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Fundamental interactions

Star systems

Interaction Electromagnetic

Gravitational
Electroweak Fundamental Residual

m Mass - Energy Flavor Electric charge Color charge Atomic nuclei

Particles All particles quarks, lepton Electrically Quarks, Gluons Hadrons
experiencing: s charged

mediating: (Not yet observed)

Strength at the 1074 (predicted) 104 1 60 Not applicable
scale of quarks: to quarks

Strength at the 1028 (predicted) 107 1 Not applicable 20
scale of to hadrons
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Rutherford experiment

E. Rutherford
1909-1913

vy

Detecting screen Gold foil

\/

Alpha particle
emitter
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Discovery of the proton

E. Rutherford, 1919

What is keeping the proton in the nucleus?!
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Discovery of the neutron

J. Chadwick, 1932, the Nobel Prize in 1961

ZBe +§ He —>é2 C+n

Geiger counter

Paraffin
1000V
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Yukawa potential

H. Yukawa, 1934

Exchange nature of nuclear forces

~ 1 fm
AEAt > h Q Q
_ carrier particle
At = R/c meson
AE h
m=—n~—=200MeV
c? Rc

Potential of nucleon-nucleon interaction

0 —mcrih

V(r) = — g*———

r
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Discovery of z=-mesons

I, 1947

The nuclear emulsion was irradiated In

Atmoctepa

the mountains by secondary cosmic
e - rays. Short tracks of particles stopped
s in the emulsion were found, which then
. decayed.
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Discovery of neutral 1t-
meson
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Spin

Angular momentum is a measure of the amount of rotation
_)

A

L = 7? X ﬁ - in classics

Spin of fundamental particle is its intrinsic

L

r angular momentum not related with rotation
mxv Every particle can have an orbital
o momentum and a spin at the same time
Spin is a solely electron
quantum-mechanical Ao
phenomenon - m, .
Proton spin: 1/2 ,,_O/V,
Units: h v e

Total momentum (spin) of a composite particle is
determined the particle’s spin is determined by
the spin and the angular momenta of its
components

-1/2
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Complexity of nucleons

_ / "1~ magnetic moment € Q

g =g X— XS
2m

- gs (expected)| gs (measured)

-2 -2.0023

b ) 5.58
i 0 -3.83

1930s

This was the first indication that nucleons
could be composite objects.
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Proton size

PROTON
('igg EXPONENTIAL MODEL ___|
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~ Electron

Hydrogen

Proton radius puzzie

Different approaches
gives different results

Pohl 2010 (uH spect.)
Antognini 2013 (uH spect.)
Beyer 2017 (H spect.)

CODATA-2018

Bezginov 2019 (H spect.)

= i Bernauer 2010 (ep scatt.)

u | Zhan 2011 (ep scatt.)
® 1 CODATA-2010 (H spect.)
—— CODATA-2010

1 Fleurbaey 2018 (H spect.)
1S-3S

Xiong 2019 (ep scatt.) +» u 1
o b Mihovilovic 2019
Grinin 2020 (H spect.) —e—1S-3S (ep scatt.)
Brandt 2021 (H spect.) liS;EEI
1 1 | I 1 1 | I | 1 | | I 1 I ] I I
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Solved or
not?
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Hadrons In scale

N




mass= 2.4 MeV 1.27 GeVv 171.2 Gev
charge—| 24 24 24
e U [ C s
name-4 up charm top
4.8 MeV 104 MeV 4.2 Gev
0 |- d ey -4 b
% 14 14 14
8 down strange bottom

-
udd

ddd
uds ‘Z 0

dss

M. Gell-Mann and G. Zweig - 0
Nobel Prize in 1969
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| t 1 I 1 | | | -
5 g=10° ' . .
:‘\,\ ._wecew ] Partons - point-like
L # =em We 3 GeV : o o o
| -—-w-35¢v | objects inside the proton
10 |-
g Partonic model -1969
. B
}';2 1072 - \ .
: N 2
i \ 8
_ \
0 3k N ELASTIC 3
i “\\ SCATTERING .
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[ \, B
- SLAC-MIT team \\ :
e T : = . o R. Feynman

q? (Gev/c)®

In the beginning of 70th charged
partons were associated with quarks
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HERA - high-energy
electron-proton collider
at DESY (1992-2007)

