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Abstract. We study the peripheral ion collisions at LHC energies where a nucleus is excited to a discrete
state and then emits y-rays. Large nuclear Lorenz factors allow the observation of high-energy photons
up to a few tens GeV and in the angular region of a few hundred micro-radians from the beam direction.
These photons can be used to tagg events with particle production in the central rapidity region in ultra-
peripheral collisions. To detect these photons it is necessary to have an electromagnetic detector in front

of the zero-degree calorimeter in LHC experiments.

PACS. 25.75.-q Relativistic heavy-ion collisions — 25.75.Dw Particle and resonance production

Introduction

There are several reviews devoted to coherent vy and
~g interactions in very peripheral collisions at relativistic
ion colliders [1-3]. The advantage of relativistic heavy-ion
colliders is that the effective photon luminosity for two-
photon physics is orders of magnitude higher than that
available in ete™ machines. There have been many sug-
gestions to use the electromagnetic interactions of nuclei
to study production of meson resonances, Higgs bosons,
Radions or exotic mesons. These interactions also probe
fermion, vector meson or boson pair production, as well as
investigate some new physics regions (see list in ref. [3]).
The g interactions will open a new area of nuclear physics
such as the study of nuclear gluon distribution. It is also
important for the knowledge of the details of medium
effects in nuclear matter at the formation of the quark-
gluon plasma [4]. These effects may be studied by photo-
production of heavy quarks in virtual photon-gluon inter-
actions [4-6].

For these investigations it is necessary to select pro-
cesses with large impact parameters b of the colliding nu-
clei, b > (R; + Rs), to exclude background from strong
interactions. Note that some processes, like yy-fusion to
Higgs bosons or Radions, are free from any problems
caused by strong interactions of the initial state [7]. There-
fore, we need an efficient trigger to distinguish vy and ~g
interactions from others. G. Baur et al. [8] suggested to
detect intact nuclei after the interaction. Evidently this is
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impossible in LHC experiments since nuclei fly into the
beam pipe.

It is interesting to consider y-rays emitted by the rel-
ativistic nuclei at LHC energies. This process was used
for the possible explanation of the high-energy (E, >
10'2 eV) cosmic photon spectrum [9)].

We had considered [10] the process A + A — A* +
A+ efe ,A* — A4+, where a nucleus is excited by
the electron (positron) e* + A — e* + A*, and sug-
gested to detect a nuclear v radiation after the excitation
of discrete nuclear levels [10]. These secondary photons
have the energy of a few GeV and a narrow angular dis-
tribution close the beam direction due to a large Lorentz
boost. The angular width is large enough for them to be
detected in the electromagnetic zero-degree calorimeters
(ZDC) of the future LHC experiments CMS or ALICE.

Now we calculate the production process of some sys-
tem Xy in vy fusion with simultaneous excitation of the
discrete nuclear level. The nucleus retains its charge Z
and mass A in this process. So we have a clear electro-
magnetic interaction of nuclei at any impact parameter.
The nuclear v radiation may be used as “event-by-event”
criteria in these collisions.

In this work we consider the processes

160 416 0 —16 0 +16 0*(27,6.92 MeV) + X/,

160* 16 O + 7,
208ph 208 Ph —208 Ph 4298 Ph* (37, 2.62 MeV) + X,
208ppy* _,208 Pb+’7,
where the 10 and 2°®Pb were taken since they are the
lightest and heaviest ions in the LHC program. The trigger
requirements will include a signal in the central rapidity



438

A A

particles

A \

Fig. 1. Diagram of the process A; + A2 — Aj ()\P, Eo) + Az +
Xf7 AT — A1+ -

region of particles from X decay, a signal of photons in
the electromagnetic detector in front of the zero-degree
calorimeter and a veto signal of neutrons in the ZDC. We
suggest to use the veto signal of neutrons in order to avoid
the processes with nuclear decay into nucleon fragments.

The formalism of the considered process is presented in
sect. 1. The nuclear form factors are calculated in sect. 2.
The angular and energy distributions of secondary pho-
tons are in sect. 3. The cross-sections of 7. (2.979 GeV)
production are presented in sect. 4 with and without nu-
clear excitation. Section 5 is our conclusion.

