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SPD at NICA (JINR, Dubna)
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(NICA) Why nucleon structure?

- proton mass -> the visible Universe mass

Electroweak Higgs boson provides:
current quark masses ~ my=3 MeV, mpy=7 MeV = 2% proton mass

= quark-gluon dynamics of nucleon structure provides:
~ 98% of the mass of the visible Universe!

- nucleon size ~1 Fm:
naive quark model =

huge neutron electric dipole moment (EDM)
exceeding 10" 2 observed value!
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@icH) Why Spin?
Spin: pure quantum characteristics

spin: no classical analog
= quantum entanglement,
quantum computers, ....

spin observables
= hadron wave functions
process amplitudes

“proton spin crisis” :
naive quark model (valence quarks)
= only 1/3 of proton spin!
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@ICA) Spin physics: very high energy?
Spin effects in QCD: size value

naive expectations
= current quark: few MeV
m,/my~ 1%

Spontaneous symmetry breaking
=constituent quark mass: few hundred MeV
mg/my ~ 40%

polarized PDF evolution:
= twist-2 & twist-3 (1/Q)

NICA energies: optimal for spin physics!
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NICA energies: optimal for spin physics

@
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(NICA) OcHoBHbIe uenu akcnepumeHTta SPD

Spin Physics Detector (SPD) (http://spd.jinr.ru):
YHuBepcanbHbIN getektop Ha Konnangepe NICA

= (OcHoBHble uenu SPD:
NOHMMaHME CUSIbHbIX B3aMMOOEeNCTBUN UCNOSb3YS NONAPU3OBaHHbIE
1 Henonsipu3oBaHHbIe pp- u dd- coyanapeHus s < 27 3B

- 3D cTpyKTypa npoToHa U AeUTpoHa, B ocodbeHHocTu, PDF n TMD npu 6onbluimnx x

A. Arbuzov et al. ,Prog. Part. Nucl.Phys. 119 (2021) 103858 e-Print: 2011.15005 [hep-€eX]

= 3anfiaHMpoBaHa nporpamMmMa B HavyanbHbIN nepuop paboTtbl SPD
ANA WMPOKOU obractu nccrnegoBaHum aaepHou busmku n pusmkm yacTtuy,

V.V. Abramov et al., Phys. Part. 52 (2021) 1044, e-Print: 2102.08477 [hep-ph]

Parton distribution function (PDF) — doyHKuuun pacnpeneneHmsa napToHoOB
Transverse momentum distribution (TMD) —
napToHHblIe pacnpeneneHus ¢ y4eTomMm nonepevyHoro MMnyribca
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https://arxiv.org/abs/2011.15005
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SPD is unique in d1 d7-mode!



Straw tracker Magnet Range system MicroMegas Endcap Range system Endcap

SPD detector at the Stage |
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@ Trackers:charged track and momentum, limited PID ¢
@ Range System:rough hadronic calorimeter,
muon /hadron separation ¢
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Possible light ion
collisions alongside

pp, dd

Up to v/s = 10 GeV and
reduced luminosity

Solenoidal field B ~ 1 T

BBC and ZDC for online
polarimetry

Micromegas central
tracker

Straw Tracker
0 ~ 150 pm,
6(%) = 8.5%
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'
(NICA) SPD detector at the Stage Il

@ Event rate at peak

Electromagnetic calorimeter Magnet Range system Vertex detector Endcap ~ Range system Endcap luminosi ty an d ener gy
Time-of-flight system Electromagnetic calorimeter Endcap ~ 3 MHz
Straw fracker ) N . " Tine-of-flight system and Aerogel Endcaps @ Silicon vertex detector :
Vertex defector ™ —_— MAPS /DSSD
Beam pipe | e A\\ Zero degree calorineter @ T ime of fli ght (TO F) for
=" Beam-beam counter L / TN / PID (5 t ~ 50 PS) , 7T/ K
A\ _ Straw tracker Endcap / S€ pa ration u ptO 1 . 5
: | GeV/c

@ Electromagnetic
_— calorimeter (ECAL)

Se __ 5%
% = 5% 4 1%)

