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WG3 : aprender fisica de hadrons no LHC (QCD, QGP, CGC, espectros...)

Sub-produto: melhorar o nivel de discussdo dentro do grupo e do IFUSP

O que aconteceu entre 06/23 e 05/24 ?
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Leading A production in future electron-proton colliders #5
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Published in: Phys.Rev.0 108 (2023) 9, 096028 « e-Print: 2306.07446 [hep-ph]
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Four-boson first excited state near two-body unitarity #1
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Multiplicity of Z_, (3985) in heavy ion collisions #7
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@#(2170) decaying to ¢n and ¢n #3
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Theoretical study of the yd — z°nd reaction #11
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The X (3872) to ¥/(2S5) yield ratio in heavy-ion collisions
L.M. Abreu, F.S. Navarra, H.P.L. Vieira (Jan 20, 2024)
e-Print: 2401.11320 [hep-ph]
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K.P. Khemchandani, Luciano M. Abreu, A. Martinez Torres, F.S. Navarra (Dec 18, 2023)
e-Print: 2312.11811 [hep-ph]
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Interaction of exotic states in a hadronic medium: the Z.(3900) case
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Novel aspects of particle production in ultra-peripheral collisions #1
F.C. Sobrinho {Sao Paulo U.), |. Danhoni (Darmstadt, Tech. Mochsch.), C.A. Bertulani (Texas A-M, Commerce and Darmstadt, Tech.
Hochsch.), L.M. Abreu (Sao Paulo U. and Bahia U.), F.S. Navarra (Sao Paulo U.) (May 18, 2024)
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Intriguing aspects of light baryon resonances #1
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5 Teses concluidas

Breno Garcia (mestrado - Renato Higa)

Murilo Soares de Godoy (mestrado - Renato Higa)

Brenda Malabarba (doutorado - Alberto Martinez)
Richard Terra (mestrado - Fernando Navarra)

Fernando César Sobrinho (mestrado - Fernando Navarra)



9 Participagoes em Conferéncias
The present and future of flavour and exotic hadron spectroscopy
26/05 - 02/06 (2023) Munique, Alemanha (Alberto Martinez))
QCD 2023, 06/07 - 10/07 (2023) Montpellier, Franga (F. Navarra)

Extreme QCD 2023, 28/07 -30/07 (2023) Coimbra, Portugal (F. Navarra)

1st Inha - Pukyong Workshop on Hadron Physics and Chiral Dynamics, 11/08 -15/08 (2023)
Inha, Coréia (Alberto Martinez))

HADRONS 2023, (2023) Genova, Itdlia (Alberto Martinez)
Nagoya Workshop on Exotic Hadrons, 13/11 - 17/11 (2023) Nagoya, Japdo (F. Navarra)

UPC 23 International Workshop on the Physics of Ultra-peripheral Collisons,
12/12 - 15/12 (2023), Playa del Carmen, México (F. Navarra)

XLV Symposium on Nuclear Physics, Cocoyoc, México,
08/01 - 11/01 (2024) Cocoyoc, México (Alberto Martinez))

1 Workshop on Baryon Dynamics from RHIC to EIC, 22/01 - 24/01 (2024)
Stony Brook, EUA (F. Navarra)



Organizagdo de Eventos Cientificos
POETIC 2023 IFT-UNESP (Fernando Navarra)
LIGHT CONE 2023 CBPF (Fernando Navarra)

RETINHA 31 2024 CBPF (Fernando Navarra)



Qualitativamente
Progresso na pesquisa da produgdo de exdticos em UPCs :

2 papers publicados, 2 Proceedings, um paper submetido

Production of meson molecules in ultra-peripheral heavy ion collisons

/
Molécula :
F.C. Sobrinho!, L.M. Abreu!?, C.A. Bertulani®*, F.S. Navarral
Instituto de Fisica, Universidade de Sao Paulo, Rua do Matéao
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Método geral para criar moléculas hadronicas em colisdes foton-féton



Progresso na pesquisa da produgdo de exdticos em colises AA centrais
Continuagdo da colaboragdo com o Prof. Luciano Abreu