At the moment there is no
indication that quarks have
an internal structure

ZEUS

10 | 1.2 e ZEUS 94-05 (prel.) e'p
ooy | ] T R2 = (0.67-10"°cm)’
F2(q%) o; B s o SRS = RS R2 = -(0.81-10"°cm)’ N q* < rg >
| Flg7)~ 1 —
0.8 612
10° 10"
1 pescscsasa ......‘...u.ugu.o..uxu.‘u:;::t:.'_::I"l:l:l.’.:::::i::::*:::f: .... = rq<0. 7)( 10-3 fm
Quark Radius Limits (prel.)
3 4
10 10 qg’ Ge\/2
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Quantum ChromoDynamics - QCD

g
g g
q .
Analog in electrodynamics: light
emitting light !

= R =
® ® .

0 0

. ¢ o\ |/
& e " O N\ <O ©F

v u Y@ & D __

e @ D ¥ oa

N
Quark confinement at large scale /
but asymptotic freedom at below 1 fm
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Gluon

© Self-interacting particle

~ 8 gluons

~ m=0 (theoretical value)

© m < |.3 MeV (experimental limit)

© Spin = |
oF q
PETRA Y g
collider
Vs =27 GeV
1979 e q

ete— — 4qqg Three-Jet Events
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Valence and sea quarks

Proton

G0

Sea quarks
and
- antiquarks

Valence
quark
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Problem to describe hadrons ab iInitio

Feynman diagrams - perturbative approach ; § 2 ;Si
/ 2
a o

o
n
o ~ 2 C, & a - interaction constant

n
Fast convergence for a<<1 %_\/ﬁi j i&

Sept. 2013

de.m. = 1/137 ++ decays (N3LO)

Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o €'¢ jets & shapes (res. NNLO)
® 7/ pole fit (N3LO)

v pp —> jets (NLO)

. (Q)

03+

0.2+ Particle Data Group 2013

0.2 % 3
r~ dm g Unlike the hydrogen atom, we
o E%gé‘;]smz) =0.1185 iO% cannot (yet?) describe from first
1 10 0 [GeV] 100 1000 principles the structure of
hadrons and their interactions at
Confinement is not strictly proven! low energies
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Factorization theorem

71'0
proton h A
: A renmant T
A -
/ Fragmentation
ot X - fraction of the proton
Daen;: momentum carried by
/ parton
Q - typical scale of the
energy transferred in the
hard process
B : 70
71-0

OAB—hX = 2 dxadxbf(xcv Qz)f(xb’ Qz) X 6ab—>cd(xa’ Aps Qz) X Dcd—>h

a,b=q,q.8 *
Q2>>1 GeV2/c2
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Parton Distribution Functions

Parton Distribution Functions PDFs f(x,Q?) describes probability for given
Q? to find inside the proton a parton carrying momentum fraction x

0'9 1 T IIIIIIII 1 L] llllll'l L] 1 lllllll' L] 1 llllllll T L]

08 NLO KKT12
' 2 2
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.“ v
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0.1 L
lll N
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PDFs are universal, they are independent on the hard process

PDFs cannot be calculated in QCD from the first principles!
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Parton Distribution Functions

lwlllll | I | lllllII e rrrmm

Q2 = 10* GeV?

g/10

Sea partons becomes more important at high Q2

QCD evolution equations: f(x, le) — f(x, sz)
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How to measure PDFs ?

Deep Inelastic Hadronic interactions

o= J[&qA(xA)qB(xB)dxAde

Scattering (DIS)

o = J&q(x)dx

CTEQ Collaboration
JAM Collaboration
DSSV Collaboration
NNPDF Collaboration
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Proton mass

u

€ IMev The Higgs mechanism has
p 938 MeV almost nothing to do with the
formation of proton mass!

u

_quark mass » quark energy

Model-dependent decomposition
of the proton mass
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Proton mass

7 MeV The Higgs mechanism has

p 938 MeV almost nothing to do with the
: s/

It seems, gluons are even
more important than

QCD
trace anomaly
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Polarized proton

f(X)
(%) Unpolarized PDF

Cross section

Helicity

ArL = ottt + ot ~ Aq

Atf(x) @ _ @ Transversity

Angular asymmetries
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Spin crisis

\ EMC experiment,
_ CERN 1988

Quark
contribution to the
proton spin is

below 30%! ] ]
Naive quark model Real situation
1 1 L - orbital moments of quarks
— = Z ( — ) and gluons
2 2
q=u,u,d SN=1/2=]/2AZ+AG+L
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Spin crisis

1~30%

Lattice QCD
Jf— iAZ 1+ AG + L + L m L* (CI + DI)
Y% W ¢ (CI + DI)

~ | 0-20% . - 0 L* (DI)

= J9
i e BN r . r Ay |Utdts
0.4l rAu™ - n
>/ K.-F. Liu, NP A928, 99 (2014).