1 Formulae of nuclear excitation cross-section
and photon luminosity in peripheral
interactions

Let us consider the peripheral ion collision
A +A2—>AT()\P,E0)+A2+X}¢, (1)

where X is the produced system in y*v* fusion and Aj
is an excited nucleus in a discrete nuclear state with spin-
parity A" and energy Ej (see fig. 1). Here the nuclei A4,
and As have equal mass A and charge Z, only the nucleus
A, is excited. We suppose that the reaction product X
decay can be detected in the central rapidity region. The
nuclear v radiation A7 — A; ++v will be measured in the
forward detectors as ZDC.

We use the quantum-mechanical plane-wave formal-
ism [3,11] and the derivation of the equivalent photon ap-
proximation. This allows us to introduce the elastic and
inelastic nuclear form factors for process (1). We take the
formulae (19) and (21) in [3] :

dw1
doa, ay—Ata,x, =

. da'»yoy—>Xf (’LU17U/2)7 (2)

/d Qu_/dl/z

'U.)m
A 2w ) + Wil 6)

d’wg
—m wi)ng(we) -

where W; 1 and W; 5 are the Lorentz scalar functions. All
kinematic variables have the same definitions as in [3].
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For the “elastic” photon process A1 A2 — A1 A2 X we
have

Wi =0, Wa(v,q°) =
So that [3]

nw) = 2 [ @Bt 6

where Fy(g) is the nuclear form-factor with Fg(0) = 1.
For the excitation of the nucleus to a discrete state

with a spin A and an energy Ey (“inelastic” photon process
A1Ay — A (WP, Eg) A2 X )

ZPF3(=¢")0(v +q*/2m).  (4)

Wia(v,q?) = Wia(d®)d(v — Ep),
9 W wEy  Ef 9
= S 2 02
72 vy 2
Wy = 2n[|T°* + [T ]
A q4
Wy =27 ———-—
T E -
E2 _q2 . .
X |2|MCPP — 2==(|TP+|T™*)| . (6)

See notations again in [3].

We neglect the transverse electric T° and transverse
magnetic 7" matrix elements compared to the Coulomb
one M€ = M, for 0t — AP nuclear transitions. Then
for the “inelastic” photon process with a nuclear discrete
state excitation we get

/dz q2 M 2
qL (EQ 2)? | A(—q )" (7)

where M, (q) is the inelastic nuclear form factor and —¢? =

a7 (w) +q7.-
The equivalent photon number (7) can be represented
as function of ¢, for inelastic photon emission:

dngk) (w ) = 4£ (ﬁ_
d T T B - )2

4
Ny = o
™

[Mr(=¢*)* =

4o qL 9N g
— |- M (—¢*)e*¥t 8
(Eg _ q2) )\( q ) I ( )
where q; e+ = q (see [12]).

Let us do the inverse transformation to the impact
parameter b presentation:

fb) = o [ daie @ p(aqu). o)

For the function under the module in eq. (8) we get

_ 1 qL _ 2\ il . —iqub _
f(b) = /qu(EO—q2)MA( Peivs - emianb =

o
if ) 7)

_/d u?
b u2+(E2+qL) b2

)

Mi(=¢*) - Ji(qrb) =

2% 4+ u?
XMA( T
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Here v = qpb = wb/v4 and u = ¢, b.
If we take M, instead of the inelastic M) as

Z2
ZF 2
47T Cl( q )

and put Ey = 0.0, then we get a well-known formula of the
impact parameter-dependent equivalent photon number of

|Ma(=¢*)]* = (11)

the Ay nucleus (see (4) in [12]):
2

(el) Za 1

Ny 7 (w,b) = TR
2

‘/du o 1(u)F01[—(x2+u2)/b2] (12)

For a point charge, F¢1(q) = 1, we readily obtain
1 Z al
Ny (w,b) = T 05 @* K(a), (13)

in agreement with [3] at very large v4.
We write the form factors of the elastic and inelastic
nuclear process in the same forms:

