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1 The beginning of a story

t-channel singularity

V' A t-channel scattering process: an unstable particle decays and one of its decay
products is scattered.

V' The singularity arises if the exchanged particle can be on-shell.
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1 The beginning of a story
t-channel singularity

V' First pointed out by Peierls in 1961 in m N* scattering

The exchanged N can be on-shell, which leads to a divergence in the cross section.
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Peierls, PRL 6, 641-643 (1961)
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1 The beginning of a story
t-channel singularity
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V. Peierls suggested that reaction rate could be regularized by inserting width of
N* into N propagator, but the large cross section is unphysical.

Peierls, PRL 6, 641-643 (1961)
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1 The beginning of a story
t-channel singularity

V. The t-channel singularities is unavoidable in reactions involving unstable particles.

Accounting for the finite sizes of the colliding beams
results in the regularization of this singularity.

K. Melnikov and V.G. Serbo, PRL 76, 3263 (1996)
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1 The beginning of a story
t-channel singularity
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V' Elastic scattering: W-e- = e-W-mediated by v,, etc.
Inelastic scattering: W-ve = eZ mediated by vbar,, etc.
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1 The beginning of a story
t-channel singularity

V' In a thermal medium, a t-channel singularity is reqularized by the thermal width of the
exchanged particle.

I~ 2M&M — iMT

_>—
t — M? t— M2 11
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Grzadkowski, Iglicki, and Mr"owczy nski ,
NPB 984, 115967 (2022)
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1 The beginning of a story
t-channel singularity

4

~ 2MéM — iMT

® calculated values
------------ I'=const=10"3GeV
| —m—— I'=const=10"2GeV

T EEEE T ’ Thermally averaged cross section
Foconst=107 Gev e quickly increases with x = M/T.
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parameters
= 70 GeV, m

20 GeV, u Grzadkowski, Iglicki, and Mr’owczy nski ,
NPB 984, 115967 (2022)
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1 The beginning of a story
t-channel singularity

V' 1 D* = 1 D* scattering has t-channel singularity because exchanged D can be on-shell.

V' In hadron gas, the divergences are regularized by thermal width of D.
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M*: mass of D*
M: mass of D
m: mass of 1

t-channel singularity region: INE — M4 9m ws= ( M -m..gi)z /M “
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1 The beginning of a story

Motivation
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v/, Does t-channel singularities in charm-meson reactions have any observable consequences?

One possibility is that t-channel singularities could modify the charm-meson abundances
produced in a high-energy collision through the interactions with hadron gas (mainly pions
after kinetic freezeout).
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1 The beginning of a story

Motivation
4
®
®
® V' The observed numbers N, and N. of D° and D* can be predicted in terms of the numbers
() (Na)o and (N. ), before D* decays and the branching fraction B., = 68% for D*+ — DOmr+;

(NO)() ~ir (N*O)o + B+O (N*+)o y

= (N1)o + 0+ (1 = Byo) (Nt )g

We will show that the charm-meson abundances are modified by t-channel singularities.
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1 The beginning of a story

Charm-mesons in heavy-ion collision

v/ Heavy-ion collisions proceed through several stages:

Quark-gluon plasma
(QGP)

‘ expanding and cooling

The formation and thermalization of the QGP

Hadron resonance gas
(HRG)

‘ expanding and cooling

The deconfined quarks and gluons hadronize into HRG
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Kinetic freeze-out Particles stop interacting, momentum distributions frozen

‘ expanding and cooling

Expanding
hadron gas
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1 The beginning of a story
Charm-mesons in heavy-ion collision
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding
hadron gas

Charm quarks are primarily created in the hard collisions of

the heavy ions.

Hadronization:

Statistical Hadronization Model (SHM)

SHMc (SHM for charm)
Multiplicities before D* decays predicted by SHMc:

(dNo/dy)o = 2.12,

( d i?\'ra 0 / d Yy } 0

1

59,

ANy /dy)o =
( d- ir\'rz.;; i / (f ! ’, } 0

A. Andronic, P. Braun-Munzinger and J. Stachel,
Nucl. Phys. A 772, 167-199 (2006);
A. Andronic, etc., JHEP 07, 035 (2021).
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1 The beginning of a story

Charm-mesons in heavy-ion collision
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding
hadron gas

e

The t-channel singularities in charm meson reactions

could have significant effects

® either during the expansion and cooling of the HRG between
hadronization and kinetic freezeout (requires a full treatment of
the HRG)
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1 The beginning of a story

Charm-mesons in heavy-ion collision
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding
hadron gas

d

The t-channel singularities in charm meson reactions
could have significant effects

® or during the expansion of the hadron gas after kinetic freezeout
(thermal widths are determined primarily by the pion number
density).
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1 The beginning of a story

Charm-mesons in heavy-ion collision
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding €
hadron gas : e :
We study the effects of t-channel singularities in charm meson reactions

in the expansion of the hadron gas after kinetic freeze-out.
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1 The beginning of a story

Expanding hadron gas
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding V
hadron gas

Expanding hadron gas is mainly PIONS!