@ Aerogel counter in
endcaps, extends 7/K
separation upto 2.5GeV/c

GeV/c

@ Improved vertex detector for short lived particle decays
@ TOF+AGel for better PID
@ ECAL for v, eT identification
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'
@I@ SPD detector data flow

No hardware trigger at the SPD detector to avoid a possible bias:
3 MHz event/s at 1032 cm?/s design luminosity
20 GB/s = 3 103 events/year = 200 PB/year

The SPD setup is a medium scale detector in size,
but a large scale one in data rate at the Stage 2!
Comparable in data rate with ATLAS and CMS at LHC RUN1

SPD data rate after online filter

NRC KIl, Moscow ? ~
: % § CMS
NRC Kl - PNPI, Gatchina ? 3 SPD
y % 105 e ‘after onhne filter.-- ‘ ..................................
a4 - |
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(NICA) SPD project timeline

2007 Idea of SPD project is included to NICA activities at JINR

2014 SPD Letter of Intent is approved by JINR PAC
2016, 2018 SPD-oriented workshops in Prague

2019 SPD project is approved by JINR PAC (up to 2022)
The 15t SPD proto-Collaboration meeting

2020 Completion of SPD Conceptual Design Report (CDR)
http.//arxiv.org/abs/2102.00442

2021 SPD Collaboration is established
Two SPD-physics papers were published

2023 SPD Technical Design Report (TDR): under review
http://spd.jinr.ru/wp-content/uploads/2023/03/TechnicalDesignReport SPD2023.pdf

the 15t SPD Phase: included to the JINR 7-year Plan 2024-2030
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(NICA) SPD Collaboration: established in July 2021

Spin Physics
Detector

The NICA-SPD Collaboration, July 2021
o T i

-
—~ P~ 5
-~
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(NICA) SPD Collaboration: established in July 2021

@

SPD Spokespersons:
Alexey Guskov (JINR, Dubna) Victor Kim (NRC KI - PNPI) Gatchina)

SPD Collaboration Board Chair:
Egle Tomasi-Gustafsson (CEA, Saclay)
deputy: Armen Tumasyan, (ANNL, Yerevan)

SPD Coordinators:

Hardware: Alexander Korzenev (JINR)
Software: Alexey Zhemchugov (JINR)
deputy: Danila Oleynik (JINR)
Software: Igor Denisenko (JINR)
deputy: Amaresh Datta (JINR)

36 organizations from 15 countries ~ 400 participants
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SPD Collaboration: establi

Signed MoU (15+3):
NRC “Kurchatov Institute” - PNPI, Gatchina
Alikhanov National Science laboratory (Yerevan Physics Institute), Yerevan
Samara National Research University, Samara
Peter the Great Saint Petersburg Polytechnic University, St. Petersburg
Saint Petersburg State University, St. Petersburg

SPD Collaboration Meetings

2023: Dubna (April)

Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow Samara (October)
Lebedev Institute of Physics RAS, Moscow 2024: Almaty (May)
Institute for Nuclear Research RAS, Moscow Dubna (October)

Institute of Nuclear Physics (INP RK), Almaty

Tomsk State University, Tomsk

National Research Nuclear University MEPhI, Moscow

Belgorod State University, Belgorod

Institute of Nuclear Problems, Belorussian State University, Minsk

Budker Institute of Nuclear Phsycis RAS, Novosibirsk

Higher School of Economics, Moscow

* Higher Institute of Technologies and Applied Sciences, Havana

* NRC “Kurchatov Institute”, Moscow

* VINS, Belgrade 36 organizations from 15 countries ~ 400 participants
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(NICA) 3AKNIOMEHME

» Spin Physics Detector (SPD) — yHuBepcanbHbIu aetektop Ha Konnangepe NICA:
JeTtanbHOe U3y4YyeHue NoNAPM3OoBaHHOU U HENONAPU30OBAHHOU (FMTFOOHHOWU) CTPYKTYPbI
NPOTOHa U AeNTPOHa B pp- 1 dd- coyaapeHUAX Npu BbICOKOW CBETMMOCTM A0 Vs < 27 MB

» SPD pornxeH ynyywuntb noHMMaHue 3D rnroOHHOU CTPYKTYPbI:

- NoNsipu3oBaHHbIe IMIOHHbIE pacnpeaeneHus

- HenonsipusoBaHHble PDF n TMD npu BbICOKUX X B MPOTOHE U AEUTPOHE
- MOOHHas TpaHcBepcuTUu (transversity) B aentpoHe ...