1 2

Filg) = WF)\(Q)a (14)
2
FZ(q) = 47r$/sin(qr)p0(r)rdr —1, (15)
q—0 ,
FR(a) = @A+ Dfin [ anpstr 2itar| (10
q—0
4m)2B(EN)
- 6222[()2A+ Dz ¢ K (7

where py(r,Z) is the nuclear transition density and
B(Ep)) is the reduced transition probability .
Then for the matrix elements M, we get, in the limit

q—0,
pa-f = (L) mw | <5 oy
M- = () Bl
- (%) 62(243[)(22]?%;)!]2 2o

The equivalent photon number for the inelastic process
with A; nuclear transition 0 — X will be

Z%a 1
72 b2

7 2
u
| [ B+ )
0

N (w,b) =
2
(20)

as the generalization of (12). Here 22 = (E3 +2z S 42 wEO +

2
o) b2

We take the inelastic form-factor from inelastic elec-
tron scattering off nuclei. A good parameterization of the
inelastic form-factor is

2 2,2 —¢?¢?

F(q) = 4mByjx(qR)e (21)

in Helm’s model [13

equal to R = R* +
model parameters.

According to (19) the reduced transition probability
in this case is equal to

]. The squared transition radius is
(2X\ + 3)g?, where R and g are the

2
B(Eo\) = B3 g2z o, (22)
4m
So, the formulae for the process (1) are
dw dw
doa,a,—ara,x, :/ =2 g)\)(wl)"h(w?,) ’
dU’y'yHXf (U}], ’LUQ); (23)
2 2
Ny = 270 [ 42 ul
) = S5 [ e
|FA( gl (24)
E E?
=t B (25)
’YA YA ’YA
Z2 2 2/ 2
n2(w2) = d Fel(_qel); (26)
ol
w )\’ e
= () il (27)
YA

The value ¢2, is close to ¢% at a large v4 factor at LHC
energies.

The effective two-photon luminosity can be expressed
as

L(wl,WQ) —QW/bldbl/bzdbg/dd)
Rl R2

N (@i, b)) NS (wa, b2)0(B?),  (28)
where Ry and Ry are the nuclear radii, ©(B?) is the step
function and B2 = b? + b3 — 2b1by cos ¢ — (Ry + Ro)? [3].
Then the final cross-section is

OA Ay— AT A Xy =
dw dw
/ ! /—2L wi,ws) Oy x, (W1, we) . (29)
2 Nuclear levels and form factors
The elastic form factor of a light nucleus is
2
Fa(q®) = exp (—<r—6> q2) (30)
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Fig. 2. The elastic form factor (1) of ‘0 and the inelastic form
factor (2) of 60 (27,6.92 MeV) from the electron scattering.

with /(r?) = 2.73 fm for the nucleus 0. For a heavy
nucleus we take a modified Fermi nuclear density [14]

plr) = po L + 1 L
1+ exp (#) 1+ exp (T;R)

Po cosh(RS;I;)l(—i]—%égs)h(r/g)’ (31)

m= {” (7;?)2} : (32)

with the parameters for 2°®Pb equal to R = 6.69 fm and
g = 0.545 fm. This form of the density is close to the usual
Fermi density at g < R

1

I

pr(T) = po

and allows us to calculate the elastic form factor analyti-
cally:

4m* Rgpo

9
Fald)=————=175
1(9) q sinh(mgq) { R

sin(gR) coth(mwgq) — cos(qR)} .

(34)

There are a few discrete levels of 150 below the «, p

and n thresholds Eyy, () = 7.16 MeV, Ey,(p) = 12.1 MeV,

Ein(n) = 15.7 MeV [15]. The level 27 at Ey = 6.92 MeV
is the strongest excited one in the electron scattering.

The parameters from the inelastic electron scattering

fit on 10 with excitation of 2% level (Ey = 6.92 MeV)

are [16]
B2 =030, R=298fm, g=0.93 fm.
They correspond to
B(Ey2) = (36.1 + 3.4)e? fm*. (35)

There are more than 70 discrete levels of 208Pb [17]
below the neutron threshold Ey(n) = 7.367 MeV. About
30% of the levels decay to the first 3~ level of 2%Pb at
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Fig. 3. The elastic form factor (1) of 2°*Pb and the inelastic
form factor (2) of 2°®Pb (37,2.615 MeV).

