Novel aspects of particle production in UPCs 1

F.S. Navarra

University of Sdo Paulo U\D

(in collaboration with L.M. Abreu, F.C. Sobrinho and C.A. Bertulani) IFUSP
Sdo Paulo

Brazil

UPC 2023 First intenational workshop
on the physics of Uttra Peripheral Collisions

T




I - Production of charm molecules in UPCs

IT - Production of very forward pions in UPCs



I) Charm Molecule is Exotic Charmonium |

Not a state like: cc Multiquark state: ccq q/

Meson molecule

Large object: ~ 5 -10 fm T
Looselybound ~ \ o JTTTTT~7

Meson exchange

Tetraquark

Compact object: ~ 0.5-1fm @
Deeply bound

Color exchange



Studying Exotic Charmonium

‘ Mass spectrum ‘ ‘ Production rate ‘ Decay width ‘
| B decays | e+ e- |
7\
| central | | ultra-peripheral UPC |
Pomeron-Pomeronl | photon-photon | | photon-Pomeron

/ N\

| tetraquark | |mo|ecu|e|




Lightest Charm Molecule : scalar DT D~ bound state
Known as X (3700) M =~ 3723 MeV

Predicted in:

D. Gamermann, E. Oset, D. Strottman and M. J. Vicente Vacas, Phys. Rev. D 76, 074016 (2007).
C. Hidalgo-Duque, J. Nieves and M. P. Valderrama, Phys. Rev. D 87, 076006 (2013).

J. Nieves and M. P. Valderrama, Phys. Rev. D 86, 056004 (2012).

S. Prelovsek, S. Collins, D. Mohler, M. Padmanath and S. Piemonte, JHEP 06, 035 (2021).

Experimental evidence (not conclusive) in:

S. Uehara et al. (Belle Collaboration), Phys. Rev. Lett. 96, 082003 (2006).
B. Aubert et al. (BaBar Collaboration), Phys. Rev. D81, 092003 (2010).

Recent works:

M.~Ablikim et al. [BESIII], Phys. Rev. D 108, 052012 (2023)
P.C. S. Brandao, J. Song, L. M. Abreu and E. Oset, Phys. Rev. D 108, 054004 (2023)



Charm Production in Ultra-Peripheral Collisions

b>2R

C. A. Bertulani, S. R. Klein, and J. Nystrand,

Ann. Rev. Nucl. Part. Sci. 55, 271 (2005),
arXiv:nucl-ex/0502005.

A. J. Baltz, Phys. Rept. 458, 1 (2008),
arXiv:0706.3356

meson pair
production




The Number of Equivalent Photons

M. I. Vysotskii and E. Zhemchugov, arXiv:1806.07238
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For a proton:

g =0.1GeV




Meson Pair Production in Photon-Photon Collisions

1
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Meson Pair Production in Photon-Photon Collisions 9

el _ 2090/ _ L.1\2 _ N2(9/ _ 1.)\2
My DD = 5 1o + LB = pay o LEREET B
(=2p+k)-(2p" —K') o, o~  (=20+K)- (20" k) o . o .
D) F*(q)F*(t) +2 D) F*(q)F*(u)
[( —2p+k)-(2p" —K)|[(2p" — k') - (—2p + K')] .
2 ) () FOF 2(“)]

1 1
7\/ mD/|MW%D+D )[2dQ
6472 §

olete” wete DT D7) = /dwl dws n(wr) n(ws) op

+2

op =

One parameter: A

. . 2 408
Fixed using LEP data =
;
'v
et ‘o A= 0.68 GeV -
(& S o A=0.73 GeV -
L - AN=0.63 GeV
© 102 1
............ 50 200



Production of Bound States in Photon-Photon Collisions 10

Take the average over the bound state wave function : (QFT, Peskin,
page 150)

M(yy — B) / dB3q - 1 1 -
_ M(~~ — DT D
ST 27)? 5" (j\/QED+ NoYors (v )
If relative momentum q is small: M(yy — B) = (0)\/ M (vy = DTD™)
1 a3 1
do = ——22 —_2m)*6® (k + K — pp)|M (vy — B)]



The Wave Function at the Origin 11

D. Gamermann, J. Nieves, E. Oset and E. Ruiz Arriola, Phys. Rev. D 81, 014029 (2010)

Bethe-Salpeter Equation for a two (heavy) particle system: T =V + VGT

f

G = —8um (AO — ~yarctan (ﬁ>> (Loop function)
Y

N (27)3/2 2 Y

g = > Ao =/ 2uF
: 87r,u2(arctan(A7) — 7;—|-A3) 7 HED
f
AO cut-off
{ w=mp/2  reduced mass —  Y(0) = f(Ep)
Ey binding energy
.