» dusunyeckasa nporpamma SPD aBnsieTcs AONONHAKOLWEN UccrieaoBaHuUA
Ha COMPASS++/AMBER, RHIC, AFTER@LHC, LHC-spin, EIC

» LUunpokasa nporpamma Ha 1-u Ctagum SPD:
- MOUCKM IK30TUYECKMX Pe30HAHCOB (rM0onbl, NeHTa- U TeTpa- KBapKu), ...

- MHOFOKBapKOBbI€ (hNTYKTOHbI U MANIOHYKITOHHbIE KOppensauum ...

» Bbonbloun NOTOK AaHHbIX (cpaBHMUM ¢ akcnepumeHTamu BAK B RUN1)

» SPD TDR: http://spd.jinr.ru npoxoanT MeXxayHapoaHYH 3KcnepTusy (yreepxaeHue: utoHb 20247?)

» 1-a Ctaguna SPD Bknro4yeHa B 7-netHuun nnaH OUAN 2024-2030

» SPD R&D: ontumusauusa ¢pusanyeckux curHanoB, oNnTMMU3aumsa au3amHa,
U3roToBrIeHNEe N TeCTUpoBaHMe NPOTOTUNOB,
NnoaroToBKa K NpOU3BOACTBY

RDIG-M, y6Ha, 12 anpensa 2024 B.T. Kum «JdkcnepumeHT SPD Ha konnanpepe NICA»
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PE3EPBHbLIE CNAUADBI
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(NICA) SPD Physics highlights

» Spin Physics Detector (SPD) at NICA (http://spd.jinr.ru):

a universal setup for comprehensive study of

polarized and unpolarized gluon content of proton and deuteron

in polarized and unpolarized high-luminosity pp- and dd- collisions at Vs < 27 GeV

» Complementing main probes: charmonia (J/Psi, higher states),
open charm and direct photons in inclusive and semi-inclusive modes

» SPD can reveal significant insights on:
- gluon helicity structure

- unpolarized gluon PDF at high x in proton and deuteron
- gluon transversity in deuteron

» Comprehensive physics program for the initial period of data taking
(can be performed even at reduced energy and luminosity)
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(NICA) SPD Physics:

S Progress in Particle and Nuclear Physics

“
. Volume 119, July 2021, 103858

Review

On the physics potential to study the gluon
content of proton and deuteron at NICA SPD

A. Arbuzov 2, A. Bacchetta b €, M. Butenschoen 9, F.G. Celiberto ® < f U. D'Alesio 8 ", M. Deka 2, I. Denisenko 2,
M.G. Echevarria’ A. Efremov 2, N.Ya. Ivanov ®J, A. Guskov # K & & A, Karpishkov ha va, Klopot * ™, B.A. Kniehl d A
Kotzinian )+ °, S. Kumano P, J.P. Lansberg 9, Keh-Fei Liu ", F. Murgia ", M. Nefedov ', B. Parsamyan * ™ ©, C. Pisano &
7, M. Radici ¢, A. Rymbekova ?, V. Saleev ha A, Shipilova ha Qin-Tao Song *, O. Teryaev *

ArXiv e-Print: [hep-ex]

Possible studies at the first stage of the NICA collider operation
with polarized and unpolarized proton and deuteron beams

V. V. Abramov!, A. Aleshko2, V. A. Baskov?, E. Boos?2, V. Bunichev?2, Phys. Part. Nucl. Vol.52, 2021, 1044
O.D. Dalkarov?, R. El-Kholy*, A. Galoyan®, A.V.Guskov® V.T. Kim"8
E. Kokoulina®?, 1. A. Koop !0 1112 "B F. Kostenko !3, A.D. Kovalenko?, ArXiv e-Print: [hep-ph]

V.P.Ladygin®, A.B.Larionov!#1% A.1.L'vov3, A.I. Milstein!® !,

V. A.Nikitin®, N.N. Nikolaev'®?% A.S.Popov!®, V.V. Polyanskiy?,
J.-M. Richard!?, S. G. Salnikov %, A. A.Shavrin” '8, P. Yu. Shatunov 1% 11
Yu. M. Shatunov 111 O. V. Selyugin!#, M. Strikman '?,

