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• SPD (Spin Physics Detector) is a universal facility with 
the primary goal to study unpolarized and polarized 
gluon content of proton and deuteron

• SPD project was approved by PAC JINR and had its first 
proto-collaboration meeting in June 2019

• Conceptual Design Report (CDR) was released in January 
2021, [arXiv:2102.00442]

• Official birthday of the SPD collaboration in June 2021

• Technical Design Report (TDR) v1 of SPD was released 
in January 2023, http://spd.jinr.ru

SPD project at NICA (JINR, Dubna)

Physics program of  SPD
• A.Arbuzov et al, On the physics potential to study the gluon content of proton and deuteron at NICA SPD, 

Prog.Part.Nucl.Phys. 119 (2021) 103858 [arXiv:2011.15005]
Probe gluon distributions in production of charmonia, open charm and prompt photons 

• V.Abramov et al, Possible studies at the first stage of the NICA collider operation with polarized and 
unpolarized proton and deuteron beams, Phys.Part.Nucl. 52 (2021) 6 [arXiv:2102.08477]

Spin effects in elastic scattering and hyperon production, study of multiquark correlation, dibaryon 
resonances, exclusive reactions, open charm and charmonia near threshold, …

~300 participants from 32 institutes from 15 countries
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Accelerator complex                  in JINR

Nuclotron 
(up to 11 GeV)

Light ion injection

 and LU-20

Heavy ion injection 

and HI Linac

Booster     
(up to 0.6 GeV)

Collider     
(up to 13.5 GeV)

• Light ion mode:  1H↑, 2D↑, 3He↑

     LU-20  ⇒  Nuclotron  ⇒ Collider


HILac  ⇒  Booster  ⇒  Nuclotron  ⇒  Collider
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• The SPD hall is currently used for storing concrete 
blocks of biological protection and collider elements.

• The detector rail system will be installed upon arrival.
• Biological protection will be installed this year 

(extension of accelerator tunnel) and will remain until 
the construction of the SPD detector is completed.

SPD experimental hall in winter 2024
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Schematic view of  the SPD setup

The total weight is ~1.3k tons



6

Detector requirements 

for the SSA/TMD measurement

g

q

q

q

γ

Gluon TMD: Prompt photon production

g

g c

c
−D

+D

d

d

Gluon TMD:  Open charm (D0,±) production

g

g

c
c

g

ψJ/

Gluon TMD:  Charmonia (J/ψ) production

again; the second most important contribution, the Boer-
Mulders ! Collins term, is 1 order of magnitude smaller.

In Fig. 3 we plot the different maximized contributions
to AN , for the E704 experimental configuration and p"p!
!"X processes, for which very large values of AN have
been measured [22]. One sees that the Sivers mechanism is
largely dominant, that some effects might originate from
the Collins function and all other contributions are negli-
gible. Notice that while the Sivers effect is maximized only
in the choice of the Sivers function, the Collins contribu-
tion is maximized both in the choice of the Collins function
and the transversity distribution. We have shown separately
the quark and gluon Sivers contribution; there might be a
negative xF region where one could eventually gain some
information on the (maximized) gluon Sivers function.

In Fig. 4 we plot the different maximized contributions
to AN , for the kinematical region of the STAR-RHIC
experiment, which also has measured nonzero values of
AN in p"p! !0X processes [23]. Again, the Sivers
mechanism gives the largest contribution, some effects
might remain from the Collins mechanism and all other
contributions are negligible. At negative xF all contribu-
tions are vanishingly small.

In Fig. 5 we plot the different maximized contributions
to AN , for the kinematical region of the proposed PAX
experiment at GSI [24], p" !p! !"X. The situation is
similar to that for the E704 case, with the difference that
there might be, at large negative xF, a region where the
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FIG. 5 (color online). Different contributions to AN , plotted as
a function of xF, for p" !p! !"X processes and PAX kinematics,
as indicated in the plot. The different lines correspond to solid
line: quark Sivers mechanism alone; dashed line: gluon Sivers
mechanism alone; dotted line: transversity ! Collins. All other
contributions are much smaller.
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FIG. 4 (color online). Different contributions to AN , plotted as
a function of xF, for p"p! !0X processes and STAR kinemat-
ics. The different lines correspond to solid line: quark Sivers
mechanism alone; dashed line: gluon Sivers mechanism alone;
dotted line: transversity ! Collins. All other contributions are
much smaller.
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FIG. 3 (color online). Different contributions to AN , plotted as
a function of xF, for p"p! !"X processes and E704 kinemat-
ics. The different lines correspond to solid line: quark Sivers
mechanism alone; dashed line: gluon Sivers mechanism alone;
dotted line: transversity ! Collins. All other contributions are
much smaller.

M. ANSELMINO et al. PHYSICAL REVIEW D 73, 014020 (2006)

014020-14

quark Sivers

gluon Sivers
transversity ⊗

Collins

Quark TMD: Light hadron π,K,p production

• High energy hadron identification (xF>0.3)

• FARICH (Cherenkov photon detector)


• Better than 3σ separation up to 6 GeV

• Distinction of D-decay from primary vertex

• Silicon detector (DSSD or MAPS)


• Identification of kaon from D-decay

• TOF and FARICH

• High energy photons E>4 GeV to be detected

• Electromagnetic calorimeter (ECal)


• 40 cm long cell  =  200 layers of lead 
and scintillator


• Thickness of 18.6X0

• Pair of muons from primary vertex to be identified

• Range System (iron interleaved by MDT detectors)


• Thickness of 4λI  or 4.5λI with ECal

Conceptual design of the Spin Physics Detector 139
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Figure 9.15: (a) Dimuon candidate spectrum and the J/y peak after one year of data taking. (b)
Expected statistical precision for polarization lq as a function of the J/y transverse momentum.

The transverse single-spin asymmetry AN in J/y production probes the Sivers function. At
p

s =
200 GeV it was measured by the PHENIX Collaboration and found consistent with zero [18, 19]. To
estimate our statistical precision, 8 bins in f are considered (see Eq. 9.7). The same linear fit is used
to, firstly, estimate the error in the bins based on the expected J/y number and, secondly, to extract AN .
The projected statistical uncertainties for AN as a function of xF are compared to the GPM model pre-
dictions from Ref. [485] in Fig. 9.16 (preliminary CGI-GPM calculations indicate lower asymmetries).
Compared to the PHENIX measurement, we expect a much better precision and a much wider kinematic
range in xF . Our rapidity range is approximately |y| < 2.
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Figure 9.16: Projection of the estimated statistical uncertainties for AN compared to the GPM predictions
from Ref. [485] for SIDIS1 (a) and D’Alesio PDF parameterizations (b).

The statistical error of the longitudinal double spin asymmetry ALL sensitive to the polarized gluon dis-
tribution was estimated basing on Eq. 9.8 and 9.9. In these formulas, we neglect the uncertainties of
the measurement of the relative integrated luminosities and the beam polarizations. The projection of
the statistical uncertainties as functions of pT and |y| are shown in Fig 9.17. Compared to the previous
results obtained by the PHENIX Collaboration at

p
s = 510 GeV [120], we have a much better precision

and probe a wider kinematic range.

07.10.2020Measurement of J/psi TSSA at SPD12

Expectations from theory

GPM, Karpishkov, Saleev and Nefedov, 2020:
● d’Alesio and  SIDIS1 – arXiv:2008.07232
● SIDIS2 – private communica�ons

SIDIS1 SIDIS2 d’Alesio

07.10.2020Measurement of J/psi TSSA at SPD12

Expectations from theory

GPM, Karpishkov, Saleev and Nefedov, 2020:
● d’Alesio and  SIDIS1 – arXiv:2008.07232
● SIDIS2 – private communica�ons

SIDIS1 SIDIS2 d’Alesio

d’Alesio GSF parametrization
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the corresponding uncertainty;

– the angle between the reconstructed momentum of the pK pair and the line segment connecting
the primary and secondary vertices;

The kinematics of the pK pair (the angular and momentum distributions) could also be used for discrim-
ination.

Figure 9.24 (a) presents the K�p+ invariant mass spectrum obtained as the result of such a selection for
the D0-signal in the kinematic range |xF | > 0.2 as an example for both variants of the VD after one year
of data taking. About 96% of the D0 ! K�p+ events were lost, while the combinatorial background
under the D-meson peak was suppressed by 3 orders of magnitude. The signal-to-background ratio for
D0 is about 1.3% for the DSSD configuration and about 3.9% for the DSSD+MAPS one. Improving
the signal-to-background ratio is the subject of further optimization of the selection criteria, as well as
the reconstruction algorithms. The corresponding statistical accuracy of the SSA AN measurement is
illustrated by Fig. 9.24 (b), where both signals, D0 and D0, are merged. Similar or even better results
(due to a larger ct value) could be expected for the charged channel D± ! K⌥p±p±.
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Figure 9.24: (a) K�p+ invariant mass spectrum after 1 year of data taking (

p
s = 27 GeV, |xF | > 0.2).

(b) Corresponding statistical accuracy of the AN measurement for the D0 + D0 mesons. The expected
Sivers contribution to the SSA is also shown.

Another way to improve the signal-to-background ratio is tagging the D-mesons by their origin from the
decay of a higher state D⇤ ! Dp . The complexity of this approach lies in the need for detection of the
soft pion (pp ⇠ 0.1 GeV/c).

One more possibility to reduce the background is the tagging a leptonic decay of the second D-meson in
the event via reconstruction of the corresponding muon in the RS. The corresponding branching fractions
(µ + anything) are 6.8±0.6% and 17.6±3.2% for D0 and D±, respectively.
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Figure 9.22: (a) Expected uncertainty of the unpolarized cross-section Ed3s/d p3 measurement as a
function of pT . (b) Expected accuracy of the AN measurement for the prompt photons with pT > 4
GeV/c at

p
s = 27 GeV as a function of xF . The theoretical predictions are also shown.

2.3 Open charm production

In spite of the relatively large cross-section of the open charm production, most of the D-meson decays
cannot be reconstructed easily. The ”golden” decay channels are: D0 ! K�p+ and D+ ! K�p + p+

(BF=3.95% and 9.38%, respectively). The momentum distributions for D± and D0/D0 produced in p-p
collisions at

p
s = 27 GeV are shown in Fig. 9.23(a). The difference between the red and blue curves

reflects the fact that the probability for the c-quark to hadronize into the neutral D-meson is 2 times higher
than into the charged one. Since the decay length ct is 311.8 and 122.9 µm, respectively, which is larger
than the spatial resolution of the vertex reconstruction, the VD allowing one to reconstruct the secondary
vertex of the D-meson decay is the key detector for the open charm physics at SPD. The distribution for
the spatial distance between the primary (production) and secondary (decay) vertices for D±/0 mesons is
presented in Fig. 9.23(b).
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Figure 9.23: (a) Momentum distributions for D± and D0/D0 produced in p-p collisons at
p

s = 27 GeV.
(b) Spatial distance between the production and the decay vertices for D-mesons.

We demonstrate the ability of the SPD setup to deal with the open-charm physics using the D0/D0

signal. The following quantities can be used as selection criteria in order to suppress the combinatorial
pK background together with the kaon identification by the PID system:

– the quality of the secondary vertex reconstruction (c2);

– the distance between the primary and secondary vertices (spatial or in projections) normalized to

A N

A N
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Comparison of  SPD to MPD detector

• Event rate in SPD (~4MHz)

About 250 ns between bunch interactions 
=>  Triggerless DAQ (online filter)


• Low multiplicity events in SPD (~10 tracks)

• Muon detector in SPD (Range System)


Physics of charmonia (J/ψ)

• Tracking and hadron PID in SPD endcaps

To measure large known asymmetry 
effects at small polar angles.


• Magnetic field in SPD (1.2 T in center)

To determine momentum of tracks in 
endcaps. Uniformity not important

SPD
MPD
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Superconductive solenoid magnet

4.2 m

Control Dewar 
The volume of the Dewar 
tank is enough to cool the 
magnet offline for about a 
day without an influx of 
helium from the outside

• 1.1 Tesla field with ±9% uniformity within 
±1.4 m distance from center (tracking det.)

• Solenoid consists of 3 coils with 750 turns 
in total  (two layer edge-wise winding)

• central coil with 2×75=150 turns
• 2 side coils with 2×150=300 turns

• The use of the thermosyphon method for 
cooling the superconducting coils (natural 
convection of two-phase helium at 4.5K)

• It will be constructed in BINP Novosibirsk

Cooling He pipe 
welded to the 

support cylinder

 Rutherford-type cable made of 
8-strands NbTi/Cu superconductor. 
The cable will be encased in an 
aluminum stabilizer using a co-
extrusion process that provides a good 
bond be tween a luminum and 
superconductor in order to ensure 
quench protection during operation.

Linear guides used 
for positioning an electro-

magnetic calorimeter

Thermal shield 
cooled by gaseous He

12 pieces on 
each side.

Triangular supports are used 
to suspend the “cold mass”.

Made of 
fiberglass.

Steel cryostat 
Outer diameter 4.01 m
Inner diameter 3.47 m

Thickness 27 cm
Length 4.2 m

Weight 22 tons

20 
 

Ниже приведены графики однородности поля для базового варианта – все 

три СП катушки включены (ток 5200 А), нет корректирующих катушек. 