Final Cross Sections

a~y

a~y

op(AA— AAD D) = / dwn / dws op(wi,w2) n(wi) n(ws)

m%, /4y

m%, /w1

Two parameters:

A

q

op(AA— AAB) = / dwy / dwy o (w1, ws) n(wy) n(ws)

q~y

q~y

Three parameters:

A

12



Results
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Free pair production 4
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Bound state production in Pb Pb

12 P T T T T T

1of § = 0.02 GeV

[ - - A=063GeVv e Ey, =17 MeV

A=068GeVv .=

9(0)]? ~ 0.008 GeV*
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V5 =502TeV —— | o(PbPb— PbPbB) =4.8210° b
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10t Pb-Pb
q=002Gev .
ol A=088Gev . ..----omtTTTTT Cross section for bound state
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N rree palr cross section for free pair
& 109 f Bound .
! production |
10"
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Comparison with
previous results
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Two photon fusion in the impact parameter formalism

o= /N(wl, b1) N(wa,b2)6(vy — R) S(b) d*by d*by dwr dws

b-dependent equivalent photon spectrum
Form factor

oo o o e o e o e e e o .

220 N N (AU
Nwb) = ", [/ I (\/ 2 ):(bw/v)2+u2

Photon fusion cross section : Low formula
Decay width

~ = = - —

T
G(yy — R) = 872(2J + 1) ?\;W'(S(mlwg — M2)
R

Geometric factor

S(b) = O(|]by —ba| — Ry — Ry)

18



Exotic scalar charmonium production 19

Klusek-Gawenda, Szczurek,

pointlike monopole arXivi1004 5521
State Mass | £ o7 (keV) ob, ... (ub) or (ub) or (ub)
2.76 TeV 5.5 TeV |39 TeV [2.76 TeV|5.5 TeV |39 TeV|2.76 TeV|5.5 TeV|39 TeV
[X(3940), 0FF [3943] 033 | 42 | 82 | 316 | 65 | 118 | 409 | 57 | 108 | 396 |
| X(3915), 07+ |3919| 020 | 26 | 51 | 198 | 40 | 73 | 253 | 36 | 67 | 245 |
? Moreira, Bertulani, Gongalves, FSN,
arxiv:1610.06604
molecules
State Mass| [y, [keV] olpub]
- - 2.76 TeV|5.02 TeV[39 TeV Fariello, Bhandari, Bertulani, F.S.N.,
| X(3940), 077 [3943]0.33 | 55 [ 97 | 325 | arXiv:2306.10642
| xc0(3915) , 0¥+[3919| 0.20 | 34 | 60 | 201 |

b <o <11 ub




Summary-1

We introduced a prescription to produce charm meson molecules
in photon-photon collisions

Use effective Lagrangians and the bound state wave function

Three parameters: A ¢ 1 (0)  Can be better constrained !

Production of the molecule Dt D~ ‘ o~4.8 ub ‘

20

Production of similar states with a similar method ‘ 5 <o <11 ub

Towards a theory of molecule production in UPCs



IT - Production of forward pions in UPCs

21



Magnetic Transitions 22

®-G-@

proton

AT S5 p+70 99w

0 =y + ~ 99%

@
Pions are very close to the beaml!



Magnetic Transitions in Perturbation Theory 23

2

- eB ~m.,

eB ~m
Ma — My ~2m, ——> Energetically possible

My << My —> Time dependent perturbation theory

+o0
af; = —Z/ BZEfit <A|Hznt|N> dt/

Hznt—_/j-B
B= LI B
47 (R2 + 42 0212)3/2 X
& o > X
y4
- - 4 z \
= =, S

i=u,d i=u,d Nucleon at rest



The matrix element (A|H;,:|N)

Wave functions of SU(Z)szn X SU(2>isospin

1
p 1) = gl + P =2 ) + duu(hit + T —2 111)

+ wud(TYT + I =2 )]

1
n ) = g sldud(U 4 P =2 1)+ udd (P4 + 1L -2 11)

+  ddu(TlT + 11 =2 11))]

AT 1) = 5 (o + udu + dun) (1] + 111 + 111)

A 1) = 3 (ddu + dud + udd) (11 + 11+ 1)

24



(A 4 Hyeln 1) = Y22
(A [Hilp 1) = Y25
(A% L Huelp 1) = L0
(AT [Hyfn 1) = =20

Large cross sections |

I. Danhoni, F.S. N,
PLB 805 (2020) 135463

Cross section

25



On the validity of the classical field approximation 26

A
Classical picture '%
Continuous fields _%&: /37— <
A&

\

Quantum picture: - + - [;\? -—

-+

Electron propagator

“Classical field is the limit of a quantum field when all the
energy levels have a large occupation number”

Do we reach this limit in relativistic heavy ion collisions ?



