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1)
Motivation
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This talk will be concerned with proton-proton and proton-nucleus
collisions at vs _~ 20 GeV.

The implications touch all the high energy scale (LHC, cosmic), and also
nucleus-nucleus (heavy ion) physics.

We are interested in the emission of secondary baryons (protons,
neutrons) in these collisions.

Despite ~50 years of study these “soft” processes (pr < 1 GeV/c) are
relatively poorly understood, and phenomenological research remains
data-driven. This is because perturbative Quantum Chromodynamics does
not apply here.

At the beginning of the last decade new

~_ experimental data appeared.

"‘\ /
—_ _~—  The exploitation of these data allows for
_______ -e —— A more precise, better understanding

—— of soft baryon emission processes.

—_— \

— ( Note! All kinematical variables are in
/ the nucleon-nucleon c.m.s. )
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New experimental data

[1] T. Anticic et al. [NA49 Collab.], Eur. Phys. J. C65, 9 (2010),
[2] B. Baatar et al. [NA49 Collab.], Eur. Phys. J. C73, 2364 (2013).

IFJ PAN participated in'the NA49 experiment at CERN

(presently NA61/SHINE)

1. No need to use protons as a (wrong!) proxy for all

the baryons ;

2. Hermeticity (full projectile hemisphere, no p_-cutoff) ;

3. Both pp and pC data sets were provided by the

same experiment.
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1. pp and pC data from the same 4 Vvs,,=17.3 GeV

NA49 experiment.

2. P(1) - probability of proton !
collision with one wounded
nucleon. 0.8

Diffractive
peak

0.6 -
3. Advantage: we can extract pC I
collisions in which the proton 04
collides with multiple (more proton
than one) nucleons. 92T spectra
O T oz o0& o5 08 1
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Qualitative difference between single and multiple
proton-nucleon collisions!

- multiple collisions: vanishing 51 o b M Jerabok A Rybicki PLE 816 (2021 136200
of diffractive peak ; R ezabek, A. Rybick, (2021)

o

. . L 17
~ multiple collisions: very strong : ¥s  =17.3 GeV

nuclear stopping power ! o
2 pC—>pX (multiple collisions)

- |t seems hopeless to understand
this process w/o involving
the internal structure of the
proton...

1 i

Diffractive
peak

0.8 -

S 0.6 |-

- ... but even models which did
(Capella and Tran Thanh Van, 0.4
Jezabek, Karczmarczuk, R6zanska)

failed to describe the strength -~ proton
of this effect. - spectra
oLl . v
“The puzzle of nuclear 0 0.2 0.4 0.6 0.8 1

stopping power”
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2)
the Gluon Exchange Model
(GEM)
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How do we imagine a proton in “soft” processes ?

Baryon Meson
— Quarks and gluons carry a special quantum number: color ;
— guarks are color triplets ; — antiquarks carry anti-color ;
- gluons are color octets ; — gluon exchange = exchange of color!

— all hadrons (protons, neutrons, mesons etc.) are color-neutral .
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nucleon — nucleon
before collision

/”".’F w
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nucleon — nucleon
after collision

<
Note: this is like In the
Dual Parton Model (DPM).
\ / A. Capella and J. Tran Thanh Van,
N - PLB 93, 1980,
(*) Diquark = two quarks MJ, J. Karczmarczuk,

' itri 2 M. Rézanska, ZPC 29, 1985.
In color antitriplet state (3). OZanska
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nucleon — nucleon
after collision

String fragmentation
proceeds through g-q pairs
thus it starts from the
Diquark.

i\

e
=
=y
=
21
=
21
=
=
=
21
2=
21

Note: Diquarks are essential for the emission of baryons !
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* Question:

will three valence quarks in the proton be sufficient to
describe the emission of secondary baryons?

