ,24 ]
N e, k3) = - 1T ENTY

=z 1
< - STAR p-p 500 GeV (L =25 pb'1) *AR

08595 <PY <10 GeVic

Collins, PLB 536 (02)

first evidence

/ of sign change?
-0.8 _3 4% beam pol. uncertainty not shown

I R H STAR Collab. arXiv:1511.06003
-0.5 0 0.5

yW
Argonne°
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KQ (no “sign change”)
Global y2/d.o.f. =19.6 /6

-0.6F -




The sign change

See also talk by A. Quintero

ol [4]

\ 2\ pal [-] 2\ |
LT (#, k) = —fip = (@, k7)
1
<zo [ STAR p-p 500 GeV (L = 25 pb™) *AR
8

©C0.5<P) <10 GeVic

KQ (no “sign change”)
Global y2/d.o.f. =19.6 /6

“OL 3.4% beam pol. uncertainty not shown

-0.5 0 0.5

yW

K

Collins, PLB 536 (02)

first evidence
of sign change?

prediction with TMD
evolution equations

STAR Collab. arXiv:1511.06003
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The Sign Change See also talk by M. Quaresma

Sivers asymmetry in Semi-Inclusive DIS

DGLAP (2016) TMD-1 (2014) TMD-2 (2013)
M. Anselmino et al., arXiv:1612.06413 M. G. Echevarria et al. PRD89,074013 P. Sun, F. Yuan, PRD88, 114012
Azi:(oh-os)
:f;: o COMPASS, proton, h* 0.1 F . O'Osé_
o0 - 0.05F b h 4
%, 5 0.06 — 0.05:_ - 0.042_ H+p hT+ X
e “
0.02— 2 0.01F ——
+ 4 -0.05 E ] L
0 0.1F -0.012—I - H+p— r.f.+.|
= ! S . ||||||_2 . ——_— I . e 10»2 10-1
107 10 10 Xg X
COMPASS ~ * COMPASS 2015data  sign change
CERN-EP-2017-059 - &= DGLAP
arXiv:1704.00488[hep-ex] 0.1 -
g T Sivers asymmetry in
< O Drell-Yan
0.1
B no sign change
courtesy B. Parsamyan __(') 5' — (') S 0'5 — neo
. . |

a
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The unpolarized TMD PDF
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TMD factorization

_ In certain processes
pp—LL X the cross section can be factorized
In contributions characterized by a specific
scaling of the momenta

do ~ H f{)a/re fba,re
~H f1 h

renormalized TMD PDF ;

IR div. : long-distance physics
and rapidity div. cancelled
by UV-renormalization and soft factor S

fl(aj?k%a 7C)

Evolution with respect to two scales

Argonneé
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TMD evolution

ffb (xv b%)').) — ffb ($, b%, i, Cz) br, Fourier conjugate of kr

two “evolution scales”

Input TMD distribution can be expanded at low bt on the collinear distributions
a 2 L 2
fl (337 bT7 Hoi s CZ) — E Ca/b(xa bTa Hoi s C’&) X fb(aja ,LLz)
b

A sensible choice is to setthe (i = u7 = 4e 77 /b3 = uf

initial and final scale as: _ 2 _ N2
Gﬁ g
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TMD evolution

ffb (xa b%)').) — ffb (SC, b%, i, Cz) br, Fourier conjugate of kr

two “evolution scales”

Input TMD distribution can be expanded at low bt on the collinear distribytions
2 2
S, b, g, Gi) = Z Co/p(T, b7, iy Gi) @ folx, i) Fyp(z, br; {\})
b

A sensible choice is to setthe (i = u7 = 4e 77 /b3 = uf

initial and final scale as: _ 2 _ N2
6@ g
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Non-perturbative contributions

—gr (b1, {\})

fo(@, i) Frrp(x,br; {\})
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Non-perturbative contributions

—gr (b1, {\})

Can these have an impact
on precision HEP ?

fo(@, i) Frrp(x,br; {\})
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The W mass determination

References :