Ey = 2.615 MeV. This level is well studied experimen-
tally [18] and has a large excitation cross-section.

The reduced transition probability from the fit of the
inelastic electron scattering on 2°®Pb with excitation of
the 37 level is [18]

B(Ep3) = (6.12 10° + 2.2%)e? fm".

We calculate the parameter (3, using this B(Ey3), and
take R and g from the density of the 2°8Pb ground state:

B3 =0.113, R=06.69 fm, g = 0.545 fm.

Note that there are many levels higher than FEy, =
2.615 MeV which decay to the first level of 2°8Pb. This
fact increases the event rate of the process (1), but we do
not know the excitation cross-section of these levels.

The elastic form factor (30) of 0 and the inelas-
tic form-factor of 0 (2+,6.92 MeV) (21), correspond-
ing to the electron scattering data, are shown in fig. 2.
The same for a nucleus 2°®Pb and the excited state 2°°Pb
(37,2.64 MeV) are shown in fig. 3.

The squared inelastic form factor is less than the elas-
tic form factor by more then two orders at small ¢ < qq
(go = 0.5 fm ™" for %0 and ¢p = 0.4 fm ™" for 2°5Pb). In
the region of ¢ > ¢¢ they are comparable. The region of
large g > qo will contribute to the small impact parame-
ter b. We are able to calculate the photon luminosity (28)
for all regions of b to get the maximum electromagnetic
cross-section of the process we are interested in. Then it
should be possible to compare with experimental data in
condition of clear selection of such process by the photon
signal and the veto neutron or proton signal in the ZDC.

3 Angular and energy distributions of
secondary nuclear photons

We suppose that the nucleus Af(Au) in process (1) is un-
polarized. At this point now we do not know the relative
excitation probability of |Au) states, where u is a projec-
tion of spin A. This assumption needs further study in the
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Fig. 4. Nuclear photon energy as function of its polar angle
in the laboratory system at LHC energies for two nuclei: 160
(2t — 0%,6.92 MeV) (1) and ?°®Pb (3~ — 071,2.615 MeV)
(2). ZDC marks the region of the zero-degree calorimeter in
the CMS.

future. So we use a formula (27) in our work [10] for the
angular distribution of secondary photons, which is valid
for isotropic photon distribution in the rest system of A}
according to equal probabilities of excitation.

If we calculate the integral cross-section of reaction (1)
using eq. (29), then the angular and energy distribution
of photons are equal to [10]

doa- 273 sin 6, (36)
— =0 LA . )
dg, AT AR tan?0,)2 - cos? 6,
doa O(2y4; Eo — E)

_ e , 37
dE,Y TA Ay ATA2 X Q’YAIEO ( )

where O(z) is the step function.

The angular distribution does not depend on the pho-
ton energy and the energy distribution is uniform.

The photon energy E, and the polar angle ¢, in the
laboratory system are defined as

E, = va: Eo(1 4 cos b))
= QVAIEO/(l + 7.»24{ tan2 GV),
1 sin 0/,

tanfy = — ————,
K va; 1+ cost

(38)

(39)

where 9; and 0, are the polar angles of the nuclear photon
in the rest nuclear system and in the laboratory system
with an axis z||pa~. The photon energy E. dependence
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Fig. 5. Transverse ZDC plane. The points are the simulated
hits of neutrons (top) and photons (bottom) from ref. [21].

on 0. is shown in fig. 4. Thus the energy E., will depend
on the position of photon hit.

Our calculations with the TPHIC event generator [19]
show that a deflection of the direction p 4+ from ppeam at
LHC energies in the reaction (1) is very small at large v,
(A0) ~ 0.5 prad.

In the experiments CMS and ALICE, which are
planned at LHC (CERN), the zero-degree calorimeter [20,
21] was suggested for the registration of nuclear neutrons
after ion interaction. We demonstrate a schematic figure
of the ZDC CMS at a distance L = 140 m in the plane
transverse to the beam direction in fig. 5. The CMS group
also plans to include the electromagnetic calorimeter in
front of the ZDC.

