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Background and Motivation

Why do we study charmed baryon production ?

= Charmed baryon spectroscopy is an excellent
laboratory to study the dynamics of light diquark in
the environment of heavy C-quark.

" |t provides better understanding the strong
interaction and confinement dynamics.

= |t allows testing of many theoretical predictions :
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PANDA experiment

* The PANDA experiment at the Facility for Antiproton and lon Research [FAIR] in
Darmstadt, Germany.

= PANDA will use beam momenta well exceeding the threshold of 10.162 GeV/c up
to 15 GeV/c

P momentum [GeV/c]

(panda A) JOLICH 0 2 4 6 8 10 12 15
PANDA Objectives e e
HEP: underlying Two-body |
HEP: interference elemeéntary processes Thresholds
of coupled channels —
olecules
Spectroscopy
New narrow XYZ: ;
Search for partner Gluonic
states Bound Excitation
Production of States of
exotic QCD states:
Glueballs & hybrids Strong _ Light Mesons S———
Interaction - o, 00, 9 | e v@S)
P, f: a, hs K \
Strangeness :
Astro physics: ] !
Strange n-stars Strange baryons: LEAR: HESR "
Spectroscopy | <-I— | : : :
Polarisation ‘ 1 2 3 4 5 6
Hypernucle: Mass [GeV/c?]
Nuclear physics: ype ’;;. ::&-shangeness
Hypernuclear ora Reum

spectroscopy

= We are interested in the production of
PP = A, ZeEe, LE2(EX), BeXg, ZoA(AE,)
and X2A.(AZ7)



Heavy quark symmetry

" When the heavy quark mass m — oo is much greater than the Aq¢p, the degrees of
freedom [DOF] associated with the heavy quark decouple from those of the light
quark.

= HQS leads to degenerate states for heavy quark spin partner with the same flavor but
does not imply equal masses.
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= HQSS is relevant based on the assumption that
heavy quarks are highly on-shell. Fig.1 The mass splitting.




Research object 6

= By now, the study of HQSS and its violation has not been conducted yet.

= HQSS is relevant based on the assumption that heavy quarks are highly on-shell.

= For pp — Y.Y., the charmed production is highly off-shell, which does not satisfy the HQSS

assumption.

o Kaidalov, A.B., Volkovitsky, P.E. Binary reactions in collisions at intermediate enerqgies. Z. Phys. C - Particles and
Fields 63, 517-524 [1994].
o Khodjamirian, A., Klein, C., Mannel, T. et a/. How much charm can PANDA produce?. £ur. Phys. J. A 48, 31 [2012].
o Haidenbauer, J., Krein, G. Charm Production in Antiproton-Proton Annihilation. Few-Body Syst 50, 183-186 [2011).
o Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys. Rev.
D 95, 014017.
o Goritschnig, A.T., Kroll, P. & Schweiger, W. Proton-antiproton annihilation into a pair. Eur. Phys. J. A 42, 43
[2009].

= |t revealed a strongly model dependent and there's no agreement on the best way to
describe this reaction.



Research object

» In this work, we aim to investigates the role HQSS and its violations in proton-antiproton

annihilation into charm production processes.

pp = AN, 220, 2055, TiB (Be2), A (AZ,) and ZEAL(ALZY). at pygp = 15 GeV/c.
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Fig.2 Tree-level diagram for the reactions
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Construct CHQSS and VHQSS Lagrangians 9

.1 .3
= As the pseudoscalar and vector D mesons as well as spin- > and spin- > baryons form
degenerate states.

* Building Blocks of HQSS Lagrangian. === Super-multiplet fields [2,3]

H, = (ﬂ) (Dya+¥ +¥5Da,+) ,

2
149 1+y
1= 2= 0+ )i (30 Benat (32 ) S (1)
1+
T:TyA(c,+)7

[2] Cho, P. L. [1993). Heavy hadron chiral perturbation theory. Nuclear Physics B, 396, 183-204.
[3] Wise, Mark B. [1993]. Combining chiral and heavy guark symmetry. CALT-68-1860.