A tTest

I. Danhoni, F.S. N., PRC 103 (2021) 024902

The projetile emits photons O_> ———————————

Photon flux computed with b
the Weizsdcker-Williams
method
)4 70 .
A photon interacts with A+ el
a nucleon in the target -’

27



0 (mb)

Cross section

o= [ (e

w
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’)/
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Classical approximation is not bad !

28



Measurement

Measure very forward photons (n=>~9 — 11) ina segmented detector

Reconstruct the neutral pions

Use the LHCf and RHICf detectors for ultra-peripheral collisions

Background: either suppressed by small cross sections (diffraction)
or appearing in other regions of phase space (smaller rapidities)

29



Measurements of longitudinal and transverse momentum distributions for neutral 30
pions in the forward-rapidity region with the LHCf detector

O. Adriani, E. Berti, M. Bongi, R. D’Alessandro, M. Del Prete, and A. Tiberio
INFN Section of Florence, Italy and

University of Florence, Italy

Inspiration | arXiv:1507.08764
10 - (a)00< p_[GeV] <0.2 - (b)o2< p_[GeV] <0.4
= = oo
270 Soo B b
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© 103 L L8 . s
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FIG. 21. (color online). The 7° yield in each pr range as
a function of zp. Left: the distributions for 0.0 < pr <
0.2GeV. Right: the distributions for 0.2 < pr < 0.4 GeV.
Open red circles and filled black circles indicate LHCf data in
p + p collisions at /s = 2.76 and 7 TeV, respectively.
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Summary-IT

Magnetic transitions have large cross sections
Very particular distribution in phase space
Classical magnetic field is a reasonable approximation

Measurement might be feasible : RHICf for UPC's

Manifestation of the strong magnetic field

31
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Low Energy Analytical Expression

('l‘ ’D+
1 N 1 o ’
(k—p)Q—mQDNO—mQD—m%_2m2D —
|M(vy — DYD™)|? =4e'F*(—mp) D~

oahd s Aap) - BWOPZ 0 ) [, (o )]

5 2172
3Impy mamp
30 T T T 10 T T
: =002 Gov o
5F =0. - 1 A
z 0.65 GeV 8 g =0.02 GeV
~ o =ROBEeY .- ] A = 0.68 GeV
g ’ 8
E st T .
% 15 ) - 3 Analytical/Total
= r T e Analytical =
68 1ok Total 5 T o
2 /
0 .
2 4 6 8 10




o(pp — ppee) = /drlf(:rl) / drg f(x2)o(21,22)

1

2
4mc

8

o(PbPb — PbPbct) =

0pp(QCD)/opppL(QED)

[v]

osw \ w|%

AA in QED versus pp in QCD

1

2
4mc

(1318

NG
dorn(wr) / dwram(w2)o (w1, ws)
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wq

25
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10T o o
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6 8 1(
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Pb Pb

quark pair £
production

/ﬁig_

Pb Pb










o(pp > 0) = [ day o (1) fy(z2) olgg > c0

_ Ta? 4m?  m? 1+A 1 31m?
a(gg—>cc):3m2{<1+m2—I—m4)ln1_)\—1(7+ m2>)\} \ 1_4m2

8|

flz) ~

[\

o(pp — ¢c¢) X «

S

o(AA(yy) > AAce) = /dwl dws n(w1) n(wz) o (Y1772 — cc)

( —>cé)—47mé2 1_1_47713_87712l lnl—l—)\_ 1+4m§ \ 2

TN - m? m? m 1—A m? s
2 5 1 Ly _ 4 4

n(w) =—Z%a —In(—) 0(AA — cc) x 27 «
s w w
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Charm production: QCD proton versus QED lead

m =X1x2S

2 Am? 4 1+X 1 1m?

m?2 m4 1—X 4 m?