As an example, we show the angular distributions (36)
in arbitrary units and the energy dependence (38) on the
(x,y) coordinates of the ZDC CMS for the two nuclei
160 and 2°®Pb in fig. 6. The direction of the nucleus

7 coincides here with the beam direction. The point
(x,y) = (0,0) is the center of the ZDC plane.

4 Cross-section of the process with the
nuclear ~ radiation

We demonstrate our results for the 7.(2.979) production.
The previous results [3] used old values of the widths and
a point nuclear charge. Now we take resonance parameters
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Fig. 6. The photon angular distributions (upper row) and the energy dependence (lower row) for *°0*(2%,6.92 MeV) (left
column) and 2°®Pb*(37,2.62 MeV) (right column) radiation decay in the laboratory system on the ZDC plane (z,y) at 140 m
distance from point interaction. z, (cm) is the horizontal and y, (cm) is the vertical axis. The photon energy interval in the
ZDC region is 19-48 GeV for 1°0*(27) and 7-14 GeV for 2%°Pb*(37).

from the review of particle physics [22], I};, .y, = 4.8 keV,
and a realistic charge distribution. The calculations was
made with the help of TPHIC event generator [19].

We use a well-known formula [2] of the narrow reso-
nance cross-section:

Oy x (w1, w2) = 872 (2Ax + 1) [y 6 (W2 — M%) /A(4X),
40
where W2 = 4wjws, Ax and My is the spin and mass
of the resonance. The LHC luminosity and our results ac-
cording to (29) and (28) are in table 1 for the process (1)
with Aana = A1 or Af.
Our results in table 1 show that though the cross-
section of the process (1) for the nucleus 2°8Pb is larger
than that for 10, the event rate is smaller because of the

lower LHC luminosity for 2°®Pb. The cross-section with a
nuclear excitation is smaller by three orders of magnitude
than that without the excitation, since the intensity of ex-
citation is not large and the inelastic form factor is smaller
than the elastic form factor (see figs. 2 and 3). Therefore
for the accepted LHC luminosities it is possible to use
secondary photons as a signature of clear electromagnetic
nuclear processes only for the production X ¢ with rather
large cross-section o0.,,— x. Light ions are more preferable
than heavy ions to detect the nuclear v radiation.

5 Conclusion

In this work we suggest a new signature of the peripheral
ion collisions.
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Table 1. Cross-section of 7,(2.979 GeV) production by v fusion.

Afinal | L (em™2s7h) | L (pb™h) | o | event/10° s |
Point charge of the nuclei

208phg, 4.2-10% 0.00042 356 pb 147000

160g 1.4-10% 14.0 73 nb 1020000
With form factors of the nucleus and in the region R < b < oo

208 Py, 4.2-10% 0.00042 296 ub 122000

208phr, (37) | 4.2-10%° 0.00042 129 nb 53

1604 1.4-10% 14.0 66 nb 926000

105 (21) 1.4-10%* 14.0 0.201 nb 2810

The formalism of the process (1) is developed in the References

frame of the equivalent photon approximation. The new
point is the introduction of the inelastic nuclear form fac-
tor. It allows to consider the excitation of discrete nuclear
levels and their following v radiation decay. It is shown
that the energy of this secondary photons are in the GeV
region due to a large Lorentz boost at LHC energies. The
angular distribution of the photons has a peculiar form
as a function of polar angle in the beam direction. The
majority of photons fly in the region of angles of a few
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Thus the nuclear v radiation is a good signature of
clear peripheral ion collisions at LHC energies when A
and Z of the beam ion are conserved. The trigger require-
ments will include a signal in the central rapidity region of
particles from X decay, a signal of photons in the electro-
magnetic detector in front of the zero-degree calorimeter
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Light nuclei are more preferable in comparison with
heavy ions, since they have higher beam luminosity at
LHC. The cross-sections of the process with the nuclear
excitation are three orders of magnitude smaller than the
one without excitation. The accepted nuclear luminosities
enable us to use this signature for the large cross-section
of the X system production.
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