 In proton-proton collisions - M.J., A.R., PLB 816 (2021)
136200 ;

 In proton-nucleus collisions - M.J., A.R., EPJPIlus 136
(2021) 971 .
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Gluon Exchange Model
DPM + new contributions

Jezabek, Rybicki,
PLB 816 (2021) 136200

nucleon — nucleon:
inelastic diffraction

V¥s =173 GeV

NN

Diffractive

0.8 peak

0.6

0.4

proton
spectra

0.2
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* Note!

- Below we will discuss NET baryon spectra as a
function of rapidity : _ 1 (Edpr
y o 2 E—pL

- Baryon-antibaryon pair production has been
subtracted from all the distributions !

- Unlike at the LHC, at the SPS the plp ratio is ~0.25 at

y (c.m.s.)_
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Note:

this is the structure

of the proton which we
need to understand
proton-proton collisions!
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0.5

0.1 k

0

GEM in pp collisions

PLB 816 (2021) 136200

L QJ#"’. pp — (p_ﬁ) X

| coo Pp = (n—n) X
sl

IFJ PAN press release
(“ our GEM !1”)
09/06/2021

1 E+pr
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)
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Baryon stopping in
proton-nucleus collisions

Proton-carbon (pC) data from the NA49 experiment,
Eur. Phys. J. C73, 2364 (2013) .
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Dual Parton Model (1980)
nucleon — nucleus:

two wounded

nucleons in the

nucleus
color octet exchange

A. Capella and

J. Tran Thanh Van,
PLB 93, 1980,

MJ, J. Karczmarczuk,
M. R6zanska,

ZPC 29, 1985.

Sea quark/antiquark degrees of freedom for multiple collision processes: DPM.
Still, secondary baryons are created from valence diquarks.
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Note:

this is (again) the 0.5
puzzle of nuclear
stopping power.

(*) see also 0.4
M.J., M. R6zanska,
PLB 175 (1986) 206.

0.3

0.2

* Exp. data: diquark-preserving
diagrams cannot be

responsible for 100% 0.1t

of baryon “stopping” ;

* Upper limit for this
contribution : 48% . 0
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GEM in pA collisions

PLB 816 (2021) 136200

(the diguark-preserving scenario)

model

model x 0.48

« pC—=(p-p) X,

oo . . 2
s A multiple collisions

oeoco PC—=>(n-n) X,
e multiple collisions

-1

0

1 2 3

4
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M.J., AR,
EPJPIus 136 (2021) 971

Gluon Exchange Model

DPM + new contributions
nucleon — nucleus:

two wounded nucleons in the
nucleus

color decuplet exchange

Y object
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M.J., A.R.,
EPJPlus 136 (2021) 971
0.5
> cenases® PC= p—p X,
g I multiple collisions
< 040 | e pCs 1 X
[ ~ multiple collisions
: L0806 0402 0 02 04 06 08 1
0.3
i\ y/ymax
N «, _all protons
02F o Note!
RN (1) \\ ,all neutrons
W< N Teseee ) ,» - . .
1\ ‘3;‘} P Tvea this is the fragmentation
0.1 7 0) ' function which we had to
7 A\ .
SOA ' assume for the “Y object”.
0 F
_| | I I I I
-1 0 1 2 3 4
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p(y) [a.u.]

0_... I B BRI R RN RN R ST
-1-0.8-0.6-0.4-0.2 0 0.2 04 06 08 1

y/ Ymax

/
we need to go

beyond valence
\diquarks

\

/
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M.J., AR.,
EPJPIlus 136 (2021) 971

Gluon Exchange
Model

new contributions
nucleon — nucleus:
two wounded
nucleons in the
nucleus and
effective diquark
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Summary (1)

1. For pp collisions, we found that it is necessary to go beyond the valence
quark degrees of freedom (inelastic diffraction) ;

2. The importance of sea quarks and antiquarks in the multiple collision
process was known already in the Dual Parton Model. Still, secondary
baryons were produced only from valence diquarks ;