[\

o(pp — ¢cC) X «

S

o(AA(yy) > AAce) = /dwl dwy n(wy) n(wz) o (Y1772 — cC)

( _)C(_z)_47ra2 14_47713_87712l ln1+)\_ 1+4mg \ 2

REC - m?2 m? m* 1—A m? P
2 5 1 Ly _ 4 4

n(w) = —Z%a —In(—) 0(AA — cC) x Z" «
T w W

ForPb:  Za~0.6 74 a* ~0.13 a’® ~ 0.1

S




Charmonium Production in UPCs

Photon-Pomeron

Pomeron-Pomeron

>
v P(A)
Jhy
c
g 9 9
p> >
Photoproduction Double Pomeron Exchange

(Vector Mesons)

A. Matyja, Nucl. Part. Phys.
Proc. 324, 22 (2023)

ALICE Pb+Pb — Pb+Pb+J/y  {s = 5.02 TeV

[ @ ALICE coherent Jy
[_ ---- Impulse approximation
L - STARLIGHT
- —— EPS09 LO (GKZ)
10— --—- LTA (GKZ)

1IM BG (GM)
C —— IPsat(LM)
8 — - BGK-(LS)
- ---- GG-HS (CCK)
F —-bBK@ccM) -

(Scalar / Tensor Mesons)

X. Wang, arXiv:2301.00222

13 |-,|“.‘|.' I T T \\l I T T T T I T T T T I T T T T

R LHCb

. o, PbPb /syy =5.02 TeV

", ", Coherent J/1 production
\\Luminosity unc. : 4.4%

——
~~o
-
-
~~
S~
S~
~
~

<

Cross section of milibarns

1 2 3 4 5

Photon-Photon
Ph __F
>

C

b

C
Pb —— Ph

Cross section of microbarns

LHCb, arXiv:1810.04602

\Q/

Cross section ~ 100 nanobarns



Two photon fusion

o = /N(wl,bl)N(wg,bg) 5’(7’)/ — R) S(b) d2b1 d2b2 dwl dw2



Two photon fusion

o = /N(wl,bl)N(wg,bg) 5’(7’)/ — R) S(b) d2b1 d2b2 dwl dwg

Equivalent photon spectrum Form factor

oo o o e o e o e e e o .

200 N O AV
N(.b) = 5, [/ AunH (W E (\/ E )I(bw/v)2+u2




Two photon fusion

o = /N(wl,bl)N(wg,bg) 5’(7’)/ — R) S(b) d2b1 d2b2 dwl dw2

Equivalent photon spectrum Form factor

oo o o e o e o e e e o .

200 N O AV
N(.b) = 5, [/ AunH (W E (\/ E ):(bw/wmﬂ

Photon fusion cross section : Low formula
Decay width

~ = = - —

T
G(yy — R) = 872(2J + 1) ?\;W'(S(z@lm — M2)
R




Two photon fusion in the impact parameter formalsim

o= /N(wl, b1) N(wa,b2)6(vy — R) S(b) d*by d*by dwr dws

b-dependent equivalent photon spectrum
Form factor

Z* atem S (b /)% +u? ! 1
N0 = 55, [/ I (\/ b ): (b /7)? + u?

oo o o e o e o e e e o .

Photon fusion cross section : Low formula
Decay width

~ = = - —

T
G(yy — R) = 872(2J + 1) ?\;W'(S(mlwg — M2)
R

Geometric factor

S(b) = O(|]by —ba| — Ry — Ry)




Decay width into two photons

s Y 9 Heavy meson exchange
—_—— is short distance

\ Y, D* ~ 1/mp+ ~ 0.2 fm

r ek "Q (4. 1 ’ Suppressed ?
B EB eff7n’Q

M. Shmatikov, hep-ph/9503471

) | y

—~—

~ 1 fm Unsuppressed ?



X(3940) decay into two photons

Meson molecule (EFT)

Branz, Gutsche, Lyubovitskij
arXiv:0903.5424

(Y — vy) = 0.33 £ 0.01 keV

Branz, Molina, Oset arXiv:1010.0587
(Y — ~vy) = 0.013 — 0.085 keV



X(3940) decay into two photons

Meson molecule (EFT)

Branz, Gutsche, Lyubovitskij
arXiv:0903.5424

(Y — vy) = 0.33 £ 0.01 keV

Branz, Molina, Oset arXiv:1010.0587
(Y — ~vy) = 0.013 — 0.085 keV

Tetraquark (QCDSR)

Albuquerque, Dias, Nielsen, Zanetti,
arXiv:1209.6592

(Y —~y) =16 £ 1.3 keV




Cross sections

Meson molecule
Moreira, Bertulani, Gongalves, FSN, arxiv:1610.06604

10 T 1 IIIIIII 1 T Illllll T Ll L L L L

PbPb —>Pb + R + Pb T T

—

X(3915), 0™

....... - Y,(3912), 2"

X(4140), 0++
X(4140), 2"