Construct CHQSS and VHQSS Lagrangians

These building blocks obey the following SU(2), transformations

: o = = : o e —] o j §
Ha N e—zeaS Ha7 Ha s HaezeaS , LD _)L/D =Ha€ i0o.S FelGBTS Ha,
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T — e %59 T — Te®" Lpe = Lag=Te ™ Te™T.

where S, and 8, are the heavy quark spin operator and infinitesimal parameters,
with the properties

1
B 575 [yaya] ) S&'YO = 'YOSOH [%,Sa] =0, [Sa,'Y5] =0. 3)

Thus, the CHOSS conditions L= 1 Y5-



Construct CHQSS and VHQSS Lagrangians

= Construction Conserving & Violating Lagrangians
The CHQSS Lagrangian is given by
Lcugss = ¢, T4 Hay, v Ny + hoc. + e;TH, N, + h.c. (4)
For violating HQSS [VHQSS] is expressed as

LyvuQss = blT“bq/” oYY Y5V, + hec. + szv“Ha'yuNa +h.c. (5)

a



Construct CHQSS and VHQSS Lagrangians

The CHQSS and VHQSS Lagrangians are given explicitly as follows

L = 3 _ . _
[-:CHQSS = = ﬁclz(c)ab’y#DpN + Eclz(c)abz’YSDaN = 2012?0)ab75DuN
- czj_\(c)qf“D,,,a,+N + 02/_\(0)2'75Da,+N + h.c., (6)
0 . = 12 . = . =
Lynass = —=biZa" DulV + —ZbiBmt1s Dol + 461575 DN

-+ 2b21—\(c)’yuDua,+N + 4b2/_\(c)7:75Da,+N +h.c.. (7)



Determination of constants (LECs) of the effective lagrangians

= Matching their relations the coupling constants with those obtained from the standard
SU(3] effective Lagrangian approach Ref.[5].

Y
r,p p’z r27Y

\Iz\m.?// (V) c1 = _\/§f17 Co = f2

K,K* i fl = fKNZ = fDNzC » b \/g b f2
/V/xll\\ 2 = fKNAEfl()‘IIV)Ac 6 2

[4] Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys.Rev.D 95 [2017] 1, 014017
[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and
Regge approaches. Eur. Phys. J. A 58, 32 [2022]).



Determination of constants (LECs) of the effective lagrangians

= However, SU[4]); symmetry is not good approximation to include the light and heavy
quarks in the same group.

* The generally accepted assumption that SU[4] flavor symmetry provides a reasonable
first approximation for this correspondence, with a 20% symmetry breaking relative to

SU(3].

fi =—4.182 £ 0.836, fo=5.11 + 1.02

[4] Haidenbauer, J. and Krein, G. Production of charmed baryons in collisions close to their thresholds. Phys.Rev.D 95 [2017] 1, 014017
[5] Sangkhakrit, T., Shim, SI., Yan, Y. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and

Regge approaches. Eur. Phys. J. A 58, 32 [2022]).



Form factors

= The form factors [5]

)27 (8)

Fn(t)za(Aé\it>n, (n=1,2) 9)

where

F(t):a=0.46 and A = 0.63 GeV
Fi(t):a=0.285and A = 0.7 GeV (10)
F>(t) :a=0.285 and A = 0.99 GeV

[5] Sangkhakrit, T., Shim, Sl., Yan, VY. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 [2022].



The Scattering amplitudes & The differential cross-section

= The total amplitudes for the reactions are given by

MpFp + MpFp+,

M o=
pp—Y.Y, 2 2
MpF2p,+ Mp-F2,.

(11)

The form factors F(D,D*) and FE,(D,D") , which represent the pseudoscalar O meson
and vector D meson respectively.

= The differential cross-sections

do 1
dt  647(pem

oy (1), (2



RESULTS



The Differential Cross-section for Charmed Baryon Productions

* pp = A,
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IBQ o
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= The violating terms contribute marginally more than conserving terms—about 51-53%
= the do/dt follows a similar trend, on the order of ~1073(F), ~10"1(F;) and ,~1072(F,) ub/GeV?.
= The results show that the values depend on the form factor used.



The Differential Cross-section for Charmed Baryon Productions
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Titov, Alexander I. and Burkhard Kampfer.[2008])

Exclusive charm production in pp collisions at /s < 15GeV

AL Titov®® and B. Kampfer®c
@ Forschungzentrum Dresden-Rossendorf, 01314 Dresden, Germany
®Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna 141980, Russia
¢ Institut fir Theoretische Physik, TU Dresden, 01062 Dresden, Germany

Model: A modified Regge model based on quark-gluon string dynamics

[6] Titov, Alexander I. and Burkhard Kampfer. Physical Review C 78 [2008]): 025201.



The Differential Cross-section for Charmed Baryon Productions

;

* PP > XX,

Form factor: F2
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= The production rate is predominantly governed by the conserving terms, contributing around 64-68%.
» The conserving terms are found to be in the range of 1073 — 107%ub/GeV 4, while the violating terms

range from 10™* — 1073 ub/GeV?. B
= These values are about one orders of magnitude smaller than those for A A,



The Differential Cross-section for Charmed Baryon Productions
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Model: A modified Regge model based on quark-gluon string dynamics

[6] Titov, Alexander I. and Burkhard Kampfer. Physical Review C 78 [2008]): 025201.
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The Differential Cross-section for Charmed Baryon Productions
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= The production rates of X% have not been extensively explored, particularly in experiments.