O Prof. Luciano Abreu visitou o IFUSP por 6 meses

The X (3872) to ¥/(2S) yield ratio in heavy-ion collisions

L.M. Abreu, F.S. Navarra, H.P.L. Vieira (Jan 20, 2024)
e-Print: 2401.11320 [hep-ph]
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Can femtoscopic correlation function shed light on the nature of the lightest, charm, axial mesons?
K.P. Khemchandani, Luciano M. Abreu, A. Martinez Torres, F.S. Navarra (Dec 18, 2023)
e-Print: 2312.11811 [hep-ph]
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Interaction of exotic states in a hadronic medium: the Z.(3900) case

L.M. Abreu, R.O. Magalhes, £.S. Navarra, H.P.L. Vieira (Oct 28, 2023)
e-Print: 2310.18747 [hep-ph]
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Teoria efetiva para as interagoes do Psi(2S) : artigo em redagdo

Femtoscopia



The X (3872) to ¥(2S) yield ratio in heavy-ion collisions

L. M. Abreu'2,* F. S. Navarra?,! and H. P. L. Vieira!?
'Instituto de Fisica, Universidade Federal da Bahia,
Campus Universitdrio de Ondina, 40170-115, Bahia, Brazil and
?Instituto de Fisica, Universidade de Sdo Paulo,

Rua do Matdo, 1371, CEP 05508-090, Sdio Paulo, SP, Brazl
(Dated: January 23, 2024)

In this work we evaluate the X(3872) to ¢(25) yield ratio (Nx /N 2¢,) in Pb Pb collisions, taking
into account the interactions of the ¥(25) and X (3872) states with light mesons in the hadron gas
formed at the late stages of these collisions. We employ an effective Lagrangian approach to estimate
the thermally-averaged cross sections for the production and absorption of the ¢%(25) and use them
in the rate equation to determine the time evolution of Ny(25). The multiplicity of these states
at the end of mixed phase is obtained from the coalescence model. The multiplicity of X(3872),
treated as a bound state of (DD" + c.c.) and also as a compact tetraquark, was already calculated in
previous works, Knowing these yields, we derive predictions for the ratio (Nx /N 2¢)) as a function
of the centrality, of the center-of-mass energy and of the charged hadron multiplicity measured at
midrapidity [dN.; /dn(n < 0.5)]. Finally, we make predictions for this ratio in Pb Pb collisions at
VEn~ = 5.02 TeV to be measured by the ALICE Collaboration in the Run 3.

for molecules

for tetraquarks

Previsdo para pequeno p+ !

CMS: R ~ 1 para pt grande |



Produgdo de charmonium em colisdes proton - proton

1 paper publicado sobre pp e um em conclusdo sobre pPb

mestrado do Richard Terra

Estrutura do proton: core-corona

juarks

o(gg — cc) >> o(qq — cc)

Busca experimental da jungdo barionica !

1 Workshop on Baryon Dynamics from RHIC to EIC

ALICE proton-proton 1/;:7 TeV
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Distribuigdo de multiplicidade



Distribuigdo de multiplicidade de mesons em colisdes proton-chumbo
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Emergence of KNO scaling in multiplicity distributions in jets produced at the LHC
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Mudanga de dindmica na cascata de partons !












Baryon junction excitation

Kharzeev, PLB (1996)
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Distribuigdo de multiplicidade de mesons com charme em proton-proton

Jhodo Arneiro e Guilherme Germano (PYTHIA + Fits)
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Previsdo do PYTHIA : charme tem outra dinamica !

algum dia vai...
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Distribuigdo de multiplicidade em jatos
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Linha do tempo de uma colisdo de ions pesados

QGP

Hadron Gas

—_—
~ ~ Time
10 l l 20 e

Produgdo por Interagdes mesonicas com

coalescéncia Lagrangeanas Efetivas
Segoes de choque Reespalhamento e
de espalhamento formagdo de

estados ligados

Fernando Navarra Renato Higa
Alberto Martinez



Fernando Navarra

Trabalhos e andamento e publicados

Estudo da produgdo e interagdes do Zcs (3985) : em andamento

Estudo da produgdo e interagoes do D* e D : concluido e publicado
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=sf__ com regras de soma
af da QCD
3F
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7 (fmic) (dNp/dn)*

, / Abreu, FSN and Vieira,

Phys. Rev. D 106, 074028 (2022)
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Produgdo de exdticos com charme no modelo de coalescéncia

Trabalho de mestrado de Richard Terra

Ndmero de pares c-cbar em fungdo do
tamanho do sistema

Melhoria do trabalho da colaboracdo EXHIC

Produgdo de charme em proton - proton

Crescimento mais rdpido do que
o esperado

Color Glass Condensate?
Hidrodinamica?