0.3}
0.2}
0.1}
0.0
—0.1}

0 ey
JAM Collaboration, PRD (2016).
To access the angular

momenta we must study the e —a
3D structure of the nucleon! 98% is angular moment!
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Transversity Ar or h;

01| - u and d quarks are polarized in
0 : opposite directions

0.05} - uncertainty is too high

- no sense for gluons in nucleon

02 04 06 08 1
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3D-tomography of proton

Wigner Distributions

A
TMD & ¢ wak,r) o, GPD

.
*®
-
-
\ .
. .*
.
e *

5 dx
dk,
v Y
Parton Distribution Functions Form Factors
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3D-proton & GPD

The size of the proton depends on which
scale x we touch it!

15

Repulsive
pressure

—

i
o

| ] [ VO T VA PO |

(&)}

r’p(r) (x102 GeV fm™)

o

Confining
pressure

0.0 5 -—

LS T A A I I
0 02 04 06 08 10 12 14 16 18 20

r (fm)

Pressure of the hadronic matter in the
proton is about 1034 Pa!

1.0
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Three proton radii

Distribution

Electric

0.84
charge
Mass 1 05.0.75
(gluons)
Weak | &
charge

GPD-based calculations
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Where transverse momentum come from?

Uncertainty relation:

h
) Ap,Ay 2 =

partonic transverse momenta
% B e

" <
n( <

up quarks

down quarks

sea quarks. .. y ' ‘ Ay ~ 2<r.>

Y W o y r

T o AN R - PO, > P
PR ”\ collinear partonic momenta

D '
l- "‘ ‘.' =
i
- . O

PT,; Y proton momentum )

PT,l

pr~Apy 2 0.1 GeV/c
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TMD PDF

Nucleon Spin Polarization

72 kr

ﬂﬂ St
11 st

NO

@ - @ @-@ | ansverst | narton spin, and

Boer-Mulders Worm-Gear L h lT - par fon
transverse

Pretzelosity momentum.

-
=

48 Number Density Sivers
N
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r= E@> i @> - (TMD) functions
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= ol oL correlation
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< nucleon spin
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TMD effects: Sivers effect

Probabilities to meet in a transversely polarized proton
a parton moving to the left and to the right with respect

to the (5. p) plane are different!

/do(k)—do(—k)

The Sievers effect is usually
observed together with the

| _ Collins effect, an

! a0 asymmetry arising from the

.
.
L

| E704

0al T fragmentation of the final
| o state.
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EMC-effect

_ O BCDMS (Fe)
12 | ® SLAC E139 (Fe) |-
* EMC (Cu)
(=]
ta » 5 [
= é,f?? ﬁx}_é! I

i ;}‘?9- : .
! s §§;i¢ % 3
0.8 - } -
| 1 ] | 1 | 1 1 1

0O 0.1 02 03 04 05 06 0.7 08 09 1

X

EMC collaboration, 1982

Pion exchange
Gluon exchange

The nucleon "knows"
which nucleus it is in!

Swollen nucleons Reduced N mass

X>1 |S pOSS|b|e| NN correlations

Multiquark bags
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Deuteron

S + D waves

6g) = ¢ INN) + ¢,] AA) +{c; | CC))
hidden color

In some models the HC
fraction is up to 90%!

re) [ J Ratio qeuteron/qroton

Deuteron is not just
proton + neutron!