3. Relying uniquely on valence quarks in the proton brought us to two
configurations: color octet and color decuplet ;

4. This brought us to a non-intuitive fragmentation function for the *“Y”
object ;

5. In order to preserve an intuitive fragmentation scheme, the exp. data
forced us to introduce effective diquarks (valence + sea quark).
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GEM in pA collisions
(1) octet, (2) effective diquark, (3) decuplet.
In order to 46% 42% 12%

understand these 0.57
numbers, we will I C %
now introduce a - soesess® DL PTP AL
statistical 04 - multiple collisions
postulate. _ : _ee00000 pC—> n-n X,
g i multiple collisions
_— 0-3 __
0.2 1 /ﬁ,ﬁtﬂt\<fall protons
0.1 : ” |
M.J., AR,
EPJPlus 136 (2021) 971 0
I .| IIII|Illl||IIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII
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Statistical scheme for color exchange in p-nucleus collisions:

M.J., AR,
1. N gluons are exchanged. ArXiv: 2111.03401

_ _ submitted to PLB.
2. We consider two options:

(a) one gluon brings the valence quarks of the projectile proton into the color octet
state. The remaining N-1 gluons couple to sea quark-antiquark pairs ;

: : — N-1
Valence and sea quarks are in the color representation Rév 1= Q3

J

Effective diqguarks can be of type: valence-valence, valence-sea, sea-sea .

(b) two gluons bring the valence quarks of the projectile into the symmetric color
decuplet state. The remaining N-2 gluons couple to sea quark-antiquark pairs ;

N-2
Valence and sea quarks are in the color representation RN 2 = 1,9 X i

7

Effective diquarks can be of type: no-diquark, valence-sea, sea-sea .
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3. The probability of obtaining an effective diquark of a given type can be obtained
by decomposition into irreducible representations, and assuming that probabilities
to form a diquark are equal for all the allowed pairs of quarks.

For N=1: octet: For N=2 : octet:

Rg =2 =(2,1,0) R8:8®3—(310)€B(220)6]9(211)
iCa I TP v 0

Dimension = 8&«_' ALY %
6* 18l 3

decuplet : o
10 _ The experimental

Py, =1 RY, = 1° =(3,0,0) qualitative difference

_ { \;‘1 ViV‘ between N=1 and N>2

Po =1 ' 10 (slide 6) becomes
For N=3 : octet: evident here.

RE=2 Q@3 = (410 @2 (320)®2 (311)@2 (2,2,1)

kﬂ 24 1Wslagr [v] 6 _y,__f:".l 3*
decuplet : £ N 5] |
Rip=2 ® 2 =(40,0) @ (31,0 M.J., AR.
vvivis E/P \Wi ArXiv: 2111.03401,
15 15 _- sS diquarkl submitted to PLB.
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RY =8 =(2,1,0) color octet

RI=2® 3% =(310) @ (220) @ (21,1) representations
up to 9 gluons

R2=8 ®3°= (410 ®&2-320®2-(3,11) d2-(2,21)
R3=(510) ©3-(420)P®3 (41,1 ®2-(330D6-(321) B2 (222

Rt =(610) ®4-(520D4-(511) B5-(430P12-(421) @ 8-(331) P
8-(3,2,2)

R: = (7,1,0) ©5-(620)B5-(61,1) &9-(530) P20-(521) & 5-(440) &
25-(4,3,1) P 20-(4,2,2) B 16 - (3,3,2)

RS = (8,1,0) B 6-(72,0P6-(7,1,1) ®14-(63,0) B 30-(621) @ 14-(54,0) B
54-(5,3,1) @40 - (5,2,2) P30 (44,1) D 61-(432) D 16-(3,3,3)

R = (9,1,0) B7-(820)P7-(81,1) ©20-(7,3,00P42-(7,21) B 28-(64,0) B
98- (6,3,1) P 70 - (6,2,2) P 14 - (55,00 D 98- (54,1) @ 155-(5,3,2) P
91 - (4,4,2) B 77 - (4,3,3)