Multiple parton scattering?

Ncc /dp,dy
<Ncc /dp,dy >

:: Glauber + CEM
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Distribuicdo de multiplicidade de mesons com charme em proton-proton

Trabalho de JThodo Arneiro (doutorando do Suaide)

D Meson Multiplicity
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Altas densidades ?
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do/dx, [ub]

Leading neutrons e leading Lambdas no Electron Ion Collider

Trabalho de Diego Spiering (pés-doc)
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Renato Higa

Participagdo em conferéncias

Reunido de Trabalho em Fisica Nuclear no Brasil

Simpdsio do INCT-FNA

Orientacoes

Alberto Fernandez (iniciacdo cientifica)

Efeito de canais acoplados e estrutura analitica da matriz S aplicada ao X(3872)



...To a wealthy of data
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STAR, arXiv:2210.02909
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What can we learn from this ratio?

Interactions of K and K* in a hot hadron gas

Emergence of chemical equilibrium (freeze-out)

Kinetic freeze-out: lifetime of the hadron gas phase

Confirm the existence of a hot hadron gas

Do we have a good theory ?



(Data-Fit)/o

Statistical Hadronization Model fails...

CoRo jag2tetev
Flt T-156 MeV M OMeV V-5380 fm L

Stachel et al.,
arXiv:1311.4662

We must include rescattering and/or decay !



Particle ratios

ALICE, arXiv:1910.14419

Stachel et al.,
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Interactions with the hadron gas improve agreement with data !
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The hadron gas contribution

Start with the multiplicities at the hadronization

Study the changes produced by interactions in the hadron gas

Lagrangians -> Amplitudes -> Cross Sections -> Thermal Cross Sections

Evolution equations -> Expansion and cooling -> Freeze-out



K and K* interactions with light hadrons

— gk K7 (KO,7 — 0,K7)

+ +

igox i (K70, K — 9,K7K) - p*.
igorc-ic+ (0 KFK: — K*70,K?) - 7"

(K**7 - 0upyy — 0, K7 - p,) K**
K™ (T - l_’uauK:f —T- 8,“5”’1_(;)]7

P K s K
K -
K

K* ™ K* P K*

(b) (c)
T T T T
: K : ; K :
K* K*

K- K*

S. Cho and S.H. Lee,
arXiv:1509.04092
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: 1 )
Cross Sections: 0= —— |qu| dQM2F*
647259192 |pil

Form Factors: F (*)—A2_mg“’ A =1.8GeV
. u,t q p— A2_’_qg 1 == 1. c

. *pad®pp fo(Pa) fo(Pb) Cab—sed Vab
Thermal Cross Sections : ab—sed Vab) = f 2
(Tabsed Vab) [ Bpad®py fa(Pa) fo(Po)

R 1
fi(pi) = Vab =/ (Pa - Pp)2 — m2m? /(EqEp)
- 2
e Di +mi2/T - -l

Inverse processes with detailed balance:

gagblﬁab|20ab—>cd(3) = (ecYd |ﬁcd|200d—>ab(3)



