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Outline of curiosities

1) how to organize and "map” the study of hadron structure

2] asymmetries associated to hadron structure as a non abelian AB effect

3] some research lines and a focus on my work
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The research line

galaxies, stars, ...

human body

molecules
DNA helix

atoms

nuclel

hadrons
(protons and the like]

proton )
(6 types of quarks: up, down, :
charm, strange, top and bottom)

qguark flavor

elementa ry pa rticle physics credit picture : Ohio State Univ.



Hadron physics & QCD

> hadrons [composite particles]

N
W

quarks (elementary particles]

gluons (elementary particles]

|

The gluons are the mediators of
the strong force,
described by means of

Quantum Chromodynamics
(QCD])

c 2
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\\Why the proton?

- building blocks of our world:
at the core of the atomic nucleus;
~99.97% of the mass of the world we
live In Is accounted by protons
+neutrons (hadrons]

- connection between chemistry, atomic,
nuclear physics and the elementary
building blocks of Nature

e 2
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\\Why the proton?

- building blocks of our world:
at the core of the atomic nucleus;
~99.97% of the mass of the world we
live In Is accounted by protons
+neutrons (hadrons]

- connection between chemistry, atomic,
nuclear physics and the elementary
building blocks of Nature

HOW WELL DO WE KNOW THE PROTON ?

c 2
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“Transverse laoks at hadnons

How to map hadron structure in 3D momentum space in terms of quarks and gluons




\Wigner distributions

position momentum density matrix for the studied system

+ 00
W\@J{):W—lhf dy (g —y| p >\/q+y> 2ipy/h

— OO

In 1932, Wigner formulated quantum mechanics in terms of a distribution W (q, p), the
marginals of which yield the quantum probabilities for g and p separately.

- It provides a re-expression of quantum mechanics in terms of classical concepts
- quantum mechanical expectation values are now expressed as averages over phase-
space distributions:

A

Tr(pA) — /dp dg A(q,p) W(q,p)

1
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Wigner, TMDs, GPDs

position momentum density matrix for the studied system

N/ 1 e / —_—

W(q,p) = — dy (q—y| plg+y)e

In 1932, Wigner formulated quantum mechanics in terms of a distribution W(q, p), the
marginals of which yield the quantum probabilities for g and p separately.

In perturbative QCD we do not know how to calculate the density matrix of quarks/gluons
inside a proton, which is of nonperturbative nature.

We can define projections of Wigner distributions, as the TMDs and the GPDs, and link it
to information accessible in experimental data.

TMDs (collinear momentum, transverse momentum)]

W(a. p)
GPDs (collinear momentum, )

Jeff./gon Lab
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Wigner, TMDs, GPDs

It's a
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each projection
carries only a portion
of the
complete picture

complementary
iInformation
[TMDs, GPDs, etc.)
Is essential to
have a global
understanding of
hadron structure

D
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Proton tomography

Deep Inelastic Scattering (DIS)

like shooting a “picture” of the
proton using a photon:
the proton “"breaks”

electron

photon

detected hadron

we reconstruct the internal
structure looking at the
produced particles

proton

c D
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Semi-inclusive DIS

TMD FF

access to transverse motion of quark

ffffffffffffffffffffffff - . - mm. TMD PDF

c D
Jefferson Lab




TMD PDFs

- N\Jransverse momentum

Longitudinal momentum

extraction of a parton [quark/gluon)
not collinear with the proton

knowledge of the proton
structure in

three-dimensional
momentum space

Jefferson Lab



TMD PDFs

quark pol.
U L T
>RV S hi
§ L giL hit
- ir | gir | P, hip

mathematical maps
of the structure

with coordinates :

collinear (1D) {33 kTa Q}

momentum
of the constltuent

transverse [2D]
momentum energy of the probe /7

Jef fferson Lab
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TMD PDFs

quark pol.
U L T
=% |U| f hi
§ L giL hit
é fir | it | ha, hip

mathematical maps
of the structure TM

S

with coordinates :

knowledge of the proton
collinear (1D) {33 kT, Q} structure in
momentum

of the constltuent three-dimensional

momentum space

transverse [2D]
momentum energy of the probe /7

Jefferson Lab
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Geometry meels experiments

\What generates the hadronic matter?
The color force is responsible for the generation of hadronic properties:

connection between the geometrical description of the theory and experimental measurements



A matter of connections

double slit screen with interference pattern

Ehrenberg and Siday -
Aharonov and Bohm (13850s]

It is possible to show that the
amplitude of the
interference pattern on the
) screen is proportional to a phase
€ involving the integral of the

a electromagnetic potential
[connection)

exp{ —ie%da:-A(aj)}

A effect induced by the connection
U(1)!