 

Рисунок 32 – График Bz(z) для случая без корректирующих катушек 

 

Рисунок 33 - Однородность для Bz для случая без корректирующих катушек 
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Cryostats of  superconducting magnets of  HEP experiments
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CMS
∅=7.6m, ∆R=85cm,

L=12.9m, B=4T

H1
∅=6.1m, ∆R=44cm,
L=5.75m, B=1.15T

MPD
∅=5.4m, ∆R=39cm,

L=9.0m, B=0.5T

SPD
∅=4.0m, ∆R=27cm,

L=4.2m, B=1.2T

Belle2
∅=4.0m, ∆R=30cm,

L=3.9m, B=1.5T
KEDR

∅=3.8m, ∆R=23cm,
L=3.2m, B=0.7T (1.8T)

BaBar
∅=3.5m, ∆R=35cm,

L=3.9m, B=1.5T

BES III
∅=3.4m, ∆R=33cm,

L=3.9m, B=1T

CDF
∅=3.4m, ∆R=25cm,

L=5.1m, B=1.5T
ATLAS (wo cryostat)
∅=2.6m, ∆R=9cm,

L=5.3m, B=2TPANDA
∅=2.7m, ∆R=39cm,

L=3.1m, B=2T
ZEUS

∅=2.2m, ∆R=25cm,
L=2.9m, B=1.8TD0

∅=1.4m, ∆R=17cm,
L=1.7m, B=2T

∅ - outer diameter
∆R - thickness
L - length 
B - magnetic field
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Helium system
Operating parameters Unit

1 Cooling capacity (for 4.5 K) 100 - 130 l/h
Cooling capacity (for 50 K) 150 W

2 Temperature of outlet flow 4.3 K (1.05 bar)

3 Temperature of inlet flow 4.5 К (1.15 bar)
4 Hydraulic resistance of the SC coil 0.1 bar
5 Cold weight  4000 kg
6 Maximum pressure in pipe 5 MPa
7 Heat load 60 – 80 W
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Cryogenic system
Helium liquefier

D.Nikiforov

N2, Ar, CO2 pipelines

Cryogenic storage tanks

Helium pipelines

LN2 LN2

LArLCO2
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• Purposes: μ identification, rough hadron calorimetry, iron 
return yoke of the magnet, mechanical support structure of 
the overall detector 

• 20 layers of Fe (3-6 cm) interleaved with gaps for Mini 
Drift Tube (MDT) detectors

• The endcaps must withstand the ~100 tonne magnetic force

• Total mass ~1000 tons, at least 4λI

• The design will follow closely the one of PANDA

• MDT provide 2 coordinate readout (~100 kch)

•  Al extruded comb-like 8-cell profile with anode wires 
+ external electrodes (strips) perpendicular to the wires

Range System (RS)

92

Figure 4.33: Range System prototype (10 ton, 4000 readout channels) at CERN.

(a) (b) (c)
Figure 4.34: Demonstration of PID abilities: patterns for - (a) muon, (b) proton and (c) neutron.

flight distance for particles to 108 cm. The detectors will occupy a maximum radial thickness of 20 cm
between the coils and the Straw Tracker (see Fig. 4.1). Spatial constraint for the end-caps is weaker.
In this section, two technologies for the TOF and one for the Cherenkov aerogel counter are described.
The choice for the baseline option will be made after comparing the respective performances, costs and
availability of group which will be able to build the detector.

8.1 Time-of-flight system

The purpose of the time-of-flight (TOF) system is to discriminate between charged particles of different
masses in the momentum range up to a few GeV/c. A short distance of 108 cm between the collision
point and the TOF dictates the requirement for the time resolution of the TOF to be better than 70 ps. In

Results of  beam tests of  RS prototype (10 ton, 4k ch)
Technical Design Report of the Spin Physics Detector 31
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MDT with open cathode geometry and 
external pickup electrodes (strips)

cross-section

Wire support

Figure 4.8: Mini Drift Tube with open cathode geometry cross-section (left) and layout (right).

Figure 4.9: Oscillograms of single signals: from the anode wire (1) and the strip (2, inverted); the
conversion factors are 60 and 480 mV/µA, respectively.

According to the results of the MDT (open cathode geometry) ageing tests, accumulation of a 1 C/cm604

total charge does not produce any significant effect on the detector performance. To monitor the ageing605

effects, measurements of the counting rate curves (Co-60 source) together with oscilloscopic observa-606

tions of the MDT average signals (256 events) for Co-60 and X-rays were made twice a week over the607

whole period of intense irradiation (see Fig. 4.11). Later on, these measurements (with X-rays) were608

repeated for up to 3.5 C/cm of irradiation without any visible degradation of the MDT performance. This609

should ensure a stable MDT performance for the lifetime of the SPD project.610

All R&D studies were made with a gas mixture of 70% Ar + 30% CO2 at atmospheric pressure, the611

one to be used in the proposed SPD Muon System. It is non-flammable, radiation hard and fast enough612

(150÷200 ns drift time, depending on incoming angle). The wire pitch in the present design equals 1613

cm, and a 3-cm strip width is selected for the second coordinate. These spatial parameters provide the614
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whole period of intense irradiation (see Fig. 4.11). Later on, these measurements (with X-rays) were608

repeated for up to 3.5 C/cm of irradiation without any visible degradation of the MDT performance. This609

should ensure a stable MDT performance for the lifetime of the SPD project.610

All R&D studies were made with a gas mixture of 70% Ar + 30% CO2 at atmospheric pressure, the611

one to be used in the proposed SPD Muon System. It is non-flammable, radiation hard and fast enough612

(150÷200 ns drift time, depending on incoming angle). The wire pitch in the present design equals 1613

cm, and a 3-cm strip width is selected for the second coordinate. These spatial parameters provide the614

Mini Drift Tubes (MTD)

G.Alexeev, 
A.Samartsev
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Electromagnetic Calorimeter (ECal)

• 200 layers of lead (0.5 mm) and scintillator (1.5mm)

• 36 fibers of one cell transmit light to 6×6 mm2 SiPM

• Moliere radius is ~2.4 cm

40 cm

2×2=4 cells• Purpose: detection of prompt photons and photons 
from π0, η and χc decays

• Identification of electrons and positrons
• Number of radiation lengths 18.6X0

• Total weight is  40t (barrel) + 28t (endcap) = 68t
• Total number of channels is ~23k
• Energy resolution is  ~5% / √E
• Low energy threshold is ~50 MeV
• Time resolution is ~0.5 ns

Endcap (2×4.6k cells) Barrel (13.8k cells)

∅
 3.4 m

O.Gavrishuk



Test results with cosmic particles

Setup of 4 modules

• Each module consist 

of 9 cells of 4x4 cm2


• All 36 cells were fully 
tested

Cell assembled of:           

• 1.5 mm Scintillator

• 0.3 mm Lead

• 200 layers


Scintillator composition:

• Polysterene 

• 1.5% Paterphenyle

• 0.05% POPOP

• Light detection by new NDL SiPm Series EQR15 
(intrinsic epitaxial layer as a quenching resistor (EQR))


• For now, old modules with a cross section of 4×4 cm2, 
left over from MPD production, are being used


• A matrix form for new scintillator production 
(40×40×1.5 mm3) was ordered. A 4-set mold will 
produce 4 scintillator plate per minute.

• The relative energy resolution for MIP:  dE/E=9.6% 
which corresponds to 240 MeV of electron signal and 
consistent with MC prediction

• Spectra of all 36 cells were tested and give 
consistent results.

cosmic 
rays

14

MIP



15

• All endcaps are loaded one-
by-one presumably by hand


• No need to divide the endcap 
detectors into two halves

For the case when assembling will not be allowed 
in the experimental hall due to MPD runs, it can be 
done outside the aria. 

~4 m

Detectors inside ECal (tracking + PID)



Barrel of  Straw Tracker (ST)

• Main tracker system of SPD
• Barrel is made of 8 modules with 30 double-layers 

oriented as z,+3º,-3º
• Maximum drift time of 120 ns for ∅=10mm straw
• Straw tubes are made of a PET foil that is ultrasonic 

welded to form a tube  
• Spatial resolution of 150 μm
• Expected DAQ rate up to several hundred MHz/tube 

(electronics is limiting factor)
• Number of readout channels ~26k
• Extensive experience in straw production in JINR for 

several experiments: ATLAS, NA58, NA62, NA64; 
prototypes for: COZY-TOF, CREAM, SHiP, COMET, 
DUNE.

16

straw production for NA62 (~2010)

Momentum resolution by 
ST-barrel alone

tilt angle
Identification via energy 

loss measurements

(electronics not simulated)

π
K

p

e

Energy loss in straw tubes

~2.4 m

1.7 m
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(a) (b)
Figure 9.18: (a) Power frame of a single octant. (b) The barrel supporting frame for eight ST octants.

Figure 9.19: Sketch of one module (octant) of the barrel part of the straw tracker.

per octant is 3238. Thus, the total number of channels in the barrel part of ST is 3238⇥ 8 = 25904.2717

The rigidity of the structure is assured by the low overpressure of gas inside the tubes and their fixation2718

inside the capsule volume. The anode wire positioning accuracy is achieved by the wire fixation in the2719

carbon fiber covers. The capsule also serves to thermally stabilize the gas, circulating inside the detector2720

volume, and to protect the straw surface from humidity. The sketch of one octant is shown in Fig. 9.19.2721

One meter of straw tube has a weight of 1.15 g. Thus, the weight of all the tubes in one octant with the2722

glued end-caps is about 17 kg.2723

1.3.2 Assembling the straw tracker2724

Prior to the octant assembly, the straws of a proper length have to be prepared with the end-plugs glued2725

to both ends of the straw. Layers Z, U , and V will be installed one by one, forming the octant. Each straw2726

of the stereo-layers U or V will have one end positioned at one of the octant ends, while the opposite end2727

Z
-3º
+3º

3.2k tubes per octant

T.Enik



Power frame for the Straw-barrel

• The frame will be  made of carbon fiber 
composite material UMT49-12K-EP (Rosatom)

• A preliminary design, which takes into account 
all the tolerances imposed by the Technical 
Assignment, was prepared

• Contract for the preparation of the conceptual 
design of the power frame was signed with 
CRISM earlier this year

• Engineers of CRISM were in charge for the 
development and production of the ECal power 
frame in MPD

17

CRISM
Khotkovo
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Endcap of  Straw Tracker (ST)

9/30/2022 10Victor Kramarenko

Principle design of one coordinate plane ST end-cap

In total , 4608 strings are contained in two 
end-caps with a diameter of tubes 9,68 mm.

The straw 
planes are 
assembled on a 
rigid portable 
honeycomb 
board on a 
rotatable 
octagonal 
frame 

• Straw Tubes end-cap

 

144 straw 
bottom 
layers 

Frame with 
motherboards 

for two 
opposite layers 

of tubes 

70 

Bushing for 
assembling all 
ENDCAP layers 
into a package 

Rigid flat table 
with bushings 

for end-cap 
mounting 

(honeycomb) 

150 

Beam pipe gap 144 straw 
top layers 

144 straw 
bottom layers 

144 straw 
top layers 

Epoxy 
compound 

6 30 

Rigid frame GND 
Fiberglass+copper 

Motherboard Ground 
Fiberglass+copper  

Bushing for 
assembling all 
end-cap layers 
into a package 

Rigid flat table 
for assembling 

144 straw 
top layers One coordinate 

layer consists of a 
frame on which 288 
individual straw 
tubes are glued on 
both sides

• One ST endcap contains 8 modules:  X, +45º, -45º, Y

• One module contains 288 tubes in total, which are 
arranged in two layers shifted by half a tube

• Total number of tubes in two endcaps is
288 tubes × 16 modules × 2 endcaps = 9216 tubes

• The thickness of one module is 30 mm 

• Eight coordinate planes are mounted together on a 
rigid flat table to form a 240 mm thick rigid block

• One straw is made by winding two  ”kapton” tapes 
forming a tube with ∅ = 9.56 mm 

8 modules x 2 layer = 16 layers of straw tubes

Y
V U X Y

V
U

X

G.Kekelidze

V.Kramorenko
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Progress on Straw-endcap prototype

End-plugs for ∅=9.54 mm tubes were designed and a 
400 of them  were manufactured using a 3D printer 

Gas inlet 
2mm tube

Pin

Straw tube

GRD 
connector

Hole for 
sealant

• The purpose of making the prototype is to test 
the assembly technology (stretching straws 
before gluing them to the frame)

• Aluminum sheets were purchased in the spring. 
The frame is being manufactured in LHEP 
workshop

• Tubes of the required diameter have been 
manufactured

• The issue of electronics remains open

Prototype of ∅=1m with two layers of tubes 
rotated 90 degrees relative to each other 



Application of  ST for the dE/dx analysis (PID)

TPC of  MPD (for comparison)Straw of  SPD

Inner pads: 5mm × 12mm = 60 mm2, Outer pads: 5mm × 18mm = 90 mm2∅=10mm straw: S = 78 mm2

20

SPD MC simulation

• Number of primary ionized e- per straw is about the same 
as per pad in TPC  =>  similar abilities for identification

• Using TDC+ADC for readout. See VMM3 as an example 

~5
8 

cm ~8
0 

cm

0 10 20 30 40 50 60 70

hitN
0

0.05

0.1

0.15

0.2

0.25

〉
dE

/d
x

〈
 / 

dE
/d

x
σ

Energy loss resolution in Straw (beam-tests data)

truncated mean (65:35)%

Energy loss resolution in Straw (beam-tests data)

ST barrel

ST endcap• For the 1-st stage of experiment 
ST will be the only PID detector 
in SPD for π/K/p.

• Only the low momentum region

Testbeam data 
(Straw ∅=1cm)
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Time-of-flight (TOF) detector
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16×9=144 MRPC

~4 m

• Purpose: π/K/p discrimination for 
momenta ≲2 GeV, determination of t0.