Rate equations 11

dl;l:* = (0K p—k*7 VK p)Np(T)NK (T) — (Ok*z—Kk pVi*r ) N (T)Ng+(T) + (Ok r— k*p Vi) N (T)N (T)
— (Ok*pskaVk*p)Np(T)Ng=(T) + (anﬁx*kvnp)nn(T)Np(T) — (GK*kﬁanK*f()nf((T)NK*(T)
+ (Ogn ki Van ) Mg (T)Ng (T) — (Ogups g Vigrer ) Ngs (T)Ng=(T) + (Upp_,K*f(*Vpp)np(T)Np(T)
— (Oksis pp Viries) Mg+ (TN (T) + (Ok - k+ Vi ) e (T) N (T) — (T+) N (7),
d:_tK =(Ong—kiVan)Na (T)Nz (T) — Ok pn Vi) Mg (TN (T) + (Gpp_)Kkvpp)np(r)Np(r)
— (Okk—ppV k) MK (TINK(T) + (0ksn Kk pVK*m ) N (T)Nk=(T) — (0k p—sK*n VK p) Np (T)NK (T)
+ (Ok+p—knVik+p) Np(T)Nk+(T) — (Okm—Kk*p Vi ) N (T)Nk (T) + (07, kxg Vrp) N (TIN p(T)
— (ks pr Viri ) Mg (TNg+(T) + (T+) Ng+(T) — (0w — k* V) N (T)Ng (7).
ni(r) = > f pdp ~ & m-zT(r)Kz( M ) N =V
22 ) omrey o 2wt T(7) Lo

V(T) — 7T[]:‘)'C + UC(T - 7-c) -+ axc/Q(T — 70)2]27'(?._
Expansion and Cooling :

T(r) =T.— (Tn —Tf)( U >4/5,

Tf—Th



K and K* interactions with light hadrons improved 12

Martinez Torres, Khemchandani, Abreu, F.S.N., Nielsen, arXiv:1708.05784

Inclusion of anomalous parity VVP interactions

Exchange of axial resonances

’ , p
wn,n K, K* w,n,n -
P> 0),¢ Kl(1270) P,w,¢ R KS"K; K+
K* K
K* k K* K K* K
d P P T p z
_ K,K* K*
K* K,(1270)
K* K
K* K K* K
K'p— Km
Many processes but only 3 are really important: Kr < Kp
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Kpe K

K'mt+ Kp

13

10%E
10'k 10}
£ KoK
10°F
E K'm->Kp
[ Kp-> K1
101
102l 100) e T T
C e
30 e R [ Lo
10 e e S.H.lee | " ke T S. H.Lee
: 1 . - =K
. i ——— A. Martinez et al - P —— A. Martinez et al
100 120 140 160 180 200 1(I)0 1&0 1:1.0 1(I50 12;0 2(l)0
T(MeV) T(MeV)
L S.H.Lee |
100 .
* ~ | ]
K‘'<K+n 2 | _
A
A I -
[} Km->K
v
10°F 3
100 120 140 160 180 200

T(MeV)



Simplified evolution equations :

AN+ (T , |
ZT( )=VKNK(T)—)/K*NK*(r),
dNg (T o |
;T( )=—)/KNK(T)+)/K*NK*(T),

Yk = (Okr—K*pVKa)Nx + (OKp—>K*x VKp)Np + (OKr—K* VK7 ) N

Yk* = (OKk*p—>Kn VK*p) Np + (Ok*r—KpVK*r) Nx + (T'k+) .

3
: : 1/3 T
Bjorken cooling : T =T, (%) > Tr=Tp (T_l;)

dN
T; depends on the system size : Ty =1y (d—n(n = 0))

14
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System size dependent freeze-out temperature

— Fit

200f !
180} « ALICE Pb-Pb: v/5=2.76 TeV [23] ;
16op 4 « STAR Au-Au: 5 =200 GeV [29] -
140t = ]
1205‘“}“__
100}
| { 3K
; !
> 6 g 10 12

ALICE,
arXiv:1303.0737

Tr=Tgo e PN

-l )"
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5. Choand SH. Lee, arXiv:1509.04092
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without cooling

with cooling

10 15 20 25 30 35 10 15
7(fm/c)
50 . .

--- K™ absorption

40! — K™ production

Reaction P ---  K* absorption

Rate % 30; h — K™ production
=
r
=

without cooling

Martinez et al.,
arXiv:1708.05784 |

with cooling

7 (fm/c)

20 25 30

7(fm/c)
Martinez et al.,
arXiv:1708.05784

S. Cho,S.H. Lee,
arXiv:1509.04092



Effect of cooling

165}
145}
125

T (MeV)
© o
G G

45!

