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Study of inclusive production cross-sections
of plons and protons in a new cumulative region:
central rapidities, large transverse momenta

d+d — T+X
d+d - p+X

outside p+p kinematics:

p+p —» T+X
p+p —» p+X

The mechanisms of pion and proton production are differgnt!



Using the experience in describing the production
of pions and protons in the traditional cumulative
region of fragmentation of one of the colliding
nucleil.



Coherent Quark Coalescence and Production of Cumulative Protons
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x; e x; C T - the cumulative pion production
R O by hadronization of one fast quark
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The last recalls the few nucleon short-range correlations in a nucleus

L.L. Frankfurt, M.l. Strikmann, Phys. Rep. 76, 215 (1981); ibid 160, 235 (1988).

But instead of using the relativistic generalization of non-relativistic NN wave function

the microscopic analysis of the flucton fragmentation process near cumulative thresholds
on the base of the intrinsic diagrams of QCD in light-cone gauge 3
Brodsky S.J., Hoyer P., Mueller A., Tang W.-K., Nucl. Phys. B369 (1992) 519.

was developed and applied.



Comparison of the mechanisms of pion and proton production in dd collisions
in traditional cumulative region of fragmentation of one of the colliding nuclei
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Pion and Proton Yields:
Estimation of Production Rates at Different Initial Energies

Problem with modeling using MC event generators:

Not done yet, as this mechanism is absent in existing MC event generators. Itis
necessary to introduce into the MC generator some admixture of 6-quark flucton into
deuteron and theoretically calculated inclusive cross-sections of production of
various particles in the new cumulative region from flucton-flucton interaction.

(in progress with Semyon Yurchenko).

Estimates based on extrapolation from the region of fragmentation of a nucleus:
Vechernin V.V., Belokurova S.N., Yurchenko S.V. Phys Part Nucl, 2024, Vol. 55, pp. 889-894.
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Table 1. The magnitude of the transverse momentum of cumulative pions and
protons in dd scattering, corresponding to values of the variable z = 1 and 2 (£7]""
and k"") at a given value of the rapidity y, for two values of the initial energy.

syy | 4 GeV 8 GeV

Y S S Y prme e
dd — 7 | 0.5 1.728 2,752 | 0.5 4197 6.672
dd — 7 | 1.0 1.102 2.002 | 1.0 2.687 4.86

dd —p | 0.5 1.741 2,999 | 0.5 4218 6.803
dd —p | L.O 0.852 2.089 | 1.0 2.605 4.915
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Pion and Proton Yields:

Estimation of Production Rates in dd collisions at \/syy =4 and 8 GeV

Table 2. The results of calculations of the multiplicity of pions and protons in the

cumulative region by the formula (9), using the inclusive cross sections (1) and

(2), for rapidities in the interval 0.5 < |y| < 1 formed in dd scattering due to the

interaction of a nucleon with a 6-quark flucton.

Ysa = 0.1L44043 (ndaqt.

depends only on product (1),,G4

The SPD Collab. (V. Abazov et al.),
Natural Science Review 1 1 (2024);

JINN 4GeV ] 8GeV
> 1.0 9.10~% | 1.9-10~*
<'H,n.—>dd x> 1.2 6.6-1(',]_5 1.2-1“_5
r>15] 361077 | 5.8107%
r>10] 231072 ] 9.10°6
(np)aa | = > 1.2 1.2.1073 | 4.6.10°7
r>1.511.04-1075 ] 4.2.107?
o
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(see previous slide)
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arXiv:2404.08317 [hep-ex]



Pion and Proton Yields:
Estimation of Production Rates in dd collisions at \/syy =4 and 8 GeV

Table 3. Estimates of the yields (Y3q) of cumulative pions and protons in the
rapidity interval 0.5 < |y| < 1 in dd collisions in one hour of data acquisition
at the SPD facility of the NICA collider, calculated by the formulas (9) and (11)
using the inclusive cross sections (1) and (2) and taking into account the luminosity
reduction at energy 4 GeV [21] (see text).