- Bacchetta, Bozzi, Radici, Ritzmann, AS - 1807.02101
- Bozzi, AS - 1901.01162
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The W mass

ATLAS Collab. arXiv:1701.07240

l l l

ATLAS ¢ my
=u Stat. Uncertainty

— Full Uncertainty

LEP Comb. PR 80376+33 MeV
Tevatron Comb. ® 80387+16 MeV
LEP+Tevatron o 80385+15 MeV
ATLAS @-22370+19 MeV

Electroweak Fit 80356+8 MeV
| | | | |

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

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

my+ — my- = —29 + 28 MeV.
Argon ne°
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https://arxiv.org/abs/1701.07240

W boson production

(TMD) parton distribution functions

Kinematics (\W)

Q — mw mass
proton N ..
"""" Yy rapidity
qT Transverse
momentum

Kinematics [partons)

Ty
' 12 — —=€
neutrino \/g

Collinear momentum fractions

kT1,2 Transverse
momenta

Argonne°
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Lepton pT distribution

Events/0.5 GeV

N
B
%

DO full MC

o — -
=] N [=2] %)
TT T T T T[T TP T[T I [rrT

o
FS
I

[ =)
QT TT13%

1 1 I ] 1 1 1 | 1 1 I 1 I 1 1 (] = —
30 35 40 45 50
Pt (GeV)

27
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Lepton pT distribution

If the W were exactly collinear (prw=0, no TMD effects], the distribution of
events would look like this

Events/0.5 GeV
o — - il
| Iml 1 IMI 1 Iml [ IN [ T1 lh

o
o+
|

DO full MC

NS
TT T+

45 50
P (GeV)

AAAAAAAAAAAAAAAAAA



Lepton pT distribution

If the W were exactly collinear (prw=0, no TMD effects], the distribution of
events would look like this

U
B

DO full MC

Events/0.5 GeV
o - -
| Iml 1 IMI 1 Iml [ Ihlal 1

o
o+
|

(=)
TT T+

If TMDs are taken into consideration,
the distribution gets modified like this

Argonneé
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Lepton pT distribution

If the W were exactly collinear (prw=0, no TMD effects], the distribution of
events would look like this

x10°
> 2'4:
g B DO full MC
g 1.6/
w B EEEy
‘I‘ﬁl—‘- o A
“‘t‘ n A .....
o 0.8
o* - o
R — e
" 0-4‘_
2 L
Ry C 1 e
4 -, . \ L
> %5 30 35 40 45
- p; (GeV)
Detector effects cause If TMIDs are taken into consideration,
further changes the distribution gets modified like this

Argonne3
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Which kind of effect are we after?

200 T T T |

My = 80.398 GeV
180 My, = 80.418 GeV

160
140 +
120
100
[
80
60

40 LHC W+ 8 TeV

20 |

25 30 35 40 45 50 55 60
Pl [GeV]

65

see, e.q., Bozzi, Rojo, Vicini, arXiv:1104.2056

1.001 . T T T

1.0005

0.9995

0.999

0.9985 LHC W 8 TeV

_ Mw=80.398
0.998 R= M, i

0.9975 L L L L

AMyy = 2 MeV —
AMW = 10 MeV
AMW = 20 MeV T

25 30 35 40 45

50 95 60 65 70

Pl [GeV]

28
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Which kind of effect are we after?

200
180
160
140

120

100
[

80
60
40

20

My = 80.398 GeV
My, = 80.418 GeV

LHC W+ 8 TeV

25

30 35 40 45 50 51) 60 65
plL [GeV]

see, e.q., Bozzi, Rojo, Vicini, arXiv:1104.2056

1.001 . T T T

AMyy = 2 MeV —
AMW = 10 MeV
AMW = 20 MeV N

1.0005

0.9995 .

0.999 .

0.9985 LHC W 8 TeV s

R — Mw=80.398

0.998 | M,

09975 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70

pll [GeV]

A change of 10 MeV in the W mass induces distortions at the per mille level only:

challenging

Argonne°
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Which kind of effect are we after?