— HB
--- BJ |

S~
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- -
it
- -
- -
- -
- -
-~ -
- -
- -

10 15

20 25 30 35

T (fm/c)
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Bjorken

Hubble

= Bjorken

== Hubble

- 7
Constant | 08l ,

B el
-

- Bjorken
== Hubble

«=== Constani

—
— —
T —————— -




1 Ty =132 002N
2 Tp=134¢ 005N

3 Tp=165¢ 018N

Effect of the parametrization of T,

200f 1
-- 2
= 3
150} =
> at
()
s .
< 100} ‘ﬁ*#?f{_‘}:_% _
« ALICE Pb-Pb: V/s=2.76 TeV
50} ¢ STAR Au-Au: 4/s=200 GeV
2 4 6 8 10
<dNgp,/dn>17?

12

CHECI.

Tfreeze—out(fM/C)

1)
=

[a—
=

1110.

10

193.

1100.

1126.

1159.

12

Temperatura (MeV)
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S. Cho and S.H. Lee, arXiv:1509.04092

without cooling

0.6 Tt

4 |
0 with cooling 1
0.2} ]

'110' | '1'5' | '2'0' N '215 | 30 N '3|5' |

T(fm/c)

S (E)

f = *th Tf

R

= ALICE Pb-Pb: Vs =2.76 TeV [23]5

o STAR Au-Au: s=200 GeV [29] -

6 8 10

<dNp/dn>13

S

K*

1.0,
0.8
0.6/

0.4

0.2f

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

without cooling

Martinez et al.,
arXiv:1708.05784

with cooling
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Which reaction is more important? 23

K'ne Kp Kp+ Kn K*— Kn Krm— K*
Model 1 v v v v
Model 2 v v
Model 3 v v
Model 4 v
1.0 : : . . . :
= Model 1 - Model 1 —-= Model 2 * Pb-Pb 5.02 TeV
“=so -—- Model 2| 08l-=== Model 3 ==-- Model 4 ™ Pb-Pb2.76TeV
=== Model 3 + p-Pb 5.02 TeV
06f TTT=-o___
S S
< 04f T

-
—I-—-—.—-—I-—-—-—-.F-—.q--q--

C.~Le Roux and F.~S.~Navarra, J. Phys. Conf. Ser. {2340}, 012010 (2022)



D* / D Ratio

Lagrangians -> Amplitudes -> Cross Sections -> Thermal Cross Sections

Evolution equations -> Expansion and cooling -> Freeze-out

Abreu, FSN and Vieira, arXiv:2209.03814
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! 26

~ 2001
F(D*) 00 fm

Decay: D* =D+ ['(D*) ~ 1MeV Tiife =
Not relevant |

Interactions with rhos and pions

Lrpp+ = igzpp~D**7 - (DO, 7 — 9, D7)
L:pDD = ingD(DFO#D — O#D’T—"D) . ﬁ“
L,p+p+ = igpp+p~ [(0,D*FD} — D*79,D?) - p*
+(D*'7 - Oupy — 0uD*'7 - p,) D*H
+ D7 Y 0u Dy, — 7 - 0up” D})]
Lrp«p+ = —grp-pe" P, D10, D},

Lopp* = —gppp=" P (D8,upy0a D}y + 0, D} 0apsD)

All couplings and form factors calculated with QCD sum rules!

M.~E.~Bracco, M.~Chiapparini, F.~S.~Navarra and M.~Nielsen, arXiv:1104.2864



D*(p1) p(ps3)
DY
7(p2) D(p4)
(1.a)

D*(p1) p(ps)
>—5,—<
m(p2) D(p4)
(1.c)

D*(p1) w(p3)
>-57<
p(p2) D(p4)

Amplitudes

p(p3) D*(p1)

7(p2) D(ps) D*(p2)
(1.b)
D*(p1) m(ps) D(p1)
DY
p(p2) D(p4) D(ps2)
(2.a)
D*(p1) m(p3) D(p1)
D*Y
p(p2) D(ps)

D(p1)

D(p2)

D(p1)

D(p2)

D(p1)

(6.a)

(7.a)

]
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m(p3)

m(pa)

p(ps3)

m(p4)

p(ps)

7(pa)



Expansion, cooling and initial conditions

T(0) = Te— (T~ T) (J)

TFp — Ty
a

Vit)==x {RC +ve(t—10) + 7C (7 — Tc)2] 21'0,

TABLE 1. Parameters used in Eq. (12) for central Pb— Pb
collisions at /syy =35 TeV [25].