Jeff./gon Lab
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A matter of connections

Single Spin Asymmetries in QCD ppT — W™ = v
AN ~ do(T) — do({)

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

0-8F9.5 <Pl <10 GeVic

| 1°

St 4
—
o

KQ (no “sign change”)

-0.6F - - ~ o . _
- Global%/d.o.f. =19.6 /6 Flipping the direction of the transverse
-0.8:_3.4% beam pol. uncertainty not shown spin, we observe an asymmetry (An) in
_1_ | ] ] ] ] | ] ] ] ] | .
0.5 0 05 the cross section

yY
c D
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http://arxiv.org/abs/arXiv:1511.06003
http://arxiv.org/abs/arXiv:1511.06003

A matter of connections

Single Spin Asymmetries : the first investigations

[144] A. Lesnik, D. M. Schwartz, [. Ambats, E. Hayes, W. T. Meyer, C. E. W. Ward, T. M. Knasel,
E. C. Swallow, R. Winston, and T. A. Romanowski, Observation of a Difference Between
Polarization and Analyzing Power in A" Production with 6 GeV/e Polarized Protons, Phys.
Rev. Lett. 35 (1975) 770.

[145] G. Bunce et al., AY Hyperon Polarization in Inclusive Production by 300 GeV Protons on
Beryllium., Phys. Rev. Lett, 36 (1976) 1113-1116.

[146] ET7T04, E581, D. L. Adams et al., Comparison of spin asymmetlries and cross seclions in w"
production by 200 GeV polarized anti-protons and protons, Phys, Lett, B261 (1991) 201-206.

[147] FNAL-E704, D. L. Adams et al., Analyzing power in inclusive 77 and m~ production at high
ofF) with a 200 GeV polarized proton beam, Phys. Lett, B264 (1991) 462-466.

[148] ET704, E581, D. L. Adams et al., Large z(F) spin asymmelry in 7" production by 200 GeV
polarized protons, Z. Phys. C56 (1992) 181-184.

[149] K. Krueger et al., Large analyzing power in inclusive = : production at high =(F) with a 22

GeV /e polarized proton beam, Phys. Lett, B459 (1999) 412-416.

J ff.e-r:son Lab
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A matter of connections

single Spin Asymmetries in QCD

the first proposal relied on
interactions of soft gluons

from the target remnants with the active
partons in the initial state

collinear twist-3 matrix elements

Qiu-Sterman [QS] function

TF(xqamg)

21

»
—>
St
: “remnant” [colored])
—>

As In a non-abelian Aharonov-Bohm
effect, the quark “feels the connection”
*color, SU[3])* associated to the other

hadron

Jefferson Lab



A matter of connections

Single Spin Asymmetries in QCD ppT S W™ =/
»
Later, D. Sivers proposed an explanation — >
based on the correlation —

between the transverse momentum kr of
the quark and
the transverse spin St of the proton

ST T
iIntroducing the Sivers TMD PDF 4. “remnant” [colored])
—>
P’

kr x St fir(z, k%)

2
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A matter of connections

Single Spin Asymmetries in QCD ppT — W™ —= {0 v

It turns out that to satisfy the time
reversal invariance and gauge invariance
of QCD, a gluon exchange is needed also In

the case of the Sivers function:

»
—
—
formal introduction of gauge links S
in TMD PDFs ! :
' “‘remnant” [colored])
—
P

TMD and collinear twist-3 pictures are
related!

kr x St fir(z, k%)

2
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A matter of connections

Single Spin Asymmetries in QCD ppT — W™ =V v

St

“‘remnant” [colored]) “‘remnant” [colored])

n_li_, |1

The common feature: the gluon exchange . [,a
between the active parton 7) CXP — g / dS,u A ’ (S)
and the remnant of the C

polarized hadron generates an imaginary
phase, required for having a non-vanishing
asymmetry

asymmetry induced by non-abelian connection
NON ABELIAN AB effect

y Jefferson Lab



A matter of connections

Single Spin Asymmetries in QCD ppT — W™ =V v

St

“remnant” [colored])

—
ST
“remnant” [colored])
—
P’

TF(ZECD'CEQ) flJ_T(zak%)

u_li_, (I

- matched at large transverse momentum (OPE]
- also work in progress in PSU Berks, JLab

c 2
N Jefferson Lab



Experimental investigations

103 Current data for Sivers asymmetry:
e COMPASS h* P.r<16GeV, z>0.1

O HERMES %% K P, <1GeV,02<2z<0.7
m JLab Hall-A 7% P, <0.45GeV, 0.4<2<0.6

T T TTT

Planned:

102 BT JLab 12
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Experimental investigations

"o

infernafional linear collider




Some nesearnct lines

e 2

. Jefferson Lab



Hot topics

how does confinement work ?