Vinn | 4 GeV | 8 GeV
| 400 | 8 000
Yyqg—7 | ax>1.2 30 500
x> 1.5 0.16 2.9
x> 1 10 000 400
Yaa—p x> 1.2 500 20
x> 1.5 4.5 0.18




Inclusive cross sections for the production of pions and protons
in dd-collisions, integrated over rapidity intervals 0.5<|y| <1
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Figure 2. Inclusive cross sections for the production of pi-
ons (0, ) and protons (A,V) in dd collisions, integrated
over rapidity intervals 0.5 < |y| < 1 and available for
study with NICA SPD, respectively, for two initial ener-
gies \ /sy = 4 and 8 GeV, as a function of the light-cone
cumulative variable x = 224 (open simbols) and the cumu-
lative number = x s (solid Symbols). Model calculations
by (9) using (1) and (2). (Curves serve to guide the eye.)

kx+A:c

do _ ( )dd
E N dd / dy /:ﬂ W dAJ_ AJ_ X

x f(x(y, ko), kL) . (9)

Vechernin V.V., Yurchenko S.V. Cumulative
production at central rapidities and large
transverse momenta in the quark model of
flucton fragmentation, Moscow University
Physics Bulletin, 2024, Vol. 79, Suppl. 1, pp.
S174-S178.
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N. Antonov, V. Gapienko, G. Gapienko, M. llushin, A. Prudkoglyad, V. Romanovskiy, A. Semak, |. Solodovnikov,
M. Ukhanov, V. Viktorov “High pt anti-proton and meson production in cumulative pA reaction at 50 GeV/c”
(National Research Center Kurchatov Institute - Institute for High Energy Physics, Protvino)

LXX International Conference “NUCLEUS - 2020. Nuclear physics and elementary particle physics. Nuclear
physics technologies”, St Petersburg, October 11-17, 2020.
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The mechanism of pion production

In the new cumulative region of central rapidities
and large transverse momenta due to flucton-
flucton interaction.
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Cumulative regions in dd and pd collisions

Py=>=My pn = Vsl2

We expect

for the inclusive cross-section

of the production of particles with large
transverse momenta at midrapidities:

ko d2o -
007 flen) = C 7 (f = ) Py

Quark Counting Rules with
two asymptotic parameters:
s>>m? and (f-x)

d,, 4, are different for production
of pions and protons!

x=1

P~

r - cumulative number

n=—In tg% - pseudorapidity

\ /A

2py Dx 0 Dx 2p 12



Kinematics

d+d -» m+X at quark level
A=A,=A=2,n=06)

k
v = P4/A Py > My
= R
T L ki ~Pa/n= pn/3 n =34
ey — A h; ~—Py/n=—pn/3

— " lf/f////////zw h Final state:

k~Py= Apy = npn/3

First small parameter: T;N = 2;”” K1 y
——— Ly~ = Pa/@n=1) = =5 py
k
Second small parameter: 1 — <1
max V. Vechernin, S. Yurchenko
_ Int.J.Mod.Phys. E, 2441022
— 2 _ 2n—-1 2 2 y ’ ’
k= kpax => My” = (XiZ1 1)° > Mymin DOI: 10.1142/S0218301324410222
_ _ _ - Kmax S = SNN



Quark counting rules for the inclusive cross sections of pion production
in new cumulative region of large transverse momenta at mid-rapidities
(the decrease with both the initial energy s and the cumulative number x)

o
P k
Ay =T [ ]
\“——_
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/ —
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To evaluate this behavior and find asymptotes at s>>m and (2-x)<<1

we need to generalize the quark counting rules, known now only for

a) the inclusive cross sections in the fragmentation region (|t|<<s) and

b) the elastic and quasielastic cross sections in the high pT region (|t|~s),
to the case of inclusive cross sections in the high pT region (|t|~s).

d*c C(A — z)2P~3
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Amplitude (T)

T p=nq+n, -1

Fny

Po -
I(k) = (2n) 2]10(131{ f|T|2(lTp. J= 24, _12\/ (s —4m?2)

4 (1(3)11
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Light-cone partonic wave function