• Time resolution requirement <60 ps.
• Self-sealed Multigap Resistive Plate 

Chambers (MRPC) are the base option.
• DAQ electronics is under discussion. 

Analog of NINO chip v1 is in production.
• Number of readout channels is ~12.2k

TOF Chambers for Barrel

(overlap in 2 dimensions)

TOF Endcap scheme 15.03.2023TOF Chamder Endcap
48 strips

67
5,

5

56,38*

81

*Active area

313,44*
350

11

2,
5

30

TOF Layer Endcap
8 chambers

12
4,

5

80
0

45°

TOF Endcap
16 chambers

22,5°

~16

16
35

60

TOF Chambers for Endcap

2×16=32 MRPC

Reconstruction for pp at √s=27 GeV
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Figure 7.10: Reconstructed particle m2 as a function of the initial track momentum for pions, kaons, and
protons. For each particle type 3s intervals are also shown. The figure is obtained for the minimum bias
sample of pp collisions at 27 GeV.
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with 1 cm pitch are configured on the PCB sheets. Five PCBs are required in this design. The cathode2239

and anode signals are transmitted through differential cables. During the preliminary cosmic ray test,2240

the high-performance Analog Front-end Electronics (AFE) and the Lecroy oscilloscope (10 GHz pulse2241

sampling) were used. The crossing time of a signal is determined when setting a fixed threshold, and it2242

is related to the amplitude of the signal. The time spectrum of the difference of the two MRPCs is shown2243

in Figure 7.3 (b). It can be seen that the time resolution of each MRPC is 23.24 ps /
p

2 =16.4 ps.2244

Beside the implementation of the MRPC type described above, it is possible to realize cameras in the2245

variant with the application of the resistive layer on each of the camera glasses. This option was created2246

and tested in IHEP (Protvino) [40], it showed time resolution better than 40 ps. An additional advantage2247

in terms of reduced power supply voltage, in comparison with the camera described above.2248

3 Advantage of self-sealed MRPC2249

The choice of the working gas mixture for MRPCs has always been an important topic. It should allow2250

the MRPC detector to perform successfully and stably for different purposes, and be eco-friendly at the2251

same time. This indicates that the gas mixture should have a low ozone depletion power (ODP) and2252

global warming potential (GWP). The tetrafluoroethane currently used in MRPCs is ozone-friendly, but2253

with a GWP of about 1430 (the reference GWP of CO2 is 1). Therefore, a lot of research has gone into2254

looking for possible replacements. Among the possibilities, HFO-1234ze (1,3,3,3-tetrafluoropropene,2255

C3H2F4) with a GWP of 6 is one of the most popular candidates, and tests of gas mixtures based on it are2256

ongoing. Another reasonable approach is to reduce gas consumption or recycle gas. The CSR external2257

target experiment (CEE) in Lanzhou, China, will adopt a sealed technology of MRPC to construct the2258

TOF system. The MRPC detector, shown in Figure 7.2, is sealed by gluing an integral 3D-printed2259

frame and the outermost electrodes together. It can operate stably with a gas flux of 4 ml/min, which is2260

extremely low, compared to when MRPCs are placed in a sealed box.2261

Figure 7.2: Schematic view of self-sealed MRPC [33].

3.1 Prototype test results2262

Two sealed MRPC prototypes have been assembled for the testing performance. They were different in2263

number of strips (32 and 16), while the same in geometry parameters: 10 gas gaps of 0.25 mm thickness,2264

48 ⇥ 1.5 cm2 strip size, and 0.2 cm gap between strips. Working (sensitive) area 5 cm width was splited2265

to a 4-strip interval and signals are readout from a connector located at both end of strips. Under cosmic2266

Schematic view of  self-sealed MRPC 
(B.Wang et al, JINST 15 (2020) 08, C08022)

Y.Wang, 
V.Chmill
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Focusing Aerogel RICH (FARICH) detector

• Purpose: identification of high momentum particles 
(p≳1.5 GeV) which cannot be discriminated by TOF

• Requirement:  π/K separation at 6 GeV/c up to 3.5σ
• Disk-shaped detector in endcap with an area of 2 m2

• Multilayer focusing aerogel radiator produced in BINP
• Development of Multi-anode MCP-PMT is ongoing in 

Russia (so far PMT of Hamamatsu, Photonis, Photek)
• The FARICH concept was published in 2005
• It was realized as a detector in Belle-II (KEK) in 2017

box. It is cooled down to !40 1C to reduce the dark count rate by
two orders of magnitude with respect to room temperature.
Cooling is implemented using two stages of Peltier elements
coupled to the back of the DPC module case combined with the
process thermostat LAUDA Integral XT 150.

In the paper we present results for one tested aerogel sample
that is a 4-layer aerogel with 115"115"37.5 mm3 size with a
varying refractive index around 1.04 and a designed focusing
distance of 200 mm. The aerogel sample is placed in a sealed
container with a 5 mm thick acrylic glass window to protect the
hygroscopic aerogel from condensation when opening the proto-
type's box shortly after a temperature cycle. Transparency of the
acrylic glass window was measured and found to be high in
the wavelength region of the DPC's sensitivity. The container with
the radiator was installed on a movable stage to vary the distance
between the photon detector and the radiator.

The DPC detector is a square array of 24"24 DPC-3200-22
sensors (chips). Each sensor is equipped with a TDC and provides
timing of the first cell hit with a least significant bit value of about
20 ps. The sensor is divided into 4 pixels of 3.2"3.9 mm2 size.
Each pixel has 3200 cells and constitutes a single amplitude
channel. Pixels cover the detector's area with 69% geometrical
efficiency. Sensors are soldered up on a PCB called tile in 4"4
array together with an FPGA that manages readout and configura-
tion of the sensors and a flash memory used for storage of the
sensor configuration parameters. Four tiles are connected to a
module PCB. The whole setup contains 9 modules covering a total
area of 20"20 cm2. Modules are linked in two bus boards that are
in turn read out by an FPGA-based data collection board (DCB). The
DCB generates the 200 MHz system clock and is connected to a PC
via a USB link. All the electronics configuration and data acquisi-
tion is managed by software developed by PDPC.

The dark count rate (DCR) of each cell is calibrated at the
operating bias voltage and temperature (!40 1C). Afterwards 10%
of the most noisy cells in each sensor are disabled. That allows us
to lower the DCR by an order of magnitude. Before the beam test
the DCR was about 100 kHz for most of the sensors that corre-
sponds to 2 kHz/mm2.

To reconstruct hit position on the detector plane, positions of
DPC tiles were measured by a photograph with precision better
than 1 mm. The layout of sensors on a tile is precisely controlled
by the production process.

3. Beam test

The test was carried out at the CERN PS T10 beam line with a
particle momentum of up to 6 GeV/c. The beam composed of
5 charged particle types: eþ, μþ, πþ, Kþ, p. No tracking and external
particle ID were available. The trigger signal was generated by a
coincidence of two scintillation counters of 15"15 mm2 size with
one being located upstream of the prototype and the other
downstream with about 3 m distance between them. Particles
that are selected by the trigger and not aligned with the proto-
type's axis result in a negligible contribution to the Cherenkov
angle resolution as was shown in simulations.

The trigger signal was connected to the prototype's electronics,
where it was used to form a 40 ns gate signal that was distributed to
all tiles. This gate signal was used by the tile FPGA to reject all hits
outside of the gate window. A delay of the gate signal was adjusted
to capture the Cherenkov hits. Timing of the trigger signal was not
measured.
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Fig. 1. (a) Single event X-Y hit map with a fitted ring. Solid circles denote fitted hits and open circles denote rejected ones. (b) Accumulated X-Y distribution of hits with
respect to the ring centre.

hit timing w.r.t. fitted event timing, ns
-0.4 -0.2 0 0.2 0.4 0.6

0

10000

20000

30000

40000

50000

60000

70000

80000

Fig. 2. Timing distribution of Cherenkov photons fitted by a sum of two Gaussians.
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We did a series of tests varying the particle momentum
P from 1 to 6 GeV/c in 1 GeV/c steps, as well as a series with
6 different radiator–detector distances L from 170 to 226 mm for
P¼6 GeV/c.

To calibrate the clock time skew of individual sensors we made a
special run with a PiLas laser diode illuminating the whole area of the
detector with a 50 ps light pulse of about 100 photons per sensor.

Up to 5 tiles have got disconnected during data taking due to
thermal stress. Signs of radiation damage in the central part of the
DPC detector have been observed that partially recovered after
‘annealing’ for a few days at room temperature.

4. Ring reconstruction

Each event is fitted by a single ring. Events must have at least
3 eligible hits for the fit to apply. For each event a timing window
of 4 ns is chosen such as to contain the maximum number of
detected hits. Hits at the center of the detector that are mostly
produced by particle ionisation in SPADs are rejected. The ring is
fitted to the selected hits using the unbinned maximum likelihood

method. The likelihood function is given by

L¼ ∏
Nh

i ¼ 1

Nph:e:Spx
2πR

G di;R; sRð Þ $ G ti; t0; stð Þ þ B
! "

ð1Þ

where G is a Gaussian function, di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi&x0Þ2 þ ðyi&y0Þ

2
q

, Nph:e: is
the mean number of photoelectrons, Spx is the active pixel area, B
is the background count rate, xi; yi; ti are the hit position and
timing, respectively, sR and st represent the standard deviations of
ring hit radius and timing, R; x0; y0 are the fitted ring radius and
centre position, and t0 is the fitted mean Cherenkov event timing.
The fit method has been verified to produce correct results for a
known ring radius distribution. It appeared to be quite robust to a
choice of constant parameter values, Nph:e: ;B; sR; st , that were fixed
based on the preliminary experimental results.

Using the clock skew calibration with PiLas we correct the
timing of all channels with respect to the mean event timing. An
additional timing correction based on the beam data was applied.

5. Results and discussion

In Fig. 1a an example of a single event at P¼6 GeV/c and
L¼200 mm is shown with a fitted ring. Fig. 1b shows an X–Y
distribution of hits with respect to the fitted ring centre. The outer
of the two rings can be attributed to the light particles (e, μ, π), we
will call it the relativistic ring, the inner one — to protons. The
kaon ring should lie in between but is not resolved on this picture.
The empty area in the lower left corner corresponds to the non-
functional tiles.

5.1. Timing resolution

Fig. 2 shows the timing distribution of hits selected within the
relativistic ring fitted by a sum of two Gaussian functions and a
constant. The narrower Gaussian contains about 92% of all entries
in the plotted range and has s¼ 48 ps. The origin of the right tail is
unclear but possibly it is caused by different timing characteristics
of individual cells in a sensor.

5.2. Number of photoelectrons

The analysis of the pixel hit correlations in a special data set
collected with random triggers has indicated that there is a
significant crosstalk probability between pixels of a sensor. In
average it has been estimated to be about 4% between a pair of
pixels or 12% between a pixel and three other pixels in the sensor.
That is most likely due to the photons emitted in a SPAD discharge
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Fig. 3. Distribution on number of hits in the relativistic ring for P¼6 GeV/c.
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and transmitted either through a protecting glass plate or silicon
to a neighbour pixel.

Fig. 3 shows the distribution of events on a number of hits in
the relativistic ring at P¼6 GeV/c. It is a bit wider than the Poisson
distribution that can be explained by the observed crosstalks and
additional hits from secondary particles. Assuming that the cross-
talks add about 12% of the hits, the mean number of detected
photons is about 12.

5.3. Cherenkov angle resolution

Radius distribution of rings is presented in Fig. 4 for
L¼200 mm and two selected momentum points: 6 GeV/c (a) and
1 GeV/c (b). It is fitted by a sum of four Gaussian functions, three of
which represent contribution of the particles with distinct rings at
the corresponding momentum. A wide Gaussian was introduced to
describe a small background from non-monochromatic particles in
the beam. Radii of the rings are evaluated as Ri ¼ Leff tan θ′c;where
Ri is the mean radius of the i-th ring, Leff is the effective radiator–
detector distance, θ′c is the Cherenkov angle in air expressed
through particle's β and the effective refractive index of the
radiator neff . Fitted parameters are Leff , neff , standard deviations
and coefficients of the Gaussians.

Given the experimental conditions, it is impossible to disen-
tangle contributions of the three lightest particles at P¼2 GeV/c
and higher. But as these particles have quite close velocities the
combined relativistic peak is only a bit wider than a single
particle peak.

Fig. 5 presents a dependence of Cherenkov angle error on βγ of
the particle. Only well determined peaks are entered into the plot.
We evaluate the Cherenkov angle resolution for a relativistic
particle ðβγ410Þ as sθc ¼ 3:6170:04 mrad, where the error is
mainly systematical.

The results of the scan on the radiator–detector distance at
P¼6 GeV/c is shown in Fig. 6a for the ring radius, and in Fig. 6b for
the Cherenkov angle resolution. Fit of the ring radius data yields
ðLeff$LÞ ¼ 1572 mm and tan θc ¼ 0:29070:003, which gives
neff ¼ 1:038370:0008. The Cherenkov angle error slowly
decreases with L reaching the minimum of 3.4 mrad at the largest
distance as expected.