29 Jefferson Lab



Hot topics

30

how to describe
the proton spin ?

What about the
proton mass ?

Jefferso

n Lab



Hot topics

how are the elementary
constituents distributed
inside the proton?

How do they move ?

How different is the motion of
gluons vs quarks? What about
the flavor?

Internal tomography

N Jefferson Lab



Hot topics

Impact of the structure on
high-energy scattering experiments

c 2
Jefferson Lab
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My focus

33

how does confinement work?

the proton spin
|\ | tomography of £
| th§internal structure v |
‘\ - N\ / “
- Impact of the structure ' |
, on high-energy scattering 5{
| experiments {;

_ e —————————— —— — ]
e ——w=— = = === = =



Evolution effects

y Jefferson Lab



Evolution effects

What happens if we
change the resolution
of the picture?

QCD evolution equations

c 2
Jefferson Lab



Evolution effects

The roots of this question
are inside
factorization theorems

What happens if we
change the resolution
of the picture?

QCD evolution equations

Impact on high-energy physics
experiments?
Interplay with flavor effects?

c 2
Jefferson Lab




Need of TMD evolution

electron-positron

/ \ w*

Q=382GeV Q=10 GeV @ =80.385 GeV. -

TMDs and QCD evolution

Q = 1.55 GeV Q = 9.39 GeV

o /V () = 91.187 GeV
T \ A

proton-proton
lepton-proton

. Jefferson Lab



Drell-Yan

TMD PDF

Pp
nucleon

nucleon

Py
TMD PDF

e 2

. Jefferson Lab



Flavor effects

kT,UP
}

AS, PhD thesis

\What does the
transverse momentum dependence
of the maps look like?

Does it depend on the
flavor of the quarks?

39
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https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Flavor effects AS, PhD thesis

\What does the

kT,down

of the maps look like?

Does it depend on the
flavor of the quarks?

kT,UP
}

Yes!*

And what is its impact
on high-energy physics
experiments?

(* = under specific assumptions ]

e 2

. Jefferso

transverse momentum dependence

n Lab


https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Flavor effects

AS, PhD thesis

partonic transverse momenta
\} Ty P
Ry

up quarks 3 >
down quarks ot
sea quarks. . G »

- e o 0. S

S 9\ collinear partonic momenta

~ - - -
PV, -
{
-
- . \\ 3 » ol
~ v a8 L

90 ¥ proton momentum ’

PTd
2

extraction from

lepton-proton
data

Jefferson Lab


https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Hot topics

Impact of the structure on
high-energy scattering experiments

c 2
Jefferson Lab
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EVV precision measurements

Eur.Phys.d. C74 (2014) 3046

After the measurement of the Higgs mass, all the free
parameters of the Standard Model are known.

Precise measurements of electroweak quantities allow:
1) Stringent tests of the self consistency of the SM
2] Looking for hints of physics beyond the SM

In particular the values of the masses of the gauge
bosons, the Higgs and the top quark can help in
discriminating among different BSM scenarios.

H, Z, t . direct determinations more precise than indirect;

not for W !

see;
* G. Camarda - Measurement of the W mass with ATLAS
EPS 2017

43

had

0
I:{Iep

AO,I

FB

A (LEP)
A (SLD)

. lept
sin®e_, Q)
Ac
Ab
A0,c

FB

mm Global EW fit

- Measurement

3 2 -1 0 1 2 3
©, ,...-0)/ o,

indirect




VVV. mass

P
ALEPH ATLAS g
DELPHI L
L3 L
OPAL L
CDF B
DO e
ATLAS W — T
® Measurement
ATLAS W « Stat. Uncenrtainty
ATLAS W= — Full Uncertainty ——
a1 0 0 2 1 8, 10, . . 1., .,
80250 80300 80350 80400 80450 80500
my, [MeV]

Experimental measurements

mw = 80370 £ 19 MeV
(7 stat, 11 exp, 14 th)

Need to better control the uncertainties

ATLAS, arxiv:1701.07240

; N . L] l L] l L] l L] L] L] L] ' L] L) L] L] ' L] i

o) 80 5:._ ATLAS = my= 80.370 = 0.018 GeV_-

O, N B m=17284+070GeV -

EZ n oo my=125.08 = 0.24 GeV -

80.45[- w= 68/95% CL of m,, and m, —

80.4F =

80.35[ -

80.3~ W B8/95% CL of Electroweak’]