ve (©) ac (¢2/fm) R (fm)
0.5 0.09 11

7c (fm/c) gy (fm/c) 7r (fm/c)
7.1 10.2 21.5
Tc(MeV) Ty(MeV) Tr(MeV)
156 156 115
Nc NN(TF) Np(TF)
14 2410 179
Np(th) Np(7n)

4.7 6.3

EXHIC, arXiv:1702.00486
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Time evolution and multiplicities 29

dg’f. = <UDp—>D-x1’Dp)"p(T)N p(7) — <GD'n—>Dp7-)D'Jt>":r(T)N p(7) + ("D::-»D'M’DH"::(ﬂN p(7)
- <GD'p—>DJt 7—’D'p>np(T)ND'(T) + <6np—>D'szp)nﬂ(7)Np(7) - <GD'D—>p7sz'D>nD(T)ND'(T)
+ <0nn—>D'D' vitlt)"ﬂ(T)Nﬂ(T) - <0-D'l_)'—>7va'l-)'>nl—)' (T)ND'(T) + <0pp—>D'D' vpp)"p(r)Np(T)
- <GD'D'—>pva'l—)'>nD'(T)ND'(T) + <GDJI—>D' vDJt)"JI(T)ND(T) - (FD>ND(T)
d(]]\;D - <6ﬂlt—>DDvJUt>nlt(T)Nﬂ(T) - <0'Dl—)—>zval-))nl—)(T)ND(T) + <6pp—>DDl)pp>’1p(T)Np(T)
- <GDD—>pvaD>nD(T)N p(7) + <O'D'7t—>Dva'zr>nzt(T)N p(7) — <UDp—>D'nUDp>"p(T)N p(7)
+ <GD'p—>DItvD'p> np(T)ND' (T) - <6D1t—>D'vazt>nn(T)ND(T) + <0ﬂp—>D'Dvﬂp>nn(r)Np(7)
- <UD'D—>pn1’D-D>'7D(T)N p*(7) + (Up)Np+(7) = (6presp* Vpa) 1 (7)Np(7),
1 i
ni(7) “2—”271'91"",2“7)1{2 (Tan)> Ny =n; V

3
Tf = Th (T_> Tr=Tre N — Tr x e3PN
F



Summary
K* / K ratio can be well understood with a hadron gas phase

K* decay and formation are the dominant reactions

Cooling and system size dependence of the freeze-out are crucial

Predictions for the D* / D ratio

Thank you very much !l
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Back-ups
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System Size 15

1/3
dN dN
i N = -
2200 N I A 200 GeV (Au-Au)
- O 624 GeV (Au-dw)
2000 — : S 19.6GeV (Anaw
- * 276TeV (Pb-Ph)
il |
- ¥ A
= More mesons
— produced
= Larger
= volume
Lives longer




-7 T T
larger volume "0 @ o ;\ t7
: / N\
same density [ _
same temperature / ® ® ® o \\
e o
\\ o [ _ o,
\ [ [ _ /
@
\ o 9.7

same volume
lower density

lower temperature



Back to Giorgio

Rapidity and pt dependence of R

Freeze-out e tamanho

SU(4)

Gamma térmico = loops

I'(D*) ~1MeV 75 =




System size and number of charm quarks

IlIIIIIIIIlllIIIII[Illllllllllllllllllllll

dQND B i
25— ALICE - _
dy dpr - ppis=7TeV,lyl<0.5 ;2;\’13 ddZN - Assume that:
N ~ & D°meson, 2<p <4 GeV/c yerr GUarr
d*N 20— # D' meson, 2<p <4 GeV/c —
¢ D*" meson, 2<p <4 GeVle i Np x (NS)B
dy dpr : :
15— ]
- i N, oc (N3P
10— ]
e B Fix the constant
- @ . using EXHIC estimates:
L .- _
n T ] L ] _
) 1 2 3 4 5 6 7 8 9
(dN/dn) / (chh/dT])

_ —5 4.8
ALICE, THEP (2015), arXiv:1505.00664 ‘ Ne=T79x107N

@Np , &N |, (dNa J(WNen 7
dydpr’ ‘dydpr’ dn ' dn
B =16



Lifetime as a function of the size

Temperatura MeV)
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