S.J. Brodsky, P. Hoyer, A. Mueller, W.-K. Tang, Nucl.Phys. B369 (1992) 519

5 By kg = Pt R
Li = - ; it = =
ko P1+ \/j
P p1 = P1/Aq
Ju1 = Aa 1 [
T (2. Kk;
Y1(xs, ki1 ) = 10(;!42; i)
kn / an -?n“-l—ki.J_ . 41???2\
N i=1 T - 'N
d=Lko_ M.A. Braun, V.V. Vecherni
I, = by (2. K 1) 26 vi — Aq) 0(2 k1) i i A. Braun, V.V. Vechernin,
1 / vilws ki) (; i~ ) Z OIS0 @ Nucl.Phys. B427 (1994) 614

Jny ~1(z — 2 =0,r;0 —rj1 =0)

C
Jn T — :

.”?__{-r11—1}/23:f(n1 —1)/2

Ty~ (2 — 25 = 0,10 — 150 = 0)]? ~

m - mass of the constituent quark

R,- size of the system (R;= R, or Ry)

C;- dimensionless constant, independent of
the dimensional parameters of the model

1 1

~ for a wave function with
R3(n-1)/2

one dimensional parameter

Vn—l
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Normalization of the wave function (/')

FQH) = A=

02 -0 = F(Q?*) -1

htQ A, M.A. Braun, V.V. Vechernin,
Nucl.Phys. B427 (1994) 614
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Block of hard exchanges (B)

T =

o oo 2o -k S.J. Brodsky, B.T. Chertok,
- =* o Phys.Rev. D 14 (1976) 3003
. e & B C B
. e 4 B — —
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After Calculation of Phase Volume
and Relation with Cumulative Number:

/5 = V k2 + m2 + k2 + r) ml? .

g)(--)—?11+??7—1—341+34)—1—64—1—6£—1

I(2) = (2m) 2k, LT = _ClA- 1)% E p=pA)
L) = LT 2 R3\p—1 o(p+3)/2 two (1)
d k (m It )1 (1+ )/ small parameters:
m/ys « 1
A=2 d+d - +X Idd_m(ib‘) ~ S (2—”[)14 A—-x K1
A=1 ptp - T+X Ipp—rfr (I) ~ _5—_4 (l — I)S rp ~ L

Changes may occur at moderate NICA energy:

My~(A — x)V/s
so at rather small NICA energies: partonic phase volume => hadronic phase volume
only d+d — m+NNNN, neglecting d+d — m+ TTNNNN and so on.
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Comparison with Quark Counting <l pZ?:meterS'

Rules for Quasi-Elastic Processes m/s < 1
k do 1
Ay il I, ! I ==A] E ~ _5.71,1+71,2—|—n,’1+n,§—2
B N Matveev V.A., Muradyan R.M., Tavkhelidze A.N.,

Lett. Nuovo Cimento 7 (1973) 719
Brodsky S., Farrar G.,
y A Phys.Rev.Lett. 31 (1973) 1153
Brodsky S., Chertok B.T.,

Phys.Rev. D14 (1976) 3003

o 9

N
7l

N N~ Uzikov Yu.N., JETP Lett. 81 (2005) 303
P = Tim2 = un e By Ty
dt 167 s, 4, 167 A7 A3s?

do Y n =,n1 +’n2

_ — =Nnq +n 2
3(n1—1) ~3(no—1) ~3(nt—1) ~/3(n,—1

dt g2 2n—a p3lm=1) pin=1) p! (n1=1) R, (ny—1)

Yu.L. Dokshitzer, QCD Phenomenology, Early validity of QCR in 20

Lectures at the CERN-Dubna School, the d break b b D
Pylos, August 2002 1€ deuteron break-up by a photon, v+ L) — p+n



The mechanism of proton production
at central rapidities and large transverse momenta
due to flucton-flucton interaction.
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Consider the technique using the simplest example p+p —» p+X at

r— 1, Vs>m, |ki|~+s/2, 8" ~90°

k+q§) 5 a0

ktai” +ai” —q ['3 e 3k 3
i=1
3
—k+q Z(lz =
i=1
—K+q» 3
i=1

Here will be no proportionality .7, ~ «1(z; — z; =0,r;1 —1rj; =0)
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Used approximations