[~ Fit wio m,, and m, ]

o (Eur. Phys. J. C 74 (2014) 3046)

C M PR IEPETRTErE i
80.25 165 170 175 180 185

m, [GeV]

Global EW fit
mw = 80356 £ 8 MeV

Is It possible to reduce the uncertainty
to less than 10 MeV ?

associated to
direct determinations of m\\\V

44

>

Are we estimating all the uncertainties
of hadronic nature in the best way possible?

c 2
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Z vs WV : flavor content AS - PhD thesis

W+

=g

hadronic uncertainties have been
estimated on Z data
and used to predict the W distribution,
assuming they are the same for Zand W

This reflects a flavor independent approach
and might not be optimal
because of the different flavor content:

the intrinsic contributions
are different in Z and W+ production

Jeff/gon Lab

45 o=


https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Conclusions
S outlook

FLAVOR AND EVOLUTION EFFECT
- IN TMD PHENOMENOLOGY

»
@

Andrea Signori



Backup

Jeff./e-gon Lab
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Gluon TMDs

ep— e jet jet X pp—J/vy X

EIC !

gluon TMD

48




..and why would you do that

unpolarized TMD PDF:;
- test of factorization formalism
fl - improve our description of qT spectra (e.g. at W at LHC)
- baseline to extract polarized TMDs from asymmetries

collinear twist 3 PDF e(x):
(& - Insights in quark-gluon-quark correlations
- scalar charge of the nucleon
- nucleon sigma term ?

| | T-odd Boer-Mulders and Sivers TMD PDFs:
hl ] 17T - rigorous tests of the symmetry properties of QCD
[sign change between SIDIS and Drell-Yan)

transversity (TMD) PDF:
hl - access to the tensor charge of the nucleon
- window on BSM physics
- also accessible in inclusive DIS ?

collinear (?) spin-1 function:;
hlLT - another rigorous test of QCD symmetries
- T-odd effects in spin-1 hadrons

2
» Jefferson Lab



Need of TMD evolution

HERMES, Q = 1.5 GeV

> o T T T T
f= - 0.2<2<0.3 + 1 1
G 4 e L %)’ﬁ
8 of ° . 1 " e NEMES
= |® T :
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20 e % T f
1'_ ﬂ ® ° _'__ o U @ . ]
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OF---- o e @ ___]
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&8
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@ @
e o e I
04r 06<2<08 T ° 'prbtoln |
I U ] O deuteron |
B ® 8 1 ]
0.2_ o o T < = 9 9 g
O oo F B
' 0.5 " 05 1
P,, [GeV]

Airapetian et al., PRD87 (201 3]



Need of TMD evolution

HERMES, Q = 1.5 GeV CDF, Q=91 GeV

_'lc_-; 4_02<Bz<a03 TC+—:— %W
52 * . | «°%s hames
- [ . T s ‘ ]
1 ) - F Y R O @
= N )
:03<z<04 g g
25— o ® - . -
1__ @ ° ) oI @ o ¢ o ]
o L] L @ ]
OF---- o e T . @___]
1-04<2<0.6 =a .
.
®
05F o ® e + e eg . 5
@ ¢
. IT® : _
R —— 4 0@ B 0'||||
0'4 06<Z<08 | T .'pr'oto'nI ] 0 5 10 15 20 25
[ I 0 deuteron | ' =+ PT
0-2_‘ o ® pl CICICI" _
" o 1.° ‘s | Aaltonen et al., PRD86 (2012)
) ]
' 0.5 ' 05 1
P, [GeV]

Airapetian et al., PRD87 (201 3]
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Need of TMD evolution

HERMES, Q = 1.5 GeV CDF, Q=91 GeV

45 4_02<BZ<503 TC+—:— % W
?::_2;8 ”g _if_g”ae@es_;
= - o ] r . 1
1 ) - Y o -
E :s :
:0.3<Z< 0.4
2r ) T g
C ® ®
- ™
1__ ® ° ) oI @ ° o ¢ o ]
| @ - @ @
OF---- oo o T . @___]
1604<2<06 g 1
- @ o
05F o . T eVey 1 5
¢ o _
° . -
e —— 4 0@ B 0'||||
04 0622408 S o proton | 0 5 10 15 20 25
08 e 1 O deuteron 3 =+ PT
0.2_— . @ 8 o T = ¢ ¢ = ]
o o 1.9 v 5 ] Aaltonen et al., PRD86 (2012)
Y S U e ]
' 0.5 ' 05 1
Phl[GeV]