RS = (10,1,0) 8-(9,2,00 D 8-(9,1,1) 27 (83,00 P 56-(8,2,1) @ 48-(7,40) P
160-(7,3,1) P 112-(7,2,2) P 42-(6,50) P 224-(6,4,1) P 323-(6,3,2) P
112 -(55,1) G 344 - (5,4,2) P 232-(5,3,3) P 168-(4,4,3) M.J. AR..
ArXiv: 2111.03401,
submitted to PLB.
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color decuplet

representation

RO = 10 = (3,0,0) epresentations
up to 9 gluons

R%O — }.,0 ,-3\.« — (4;0;0) @ (3)1J0)

R, =10 ® 3% =(500 @2 (410 & (320 & (31,1
R3, = (6,0,0) ®3-(51,0) ©3-(420) D3 (41,1 d (3,30 ®2-(321)

R, = (7,000 4-(6,1,0) & 6-(520)d6-(51,1) B4-(430) D8-(421) b
3-(331)d2-(322)

R3, =(8,0,0) @ 5-(7,1,0) @ 10-(6,2,0) & 10-(6,1,1) @ 10-(5,3,0) B
20-(52,1) P4- (4400 15-(43,1) P 10-(422)P5-(3,3,2)

RS, = (9,00) @ 6-(8,1,0) @ 15-(7,2,0) & 15-(7,1,1) & 20-(6,3,0) B
40-(6,2,1) @ 14-(54,0) P 45-(53,1) P 30-(52,2) B 19 (441) B
30 (4,32) ®5-(3,3,3)

R7, = (10,0,0) & 7-(9,1,0) @ 21-(82,0) & 21-(81,1) & 35-(7,3,0) &
70 - (7,2,1) @ 34-(6,40) B 105-(6,3,1) B 70-(6,2,2) @ 14 -(5,5,0) B

78 - (54,1) @ 105-(53,2) B 49-(44,2) P 35 (43,3
(541) & (532) @©49-(442) D35 (433) M. AR.

ArXiv: 2111.03401,
submitted to PLB.
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MJ., AR,

ArXiv: 2111.03401,
submitted to PLB.

Octet Decuplet
8®3NvN1 10 ® 3V 2

N vV VS SS 0 VS S$S
1 1 - - - - -
2 0.5917 0.4083 - 1 - -
3 0.3740 0.5223 0.1037 0.5 0.5 -
4 0.2520 0.5407 0.2073 0.2333 0.6238 0.142S
5 0.1784 0.5213 0.3002 0.1037 0.6179 0.2784
6 0.1319 0.4908 0.3773 0.0444 0.5733 0.3823
7 0.1010 0.4582 0.4408 0.0185 0.5234 0.4581
8 0.0797 0.4272 0.4931 0.0075 0.4770 0.5155
9 0.0644 0.398S 0.5367 0.0030 0.4366 0.5604
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M.J., AR,

2057 ArXiv: 2111.03401,
E\ . submitted to PLB.
s ceveser® PC= p—p X,
o multiple collisions
_oeeeeco pC—=> n—n X,
multiple collisions
0.3 |
OCTET 94.5%, DECUPLET 5.5%
0.2 f\,
0.1 |
0
I I | | L I | | I
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M.J., AR,

ArXiv: 2111.03401,
submitted to PLB.

>.0.5
©
>~ _
5 ceveser® PC= p—p X,
o4 multiple collisions
_ooceooe PC—> n—n X,
multiple collisions
0.3 |
OCTET 94.5%, DECUPLET 5.5%
0.2 [\ .
0.1 »
VS < >
DECUPLET SS \
CONTRIBUTIONS { = e
_....I.. | | | I R | | |
-1 -0.5 05 1 15 2 25 3 35 4
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M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.

<.0.5
3
~
_g —
i W I)Ce p_p Xa
0.4 - multiple collisions
0.3 E

OCTET 100%
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M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.