5.4. Particle separation

For P≥3 GeV=c we evaluate π=K separation by the formula
Sðπ=KÞ ¼ ðRπ$RK Þ=sR, where Rπ and sR are taken for the relativistic
ring. The resulting plot is presented in Fig. 7 with superimposed
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ФАРИЧ – Система идентификации для CСТФ

34

T.Iijima et al., NIM A548 (2005) 383

A.Yu.Barnyakov et al., NIM A553 (2005) 70

n=1.030   6.0mm
n=1.027   6.3mm
n=1.024   6.7mmn=1.022   7.0mm

Первый 4-слойный аэрогель

Увеличение Nфэ за счет увеличения толщины 
радиатора без ухудшения σΘc

Первое применение: Belle-II (ARICH)
• РИЧ детектор с прямой фокусировкой

• 4-слойный фокусирующий аэрогель

• nmax = 1.05 (1.07?), толщина 35 мм

• 6аэр = 15 м1
• 21 м2 – общая площадь фотодетекторов

• SiPMs – цилиндрическая часть (16 м2)

• ФЭУ с МКП – торцы (4 м2)

• ~106 пикселей 3х3 мм2 с шагом 4 мм

A.Yu. Barnyakov, et al., NIM A 732 (2013) 352

Возможность разделять µ/π на 

уровне ≥3σ при P=1 ГэВ/с 
продемонстрирована в 2012г. 

Principle of  detector operation

30 cm
20 cm

ФАРИЧ – Система идентификации для CСТФ
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T.Iijima et al., NIM A548 (2005) 383

A.Yu.Barnyakov et al., NIM A553 (2005) 70

n=1.030   6.0mm
n=1.027   6.3mm
n=1.024   6.7mmn=1.022   7.0mm

Первый 4-слойный аэрогель

Увеличение Nфэ за счет увеличения толщины 
радиатора без ухудшения σΘc

Первое применение: Belle-II (ARICH)
• РИЧ детектор с прямой фокусировкой

• 4-слойный фокусирующий аэрогель

• nmax = 1.05 (1.07?), толщина 35 мм

• 6аэр = 15 м1
• 21 м2 – общая площадь фотодетекторов

• SiPMs – цилиндрическая часть (16 м2)

• ФЭУ с МКП – торцы (4 м2)

• ~106 пикселей 3х3 мм2 с шагом 4 мм

A.Yu. Barnyakov, et al., NIM A 732 (2013) 352

Возможность разделять µ/π на 

уровне ≥3σ при P=1 ГэВ/с 
продемонстрирована в 2012г. 

Further progress – Focusing aerogel RICH!

Suggested in 2004
T.Iijima et al., NIM A548 (2005) 383
A.Yu.Barnyakov et al., NIM A553 (2005) 70

2017

12.10.20 JINR2020, online 27

1-st FARICH detector in Belle-II

Aerogel
MCP-PMT

A.Barnyakov et al, NIMA732(2013)352

A.Barnyakov (BINP)
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Cylindrical MicroMegas (MM) 

Inner Tracker System of  SPD
Silicon Vertex Detectors (SVD) for 


the 2-nd phase of  SPD

(one of two options, commissioning by ~2035)

Micro pattern gaseous detector 
for the 1-st phase of  SPD


(commissioning by ~2028)

Double-Sided Silicon Detector (DSSD) Monolithic Active Pixel Sensors (MAPS)

Barrel DSSD module concept

SPD collaboration meeting 10 June 2021 9

Barrel DSSD module 3D model

- Size: 63x93x0.3 mm3 (on 6” – FZ-Si wafers)
- Topology: double side microstrip (DSSD)

(DC coupling)
- Pitch p+ strips: 95 μm;  
- Pitch n+ strips 281.5 μm;
- Stereo angle between p+/n+ strips: 900

- Number of strips: 640 (p+)× 320(n+)
- Number of strips per module: 640 (p+)× 640(n+)

DSSD parameters:

Low left corner of detector photomask p+ side (left) and n+ side (right)
(ZNTC, Zelenograd, Russia)

DSSD modules are assembled in ladders with 
carbon fiber support, 3 layers (R=5, 13, 21 cm) in 
barrel 74 cm long, 3 layers in each endcap, 
readout electronics at two ends, ~108k channels.

Example of  MM produced in Saclay (for JLab)

Bulk technology, cylindrically bent, 1 super-layer 
at R = 5 cm with strip tilt angles 0º, ±5º and 
length of 90 cm, readout electronics at two ends, 
~5.4k channels.
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Figure 12.1: Sketch of the layout and operating principle of a Micromegas detector.

narrow strips with a typical pitch 0.35 ÷ 0.5 mm.3634

3 Hit reconstruction and accuracy3635

Even a perpendicular track usually results in signals induced on several neighbor strips, a ”signal cluster”.3636

For track angles close to 90�, a standard ”charge centroid” method works perfectly. In this method a3637

hit coordinate is calculated according to the following formula: x = ÂAixi/ÂAi, where Ai is a signal3638

amplitude, xi is a strip coordinate, and summation is done over all strips in a cluster. The experience of3639

the COMPASS experiment [86] demonstrates that space resolution better than 100 µm may be routinely3640

achieved for the perpendicular tracks. For the inclined tracks, accuracy is much worse. In this case the3641

so-called ”µ-TPC” algorithm is much more suitable. In this method a local track segment in the gas gap

zhalf  
(2.5 mm) 

xhalf 

zdrift  
(5mm) 

ti, xi 

x 

z 

(a)
(b)

Figure 12.2: (a) Principle of Micromegas operation in µTPC mode. (b) Dependence of space resolu-
tion on incoming track angle for charge centroid and µTPC reconstruction methods, results of ATLAS
Micromegas prototype test. Courtesy of the ATLAS Collaboration.

3642

is reconstructed using precise timing information for each strip, similar to track building in a common3643

Time Projection Chamber detector: x coordinate is a strip position, and the second coordinate is defined3644

by the product of drift time and electron drift speed (Fig. 12.2 (a)). Accuracy vs incoming track angle3645

dependence for the centroid and µ-TPC methods obtained at the beam test of the ATLAS MM prototype3646

is shown on Fig. 12.2 (b). As it may be seen, a combination of the charge centroid and µ-TPC methods3647

provides accuracy of 100÷150 µm for incoming track angle from 0� to approximately 45�. The obvious3648

disadvantages of the µ-TPC method are: necessity for the time measurement’s accuracy better than 2 ns,3649

and requirement for a better signal-to-noise ratio and, hence, a higher gas gain. For the SPD experiment,3650

all tracks are almost perpendicular to the detector plane, but taking into account that the Micromegas3651

Central Tracker operates in the magnetic field, a non-zero Lorentz angle results in drift line is inclined3652

in respect to the electric field direction. For the hit reconstruction algorithms, the tracks looks like3653
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narrow strips with a typical pitch 0.35 ÷ 0.5 mm.3634

3 Hit reconstruction and accuracy3635

Even a perpendicular track usually results in signals induced on several neighbor strips, a ”signal cluster”.3636

For track angles close to 90�, a standard ”charge centroid” method works perfectly. In this method a3637

hit coordinate is calculated according to the following formula: x = ÂAixi/ÂAi, where Ai is a signal3638

amplitude, xi is a strip coordinate, and summation is done over all strips in a cluster. The experience of3639

the COMPASS experiment [86] demonstrates that space resolution better than 100 µm may be routinely3640

achieved for the perpendicular tracks. For the inclined tracks, accuracy is much worse. In this case the3641

so-called ”µ-TPC” algorithm is much more suitable. In this method a local track segment in the gas gap
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Figure 12.2: (a) Principle of Micromegas operation in µTPC mode. (b) Dependence of space resolu-
tion on incoming track angle for charge centroid and µTPC reconstruction methods, results of ATLAS
Micromegas prototype test. Courtesy of the ATLAS Collaboration.

3642

is reconstructed using precise timing information for each strip, similar to track building in a common3643

Time Projection Chamber detector: x coordinate is a strip position, and the second coordinate is defined3644

by the product of drift time and electron drift speed (Fig. 12.2 (a)). Accuracy vs incoming track angle3645

dependence for the centroid and µ-TPC methods obtained at the beam test of the ATLAS MM prototype3646

is shown on Fig. 12.2 (b). As it may be seen, a combination of the charge centroid and µ-TPC methods3647

provides accuracy of 100÷150 µm for incoming track angle from 0� to approximately 45�. The obvious3648

disadvantages of the µ-TPC method are: necessity for the time measurement’s accuracy better than 2 ns,3649

and requirement for a better signal-to-noise ratio and, hence, a higher gas gain. For the SPD experiment,3650

all tracks are almost perpendicular to the detector plane, but taking into account that the Micromegas3651

Central Tracker operates in the magnetic field, a non-zero Lorentz angle results in drift line is inclined3652

in respect to the electric field direction. For the hit reconstruction algorithms, the tracks looks like3653

Ionization gap 3 mm, amplification gap 120 µm, 
gas mixture Ar:C4H10 = 90:10, gas gain 104, 
pitch size 450 µm, will be manufactured in LNP 
JINR, spatial resolution ~150 µm.

Purpose: temporary replacement for SVD, it 
serves to improve momentum resolution of tracks 
by about 2 times  3.5% (ST) →1.7% (ST+MM). 

Main purpose of the detector is to reconstruct the 
position of D-meson decay vertices (σz=76 𝜇m).

Silicon wafer size 63×93 mm2, thickness 300 µm, 
orthogonal strips on p+ and n+ sides, p+ pitch 95 
µm, n+ pitch 282 µm, produced by ZNTC Russia, 
spatial resolution 27 (81) µm for p+ (n+) side.

The module consists of one silicon detector,
glued to the frame and connected with front-end electronics
via thin polyimide cable. FEE based on VATAGP7.1 ASICs

Barrel DSSD module prototype

16

BM@N Si-Module

- Size: 63x63x0.3 mm3 (on 4” – FZ-Si wafers)
- Topology: double side microstrip (DSSD)

(DC coupling)
- Pitch p+ strips: 95 μm;  
- Pitch n+ strips 103 μm;
- Stereo angle between p+/n+ strips: 2.50

- Number of strips: 640 (p+)× 614(n+) 

DSSD parameters:

DSSD

Polyimide microcables
(300 and 600 mm length)

SPD collaboration meeting 10 June 2021

Example of  DSSD module in JINR (for BM@N)

Silicon wafer size 30×15 mm2, thickness 50 µm,  
pitch 28 µm, 512×1024 pixels, sensor and FEE 
sections are integrated in a single chip, so far is 
not produced in Russia, spatial resolution 5 µm.

Example of  a MAPS  chip of  ALICE

MAPS chips are assembled in staves with carbon 
fiber support, 4 layers (R=4, 10, 15, 21 cm) with 
the external layer 127 cm long, FE electronics is 
part of the chip, ~109 pixels for readout.

Main purpose of the detector is to reconstruct the 
position of D-meson decay vertices (σz=51 𝜇m).

30 mm, 1024 pixels15
 m

m
, 5

12
 p

ix
el

s
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Silicon Vertex Detector (SVD)

Beryllium pipe, ∅64×1

Aluminum pipe, ∅83×1.5

DSSD modules of barrel

DSSD modules of endcap

Front-end electronics

∅
Vacuum beam pipe

142
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Figure 9.22: (a) Expected uncertainty of the unpolarized cross-section Ed3s/d p3 measurement as a
function of pT . (b) Expected accuracy of the AN measurement for the prompt photons with pT > 4
GeV/c at

p
s = 27 GeV as a function of xF . The theoretical predictions are also shown.

(BF=3.95% and 9.38%, respectively). The momentum distributions for D± and D0/D̄0 produced in p-p3365

collisions at
p

s = 27 GeV are shown in Fig. 9.23(a). The difference between the red and blue curves3366

reflects the fact that the probability for the c-quark to hadronize into the neutral D-meson is 2 times higher3367

than into the charged one. Since the decay length ct is 311.8 and 122.9 µm, respectively, which is larger3368

than the spatial resolution of the vertex reconstruction, the VD allowing one to reconstruct the secondary3369

vertex of the D-meson decay is the key detector for the open charm physics at SPD. The distribution for3370

the spatial distance between the primary (production) and secondary (decay) vertices for D±/0 mesons is3371

presented in Fig. 9.23(b).3372
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Figure 9.23: (a) Momentum distributions for D± and D0/D̄0 produced in p-p collisons at

p
s = 27 GeV.

(b) Spatial distance between the production and the decay vertices for D-mesons.

We demonstrate the ability of the SPD setup to deal with the open-charm physics using the D0/D̄0
3373

signal. The following quantities can be used as selection criteria in order to suppress the combinatorial3374

pK background together with the kaon identification by the PID system:3375

– the quality of the secondary vertex reconstruction (c2);3376

– the distance between the primary and secondary vertices (spatial or in projections) normalized to3377

the corresponding uncertainty;3378

– the angle between the reconstructed momentum of the pK pair and the line segment connecting3379

the primary and secondary vertices;3380

Distance between production and decay vertex

cτ = 312 μm

cτ = 123 μm

MM

Transverse momentum resolution
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superlayers. Due to the substantial power dissipation, the area near the boards needs active cooling.3784

Presently, water cooling is considered as the main option. The cooling bar will be done as an integrated3785

part of the support structure. With minimal cooling bar thickness of 6 mm, the inner FE board disks will3786

have a maximum radius R ⇡ 116 mm. That limits the detector acceptance to 11.5�  q  168.5�.3787

9 Simulation of detector performance3788

Monte Carlo simulation of the SPD detector with and without Micromegas Central Tracker was con-3789

ducted to estimate the detector perfomance. Center-of-mass energy
p

s = 10 GeV and minimal bias3790

events were used. the results for momentum resolution, as a function of transverce momentum pT (a),3791

total momentum p (b), polar angle q (c); and primary vertex reconstruction accuracy as a function of3792

track multiplicity (d), are shown in Fig. 12.9. There is no discrepancy with a preliminary simulation3793

presented in Table 12.2): both 90� and 45� tracks used for preliminary study hit the barrel Straw Tracker,3794

while for the minimal bias events most of the tracks pass throught the end-cap Straw Tracker, which has3795

very few active layers.