" At p;ap = 15 GeV, this provides a strong incentive to investigate this production further in experiments.

= The conserving contribution is estimated to be nearly 99% (~10~* — 107 3ub/GeV?) ,
with the violation (~107% — 107>ub/GeV?) observed for any form factor.




The Total Cross-section for Charmed Baryon Productions

Total Cross-Section (ootal) (4b)

(pLab = 10.5GeV/c)

pp = Y.Y,
Quark-gluon string model [19] | Effective Lagrangian model [26] | Kaidalov’s QGSM [21] | Quark-gluon dynamics [24] This study
(0.20 — 1.50) x 1073 (F
A, 1.03 x 1072 3.2x 1073 (1.98 —28.2) x 1072 1.94 — 3.07 (1.77 — 5.68) x 1072 (F)

ECSC
(pLab =12 GGV/C)

(1.07 — 60.2) x 1073

(4.92 — 9.68) x 10~

)
(0.41 — 1.31) x 1074 (F)
(1.13 — 3.61) x 107* (F)
(2.53 — 8.08) x 10~ (F)

)

)
(2.31 — 7.38) x 1076 (F,

2C/\C

(pLab = 11 GeV/c)

(5.05 — 136) x 1073

(5.09 — 9.83) x 1073

(0.69 — 5.02) x 10~ (F)
(3.04 —9.74) x 1074 (F)
(2.15 — 6.87) x 107 (F)

b2
(pLab = 15GeV/c)

(1.99 — 6.39) x 107 (F)
(6.73 — 21.51) x 107* (F)
(0.02 — 6.48) x 107 (Fy)




Summary & Outlook

Summary
" |n this work, we constructed the CHQSS and VHQSS Lagrangians under HQSS

SU(2), transformations. It reveal the proportions of Con and Vi couplings.

= The conserving contributions are nearly marginal, about 46-48% for A.A,, whereas

they dominate 64-68% for X.X. with X:X* being the most dominant at nearly 99%.

Outlook

= HQSS violation appears weaker in excited charmed baryons.
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The relevant low energy constants [5] are derived from SU(4)f symmetry breaking.

f1 =—4.182 & 0.836, fy=>5.11 & 1.02

__\/gfla 62:f2

?fla b2: %

)
—
|

S
—
|

[5] Sangkhakrit, T., Shim, Sl., Yan, VY. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 [2022].



= Form factors
The form factors employed in this work are estimated by [5]

A4
A%+ (t—mq%)w

F,(t)=a (Aé\:)n, (n=1,2)

F(t) =ad

where F(t):a=0.46 and A = 0.63 GeV
Fi(t):a=0.285and A =0.7 GeV
F>(t):a=0.285and A = 0.99 GeV

[5] Sangkhakrit, T., Shim, Sl., Yan, VY. et al. Charmed baryon pair production in proton-antiproton collisions in effective Lagrangian and Regge approaches. Eur. Phys. J. A 58, 32 [2022].



= The total amplitudes for the reactions are given by

MpFp + Mp+Fp+,

M v =
pp—Y.Y, 9 2
MDFH,D ‘I‘ MD*Fn,D*'

The form factors F(D,D*) and FE,(D,D") , which represent the pseudoscalar O meson
and vector D meson respectively.

= The differential cross-sections

do 1 9
dr  647(pem)?s (M)




T

= Heavy-quark expansion in QCD.

In QCD a heavy-quark field may be decomposed with
Q(x) _ o~ img(vx) p(+) (x) _I_eimQ(v-x)h(—) (1)

h(H) = gHilvxImop, (x), =) = e—i(V'x)meQ(x) )éh(i) — j;h‘(,i) )

where h(*) annihilates heavy quarks with velocity v, and h(?) creates heavy
antiquarks with v, with the property

| - p, 1Y G)
with the projection operators g = 9

For the slowly varying heavy quark mass expansion, one can decompose the hadronic

fields as | |
Q(x) — e_lmQ(v'x)h('l') (x) + é Q(V'x)h(_) (4)



T

- The heavy quark fields D(x), D¥(x), 2.(x), and A,(x) can be decomposed as

where D (x), Di‘(x), X+ (X)), Zﬁi(x) and A¢+(x) are slowly varying fields

As the pseudoscalar and vector D mesons as well as spin- % and spin- % baryons
form degenerate states, they can be defined by Super-multiplet fields.