Volume V(t) for t> 1= LASSKAIIIaREU s 1)) er,

Rr = 24.0 fm, and vg = 1.00 ¢

1.D. Bjorken, PRD 27, 140-151 (1983));
J. Hong, etc, PRC 98, 014913 (2018):
L.M. Abreu, PRD 103, 036013 (2021).
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1 The beginning of a story

Expanding hadron gas
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Quark-gluon plasma
(QGP)

‘ expanding and cooling

Hadron resonance gas
(HRG)

‘ expanding and cooling

Kinetic freeze-out

‘ expanding and cooling

Expanding
hadron gas

V(1) =7 [Rr +vr(t —75)%cr,

We can estimate the charm-meson number densities at times T

before D* decays (initial parameters):
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np (7) = [(dNpw /dy)/(dNx/dy)|o nx(T).

AN /dy = 769+ 34.

S. Acharya et al. [ALICE], PRC 101, 044907 (2020)



2 Thermal mass shifts and widths

Pion momentum distribution

1/, We consider a pion gas in which the momentum distribution of the pions is a
Bose-Einstein distribution with temperature T.
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2 Thermal mass shifts and widths

Pion momentum distribution

,\/

In thermal equilibrium at temperature T,
the number density:
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Pion momentum distribution for
isothermally expanding pion gas:

Integral of a function weighted by
the pion momentum distribution:

where 8 = 1/T.




2 Thermal mass shifts and widths

Pion mass shift and thermal width

® v/ The pion mass shift and thermal width after kinetic freeze-out can be calculated
using XEFT at LO:

dmax = (M /2f2) 1 (1/wg),

The pion thermal width is O at this order.
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2 Thermal mass shifts and widths

D(*) mass shift and thermal width

v/ The charm-meson mass shift and thermal width can be calculated using HHXEFT at LO:

M = (3¢2/2f) 0, A{1/w,), 6M, = —3M/3,

ZFH (45 ]

where decay rates in the vacuum:
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g Je
/2

UI - M )2 — mi o
[ W $4 “0]

Oy J i’ .-)

= T [(May = Mo)* —m 77,

.3 IF .-)

[( M. — My)? — ,?.7_1?7(_)} 32

'y~ 18 the radiative decay ato
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2 Thermal mass shifts and widths

D(*) mass shift and thermal width
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2 Thermal mass shifts and widths

D(*) mass shift and thermal width

Solid: mass shift included
Dashed: no mass shifts
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3 Reaction rates

™ D(*) reaction rates in pion gas

@® A/ Thereaction rates of m D(*) near the kinetic freezeout temperature would have
large effects on the charm-meson abundances:

® - spin transitions between D and D*,

® - isospin transitions between D)0 and D(*)+,
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3 Reaction rates

m D(*) reaction rates in pion gas

V4 : increase D* density, but decrease D density.
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3 Reaction rates

m D(*) reaction rates in pion gas

Vv : increase/decrease D* density, but decrease/increase D density.

(VO rx0,70) = <IIE"'?G'?T=*=+..".'T+> = (.2446 g;lr Hli/f:rla

(VO rx0,7+) = (VOrst x0) = 0.0056 fLJf mi/ f;la

(VO r0,ms0) = (VOmy muy) = 0.2181 g7 mz /.

(VOx0,mut) = (VOrt we0) = 0.0049 g 7/ fr.
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3 Reaction rates

m D(*) reaction rates in pion gas

V4 : change the D0 and D+ densities

o o oms LAY L2 i | ;
("UJW D'i'}_>.TrDli')> = (().5(_}{_}4 + 0.1900 gi) ~ + g (DI“)_}DW 5 DI:L_}D]N) :
J 7 i *() * -+

fr(A) Lpet ,por [ prt s pta

n. F* ’
+™N s-resonance
frr(..A) F'D*—i-_}Dli)W FD’*""‘—}D-F-T;

1 8 s
- o e RO T e
(VO p+_sxp+) = (0.5004 + 0.1900 g2) fi’ + fr(B) %
i = o A ,

(V0 rposp+) = (1.0007 4 0.3336 g2) = +

(V0 zp+—apo) = (1.0007 + 0.3336 g5) —= +
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The resonance term is about three orders of magnitude smaller than the
nonresonant term for n;, < n(eal_,
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3 Reaction rates

m D(*) reaction rates in pion gas

vV : change the D*0 and D** densities

m'?
(VG w0 o) = (0.5004 + 0.4739 g%)