200
180
160
140
120

100

80
60
40

20

My = 80.398 GeV
My, = 80.418 GeV

LHC W+ 8 TeV

Pl [GeV]

see, e.q., Bozzi, Rojo, Vicini, arXiv:1104.2056

1.001 . T T T

AMyy = 2 MeV
AMW = 10 MeV
1.0005 |- AMyy = 20 MeV .

0.9995 .

0.999 .

0.9985 LHC W 8 TeV s

_ Mw=80.398
0.008 | BT 7 M. 1

09975 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70

Pl [GeV]

A change of 10 MeV in the W mass induces distortions at the per mille level only:
challenging

the key: nonperturbative TMD effects can have an impact at

this level of precision
Argon ne°
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Our findings

The fact that quark intrinsic transverse momentum can be flavor-
dependent leads to an additional uncertainty on Mw, not considered so far:

—6 < My+ <9 MeV
—4 < Myy— < 3 MeV

Statistical uncertainty: £2.5 MeV

- The four-loop QCD corrections generates a shift of -2.2 MeV
- The expectation from missing higher orders is 4 MeV

Eur.Phys.J. C74 (2014) 3046

Argonneé
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Conclusions

Transverse-momentum-dependent parton distribution functions are a precious tool to
map hadron structure in a 3D momentum space

The symmetries of QCD (in particular the gauge symmetry and time-reversal invariance]
predict a sign change for certain distributions, such as the Sivers function

More progress from the theoretical and experimental point of view is needed to confirm
this striking prediction of the theory

As for collinear PDFs, the transverse structure and its flavor-dependence can have an
Impact on precision studies at high-energies

This is an example of the connection between
hadron structure studies beyond the collinear picture and HEP

\We need more flavor-sensitive data (e.g. SIDIS) to constrain the flavor-dependence of the
unpolarized TMD PDFs (Electron-lon Collider)
Argon neé

30 NATIONAL LABORATORY



Backup

3| AAAAAAAAAAAAAAAAAA



Data see E. Nocera - POETIC2016

oL * NMC data driven science .|
-« SLAC
[ - BCDMS
10°c ~ CHORUS 10%}
- - NTVDMN
[ * EMCF2C i
10°F - 10° ¢
- * HERACOMB KPRX 1S data sets available:
T [ - HERAF2CHARM® ©oowsc=e
=> u o 08 B B W% P o
Gk * F2BOTTOM "o niiery wuiis _ T 10tk
%+ [ -DYEsgs . iemeeeee. | < collinear PDFs 3 Y
S [ o DYEGO5 - - b Vs 5
~an3l . O e e 30
JOE SEF - TMD PDFs ——»'°
- - ATLAS — |
102 L 102l 4|
= CMS A Eoddn i} - S
T o
. PR N EER oo
10F LIIILEE i 10"} SRy -
- -l x x kx| pede 3 Sy
] eepe’
11 IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| R 100" 1 ) . ..1 » ) 3
-6 -5 -4 -3 -2 -1 0
108 108 10 19(_3 102 10 1 10 10 10 10 10 10 10
X

X momentum
{ : resolution of the probe fraction carried by the parton Argonneo
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Towards an EIC

New kinematic windows : unpolarized collinear PDF - f1(x)

1 ! IIIIIII| ! IIIIIII| ! UL

JLab12 will explore the valence quark region (large x) - NNPDF2.3 (NNLO)

EIC will explore the region dominated by sea quarks and gluons 0-95- Xf(xu2=10 GeV?) —

see R. Ent - INT 17-3 program
The "sweet spot” for the EIC parameters is a balance of

* High enough energies to probe hadron structure
iIn new kinematic windows and better control factorization

* High enough luminosity for precise nucleon imaging

* multi-purpose and specialized detectors

X

Argonneo
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Structure vs radiation

Accuracy of

factorization
(collinear and TMD)

Q ‘ high predictive power
Small-x, high- weak influence of

Maximum prec non-perturbative part

D radiation

large-x, small-Q
minimum predictive

low predictive power
strong influence of
non-perturbative part

Can we prove this formally? Yes : saddle point approximation °
Argonne

34 NATIONAL LABORATORY




Experimental data

" current data for Collins and Sivers asymmetry:

104E
£ @ COMPASS h':P,, < 1.6 GeV
O HERMES 2™, K":P,, <1GeV

JLab Hall-A 2" P,, <045 GeV

w—..3| | STARW bosons

L 107E o RHIC 500 GeV -1 <n < 1 Colins
Q L O RHIC 200 GeV -1 < 1 < 1 Collins
9, [ ® RHIC 500 GeV 1 <1 < 4 Collins
(b b

L0 JLab 12 (upcoming)

L J ¥ ¥ T TEY

10 ¢

YY"' L L4 YYY'Y'] LS L "VVVY] L4 L T 7T T rTYY

Picture from O. Eyser - CIPANP 2018
v 35

W-boson production at

RHIC probes TMDs in
the high Q - high x
region

High Q: TMD
factorization under
control

High x : enhanced
sensitivity to non-
perturbative effects

Interesting combination

Argonne°
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.
mm Global EW fit

B Indirect determination
- Measurement
IlIIIIIIllll]llllllllllllllllllllll

MHg .

EW observables

Eur.Phys.J. C74 (2014) 3046 Tw| . — e
M, S =
Iz - .
- tension between direct measurements and indirect | e :
determinations/global EW fit RO e
P .—
A (LEP) 4
- larger uncertainty in direct determinations A(SLD) | |
sinor @) | —e—+

A

‘
A He—

0.c
Acs

B

.

-
-t :
As| i 0 0 R —
: : ’ ' :
S =

Rl

0,1 '
Ag| o F

t

Aep (WD) | e .
lllllllllllllllllllllllllll[lllllll

3 2 -1 0 1 2 3
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Systematic uncertainties @ ATLAS

£

W-boson charge W~ W~ Combined Expe |!T MENT
Kinematic distribution p{% mr pf} mr pf} mr
omy [MeV]
Fixed-order PDF uncertainty 13.1 149 120 142 80 8.7
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 15 12 15 12 1.5
Parton shower up with heavy-flavour decorrelation 50 69 50 69 50 69
Parton shower PDF uncertainty 36 40 26 24 10 1.6
Angular coeflicients 58 53 58 53 58 53
Total 159 18.1 148 172 11.6 129

ATLAS Collab. arXiv:1701.07240,

Argcmneé
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https://arxiv.org/abs/1701.07240

Systematic uncertainties @ ATLAS

£

W-boson charge W~ W~ Combined Expe |!T MENT
Kinematic distribution p{% mr pf} mr pf} mr
omy [MeV]

Fixed-order PDF uncertainty 13.1 149 120 142 80 8.7

AZ tune 30 34 30 34 30 34

Charm-quark mass 1.2 15 12 15 12 1.5

Parton shower up with heavy-flavour decorrelation 50 69 50 69 50 69

Parton shower PDF uncertainty 36 40 26 24 10 1.6

Angular coeflicients 58 53 58 53 58 53

Total 159 18.1 148 172 11.6 129

This contribution contains also intrinsic transverse momentum of partons. The MC
has been tuned to describe Z-boson data

ATLAS Collab. arXiv:1701.07240

Argonneé
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https://arxiv.org/abs/1701.07240

TMD factorization

Scimemi, Vladimirov [Eur.Phys.d. C/78 2018 89]

vvvvvvvvvvvvvvvvvvvvvvv

12 [rvyypm—y——y——p——p—ye———————————————
| 4

i X2 X 1 .5
ol LHCb 7TeV LHCb 8TeV 1 LHCb 13TeV
[ model 2 NNLL/NNLO | model 2 NNLL/NNLO 1 model 2 NNLL/NNLO |
X’ /points=0.33 x°/points=0.32 X’ /points=0.26

N=0.988 N=0.978

N=0.975

dor/dq | pb-GeV™!' |

s
3
[
o
9
£
s 10 15 20 5 10 15 20 s 10 15 20
gr(GeV]

Schematically :