> —m® +ie = [lo+ E(D)][lo — E(1) + i€e] = 2E(1)[lo — E(1) + i¢]

Elp+q) =+v(p+q?2+m2=E(p+dq|)

(qp) N 1 [(12 B (cllj)ﬁl

o - .
P +a)~ Byt E, 2L, E2

- = 2 | )2
<L B, = VP24 m

q
E,=E(p). E, = E(k)
Heitler's (“old fashioned”) perturbation theory:

1
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Correspondence to wave functions
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Permutations of B blocks

2
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Amplitude of proton production in p+p —» p+X at

r— 1, Vs>m, |ki|~+s/2. 0 ~90°

’ 3k
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Characteristic features of the amplitude
In mechanism of Coherent Quark Coalescence

- no proportionality to the wave function value at zero
- smaller number of hard exchanges compared to fragmentation mechanism
- the convolution of wave functions (not probabilities!)
- MC simulations cannot be applied (just like for Gribov screening)
- usual factorization assumption is invalid
- calculation of Feynman graphs automatically leads to
the correct space-time picture of the process

(see papers on Coherent Coalescence Mechanism at nucleon level:
Braun M.A., Vechernin V.V,, Yad.Fiz. 36 (1982) 614, 44 (1986) 784.

Braun M.A., Vechernin V.V., Production of fast fragments in high-energy hadron
collisions with nuclei. J. Phys. G 16 (1990) 1615-1626.)
1
rq = TN ~Tf 2> TR~ —=

/s .



Amplitude of proton production in d+d -» p+X at
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Amplitude of proton production in d+d -» p+X at

r— 2, Vs>m. |ki|~+s, 0" ~90°
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Summary

- Mechanism of Coherent Quark Coalescence (recombination, fusion)
leads to the increase of proton production in considered region,
compared to the mechanism of fragmentation of one quark into proton,
which was used for description of pion production,

due to fewer number of hard exchanges.

- it is difficult to calculate, as the usual factorization assumption is invalid,
it’s expressed through the superposition of amplitudes (not probabilities!),
MC simulations cannot be applied (just like for Gribov screening).

Future studies

Inclusion of diquarks in the scheme.
V.T. Kim, Modern Phys. Lett. A 3 (1988) 909

Two options:
- diquark fragmentation or

- coherent coalescence of quark and diquark
M.A. Braun, V.V. Vechernin, Nucl.Phys.B 427 (1994) 614

The work was supported by the Russian Science Foundation
grant 23-12-00042. 30
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Flucton-flucton interaction in dd collisions

It can be studied only in new cumulative region of large transverse
momenta in mid-rapidity region at NICA

(not in the traditional cumulative region of fragmentation of one of the
nuclei).

There are no additional interactions in dd collision, compared with
collisions of heavier nuclei, if both deuterons are in flucton
configuration at the moment of collision.

Higher frequency of dd collisions that can be recorded by the SPD,
compared to the slower MPD (important for a registration of rare
cumulative events).

The studies in new cumulative region becomes possible due to the
moderate energy of the NICA collider and is completely impossible at
ultrahigh energies of the RHIC and LHC.
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Calculation of Phase Volume

4-3 a d°l; (3) :
— (27)4~ P/ — I ] x
e [Tl 5% Xt

) [\/ (k/p+ L) +m? — \/(k/p)? + m?] - A)

E, = \/k‘g/p2 + m?

33



Relation with Cumulative Number

Vs = \/L2 + m?2 + \/AQ r)ml? .

p(--)—erng—l—‘341+‘342—1—64—1—6L—1

= (A= 2)[y/s + O(1/Vs)]

3,3
S 1 [%S’(fl—f)] 2073 D :p(A)
P Qdp—53p/2—1yyp—1 (%p _ g),
: Y[, NSp—2 two (1)
](._I") — (2 ) 2AO d’o (‘( A— ')21- “ small parameters:
Pk (m2R3)P—15(p+3)/2 m/\s < 1
A-x K1
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Schmidt I.A., Blankenbecler R. Phys.Rev. D15 (1977) 3321
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Fig. 4a: Gluon exchange produces a leading baryon.
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Connection with diquarks: ;
Now B=1 corresponds to diquark
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