Figure 12.9: SPD detector tracking performance with and without MCT: red rectangular marks represent
results without MCT, blue ones – with MCT, and red circles represent results with silicon MAPS vertex
detector. (a) transverse momentum resolution; (b) momentum resolution (c); momentum resolution vs
polar angle; (d) primary vertex reconstruction accuracy vs number of tracks.

3796

10 Detector occupancy and gas mixture choice3797

10.1 Requirements3798

The nominal CM energy in the SPD experiment is 27 GeV with the luminosity about 1032cm�2s�1.3799

These values result in about 3 MHz rate of inelastic events and an average event multiplicity ⇡10 tracks3800

no VD
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Figure 11.11: Spatial resolution along X (a) and Z (b) axes for the secondary vertex of the D0 → K−π+

decay for MCT (magenta), 3-layer DSSD SVD (blue), and 4-layer MAPS SVD (red).

DSSD: N.Zamyatin,

MM

MAPS

O.Tarasov
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Progress in developing a cylindrical MM prototype in LNP

• Cylindrical MMs have so far been produced 
only in Saclay for CLASS12, R=10 cm.

• MM production stages for SPD (R=5 cm):
• Photolithography to produce RO board 
• Bending and fixation on template 
• Gluing force elements (longbeams, arcs)
• Gluing cathode plain and hermetization
• Finalization (cut-out technological detail, 

add gas connectors, etc)
• Stable signal (Ugain=525V, G=104)

D.Dedovich

read-out electrodes

LNP, Desember 2023
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Detectors for local polarimetry and luminosity control

Beam-Beam Counter (BBC)

Plastic scintillator tiles

z = ±1.4m

Scintillator tiles

 MCP

Beam pipe

 MCP-PMT

Beam pipe

12895

Zero Degree Calorimeter (ZDC)

Sandwich: scintillator pixels / Tungsthen 

⇄
⟵

⟶

I.Alekseev (ITEP)
A.BaldinV.Ladygin



The BBC prototype options:

➢CAEN FERS-5200 readout system 

➢scintillator prototype tiles (thickness 10 mm)


• Tyvek covered vs chemical mating

➢scintillation optical fibers (WLS and clear) 


•KURARAY vs Saint-Gobain Crystals

➢optical cement 


•CKTN Med vs OK-72

➢SENSL SiPMs (MicroFC-x0035-SMT) 


• 3x3 mm2 (for tests) vs 1x1 mm2

Tile height 55.7 mm 

25 tiles in sector  (similar to STAR EPD)

Currently, the selection of materials for the 
build of 7 detector prototype sector tiles  is 
underway 

V.Ladygin, A.Tishevsky

Progress on Beam-Beam-Counter (BBC)

27



Energy resolution for neutrons (50 ÷ 60)% / E ⊕  (8 ÷ 10)%. Time 
resolution 150 ÷ 200 ps. Neutron entry point spatial resolution 10 mm. 


Beam pipe sections for the ZDC cite are received in JINR October. Now 
under tests by vacuum group. The place for ZDC is fine and well 
acceptable for installation. 


For the initial test a single ZDC plane with 31 scintillator tile (no tiles in 
the corners) is being developed. 


DAQ electronics: A5202 based on Citiroc‐1A chip produced by WeeROC. 
It has 64 channels which provide SiPM bias, amplification and readout.

Progress on Zero Degree Calorimeter (ZDC)

28

I.Alekseev (ITEP), 
S.Shimanskiy

Absorber Scintillator SiPM

EM part
Hadron part

~63 cmOne plane of ZDC
(for initial tests)
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С. Ж.

Площадь,
м²Наименование

Категория производства
по взрывной,

взрывопожарной и
пожарной опасности

Номер
по

плану

Тамбур146/1

151

145

Грузовой тамбур

Коридор146

Электрощитовая

Тамбур

148

143

150/1

150/2

Вестибюль

Санузел

Комната уборочного инвентаря

149

147/1

147/2

147/3

147/4

Гардероб домашней одежды

147/5

Кладовая чистой спец. одежды

147/6

Душевая

147/7

Гардероб рабочей одежды

146/3

Кладовая грязной спец. одежды

Тамбур

144

142

Помещение водоохлаждения

Помещение узла ввода

Помещение оперативного пункта

Комната уборочного инвентаря

150

Помещение вентиляции

Помещение ИП ВЧ систем

Техническое помещение

152/1

153

141 Помещение ИП ВЧ систем

Санузел146/2

Площадь,
м²

ЭКСПЛИКАЦИЯ ПОМЕЩЕНИЙ

Наименование

Категория производства
по взрывной,

взрывопожарной и
пожарной опасности

Номер
по

плану

Помещение детектора SPD140 В4

140/1 Участок разгрузки В41127,5

20,0

7,3

Лестничная клетка

Вестибюль112/6

112/4

54,3Техническое помещение (ССО)133

53,9 В4Помещение оперативного пункта (SPD)136

60,0 В4Помещение оперативного пункта137

39,1Электрощитовая135

3,0Санузел

2,9Тамбур

3,1Кладовая грязной спец. одежды

10,0Мужской гардероб рабочей одежды на 9 чел. кат. 1в

Душевая 5,5

2,9Кладовая чистой спец. одежды

8,8Мужской гардероб домашней одежды на 9 чел. кат. 1в

2,0Тамбур

2,7

3,0

3,0

Комната уборочного инвентаря

Санузел женский

Санузел мужской

134/3

134/2

134/1

18,8Вестибюль134

20,2Лестничная клетка138

9,2Тамбур139

Техническое помещение131

149,1

93,6130 Д

19,6

Коридор128

Грузовой тамбур 126,7127

50,0Помещение сбора трапных вод125

В4

132/1

132/2

132/3

132/4

132/5

132/6

132/7

129 75,3 В4

128/1

В4

Помещение хранения резервного оборудования

112 Помещение тоннеля коллайдера (полукольцо W) В4

112/5 Помещение ввода коммуникаций

Помещение узла ввода 29,4130/1

19,8

133/1 Помещение ИП ВЧ систем 59,3

В4

136/1 Тамбур 3,2

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Д

Д

130/2 75,9

Д

Помещение водоохлаждения Д

114,5

109,0

24,5

161,0

85,7

131,5

4,0

3,0

1,5

2,1

8,2

2,4

6,0

9,8

2,3

2,0

32,5

24,5

25,8

2,5

3,8

150/3 Тамбур 4,2

32,7

112/7 115,0 В4

152/2

Помещение ввода коммуникаций

Коридор коммуникационный 336,0

161,0

31,5

1324,9

1996,5

ФРАГМЕНТ ПЛАНА НА ОТМ. -3,190
в осях 202 - 212, Е2- П2

202 212

И2

К2

Л2

М2

Н2

Ж2

Е2

П2

по 2

140

140
2

План на отм. -3,190

140/2 869,0 В4Участок размещения детектора SPD

Помещение ввода коммуникаций

Помещение ИП ВЧ систем

В4

В4

В4

В4

В4

18217216215214213212211210292
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R34460
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 146
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1 147
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7
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3

149

157153

146

144
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142
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Н2
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14
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13

140
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1

202192 222212

192 222

140

140
2

140
2

Д2

Г2

В2

Б2

А2

П2

 120
1

 133
1

по 7

9

по 7

9

6

6

8 8

 130

 130
2

151

150

Р2

С2

У2

Т2

П2

172 232 282

 150
3

 112
7

 152
1

 152
2

 122
3

85,0Коридор

Техническое помещение (ССО) 82,0

33,7Техническое помещение (вакуумнасосная)

126

124

123

Д

Номер
по

плану

Категория производства
по взрывной,

взрывопожарной и
пожарной опасности

Наименование

ЭКСПЛИКАЦИЯ ПОМЕЩЕНИЙ

Площадь,
м²

В4

121/1 Комната уборочного инвентаря 3,5

122/2 Помещение вытяжной венткамеры В4

122/1 Помещение приточной венткамеры

-

-

В4

122/3 Помещение приточной венткамеры

В4121,6

28,2

24,5

Помещение тоннеля коллайдера (полукольцо E) В4181

181/13

181/14 Лестничная клетка

Вестибюль 100,1

17,6

2857,8

181

К2

382312

А2

222192

112

12

23

А3

П3

241

11
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взрывопожарной и
пожарной опасности

Номер
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плану

Комната уборочного инвентаря160/3
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157
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154
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Поляков
Столярова
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Разраб.
Гл. спец.

ГИП

Нач.отд.

Размещение тяжелоионного коллайдера NICA на площадке ЛФВЭ
ОИЯИ в г. Дубне, с частичной реконструкцией здания №1

Заказ 318Б

ЗАО "КОМЕТА"

318Б-063К2-АР-АР

Поляков
Столярова

Кожанов

Петракова
Делов

Изм. Кол Подп.Лист Дата

Здание 17

формат А2x3

N изм

П 3

Фрагмент плана на отм. 0,000
между осями Е3-К2, 312-241

ФРАГМЕНТ ПЛАНА НА ОТМ. 0,000 между осями 23 - А2, Д3/1- 312

ФРАГМЕНТ ПЛАНА НА ОТМ. 0,000 между осями Е3 - К2, 312- 241

Связь жесткости

 Вновь возводимые стены из монолитного ж.б.

Условные обозначения:

 Вновь возводимые перегородки из керамического кирпича

Покрытие из рифленой стали

 Стеновые сэндвич панели

 Сборно-разборные ж.б. блоки

 Вновь возводимые стены из монолитного ж.б.

Условные обозначения:

 Вновь возводимые перегородки из керамического кирпича

Покрытие из рифленой стали

 Стеновые сэндвич панели

 Закладываемые проемы

 Пробиваемые проемы

Существующие несущие и ограждающие конструкции

Демонтаж существующих конструкций

Territory 
assigned to 

SPD
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Data Acquisition System (DAQ)

SPD

data

da
ta

Inside the detector or on 
the electronics platform

DAQ room, 60 m2

Building 14: for server equipment, data 
storage and transmission systems (300 kW)

L.Afanasyev

da
ta

 st
or

ag
e

builder 
computer

builder 
computer

online 
filter

online 
filter

LIT

~30 kW

~100 kW
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• Bunch crossing every 76 ns   →  crossing 
rate 12.5 MHz

• At maximum luminosity of 1032 cm-2s-1 the 
interaction rate is 4 MHz

• No hardware trigger to avoid possible biases

• Raw data stream 20 GB/s or 200 PB/year

• Online filter to reduce data by oder of 
magnitude to ~10 PB/year

Data Acquisition System (DAQ)

• Preparation for the experiment. Monte Carlo simulation from 2024 to 2028 will provide 2 PB per year. Total 
per stage: 10 PB. 

• Stage I: running at low luminosity of the NICA collider. Monte Carlo simulation and real data taking from 
2028 to 2030 will provide 4 PB per year. Reprocessing: 2 PB per year. Total per stage: 18 PB. 

• Upgrade of the setup for operation at high luminosity. Monte Carlo simulation from 2031 to 2032 will 
provide 2 PB per year. Reprocessing: 2 PB per year. Total per stage: 8 PB. 

• Stage II: running at maximum design luminosity of the NICA collider. Monte Carlo simulation and real data 
taking from 2033 to 2036 will provide 20 PB per year. Reprocessing: 10 PB per year. Total per stage: 120 PB. 

Data volume vs time
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Stage I of  experiment

• Basic set of subsystems
• Magnet, RS, Straw
• MM, BBC, MCP, ZDC

• No PID detector (TOF, FARICH), no ECal, 
no SVD

• p-beam:  √s ≲ 15 GeV,  L ≲ 1030 s-1cm-2

Stage II:  Fully assembled setup

• p-beam:  √s=27 GeV,  L=1032 s-1cm-2 with 
interaction rate of ~4 MHz
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Conclusions

• NICA collider will start operation in heavy ion mode in early 2025
• Possibility of running (polarized) proton beams in NICA is currently being studied
• SPD (Spin Physics Detector) is a universal facility with the primary goal to study 

unpolarized and polarized gluon content of p and d 
• 4π detector will be equipped with silicon detector, straw tracker, TOF and 

FARICH for PID, calorimetry, muon system and monitoring detectors
• SPD Technical Design Report was released at the beginning of 2023
• More information could be found at http://spd.jinr.ru

Technical Design Report of the Spin Physics Detector 19

0 +2 +4 +6 +8

SPD construction SPD upgrade
1st stage

of operation
2nd stage

of operation

Creating of polarized 
infrastructure

Upgrade of polarized 
infrastructure

years

Figure 2.3: Tentative operating plan of the SPD project.

that are assumed to be part of the first stage are highly elaborated. The subsystems of the second stage491

are described in a more schematic way.492
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(RHIC, BNL) 
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ANKE 
(COSY, Julich) 

p↑− p↑

SPD (NICA, JINR) 
p↑− p↑

SPASCHARM 
(U-70, Protvino) 

p↑− p↑

AFTER & LHCspin 
 (LHC, CERN) 

p − p↑

E704 
(Fermilab) 
p↑− p↑

SATURNE II 
Saclay 
p↑− p↑

SPD - VS OTHERS

4, GeV

SPD compared to other spin experiments

• Access to intermediate and high values of x
• Low energy but collider experiment (compared to 

fixed target). Nearly 4π coverage

• Two injector complexes available ⇒ mixed 
combinations p↑-d and p-d↑ are possible

Figure 3: Cross-section for open charm, J/ψ and ψ(2S ) production from CEM-NLO model (colour evaporation model combined with NLO
pQCD matrix elements) and prompt photon production cross-section for pT > 3 GeV as a function of center-of-mass energy. Model-
calculations are compared with available experimental data sets. The figure is adapted from Ref. [44] ©(2002) by The European Physical
Journal.