% ~H fl (:UCH kTav Q) fl(xbv ka? Q) 5(2) (qT R kTa o ka) + O(QT/Q) T O(m/Q)

Low transverse momentum (TMD)] region

qr < Q
Argonne°
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Transverse mass

PT mr
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Transverse mass

. Mfm‘i S 2_4i<1oG
E 2 pT DO full MC § 25 DO full MC | e NO pT(W)
J: T p+(W) included
i : o -=- Detector effects
1.2F 1.2F
0.83 0.35
0.41~ 0.4F
%5 30 35 a0 a5 50 g:'
Pt (GeV)

Transverse mass: important detector smearing effects, weakly sensitive to ptw modelling
Lepton pr: moderate detector smearing effects, extremely sensitive to ptw modelling

Ar onne°
o 39 g
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Transverse mass

x10° x10°
% 2.4 :; 241
& 2; pT DO full MC S DO full MC | e No pT(W)
s 20 o 2F )
I 2 p+(W) included
2 218 -== Detector effects

-
)
171
—
N

TT 11T

e
(-]
I
o
o)
TT 11

o
'S
LN B
o
»
I

U
LR

%% 30 35 a0 a5 50
P (GeV)

Transverse mass: important detector smearing effects, weakly sensitive to prw modelling
Lepton pr: moderate detector smearing effects, extremely sensitive to prw modelling

prw modelling depends on flavour and all-order treatment of QCD corrections

Argonne°
o 39
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Results

mw = 80.385 GeV

parameters

8 pseudodata B

L 135 M events )

\WWe compute the chi2 between templates and pseudo data, find which template gives
the best description and determine AMw

mw =80.372 GeV
N

~
template | flavor-independent 2

mososmocer | o | X (D) AMy [AM,

- Set|\mr pre|mr pre
template 2 f'avizgieer’;:jem X2(2) 110 -1‘ -2
mw=80371 GeV | 750 Mevents 210 -6(-2 0
3/-1 9 |-2 -4

a template3 flavor-independent 4 0 0 -2 --’1

parameters X2 (3)

750 M events

J

Statistical uncertainty: £2.9 MeV

template 30
mw = 80.400 GeV

750 M events

flavor-independent 2
parameters X (30)

The statistical uncertainty of the template-fit procedure has been estimated by considering
statistically equivalent those templates for which Ax® = x* — x2,;,, < 1

Argonne°
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W+ vs W-

ATLAS finding: mwy+ — my- = —29 £+ 28 MeV.

mwy - > My+

ATLAS Collab. arXiv:1701.07240

Part of the discrepancy between the mass of the W+ and the W- can be artificially
induced by not considering the flavor structure in transverse momentum.

For example, sets 1 and 2 imply Amyy— > Amyy+

This implies that building templates with sets 1,2, instead of
flavor-independent values, the difference would be reduced.

' 4]

AA’I Wt A.’\/.{Hr .
Set|mr pre|mr pre
10 -1/[-2 3
210 -6|-2 0
3 /-1 9 |-2 -4
410 0]-2 -4
510 4 |-1 -3

Argonne°
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https://arxiv.org/abs/1701.07240

Gluon TMDs

ep—ejet jet X pp—J/Ypy X pp—ne X

EIC !

gluon TMD

- factorization properties in effective theories
- first extraction of the unpolarized gluon TMD PDF from quarkonium-pair production at LHC (1710.01684)

Argonneé
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Data in unpolarized TMD “global” fit

4,_ LI 1 1 LI L]
10 g Lt o high predictive power
: - weak influence of NP
. ® COMPASS )
103L ¢ HERMES .
— - A E288 ;
%, 102' vV E288 F
O = »  E288 ﬁ
N L -
Q - 4 E605 -3, i
101 3 * Tevatron o o o
T B LHC 8 @ & © 4
: 8606 6 o & jow predicti
I 0 > © I ow predictive power
1E L "? ity " | - strong influence of NP
10~ 1073 1072 107" 1
X
Small-x, high-Q Rapidity dependence too

strong predictive power
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