E. Tomasi-Gustafsson?’, V. V. Uzhinsky '3, Yu.N. Uzikov® 2122 *,

Qian Wang?3, Qiang Zhao?* 2>, A. V. Zelenov’
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https://arxiv.org/abs/2011.15005
https://arxiv.org/abs/2102.08477

(NICA) PDF kinematic range
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) - - B
(NICA) Dynamics kinematic range
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@’f@on probes at SPD: charmonia, open charm, direct photon@

not only J/y!
I 3

| S/
-3 | } / Prompt photons

./....I....I....I...

() 10 20 30 40 50 60
vs(GeV) 1
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<N’fCBNPDF Coll.: quark and gluon helicity PDFs of proton @

0.5
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NNPDF Coll.:
E. Nocera et al. (2014)

Quark helicity PDF:
few percent level uncertainties

It is measured with
high precision in DIS

Gluon helicity PDF:
still rather high uncertainties!

Hadron collisions have a better
sensitivity to measure it.

SPD has a good opportunity!

«JdkcnepumeHT SPD Ha konnanpepe NICA»



(NICA) Helicity gluon PDF Ag(x):

@

accessible with SPD  Phys.Rev.Lett. 113 (2014) 1,012001  EJC
— IIIIIllllll!lllllllllllllll
04 | S T T T __'7 \></ : :
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f(x)

©

Af(x) _@_> _ @_>

~ &%
P

Spin of proton

ol
Unpolarized PDF

Helicity

Transversity
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1 ~30% B 7
_A® + AG 4| L, + L,
2 ~10-20% \
Lattice QCD
m L* (CI + DI)
28(8)% m L? (CI + DI)

o L* (DI)

R m Je
14(1)% o ATz|u+d+s
K.-F. Liu, NP A928, 99 (2014).

To access angular
momenta info about 3D
structure 1s needed!
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<NfCA5 SPD: towards 3D-structure of nucleon

@

TMD PDFs
" GPDs " .
R, by P, - P,
Collinear Z Gene_rall:zed_Partof) Transverse Momentum
approximation Distributions Dependent PDFs
(common PDF)

X

3D structureof = /. =>4 connection to
nucleon '5( ,,,,,, v / orbital moment

/ .
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(NICA) Parton Distribution Functions (PDFs): 1D = 3D

@

Parton 1D-distribitions:
Integrated over kT PDF: f(x; logQ?)  &J modulo logQ2- DGLAP evolution

Extension to parton 3D-distribitions:

» Generalized parton distributions (GPDs): G(x, b, n; logQ?)
b - impact parameter, n — unit vector

» Unintegrated over kT PDF: ®(x, kT, n; logQ?) (two theory approaches):
= Unintegrated collinear PDF (uPDF)

= Transverse momentum distribution (TMD)

RDIG-M, y6na, 12 anpena 2024 B.T. Kum «JdkcnepumeHT SPD Ha xonnaunpepe NICA» 28



@

(NICA) Gluon transversity of deuteron

Unpolarized distribution functions

q=9 +q g=9.+g. Transversity comes from spin-flip:
As=2 forbidden for spin-'2 nucleon in LO
= gluon transversity in nucleon =0

T P IR . 0.
Transversity distribution functions

Aq=G;-q,

Helicity distribution functions

-

AGg=q-q. Ag=g]-g:

Lepton pairs S. Kumano

Argx) = Ag(x)

Exy
0.1

—
—
— —
-— - -
— o — —— - -
—— - —

SPD has a unique opportunity to measure

gluon transversity in deuteron for the first time! e I s
Ly e =026

To probe new non-nucleonic degrees of L e 3?5&3

freedom in deuteron! hoowow e e W

)
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Ay 4
™D
- Collinear factorization:
twist-2 and twist-3
- TMD-factorization
- Overlap/matching region
- Nontrivial x and kT correlation?
Aqgen << Qyor P; << Q Qror Py

Sivers effect: L-R asymmetry
of unpolarized kT-distribution
in T-polarized nucleon