1 NN n: ---- A F 0 _s E'J...F 4+ _y )0~
(V0 r oo sxpet ) = (1.0007 + 0.3086 g*) 2 4 I ) _%ﬂﬂ
/: = T t-singularity

‘ aTalh | H-T A F *0_, U-..-F ¥+ _ 0~
(VO zpe+ xp=0) = (1.0007 + 0.3086 g7) ;“ f=(8) M,
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(VO et smpe+) = (0.5004 + 0.4739 ¢ )]} g IS T x  Upetsp ;.-)

The t-channel singularity term is larger than the nonsingular term when
N, <103 nlea),

@ & O @



4 Evolution of charm-meson abundance

Evolution equations

) [1 + f"_ ] Zr*b a Np=b 2 Ffﬂ ¥ Np*a — S Z (?—U"'u ib) Npa Ny

b

+ 3 Z "3--'(-7-1.-5},-1.-{-:.) ( Nps — N JDH.)H_Tr + 3 Z ] (-'z__.rg.h_:#b!.ml> Nps«b — (.-1.10.7“11,,7:5:5) n.Du.) 3 S

b#a b
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Z UU"‘E)—-*#(I) Npe Ny — ([1 53 f"' , ] Z PHL b + Pm ,)HD ra

b

Z VO 1p, Tm Nps — (.-z,.IU.Tr:E:LI.].ﬁE-,) IID*.U.)H.“- + 3 Z ('I'!-"TJ'TF#E},'TF#&) (RD*E: — HDM.)R.T,- s

b b#a

Note:

N,

d ) + *( *+
an_(nD( + np+ +npo +np ):0



4 Evolution of charm-meson abundance

Evolution of the charm-meson fractions

VAR E RS RiC@e S /) = npe/(Mpo + np+ + np=o + np-+ ) EEETESED

solid: solving complete evolution
equations
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dashed: solving evolution equations
with only D* decay terms

500
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4 Evolution of charm-meson abundance

Analytical solution to evolution equations

v/ Attimes T large enough, the only terms in evolution equations that survive are
1-body terms: decay terms and t-channel singularities.
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4 Evolution of charm-meson abundance

Analytical solution to evolution function

Vv
®
® v/ If we only keep the 1-body terms with the vacuum values of I, the evolution
equations can be solved analytically.
®
®

— -

v Boolo

AN B fraction of D0 — DOmo; B.: fraction of D** — Do
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4 Evolution of charm-meson abundance

Analytical solution to evolution function

v/ The resulting predictions for the numbers of D° and D* are

_, (]. — B_{_{].)F*_{_ ¥ ) .- .. ( (]_ = B_{_;])F*” ) _.
SN/ TP [ PP oA s R (A IR L PR PP N W U, T
0)o ( T,oTao + (Tt Tug) 7 ) 200 0 B T 0 F (ToatTug)y ) o

1= B+{))P*+ 7 : " (1 — B+:))Fm

———————— | {(Nap)s

No = (NO)O i (N ) + Bio (N*+)oa
Ny = (Ny)g+0+(1—Byo) (Net)o




4 Evolution of charm-meson abundance

Numerical comparison

initial: SHMc prediction before D* decays

numerical: solve the complete evolution equations

naive: consider D* decays only

analytical: consider 1-body terms (D* decays + t-channel singularity)

initial numerical naive analytic
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Errors are from Bgyg, B+g, [0, [0+

No/N, 1.044 2.100 2.256 £0.014 2.177 +0.016
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4 Evolution of charm-meson abundance

Numerical comparison

naive: consider D* decays only
analytical: consider 1-body terms (D* decays + t-channel singularity)

initial numerical naive analytic

1.044 2.100 2.256 £0.014 2.177 +0.016

@ & O @
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) = 0.079 £ 0.006
analytic

{his difference (with or without t-channel singularity) differs from 0 by about 13 standard deviations,)

Errors are from Bgyg, B+g, [0, [0+



5 Summary & outlook

Summary

N/ The evolution of charm-meson abundances after the kinetic freeze-out of an
expanding hadron gas produced by a central heavy-ion collision is studied.

\/ We have shown that the t-channel singularities in charm-meson reactions can have
observable consequences in charm-meson ratio.
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5 Summary & outlook

Outlook
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The charm-meson reactions iD* < 1mD have a pion t-channel singularity from the
decay D* — D followed by the scattering Trm — 111T.

Preliminary results indicate that pion t-channel singularities are more important than
D-meson t-channel singularities.

The t-channel singularities have been completely overlooked in studies of the charm
mesons in a thermal hadronic medium.

It might be worthwhile to look for other aspects of the thermal physics of charm
mesons in which the effects of t-channel singularities are significant, for example the
production of the exotic heavy hadrons like X(3872) and T.(3875).
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