Airapetian et al., PRD87 (201 3]

Width of TMDs changes of one order of magnitude:

we can we explain this with TMD evolution )
Jefferson Lab



Flavor effects AS, PhD thesis

1.8;— | 1.4}
16] 3 |
lepton-proton L L | o
- [ 3% SO ] |
8 /:> 12f :o o‘ .o‘.o.. tqlo ] /; /g : :
Had T °2 . 1 oadlaT 12
. ¥ o -.-f-%}':c LU
[ [0 L d 1 —~ |
—_ extraction ol AR ] P
i : Cl ] o
0.6} 1 . [
04l 10p - -
0.2 04 06 0.8 1.0 1.2 1.4 1.6 0 14 12 13 14
(k24,) (P2 unt)
(kJZ-,Uv> <P42_,fav>

c D
Jefferson Lab
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https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Flavor effects

AS, PhD thesis

8 1.4;
1.6 . | o
- 145 AR 130
lepton-proton I o
312 L tizAs EER
: }Egm 777777777 '.:‘f'.;.;}ﬂc 77777777777 ‘E‘fmf 3
— extraction ol R e
0.6 . f
0_4:, 1-0:’”1 ””””””””””””””””
0.2 04 06 08 1.0 1.2 1.4 1.6 0 11 12 13 14
(k2 4,) (P2 unt)
(kJZ-,u.,> <P42_,fa )
electron-positron o M) / MIKTKO)
> < predictions ’ fixed scale — flavor dep. (b7, g}
1.4; Brai=1.5
§2=0.18
12"
1.0
0.8
--=  z1=0.3, 2,=0.5
0.6 ---- 2z=05, 2=05
—  z1=0.7, 2o,=0.5
0400 05 10 15 20
P2 [GeV?] /7
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https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Flavor effects

lepton-proton

— O

extraction

proton-proton

OO

uncertainties
associated to
mw extractions

work in progress!

predictions

53

AS, PhD thesis
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https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

W pT & mass

The W pT spectrum is sensitive to:
* perturbative and non-perturbative parts of TMDs

In particular the flavor decomposition of the TMDs in the transverse momentum
has not been taken into account yet!

Observable sensitive to the W mass are:

* the lepton pT distribution [very sensitive to the treatment of W pT distribution)

* the transverse mass, defined as mrp = \/2 pgT P4 (1 — cos(¢e — @)

(less sensitive to W pT distribution, due to its high sensitivity to detector effects]

see; 3. Camarda - Measurement of the W mass with ATLAS - EPS 2017/

G. Bozzi - Flavor dependent effects on the determination of mW [INT 1/7-68W)] )

3 Jefferson Lab



Nonperturbative effects AS -PhD thesis

+
dO'Z/W 5 ]‘C2 kQ
i~ ' -+ soft gluons
qu ~ BT Z eXp{ - gw bT} gz] < T>Z -+ < T>] - g
" gii : determined by 2 TMD PDFs
daffects the position of the peak
175
150 N — W)
..... WPeT (h)e—08 b
125
2l3 100
3
| =
318 75
|0
50
5 pp>Z X (ECM =1.8 TeV)
" = P. Nadolsky - 10.1063/1.1896698
0 5 10 15 20

L Lab
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http://inspirehep.net/record/666900
http://inspirehep.net/record/666900
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf
https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf

Uncertainties: peak

AS - PhD thesis

wt W~ Z
LR = /2, 2L +0.30 —-0.09 | +0.29 —0.06 | +0.23 —0.05
pdf (90% cl) +0.03 -0.05 | 40.06 —0.02 | +0.05 —0.02
as = 0.121,0.115 +0.14 -0.12 | +0.14 -0.14 | +0.15 —-0.15
fi. (kZ2)=1.0,1.96 +0.16 —-0.16 | +0.16 —0.14 | +0.16 —0.15
fd. (K2) ( ) | +0.09 —0.06 | +0
f.d. (k2) (max W~ effect) —0.03 | +0.05 +0

Table 7.2. Summary of the shifts in GeV for the pe

position for g, spectra of W*/Z

arising from different sources. The colors for the flayér dependent (f.d.) and independent

(f.i.) variations match the ones in Sec. 7.4.6.

anticorrelated shifts for Wz, which keep the Z peak unchanged

the flavor dependence of the intrinsic partonic transverse momentum is

iInspired to the results in 10.1007 /JHEP11(2013)194 (AS et al ]
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