Collins effect: due to fragmentation
of polarized parton
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SPD Physics at the initial Stage |

V.V. Abramov et al., Phys. Part. Nucl. 52(2021) 1044, e-Print: [hep-ph]

Comprehensive and rich physics program at the initial stage of SPD data taking:

VVVVVVVYVVYYVYY

Spin effects in pp-, pd- and dd- (quasi)elastic scattering

Spin effects in hyperon production

Search for exotic states (glueball, penta- and tetra- quarks)

Multiquark correlations (SRC) in deuteron and light nuclei

Dibaryon resonances

Hypernucleus production

Open charm and charmonia production near threshold

Large-pT hadron production to study diquark structure of proton
Large-pT hadron production to study multiparton scattering
Antiproton production measurement for astrophysics and BSM search
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https://arxiv.org/abs/2102.08477

(NICA) SPD Physics at the initial Stage: exotic states
pentaquark, dihyperon, etc. production

(ud) (ud)

A. Efremoyv, V. Kim 1987
V. Abramov et al 2021
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(NICA) SPD Physics at the Stage-1: ion-ion collisions

@
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(NICA) SPD Physics at the Stage-1: antiproton production@

ASTROPHYSICS

AMS-02 in International Space Station

AMS-02 search for Dark Matter:
antiproton flux  precision ~5%

Contemporary high energy physics experiments
antiproton production ~25%

Precision antiproton production measurements needed:
energy range 5 GeV <ECM <100 GeV with precision ~5%

RDIG-M, [ly6Ha, 12 anpensa 2024 B.T. Kum «JdkcnepumeHT SPD Ha xonnaunpepe NICA» 34



@

(NICA) SPD Experiment: Running Strategy

Physics goal Required time Experimental conditions

First stage

Spin effects in p-p scattering 0.3 year pPrr-Prr, S <1.5GeV
dibaryon resonanses
Spin effects in p-d scattering, 0.3 year i onsor-P> VS <1.5 GeV
non-nucleonic structure of deuteron,
p yield
Spin effects in d-d scattering 0.3 year i onsor-Arensors VS <1.5 GeV
hypernuclei
Hyperon polarization, SRC, ... together with MPD ions up to Ca
multiquarks

Second stage
Gluon TMDs, | year Pr-rr. /s =27 GeV
SSA for light hadrons
TMD-factorization test, SSA, | year pr-pr. 71 GeV< /s <27 GeV
charm production near threshold, (scan)
onset of deconfinment, p yield
Gluon helicity, | year Pr-Pr, Vs =27 GeV
Gluon transversity, | year Aiensor-rensor /Sny = 13.5 GeV
non-nucleonic structure of deuteron, or/and d, s~ /Sy = 19 GeV
“Tensor porlarized” PDFs
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@ SPD R&D: TpekoBas cuctema

'pynnbl OUAN (Oy6Ha), MNAD (MaTtumnHa) u UADP PK (Anmatbl)
pyk: T.J1. EHuk (OUAN) n E.B. Ky3HeuoBa (MNAD)

R&D TOHKOCTEeHHbIX TPyOoKk u ASIC peweHnn ang cUMTbIBaKOLWEN INEKTPOHUKMU
» CteHp TpekoBou cuctemol SPD/SHiP/Dune/RD51 nva CINC UEPH

ANA onpepeneHna TpedboBaHUN K CYMTLIBAIOLLEWN 3NIEeKTPOHUKe

@

CeaHcbl TecTOoBbIX namepeHum ¢ ASIC: VMM3,VMM3a, Tiger
- 2021 (1 ceaHc), 2022 (3 ceaHca) 2023 (3 ceaHca)

- YacTb pe3ynbLTaToB BKIOYEHbl B Tekywyro Bepcuto SPD TDR
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NICA
(NICA)

@

Spin: challenging delicate properties

”Expem:mer)ts with spin have killed more theories than
W

any other single physical parameter

Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001)

”Pofarisstior) data has ow,oter) been the gravegard oﬂ
@ashionzble theories. Ino theorists had their w3y they
might well \{330 such medsurements 3ltogether out ol seld-
protection.

J. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic Processes,
St. Croix, Virgin Islands (1987).

V. Mochalov (NRC KI - IHEP)
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