Table 1: Main present and future gluon-spin-physics experiments.

Experimental SPD RHIC [45] EIC [36] AFTER LHCspin

facility @NICA [41] @LHC [34] [35]

Scientific center JINR BNL BNL CERN CERN

Operation mode collider collider collider fixed fixed

target target

Colliding particles p↑-p↑ p↑-p↑ e↑-p↑, d↑,3He↑ p-p↑,d↑ p-p↑

& polarization d↑-d↑

p↑-d, p-d↑

Center-of-mass ≤27 (p-p) 63, 200, 20-140 (ep) 115 115

energy
√

sNN , GeV ≤13.5 (d-d) 500

≤19 (p-d)

Max. luminosity, ∼1 (p-p) 2 1000 up to 4.7

1032 cm−2 s−1 ∼0.1 (d-d) ∼10 (p-p)

Physics run >2025 running >2030 >2025 >2025

(Fig. 4(a)) and its production can be perturbatively calculated, because the hard scale of the process is limited
from below by the heavy quark mass, providing the direct access to polarized and unpolarized gluon distributions.
However, the process of the transition of the heavy quark-antiquark pair into a physical bound-state is presently

6

Main present and future gluon-spin-physics experiments
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8Y. Filatov. About spin dynamics in solenoidal magnetic fields at SPD,  

JINR, Dubna, 28 April, 2021
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Spin dynamics in the SPD solenoid field

Y. Filatov. About spin dynamics in solenoidal magnetic fields at SPD,  
JINR, Dubna, 28 April, 2021
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𝚫𝐳 is a displacement of IP from the SPD center
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𝐵𝑠Δ𝑧
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𝐵𝜌 is a magnetic rigidity 
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Luminosity reduction due to displacement of  IP from the SPD center

Spin dynamics in the SPD solenoidal field 1T
Yu.Filatov 28.04.2021
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17

Unique operation mode with spin-flippers at NICA

The new ring filling mode (all bunches with the same polarization in 
the both rings) and the new operation (sequential switching-on of the 
spin-flippers in the rings) [S.S. Shimanskiy]:

1st ring +++… |ххх| - - -… |      | - - -… |xxx| +++ …|      | +++…
2nd ring +++… |      | +++…|xxx| - - -… |      | - - - … |xxx| +++…

(+ +)           (- +)           (- -)           (+ -)       (+ +) 

|ххх| - spin-flipper switching-on, no data taking
|   | - spin-flipper switching-off, no data taking

There are no problem with measurement of the bunch 2 bunch 
luminosity and no problem to reverse the polarization at the ion 
source during ring fillings!

Y. Filatov. Polarized beams at NICA ,  
JINR, Dubna, 10 June, 2021

Operation mode with spin flippers

• Formation of polarized proton beams in the NICA 
collider is presently under study

• T1 ≈ 2h, T2 ≈ 1h, τL ≈ 6h, τP ≈ 3day
• Effective luminosity Leff ≈0.6L0, maximum 

luminosity L0 ≈1023 cm-2s-1

• All bunches in one ring will have the same 
polarization (~70%)

• Spin navigator (SN)  is based on weak solenoids with 
𝐵𝐿 ≤ 0.6Tm

• It takes ~1s for Spin-Flipper based on SN to reverse 
the polarization

24

Time

0L
Lu
m
in
os
ity

1T 2T

Lτ

Figure 3.3: Cycle of the collider operation.

Collider operation cycles
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CMS CMS

CMS

Calorimeter suspension scheme in CMS/LHC
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⊙
Nucleon 

polarization

Model calculation of  quark orbital angular momentum

Up quark Down quark

Wigner distribution of unpolarized (U) quark 
in a longitudinally (L) polarized nucleon

Lq
z = ∫ dx d2 ⃗kT db⃗⊥ (b⃗⊥ × ⃗kT)z ρLU(b⃗⊥, ⃗kT, x)

Light-cone constituent quark model (LCCQM)  

 C.Lorce, B.Pasquini, X.Xiong, F.Yuan, arXiv:1111.4827
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Functions describing the nucleon structure

Wigner distribution

5D

Parton distributions


PDF(x) 1D
Form Factors

Transverse Momentum 

 Distributions:  

∫ d2kT

3D Generalized Parton Distributions:  

∫ d2kT

 ←FT→ 

∫ d2b⊥
∫ dx

ξ = 0

z

y

x

b⃗⊥

⃗kT

k+= xP+

z

y

x
⃗kT

k+= xP+

z

y

x

k+= xP+

z

y

x

b⃗⊥

z

y

x

b⃗⊥k+= xP+

TMD(x, ⃗kT)

ρ(x, ⃗kT, b⃗⊥)

GPD(x, b⃗⊥) GPD(x, ⃗Δ⊥) GPD(x, ξ, ⃗Δ⊥)

 ←FT→ 
GTMD(x, ξ, ⃗kT, ⃗Δ⊥)

Generalized Transverse 
Momentum Distributions:  ξ = 0

Diehl, arXiv:1512.01328

F(b⃗⊥)

∫ d2b⊥



are vectors⃗k⊥ ̂zand

z

⃗kT

k+=xP+

h and H are pseudoscalars
⃗S⊥ ⃗s⊥ are axial vectorsand

⃗S⊥

H= | ⃗SL|⃗s⊥

h = | ⃗sL|

z
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Hadronic tensor is decomposed into a set of basis tensors multiplied by scalar structure functions (TMDs)

One needs to find out the basis tensors assuming hermiticity, parity and time-reversal invariances.

Only 8 independent combinations to construct a scalar up to terms quadratic in kT    =>   Leading twist 
distributions (densities) in the context of parton model

Transverse momentum-dependent (TMD) distributions

3D partonic structure of hadron in momentum space (coordinate position of partons is obtained from GPD)

Transverse motion of quarks results in correlations between the orbital angular momentum and the spin of 
quarks for nucleons at different polarization states

TMDs give rise to spin and azimuthal asymmetries
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Product of pseudo-scalar and axial vector

Worm gear T Worm gear L

h ( ⃗k⊥ ⋅ ⃗S⊥) H ( ⃗k⊥ ⋅ ⃗s⊥)

× g1T(x, k2
T) × h⊥

1L(x, k2
T)

Triple product (T-odd)

Sivers function Boer-Mulders function

⃗S⊥ ( ⃗k⊥ × ̂z) ⃗s⊥ ( ⃗k⊥ × ̂z)
× h⊥

1 (x, k2
T)× f⊥

1T(x, k2
T)

Transverse momentum-dependent (TMD) parton distributions

Number density Helicity Transversity

hH𝟙 ⃗s⊥ ⋅ ⃗S⊥

× f1(x, k2
T) × g1L(x, k2

T) × h1(x, k2
T)

Independent of ⃗k⊥

2-nd power in

Pretzelosity

2 ( ⃗S⊥ ⋅ ⃗k⊥)( ⃗s⊥ ⋅ ⃗k⊥) − ⃗k2
⊥( ⃗S⊥ ⋅ ⃗s⊥)

× h⊥
1T(x, k2

T)

⃗k⊥

(h and H are pseudoscalars)   + ( are vectors)  +⃗k⊥ ̂zand

Only  8  independent combinations up to terms quadratic in ⃗k⊥

( ⃗S⊥ ⃗s⊥ are axial vectors)and +   hermiticity, parity, time-reversal invariances.
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• Can be presented as multipoles 
in momentum space (kx, ky)

kx

ky

∼ hH

~𝟙

∼ ( ⃗s⊥ ⋅ ⃗S⊥)

∼ h ( ⃗k⊥ ⋅ ⃗S⊥)

∼ H ( ⃗k⊥ ⋅ ⃗s⊥)

∼ ⃗S⊥ ( ⃗k⊥ × ̂z) ∼ ⃗s⊥ ( ⃗k⊥ × ̂z)
∼ 2 ( ⃗S⊥⋅ ⃗k⊥)( ⃗s⊥⋅ ⃗k⊥)− ⃗k2

⊥( ⃗S⊥⋅ ⃗s⊥)

Pretzelocity

Number density

Worm-Gear L

Worm-Gear T

Boer-Mulders

Helicity

Sivers Transversity

Transverse momentum-dependent (TMD) parton distributions



Quark polarization

Unpolarized,  f Longitudinal, g Transverse, h

Number density Boer-Mulders

Helicity Worm-Gear L  (K-M)

Sivers
 Worm-Gear T

Kotzinian-Mulders
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f1(x, k2
T)

g1L(x, k2
T)

h1T(x, k2
T) *

g1T(x, k2
T)

h⊥
1L(x, k2

T)

h⊥
1 (x, k2

T)

f⊥
1T(x, k2

T)

h⊥
1T(x, k2

T)

• Subindex “1” indicates the leading 
twist (twist-2)

• Subindices “L” and “T” indicate 
polarization of nucleon

• Superscript “⊥” indicates the 
presence of transverse momenta 
with uncontracted Lorentz indices 

• All 8 twist-2 functions can be 
interpreted as densities

• 16 functions in twist-3.  No more 
probabilistic interpretation
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Large single-spin asymmetries (SSA) in p↑p→𝜋X processes

xF = 2pL / s CERN Courier, June 2009

𝜋
𝜋

⃗SN

⃗pN

⃗pT
π+

π−

X

⃗pL

• Large SSA observed in many inclusive pion production 
experiments:   p↑p → 𝜋X

• Effect is almost independent of energy


• Sivers effect explains the asymmetry assuming opposite 
contribution of u and d quarks:                                  
Anselmino et al, hep-ph/9503290, hep-ph/0509035

• Even though effect is large, its description is complicated

sgn( f⊥u
1T ) = − sgn( f⊥d

1T )

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓

∝ ⃗SN ⋅ ( ⃗pN × ⃗pT)

Sivers effect



• Generalized parton model (GPM) can be considered 
as a natural phenomenological extension of the usual 
collinear factorization scheme, with the inclusion of 
spin and kT effects through the TMDs

• Both Sivers (partonic distributions) and Collins 
(fragmentation processes) effects contribute to AN 
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Phenomenological description of  SSA of  p↑p→𝜋X processes
170 M. Anselmino et al. /Physics Letters B 362 (1995) 164-I 72 
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Table 1 

N&I ffa Pn 

u 5.19 2.19 4.15 
d -2.29 2.11 4.70 

-0.6 - 
0 0.2 0.4 0.8 0.8 1 

XF 

Fig. 1. Fit of the data on AN [ 21, with the parameters given in 
Table 1; the upper, middle and lower sets of data and curves refer 
respectively to r+, ?y” and r-. 

Notice that the values (Table 1) are very reasonable indeed; actually, apart from an overall normalization 
constant, they might even have been approximately guessed. The exponents (Y&d and &,d are not far from the 

very naive values one can obtain by assuming, as somehow suggested by Eqs. ( 15) and ( 14), that Z$!(X,) N 

Jfa,+lp.+(xa)f~.-lp.~~x~~~ where fa,+c-),p,+(x,) denotes, as usual, the number density of quarks with the 
same (opposite) helicity as the parent proton. Also the relative sign and strength of the normalization constants 
N, and Nd turn out not to be surprising if one assumes that there might be a correlation between the number 
of quarks at a fixed value of kl, and their polarization: remember that, according to W(6), inside a proton 
polarized along the j direction, Py = 1, one has for valence quarks P; = 2/3 and Pf = - l/3. 

It might appear surprising to have approximately opposite values for the 7r+ and 7rTT- asymmetries, as the data 
indicate, and a large positive value for the ?r”; one might rather expect AN N 0 for a d. However, this can 
easily be understood from Eq. ( 17) which we simply rewrite, for a pion 7f, as Ai = Ni/Di, if one remembers 
that from isospin symmetry one has: 

h/c = ; (D+/c + Q-/c) . 

Eq. (17) show that the relation (21) also holds for fl and V”, so that 

,;=N++N- =A+ 

v++D- N 

(21) 

(22) 

It is then clear that Ai cv -Ai implies A% pu 0 only if V- ^J V+, i.e. if the unpolarized cross-sections 
for the production of a rTT- and a r+ are approximately equal. This is true only at XF N 0. At large XF the 
minimum value of x, kinematically allowed increases and the dominant contribution to the production of & 
and 7r- comes respectively from f,,lP( x,) and fdlp(&) [see the denominator of Eq. ( 17)]. It is known that 
fdlp(xa)/ fu,p(x,) + 0 when x, 4 1; this implies that V-/V+ decreases with increasing XF, so that at 
large xF we have ‘F/V+ < 1 and A$!, 2 A:( 1 - 2V-/Vi) N A $. Such a trend emerges both from the 
experimental data and our computations. 

Phys.Lett.B362(1995)164

Fit of the data on AN

π+

π-

π0

AN =
[dσ↑ − dσ↓]Sivers + [dσ↑ − dσ↓]Collins

dσ↑ + dσ↓

Phys.Rev.D73(2006)014020

again; the second most important contribution, the Boer-
Mulders ! Collins term, is 1 order of magnitude smaller.

In Fig. 3 we plot the different maximized contributions
to AN , for the E704 experimental configuration and p"p!
!"X processes, for which very large values of AN have
been measured [22]. One sees that the Sivers mechanism is
largely dominant, that some effects might originate from
the Collins function and all other contributions are negli-
gible. Notice that while the Sivers effect is maximized only
in the choice of the Sivers function, the Collins contribu-
tion is maximized both in the choice of the Collins function
and the transversity distribution. We have shown separately
the quark and gluon Sivers contribution; there might be a
negative xF region where one could eventually gain some
information on the (maximized) gluon Sivers function.