GI(x) (GRV9S, up=1GeV) —— |
GP(x) (GRV98, pg=1GeV) ~ - - -

—

Q.
1.05
Q) /
AN 1
p—3
x

0 0.2 0.4 0.6 0.8 1
X

More gluons at large x with respect to nucleon?
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Deuteron as spin-1 particle

1/2 ./ nucleon p Vector polarization
= +
« # Nip = N_ip
Nip+ N_ip
deuteron b Tensor polarization

-1 +1
% g > $ 2Ny = (N_; + N))
2No + Nijpp + N_ip
New “tensor” PDFs, mostly unknown

New possibilities for gluons:

hard processes with gluon spin flip

are impossible in spin-1/2 nucleon but possible in deuteron!
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Open questions

* Nucleon PDFs at low x

» Unpolarized and polarized 3-D structure of nucleon
» Partonic structure of other hadrons

* Flavor-dependent and gluon EMC-effect

* Polarized EMC-effect

 Polarized structure of nucle1 with spin >1

» Factorization tests

* Proton radius puzzle
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Hadron structure: main actors

i
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Spin Physic Detector @ NICA

NICA - Nuclotron-based lon
Collider fAcility

prT . \) S 27 GeV U, L, T
d'd" :\/s < 13.5 GeV
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NICA collider

~—MPD_ ARIADNA =~ =i ... BM@N

— —

= rewregn S -
A Em e S —
:3-.,.::_—km i [ WL _Meoame : cons e —
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NICA collider
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SPD and others

per'turbative QCD

v . SPD(NICA,JINR) | AFI._EFTC&EESS?'“@

QE) : SA;[:;:yE" pT_pT : ::..' p pT Lo

—J10% g i;';'f':"i@'f:":":"l """"""""""""""""""""""""""""""""""""""""""""""
- spascARM /1

0:70;Protvine) 1

= pt-pl

B © i S R
1030 b ANKE L EZ04.. i PHEND(&STAR

= cosy,diich) - Femnian AT RAIG BN

Fooetet s ptipt p1-pt

...................................................................................................................................

polarlzed deuterons
s umque' -
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Spin Physics @ NICA

we plan to study how
the proton and
deuteron spin!

'['
'''''

((((((

especially their
gluon component!

Gluon TMD PDFs via
asymmetries and angular
modulations in the cross
sections
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SPD and gluon structure of nucleon

Not only J/y!

T/ 3

|/||||||||||||||||||||||||
vs(GeV)
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SPD setup

Electromagnetic calorimeter Magnet ~ Range system Vertex detector End-cap

Time-of-flight system

Straw tracker

Vertex detector

Beam pipe

Zero degree calorimeter

Range system End-cap

Electromagnetic calorimeter End-cap

Time-of-flight system End-cap

Beam-beam counter

Aerogel

Straw tracker End-cap
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SPD: two stages

Creating of polarized Upgrade of polarized

infrastructure infrastructure
Start of NICA

operation t+4 years  +6 years + 8 years

SPD construction SPD upgrade
1st stage 2nd stage

of operation of operation

Electromagnetic calorimeter ~ Magnet  Range system Vertex detector end—ca

f Time-of-flight system

Straw tracker
Vertex detector

Straw tracker Magnet Range system

MicroMegas

Beam pipe

Beam pipe

Zero degree calorim

Range system end-cap

Zero degree calorimeter Electromagnetic calorimeter end

Time-of-flight system end-cap

Range system end-cap

Beam-beam counter

Beam-beam counter

Aerogel

Straw tracker end-cap

MicroMegas end-cap / &

48

Straw tracker end-cap
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tion

SPD collabora

from

15 states, >300

®

institutes

®

38
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Present status of the project

SPD Conceptual Design Report was presented firstly in Jan 2021 and approved by
the JINR PAC for Particle physics after an international expertise in Jan 2022

SPD Technical Design Report was presented firstly in Jan 2023, than it was
updated and passed via the international expertise in 2024

The SPD team moving from the R&D phase to the construction of
the detector

e =i ..." /

14 Countries, 32 Institutes

iy 7 The first phase of the SPD project 1s
. ﬁ‘e&fﬁfj.‘f;{i?’;j‘;,;;,j{;sg_ @\ included into the JINR’s 7-year plan
| (2024-2030)

* W Version of TOR - Jan9ms
* - start of operation (Stage-) - 2092
' 50 Dape'S EDC 70 '1""'.:";:(—'& reports '

W/

https://spd.jinr.ru/

adas EHCH ks pows amatics
1 in inverse kinemaics
| I e e -

p 3 an 9028/ Be¢(0/F
oint Institute for Nuclear Research
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Growth of Knowledge

. "8 Naive concepts

The Earth is a sphere!
Il century B.C.
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~*Continental drift, Age of Discovery, XV-XIX
1912 centuries
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