Charmonium production



Classical Field Approximation

C. Bertulani and FSN, Nucl. Phys. A 703 861 (2002)

Production of C even mesons

< P
P, -q P,=P?2
-
Z -
e'&qt.b/Q

AW (q) = —872Ze 6(qo —
0 (q) T Ze 6(qo BQ3)(]t2+Q§/’72

Agl) _ 51481)



j2 d j2 M/2 M/2 j2 j2
= —i€2ﬂ(§) [ # A(I)( —q) ‘I+M2//4 4(2)( +q)+ A(l)( qgf—MQ/M A(z)(§ —a)|v(3)
Projection onto a bound state (“coalescence")
~ v(0) . ,
v —3 NiTi tr[--- (P + M)iv®] (Peskin pg. 150)

2
I, = 16%&2‘\11(0)‘ /M2 3% Q)

do — zﬂ: [/ d?b |M(#)|2] (2:;3})21«7

do  16(2J+1) Z%2 T Fy(q2)Fy(a2)]?
P ( 5 ) e E’ /dQltdq2t (g1t X q2t)? > [21((]“?? 2(2(]2t)] 5 5
z T (qis + wi/7?)" (45 + w3 /7?)
F(q%) 47 po sin(qR) — gR cos(¢R)] b
q — Aq3 q ’ q ' q ’ 1+q2(12



Production of C odd mesons

Z,
>
P_-q
P_=P72
> v (0) _
U v — tr[---(P+M)i ¢
q a 2VM
P.=P/2 P:
a-k §P++k (Peskin pg. 150)
<
Z

Ma=eu(g) [ [ o a0(G - L2 40 - F 2 a0 (D)

do
dP,

2
1 /d(ht q:i))t [F((ht)]
M*E (63, + w3 /72)°

" / dqar qot [F(Q%t)]Q [/ dky ky F(k7) w1 —wy = P,
[q%t -+ (2&)1 — CUQ)Q/’YQ]Q (kQ + (wl - w2)2/72)

2
— 10247 |w(0)| (Za)® E— ) 4w

Dore = 16702 W(0)| /302 (3.5, Q2



Cross sections

N. Brambilla et al. arXiv:1907.07583

i ‘(4rr0)-; Y0(4700) Pb - Pb Vs =5.02TeV
! yao0) | o 170
l : State |Mass|I' +.— [keV]| o[nb]
wstppr | : Xeo(4500) Z,(4430) | 0
B i 1 e ——————————— P 770 6.77 2466.9
p'b, v o= i w | 782 0.6 215.3
ph; S L) J/v | 3097 5.3 476.5
! R »(2S) |3686] 2.1 161.4
I 3770) | 3770 0.26 19.5
| Z.(4020)

P(3770)

¥(4040)| 4040 |  0.86 59.7
RACLUN ¥(4160)| 4160 |  0.48 32.4

¥(4230)

P(4415)

TN (572 ) I
X(3842)

4230 1.53 101.5
4415 0.58 36.9

m|GeV]| |

R. Fariello, D. Bhandari,
C.A. Bertulani and F.S.N.,
arXiv:2306.10642




Summary

UPCs are clean and measurable processes
Can help in understanding the nature of (exotic) quarkonium
Photon fusion from QED : cross section is large enough

Might be visible in some part of the phase space : light-by-light scattering

Exotic charmonium

Two-photon (and three photon) decay width needs to be better calculated

Conventional charmonium

Here we study them as quark-antiquark states and produced with QED !

Bound state formation is well defined !

Some states still under discussion: 3770 , 4160 , 4230

Measurement would confirm g-qbar nature |



QCD versus QED

o(pp > 0) = [ day o £, (1) fy(22) ol9g - 0

T2
A — S 2
U(QQ%CC)—SmQ m° =x1x2S

8|

flz) ~

o(AA(yy) - AAce) = /dwl dws n(w1) n(wz) o (Y1772 — cC)

2
S

o(pp — c¢) X «

2
n(w) = %Z20z 5 ln(%) (Y172 — c¢) = 4:; m® = wy wy
o0(AA = cc) x Z*a*
ForPb:  Za~0.6 > Z*a* ~0.13 o2 ~0.1

"QCD-proton is equivalent to QED-lead”



o(ub)

Results

Meson molecule
Moreira, Bertulani, Gongalves, FSN, arxiv:1610.06604

T T IIIIIII T T IIIIIII T T lllll'a 2
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Charmonium - Molecule Mixture

Meng, Han, Chao, arxiv:1304.6710
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Tetraquark

Carvalho, Cazaroto, Gongalves, FSN, arxiv:1511.05219
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7 8.5 [28] 73.2 [27] 30.0 [9]
14 44.6 £ 17.7

Prediction of the energy dependence

Double parton scattering

Binding as in the Color Evaporation Model
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