<.0.5

3

~

_g —_
0.4 - multiple collisions
0.3 E
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M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.

0.5
3
~
_g —
0.4 |- multiple collisions
03 |-
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M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.

0.5
3
~
_g —
W,w”. pC_> p_p X’
0.4 - multiple collisions
0.3 |
N=4
0.2 |-
_ \
0.1 |-
SS |
0 \
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M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.

-.0.5
3
~
_g —_
teoooe® pC_> p_p X’
0.4 - multiple collisions
0.3 E
N=5
0.2 |-
RS V
0.1 -
_ V
o | N\
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dn/d

0.4

0.3

0.1

Marek Jezabek and Andrzej Rybicki

0.2

SS

teeaser” PC= p-p X,
multiple collisions

M.J., A.R.,
ArXiv: 2111.03401,
submitted to PLB.
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M.J., A.R., ArXiv: 2111.03401, submitted to PLB.

dn/dy

0.4 -

ceveess® PC= p—p X,

multiple collisions

>
3
~

C
o

0.5

0.4

ceveess® PC= p—p X,

multiple collisions

The process of baryon stopping is governed by the different color
configurations of constituents of the proton (valence-valence, valence-sea,
sea-sea), which emerge as a function of the number of collisions.

Marek Jezabek and Andrzej Rybicki

- should be verified with experimental data on p-Pb reactions.
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3) Summary

1. The process of emission of secondary baryons plays an important role in
understanding of high energy proton-proton, proton-nucleus and heavy ion collisions
(including particle production, quark-gluon plasma formation).

2. We attempted to describe new, precise experimental data on pp and pC
collisions by proposing a new model, starting from the picture of the proton
composed of three valence quarks.

3. An essential role is played by the color configurations of constituents of the
proton in multiple scattering processes.

4. The inclusion of valence degrees of freedom alone is not sufficient to describe
the experimental data.

5. Our work indicates that there are four classes of contributions to the spectra of

secondary baryons, corresponding to three types of diquarks (valence-valence,
valence-sea, sea-sea), and to no diquark in the forward hemisphere.
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4) Outlook

1. Scattering of antiprotons on protons and nuclei is even more
Interesting, and may reveal nhew phenomena which will provide a deeper
understanding of the nature of annihilation ;

2. Work in progress ;

3. Ideal task for NA61/SHINE.
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Extra slides
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7.2 New measurements with anti-proton beams for physics of strong interactions

A new idea of measurements of collisions of anti-protons with elementary and nuclear tar-
gets has been proposed in Ref. [93]. The authors argue that the relatively slow progress in
the understanding of baryon stopping processes over the last three-four decades was due
to the limitations inherent to the older experimental data sets [94]. These limitations, which

- L B L B
= [ - pp=B-BX 1[ » pC=B-BX. 1| scmo—no
= 0.0 B " 1 r . . a - p
= I s ] L multiple collisions | -
= | et T ] \xc <
] | model _ - < <
04 . . < < <
1 < - <
| I < < -
0.2 . - f f f
single i ]
diquark § _ A
0 P SR S RN T S SR T RSN SR S N PSSR U RN TR S SR A RN SRS S N N
0 1 2 3 0 1 2 3

Figure 29: Lefl: distribution of net non-strange baryons measured in proton-proton collisions at
v/8nN=17.3 GeV (data points), put together with the result of the DPM model calculation drawn as
a solid line. Central: same distribution obtained for proton-carbon reactions in which the projectile
proton undergoes multiple collisions with carbon target nucleons (data points), put together with
the DPM model result drawn as a solid line; the same model result scaled by 0.6 is also shown.
Right: diagram of annihilation of the negative baryon number from the anti-proton on multiple
nucleons from the nuclear target. The left and central panels come from Ref. [93].

a considerable improvement of the baryon stopping process, at the price of a manpower/-
financial effort which is close to negligible with respect to the overall working effort of the
heavy ion field.
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