) ) YDy =Dy || vuDy =D\ v, =0
Lcngss = ¢, 1Ty Hovyvs Ny +hec. + T H, N, + h.c. Dyy=Dy |vwE, =% v,=0
Dy =Dy || Xy Vu="uZe 4 =0
Lvugss =b; T b’yV a7u7u75Nb +h.c. +0b T’)’ H, v,N,+ h.c. 5 =
+uY =Dy
P+ = Y+
1+ . z_Jc = z_Jc,
Ha = (Ty) (Dua+ ¥ +i¥5Da 1) -+ "
)42’;,+ - 2’cl,+
1+ 1+ _ _
Tl;a = 7 (Yu + vu) 1Ys ( y) E(C +)ab + (Ty) E'L(lc,+)ab’ ZJ,cl,+)é = 2’?74_
1+ )é yAc,+ — Ac,+
T'=—"Mec+) . .
Ac,+)é — Ac,-l—




Heavy quark symmetry

Why is mgy — oo on-shell?

P = Mp#

Where Mg = mg, the brown muck carries a small momentum qt

Brown muck p” =P'u—q"l = va”-i-k#
A bound state Mp, vH . .
moving with velocity v# — k* is residual momentum

Heavy quark mass The four-velocity of the heavy quark is given by

As mg — oo, the heavy quark is predominantly contributed by the on-shell
component mgv and carries almost all of the momentum of the bound state




= Heavy-quark expansion in QCD.

In QCD a heavy-quark field may be decomposed with In the heavy quark limit, the QCD Lagrangian to first order
in m — oo can be expressed as

0(x) = e~ MoV () (x) 4 £mo 0 ()

_ e — 1
Luoer = ihs T (v- DY +inS7 (v - DY A +0(-—)
. Q
with h(+) = gHilvxmop(x),
' = This reveals the decoupling of h*) and h(?)
Ao =e_’(v'x)mQPQ(x) = 2™ and K fields exhibit no interaction, preventing
the creation of heavy quarks in pairs.
where h(*) annihilates heavy quarks with velocity v, and * This leads to the so-called heavy-quark spin symmetry.
(=) i i i
h'™ creates heavy antiquarks with v, with the property The HQET Lagrangian invariant under spin rotation
+) _ 4 p(E)
ph®) = th, HE SV oS

with the projection operators where S, and 6, are the heavy quark spin operator and

1 :t)é infinitesimal parameters, with the properties

1
§% = 575 [%Ya] ) S&'YO = YoSo., [yasa] =0, [SOC"Y5] =0.



Luqer =Y |Quv-iDQ, + Qu Qu — c(14)9:Qo Qv +0 (1/m)
Q LO
I NLO in l/mQ expansion
-+ £light

(le)

aw,G wv

In LO, heavy quark spin in mg — oo is conserved.

Baryon: % ( JP= ;) o1 (1P= §+)
Meson: D (JP=0") & D* (JP=17)

In NLO occurs spin symmetry violation in heavy mass
expansion.

The ground-state baryons, A, for charm and Apfor
bottom, are considered HQS singlets since the light
component has j = 0 in the heavy quark limit.

€y

J,=j+1/2
L=jxt
A -

mg, : infinity mg, : finite

Fig.5 The spin degeneracy of states with
total spin Jy = j * 1/2in heavy quark
mass limit [left] and the small mass
splitting in finite heavy quark mass [right].

HQSS is relevant based on the assumption that
heavy quarks are highly on-shell.



" In 1974, the J/¥ meson was discovered independently by Ting at Brookhaven
in electron-positron production at 3.1 GeV. [1]

JI¥

T T T T I T T I T | I

N

Fig.1 Ting and his experimental
team.

|
+20 +I5 +I0 +5 [e) ;5 -0 -5 -20

The 1976 Nobel
Prize in physics

= The mass of this resonance was too large to be a simple pion or other hadrons made of
light quarks.

[1] Ting, S. C. C., The discovery of the J particle: A personal recollection, Rev. Mod. Phys. 49, 235 [1977].



Phase of PANDA

o Currently PANDA detectors are being built. They Planning

will be used in other excellent experiments until PANDA ———
the experimental hall is available. Phase 0 '
- Phase 1 |
o First physics experiments with the PANDA Design____
start setup using antiprotons ) Installatign >
_ phase 2 j SCommissioning
o Experiments using the full setup [MSV], MSV | IEANDAVIL - ijsac;/
IS Minimum Setup for the Start Version. Q4/2021 o
- Phase 3 SANDA ,,,,,,,,fgsﬁigpﬁ; v
o Experiments beyond MSV [RESR] Full Setup Yo S
Installation
The High Energy Storage Ring [HESR] provides F:h_ysi>cs

antiprotons in a momentum range of approximately 1.5
to 15 GeV/c

v
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