In Fig. 4 we plot the different maximized contributions
to AN , for the kinematical region of the STAR-RHIC
experiment, which also has measured nonzero values of
AN in p"p! !0X processes [23]. Again, the Sivers
mechanism gives the largest contribution, some effects
might remain from the Collins mechanism and all other
contributions are negligible. At negative xF all contribu-
tions are vanishingly small.

In Fig. 5 we plot the different maximized contributions
to AN , for the kinematical region of the proposed PAX
experiment at GSI [24], p" !p! !"X. The situation is
similar to that for the E704 case, with the difference that
there might be, at large negative xF, a region where the
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FIG. 5 (color online). Different contributions to AN , plotted as
a function of xF, for p" !p! !"X processes and PAX kinematics,
as indicated in the plot. The different lines correspond to solid
line: quark Sivers mechanism alone; dashed line: gluon Sivers
mechanism alone; dotted line: transversity ! Collins. All other
contributions are much smaller.
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much smaller.
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quark Sivers

gluon Sivers

transversity ⊗
Collins

Contributions to AN

• There is no consistent description (global fit) of all 
p↑p→πX data available so far

• Contribution of Sivers mechanism for quarks is largely 
dominant in the forward region

• Opposite sign of π+ and π- asymmetries can indicate 
an opposite sign of Sivers function of u and d quarks

• Gluons can be studied in the central and backward 
regions of xF

• New data of SPD over a wide rage of pT and xF will 
provide better constrains for the fit

̂fq/p↑(x, kT) = fq/p(x, kT) +
1
2

ΔNfq/p↑(x, kT) S ⋅ (P̂ × k̂T)



increases AN!!" (#5%). As the calculations show, the
dominant contribution to SSA is from valence quarks
with contributions from sea- and anti- quarks small enough
that the current measurements are not able to quantitatively
constrain the contribution. The calculations, which were
done in the same kinematic range as the data, describe the
data, especially AN!!$" within the uncertainties. AN!!"
calculated from the ‘‘final-state twist-3’’[24] which uses
the twist-3 fragmentation function (FF) for the pion clearly
under-predicts AN!!$" while is in a reasonable agreement
within uncertainties for AN!!%". In Fig. 2, the data are also
compared with calculations including Sivers mechanism
which successfully describe the E704 AN data using va-
lencelike Sivers functions [25,26] for u and d quarks with
opposite sign. The FFs used are from the KKP parameteri-
zation [27], but the Kretzer FF [28] gives similar results.
The calculations underestimate AN , which indicates that
TMD parton distributions are not sufficient to describe the
SSA data at this energy. As very recent studies [29] sug-
gest, Collins mechanism might also be needed to account

fully for the observed asymmetries. All AN!!" calculations
compared with the data shows jAN!!%"j# jAN!!$"jwhile
the data exhibit jAN!!%"j< jAN!!$"j where pT *
1 GeV=c. Since there is a strong kinematic correlation
between xF and pT in the data as shown in Fig. 1, the
rise of AN in Fig. 2 can be also driven by pT .

Figure 3 shows AN!!%" and AN!!$" for 5 different pT
regions from 0.4 to 1:2 GeV=c. As seen in Fig. 3, the xF
dependence of AN at low-pT (pT & 0:5 GeV=c) is very
small but increases with pT in the kinematic region at least
up to pT # 1 GeV=c. The pT dependence of analyzing
powers with xF is qualitatively consistent with the mea-
surements at

!!!
s
p & 19:3 GeV, where strong xF depen-

dent SSAs is observed only above a pT ‘‘threshold’’
(&0:7 GeV=c) [3]. It is noted that the trend is also quali-
tatively in agreement with the polarization of the !s
produced at the same collision energy,

!!!
s
p & 62 GeV [5].

The SSAs for charged kaons as a function of xF are
shown in Fig. 4 together with twist-3 and Sivers calcula-
tions (see the figure caption for details). The asymmetry for
K%!u "s" is positive as is the AN of !%!u "d", which is
expected if the asymmetry is mainly carried by valence
quarks, but the measured positive SSAs of K$! "us" seem to
contradict the näive expectations [30] of valence quark
dominance. In a valencelike model (no Sivers effect from
sea-quarks and/or gluons), nonzero positive AN!K$" im-
plies large nonleading FFs (DK$

u , DK$
d ) and insignificant

contribution from strange quarks. Twist-3 calculations us-
ing Kretzer FF also under-predict AN!K$" due to the small
contribution of sea and strange-quark contribution to AN in
the model. Notably the unpolarized cross section for K% is
an order of magnitude higher than forK$ [16]. The current
calculations for kaon asymmetries need an extra or a differ-
ent mechanism to account for positive AN!K$" at similar
level of AN!K%" as shown in Fig. 4. If the asymmetries of
K$ are mainly driven by pQCD effects, the discrepancies
between data and calculations are expected to be reduced
once the Sivers function is better understood for sea quarks
and also FFs especially the unfavored FFs. Likewise pos-
sible non-negligible contributions from the Collins mecha-
nism, as recently reported [31,32], may need to be explored
further.
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FIG. 3 (color online). AN vs xF for !% and !$ for positive xF at fixed pT values: (a) 0:4< pT < 0:5, (b) 0:5< pT < 0:6, (c)
0:6< pT < 0:8, (d) 0:8< pT < 1:0, and (e) 1:0< pT < 1:2 GeV=c as shown in Fig. 1, respectively.

F  x
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

N
A

-0.4

-0.2

0

0.2

0.4 +π-π
o2.3
o2.3

o3
o3

FIG. 2 (color online). AN vs xF for !% and !$. Circle
symbols are for !% and box symbols are for !$ measured in FS
at 2.3' (solid symbols) and 3' (open symbols). The curves are
from theoretical calculations. Solid lines are to be compared with
the data at 2.3' and dotted lines are for 3'. Thick (solid and
dotted) lines are from the initial-state twist-3 calculations
[21,23], medium lines are from the final-state twist-3 calcula-
tions [24,34]. Predictions from the Sivers function calculations
are shown as thin lines [25,26]. Only statistical errors are shown
where larger than symbols.
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SSAs at xF < 0 probe the kinematics of the sea (gluon)
region of p" at small-x and the valence region of p, which
was experimentally measured by the produced particles in
the forward hemisphere of p in the p! p" collisions
utilizing the polarization information of the target. The
measured insignificant AN for pions and kaons in large
jxFj when xF < 0 indicates no significant contribution to
AN from processes where gq scattering is enhanced, and
the asymmetries are dominated by the processes where
large quark PDFs and FFs are expected. In Fig. 5, we
demonstrate that inclusive protons show no significant
asymmetries in contrast to pions and kaons in the forward
kinematic region. The insignificant asymmetries observed
are consistent with the measurements at lower energies
[2,33], but require more understanding of their production
mechanism to theoretically describe the behavior because a
significant fraction of the protons might still be related to
the polarized beam fragments at this kinematic range [14].

In summary, BRAHMS has measured SSAs for inclu-
sive identified charged hadron production at forward
rapidities in p" ! p at

!!!
s
p " 62:4 GeV. A twist-3 pQCD

model describes the xF dependence of AN#!$ and the
energy dependence at high-pT (pT > 1 GeV=c) where
the calculations are applicable, but it remains a challenge
for pQCD models to consistently describe spin-averaged
cross sections at this energy [15,16]. Measurements of AN

for kaons and protons suggest the possible manifestation of
non-pQCD phenomena and call for more theoretical mod-
eling with improved understanding of the fragmentation
processes. The energy and flavor dependent asymmetry
measurements impose an important constraint on theo-
retical models describing fundamental mechanisms of
transverse spin asymmetries and the quantum chromo-
dynamical description of hadronic structure.

We thank F. Yuan, U. D’Alesio and Y. Koike for provid-
ing us with their calculations. This work was supported by
the office of NP in DoE (USA), NSRC (Denmark), RC
(Norway), SCSR (Poland), MoR (Romania), and a spon-
sored research grant from Renaissance Technologies Corp.
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SSAs at xF < 0 probe the kinematics of the sea (gluon)
region of p" at small-x and the valence region of p, which
was experimentally measured by the produced particles in
the forward hemisphere of p in the p! p" collisions
utilizing the polarization information of the target. The
measured insignificant AN for pions and kaons in large
jxFj when xF < 0 indicates no significant contribution to
AN from processes where gq scattering is enhanced, and
the asymmetries are dominated by the processes where
large quark PDFs and FFs are expected. In Fig. 5, we
demonstrate that inclusive protons show no significant
asymmetries in contrast to pions and kaons in the forward
kinematic region. The insignificant asymmetries observed
are consistent with the measurements at lower energies
[2,33], but require more understanding of their production
mechanism to theoretically describe the behavior because a
significant fraction of the protons might still be related to
the polarized beam fragments at this kinematic range [14].

In summary, BRAHMS has measured SSAs for inclu-
sive identified charged hadron production at forward
rapidities in p" ! p at

!!!
s
p " 62:4 GeV. A twist-3 pQCD

model describes the xF dependence of AN#!$ and the
energy dependence at high-pT (pT > 1 GeV=c) where
the calculations are applicable, but it remains a challenge
for pQCD models to consistently describe spin-averaged
cross sections at this energy [15,16]. Measurements of AN

for kaons and protons suggest the possible manifestation of
non-pQCD phenomena and call for more theoretical mod-
eling with improved understanding of the fragmentation
processes. The energy and flavor dependent asymmetry
measurements impose an important constraint on theo-
retical models describing fundamental mechanisms of
transverse spin asymmetries and the quantum chromo-
dynamical description of hadronic structure.

We thank F. Yuan, U. D’Alesio and Y. Koike for provid-
ing us with their calculations. This work was supported by
the office of NP in DoE (USA), NSRC (Denmark), RC
(Norway), SCSR (Poland), MoR (Romania), and a spon-
sored research grant from Renaissance Technologies Corp.
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The curves correspond to a fit by (6–10) with the parameters
given in Table 1
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Fig. 2. AN vs xR for the π+ production by polarized protons.
The curves correspond to a fit by (6–10) with the parameters
given in Table 1
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Fig. 3. AN vs xA for the π+ production by polarized protons.
The curves correspond to a fit by (6–10) with the parameters
given in Table 1

middle. In Fig. 3 the analyzing power, as a function of
xA, shows approximate scaling behaviour for all three re-
gions, mentioned above. Only the subset of data [1] with
pT < 0.7 GeV/c is below general trend, in agreement with
the feature (d) above. The analyzing power dependence on
xA is close to a linear one in the consent with the feature
(a) above. A simple expression, which takes into account
all the features (a–e) and low energy corrections can be
used to fit the data shown in Fig. 3:

AN1 = F(pT)·
{

a1 sin(a7(xA − x0)) + a6/s, if xA ≥ a4;
a1 sin(a7((a4 − x0)

+a5(xA − a4))) + a6/s, otherwise;
(6)

where x0 ≡ a2 is a constant. The perturbative QCD pre-
dicts the vanishing of the analyzing power at high pT [15,
16]. The same asymptotic has function F(pT), which takes
into account the above mentioned features (d) and (e)

F(pT) = 2pTa3/(a2
3 + pT

2), (7)

where pT is measured in GeV/c and a1 −a6 are free fit pa-
rameters. The exact shape of F(pT) should be measured in
future experiments. Parameters a4, a5 and a6 are equal to
zero, and a7 = 1 for π+-meson production. They are intro-
duced for other reactions, considered below, to take into
account possible nonlinearity and non-asymptotic contri-
bution to the analyzing power at low energy.

The point xA = x0 may be interpreted as a point where
the relative phase of two helicity amplitudes (spin-flip and
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Table 2. Fit parameters of (6) for π+-mesons. Different defini-
tions of the scaling variable xA are used for comparison (2)–(5)

Eq. a1 a2 a3 χ2

(2) 0.69 ±0.08 0.170±0.047 2.0 ±0.4 114.4

(3) 0.74 ±0.07 0.166±0.013 2.2 ±0.3 120.4

(4) 0.69 ±0.07 0.167±0.013 2.1 ±0.3 114.6

(5) 0.68 ±0.06 0.170±0.013 2.0 ±0.2 114.2
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Fig. 7. AN vs xA for the π− production by polarized protons.
The curves correspond to a fit by (6–10) with the parameters
given in Table 2

of xA. As with π+-mesons, we observe an approximate
scaling in the dependence of AN vs xA. Selection of the
data with pT ≥ 0.8 GeV/c and EBEAM ≥ 40 GeV leads
to a good agreement between two experiments [1,2] which
implies their scaling behaviour.

The new 21.6 GeV/c data for π− production analyz-
ing power in p↑C collisions from the BNL E925 experi-
ment [18] are also shown in Fig. 7 along with predictions
from (6-10). The last three points with pT ≥ 0.8 GeV/c
are compatible with general scaling behaviour observed at
higher energies [1,2]. Low pT ≤ 0.8 GeV/c points deviate
from the scaling law due to a non-asymptotic contribu-
tion (8). This is also a reason why AN cross zero level at
much higher value of xA ≈ 0.6. Only statistical errors are
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Fig. 8. AN vs xA for the π− production by polarized 11.75
GeV/c protons [12]. The dashed and dotted curves correspond
to a fit by (6–10) for the regions 0.3 ≤ pT ≤ 0.4 and 0.5 ≤
pT ≤ 0.6 GeV/c, respectively

shown for data [18], while overall relative scale uncertainty
for AN is 24% .

Experiment [12] reveals quite different xA and
pT-dependencies at 11.75 GeV/c, in Figs. 8 and 9, re-
spectively. As with π+, the greatest deviation from the
scaling behaviour occurs at low pT. At pT = 0.15 GeV/c
the analyzing power is very large and positive in contrast
to the large energy behaviour, where it is negative. One
of possible origins of this low energy analyzing power is
probably the same as that discussed above for π+-mesons,
and its approximation is given by (6)–(10). The difference
is that parameters a4 and a6 are now not equal to zero,
while a5 = 0. The non-linear dependence of AN vs xA is
taken into account by setting a4 > 0 in (6). Fit parameters
of the combined data sample, shown in Figs. 7 and 8, are
presented in Table 3. Some of the parameters could not
be well determined from the existing data and were fixed
(a3 = 4.8, a7 = 1) during the fitting procedure. The role
of energy-dependent term (a6/s) is more significant for
π−, than for π+ mesons. Possible explanation can be re-
lated to resonance contribution [19]. The analyzing power
in low xA ≤ 0.3 region is close to zero in agreement with
the expected large gluon contribution [15].
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Fig. 9. AN vs pT for the π− production by polarized 11.75
GeV/c protons [12]. The curve corresponds to a fit by (6–10)
for the pπ = 8 GeV/c

Table 3. Fit parameters of (6)–(10) for π−-mesons

a1 a2 a3 a4

-0.96 ±0.20 0.185±0.075 4.80 0.303±0.045

a6 b1 b2 b3

3.8 ±1.8 -0.345 ±0.089 8.0 ±2.8 0.115±0.024

b4 b5 b6 b7

3.1 ±0.5 -0.047 ±0.018 0.256±0.052 0.344±0.028

b8 b9 N points χ2

1.12±0.27 0.76 ±0.39 84 89.5

4 Analyzing power for p↑ p → p + X reaction

The analyzing power for proton production has been mea-
sured at 6 different beam energies, from 6 up to 40 GeV
[2,9,12,14,20]. It is shown in Fig. 10 as a function of xA.
The absolute value of AN is small (≤ 0.1) and with the
existing accuracy AN is compatible with the approximate
xA-scaling, especially, when taking into account possible
systematic errors of the order of 0.02. Nevertheless, the
data fitting function (6) is modified to give a better ap-
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Fig. 10. AN vs xA for the proton production by polarized
protons. The solid fitting curve corresponds to the 40 GeV/c
data [2]. The dotted curve corresponds to the 13.3 GeV/c data
[9]. The dashed curve corresponds to the 6 GeV/c data [20].
The dash-dotted curve corresponds to the 21.6 GeV/c data [18]

proximation. In particular, the fit approximates the data
better if a fitting function is not suppressed at high pT,
as is the case with (7). Non-asymptotic contribution to
AN at low energies is more significant for protons than for
π−-mesons and was approximated by a6/s0.5 term. Equa-
tions (12) and (13) are used to fit the proton production
analyzing power

AN = FP(pT)(a1 sin(a7(xA − x0)) + a6/s0.5), (12)

where
FP(pT) = 1 − exp(−pT/a3). (13)

Function FP(pT) makes valid feature (e) of zero AN at
pT = 0. An extra error ε = ±0.015 is added to the error of
AN at each data point. The comparison of fit parameters
for different definitions of xA, given by (2)–(5), is shown
in Table 4. The best χ2 is reached if xA is given by (4).
The analyzing power slightly rises with xA increase and
changes its sign near xA = 0.5 at beam energies around
10 GeV. Additional measurements of AN for protons at
higher energies in the fragmentation region of polarized
protons could help to clarify a possible energy dependence
of the analyzing power.

The new 21.6 GeV/c data for proton production ana-
lyzing power in p↑C collisions from the BNL E925 experi-
ment [18] are also shown in Fig. 10 along with predictions
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Table 5. Fit parameters of (6) for the π0, K+, K−-mesons and p̄. Parameters
a4–a5 are set equal to zero during the fit, with ε = ±0.015 for π0 and ε =
±0.010 for K+, K−, p̄

h3 a1 a2 a3 a6 χ2 / points

π0 0.24 ±0.04 0.111±0.019 1.40±0.49 0 50.5 / 54

K+ 0.37 ±0.08 0.183±0.045 1.15±0.34 0 65.8 / 67

K− 1.88 ±0.34 0.086±0.054 0.25 ±0.07 -13.5 ±4.2 24.2 / 28

p̄ 0.6 ±1.0 0.16 ±0.12 1.00 0 15.6 / 11
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Fig. 12. AN vs xA for the K+ production by polarized protons.
The solid fitting curve corresponds to the 40 GeV/c data [2],
and the dashed curve corresponds to the 11.75 GeV/c data [12]
and 0.5 ≤ pT ≤ 0.6 GeV/c

energies and production angles to check the xA-scaling
and determine the parameters of (6).

6 Analyzing powers for Λ, K0
S, η production

by polarized protons

The analyzing power for the Λ-hyperon production has
been measured at 13.3, 18.5 and 200 GeV/c [23,24]. It is
shown as a function of xA in Fig. 15 along with fitting
curves (6). Data [23] were obtained on a Be target, and
data [24] on a proton target. The fit parameters for dif-
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Fig. 13. The ratio AN/F(pT) vs xA for the K− production by
polarized protons. The solid fitting curve corresponds to the
data [2], and the dashed curve corresponds to the data [12]
and region 0.3 ≤ pT ≤ 0.4 GeV/c

ferent xA definitions are presented in Table 6. The best
χ2 is attained with xA defined by (3). As is seen from
Fig. 15, AN can be described at different energies by the
same function of the scaling variable xA at the present
level of experimental errors. The analyzing power is close
to zero for the region 0.2 ≤ xA ≤ 0.6 and is negative for
the xA above 0.6.

Measurements of AN for the K0
S-mesons have been per-

formed at 13.3 and 18.5 GeV in the central region only
[23,25], both on a Be target. In Fig. 16 AN is shown as
a function of xA along with a fitting curve given by (6).
The fit parameters are presented in Table 7. The data are
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Table 5. Fit parameters of (6) for the π0, K+, K−-mesons and p̄. Parameters
a4–a5 are set equal to zero during the fit, with ε = ±0.015 for π0 and ε =
±0.010 for K+, K−, p̄

h3 a1 a2 a3 a6 χ2 / points

π0 0.24 ±0.04 0.111±0.019 1.40±0.49 0 50.5 / 54

K+ 0.37 ±0.08 0.183±0.045 1.15±0.34 0 65.8 / 67

K− 1.88 ±0.34 0.086±0.054 0.25 ±0.07 -13.5 ±4.2 24.2 / 28

p̄ 0.6 ±1.0 0.16 ±0.12 1.00 0 15.6 / 11
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Fig. 12. AN vs xA for the K+ production by polarized protons.
The solid fitting curve corresponds to the 40 GeV/c data [2],
and the dashed curve corresponds to the 11.75 GeV/c data [12]
and 0.5 ≤ pT ≤ 0.6 GeV/c

energies and production angles to check the xA-scaling
and determine the parameters of (6).

6 Analyzing powers for Λ, K0
S, η production

by polarized protons

The analyzing power for the Λ-hyperon production has
been measured at 13.3, 18.5 and 200 GeV/c [23,24]. It is
shown as a function of xA in Fig. 15 along with fitting
curves (6). Data [23] were obtained on a Be target, and
data [24] on a proton target. The fit parameters for dif-
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Fig. 13. The ratio AN/F(pT) vs xA for the K− production by
polarized protons. The solid fitting curve corresponds to the
data [2], and the dashed curve corresponds to the data [12]
and region 0.3 ≤ pT ≤ 0.4 GeV/c

ferent xA definitions are presented in Table 6. The best
χ2 is attained with xA defined by (3). As is seen from
Fig. 15, AN can be described at different energies by the
same function of the scaling variable xA at the present
level of experimental errors. The analyzing power is close
to zero for the region 0.2 ≤ xA ≤ 0.6 and is negative for
the xA above 0.6.

Measurements of AN for the K0
S-mesons have been per-

formed at 13.3 and 18.5 GeV in the central region only
[23,25], both on a Be target. In Fig. 16 AN is shown as
a function of xA along with a fitting curve given by (6).
The fit parameters are presented in Table 7. The data are
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Table 6. Fit parameters of (6) for the Λ and different definitions of scaling variable xA, (2) –(5),
with ε = ±0.015

Eq. a1 a2 a3 a4 a5 χ2 / points

(2) -0.52 ±0.15 0.557±0.036 0.66 ±0.36 0.563±0.035 -0.111±0.096 39.4 / 49

(3) -0.72 ±0.38 0.539±0.021 1.6 ±1.3 0.527±0.024 -0.158 ± 0.073 24.3 / 49

(4) -0.54 ±0.15 0.560±0.034 0.69 ±0.37 0.564±0.033 -0.109±0.091 38.3 / 49

(5) -0.53 ±0.15 0.559±0.034 0.68 ±0.37 0.564±0.034 -0.109±0.091 38.5 / 49
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Fig. 14. AN vs xA for antiproton production by polarized pro-
tons. The curve corresponds to a fit by (6) with the parameters
given in Table 5

compatible with the xA-scaling, but additional measure-
ments are desirable to check it at different energies and
in the fragmentation region. The analyzing power for the
η-meson production in p↑p collisions has been measured
at 200 GeV/c [17]. It is shown in Fig. 17 along with the
fitting curve, (6). The fit parameters are shown in Table 7.
Since the measurement has been performed at a fixed an-
gle, parameter a3 was fixed during the fit.
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Fig. 15. AN vs xA for the Λ production by polarized protons.
The solid fitting curve corresponds to the 18.5 GeV/c data [23],
and the dashed curve corresponds to the 200 GeV/c data [24]

7 Analyzing powers for the π±, π0

and η production in p̄↑ p collisions

The analyzing power for the π±-meson production in the
fragmentation region of polarized antiprotons has been
measured at 200 GeV/c [6]. It is shown in Figs. 18 and
19, as a function of xA, for the π+ and π−, respectively.
The fit parameters are presented in Table 8. Parameter a3
has been fixed due to limited statistics.

Measurements of AN for the π0-meson production in
p̄↑p-collisions has been performed at 200 GeV/c in the cen-
tral region [7] and the fragmentation region [22] of polar-
ized antiprotons. The data are shown as a function of xA
along with the fitting curve (6) in Fig. 20. The fit param-

Collider experiment BRAHMS (Phys.Rev.Lett.101(2008)042001)

Fixed target experiments (Eur.Phys.J.C14(2000)427)
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• Generalized quark-quark correlator for a spin-1/2 hadron  

• Complete parametrization using 16 complex-valued twist-2 GTMDs

X(x, ξ, ⃗k2
⊥, ⃗k⊥ ⋅ ⃗Δ⊥, ⃗Δ2

⊥; η)

x = k+/P+• Average momentum fraction of quark:

Meissner, Metz, Schlegel, arXiv:0906.5323

Δ2 = −
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p = P − Δ/2
Λ
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GTMD
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= (x + ξ)P

λ λ′￼ k + Δ/2
= (x − ξ)P

t = Δ2
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Example of  TMD and GPD  processes

TMD

p(p1) + p(p2) → p(p1) + p(p2)

∝ Im
p’=pp

k k’=k
∿∿∿∿ ∿

2

∿∿∿∿

4-momentum  transferred from probe to nucleon  
∆ = (p’-p)/2 = 0    (forward limit)

Diagonal matrix element of quark-quark operator
⟨p, Λ | ψ̄ q(−

z
2

) Γ 𝒲(−
z
2

,
z
2

) ψ q(
z
2

) |p, Λ⟩

∝ Im

𝛾*(q) + p(p) → 𝛾*(q) + p(p)

∿∿∿∿∿
∿∿∿∿∿

p’=pp

k k’=k

2

∿∿∿∿
∿

GPD

∿∿∿∿∿
∿∿∿∿∿

p-∆/2

k-∆/2 k+∆/2

p+∆/2

𝛾* 𝛾
∿∿∿∿∿

VM

𝛾*(q) + p(p) → 𝛾(q’) + p(p’)

Off-forward, skewed functions integrated over kT

  ∆ = (p’-p)/2 ≠ 0
Off-diagonal matrix element of quark-quark operator

⟨p′￼, Λ′￼| ψ̄ q(−
z
2

) Γ 𝒲(−
z
2

,
z
2

) ψ q(
z
2

) |p, Λ⟩

p(p1) + p(p2) → p(p1’) + p(p2’) + 𝛾(q’)

∿∿∿∿ ∿∿∿∿
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J/ψ

ψ(2S)

Open charm

Prompt photons

• A.Arbuzov et al., On the physics potential to study the gluon 
content of proton and deuteron at NICA SPD, arXiv:2011.15005

• Measurement of total and differential cross sections (pT and y 
dependencies) in charm production to test various models

• Tests of TMD factorization
• Gluon Sivers function via SSA in gluon-induced processes
• Linearly polarized gluons in unpolarized nucleon (B-M function)
• Non-nucleonic degrees of freedom in deuteron
• Gluon polarization ∆g with longitudinally polarized beams 

(fraction of nucleon spin carried by gluons)
• Gluon transversity in deuteron (assuming spin flip ±2, thus does 

not exist in nucleons)
• …

Gluon probes at SPD

g

g

c
c

g

ψJ/
g

g c

c
−D

+D

d

d

g

q

q

q

γ

Prompt photonOpen charmCharmonia

SPD


