
UPC J/ψ at central rapidity
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UPC central barrel trigger:
• 2 ≤ TOF hits ≤ 6 (|η| < 0.9)

+ back-to-back topology (150° ≤ ϕ ≤ 180°)
• ≥2 hits in SPD (|η| < 1.5)
• no hits in VZERO (C: -3.7 < η < -1.7, A: 2.8 < η < 5.1)

Integrated luminosity ~ 23 μb-1

electrons

muons

Eur. Phys. J. C73 (2013) 2617
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Axions (axion-like particles/ALPS) are pseudo-
scalar particles that are well motivated in many 
extensions of the standard model 
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Like pions, they may be Nambu-Goldstone 
bosons, hence naturally light (e.g. QCD axion)
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Coupling to photons described by 
a simple Lagrangian

Bauer et al, Eur.Phys.J. C79 (2019) no.1, 74
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Figure 4: Left: Summary plot of constraints on the parameter space spanned by the ALP mass

and ALP-photon coupling. Right: Enlarged display of the constraints from collider searches: LEP

(light blue and blue), CDF (purple), LHC from associated production and Z decays (orange), LHC

from photon fusion (light orange), and from heavy-ion collisions at the LHC (green).

orange in Figure 4.2 The purple region is excluded by Tevatron searches for pp̄ ! 3� [69],
again assuming CWW = 0.

The dark green area in Figure 14 in Section 3.3 below depicts the region where 100 events
are expected in the process pp ! Z ! �a ! 3� at the LHC with

p
s = 14TeV and L =

3 ab�1. We demand that the ALPs decay before they reach the electromagnetic calorimeter
Ldet = 1.5m. Note that for a part of this parameter space the photons from the ALP decay
are very boosted and hard to distinguish from a single photon in the detector [70]. Searches for
the exotic Higgs decays pp ! h ! Za ! Z�� and pp ! h ! aa ! 4� cannot be translated
into constraints in the ma � |Ce↵

�� |/⇤ plane, because the ALP-Higgs couplings governed by the
coe�cients Ce↵

Zh and Ce↵
ah are generally not related to Ce↵

�� . Instead, we show the reach of the
high-luminosity LHC in the |Ce↵

Zh|/⇤ � |Ce↵
�� |/⇤ or |Ce↵

ah |/⇤2
� |Ce↵

�� |/⇤ planes for some fixed
ALP masses in Figure 15 in Section 3.3.

Besides ALP production in exotic decays of Higgs and Z bosons, ALP production through
photon fusion plays an important role at the LHC. This process was first considered in a
VBF-type topology in [71], and the excluded region is part of the orange shaded region in
Figure 4. For GeV-scale ALPs produced in photon-fusion, (quasi-)elastic heavy-ion collisions
can provide even stronger constraints due to the large charge of the lead ions (Z = 82) used
in the LHC heavy-ion collisions [34, 72]. The parameter space probed by this process is shown
in green in Figure 4.

2
The LHC reach is slightly enhanced for the scenario CBB = 0, cf. Figure 23 in [25].
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It turns out that, in a particular mass range 
(~GeV), heavy ion collisions at the LHC provide 
the best sensitivity to these particles

This is unusual: at the LHC, proton-proton 
collisions are the drivers of BSM searches
(this is the only instance I know of where they lose out)

I think it is an important example to keep in 
mind when considering future collider 
programs

Tom Melia, KAIST-KAIX workshop for future particle accelerators, July 9th 2019



Heavy ion collisions include a class of events 
called Ultra-peripheral collisions:
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Heavy ion collisions include a class of events 
called Ultra-peripheral collisions:UPC J/ψ at central rapidity

Evgeny Kryshen 10

UPC central barrel trigger:
• 2 ≤ TOF hits ≤ 6 (|η| < 0.9)

+ back-to-back topology (150° ≤ ϕ ≤ 180°)
• ≥2 hits in SPD (|η| < 1.5)
• no hits in VZERO (C: -3.7 < η < -1.7, A: 2.8 < η < 5.1)

Integrated luminosity ~ 23 μb-1

electrons

muons

Eur. Phys. J. C73 (2013) 2617
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Ultra-peripheral collisions via electromagnetism
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Ultra-peripheral collisions via electromagnetism

Z2↵ ⇠ 50
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Expansion in 

‘Strong’ QED 

Enrico Fermi
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Ultra-peripheral collisions via electromagnetism
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‘Strong’ QED 
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(Hitoshi’s talk yesterday)



R

R

Enrico Fermi’s effective photons

Replace E and B fields 
with a flux of photons
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Mass reach—quick estimate
R

wmax ⇠ 1/R
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R

Mass reach—quick estimate
R

wmax ⇠ 1/R

Boost to LAB

bmin = 2R Enucleon

p

Pb

1.6 fm

14 fm

7.5TeV

5.6TeV

1500GeV

160GeV

2!max

wmax ⇠ �/R
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Axions in Ultra-peripheral collisions 

�

Pb

Pb

Pb

Pb

�

a

A. B. Balantekin, C. Bottcher, M. R. Strayer, and S. J. Lee
Phys. Rev. Lett. 55, 461 (1985)
A.A. NATALE, Mod. Phys. Lett. A, 09, 2075 (1994)

s/a
Knapen, Lin, Lou, TM Phys Rev Lett 118 (2017)
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Heavy ion collisions are not optimised for 
typical BSM searches
(lower luminosity, lower per nucleon collision energy)

However, there is a Z  enhancement on our 
side, clean environment, and

Tom Melia, KAIST-KAIX workshop for future particle accelerators, July 9th 2019

tiny background (light by light) �

�

�

�

4

�

Pb

Pb

Pb

Pb

�

a
�a =

8⇡2

ma
�(a ! ��)L��(m

2
a)

� =
1

64⇡

m3
a

⇤2

4.5⇥ 107
<latexit sha1_base64="rbpWfcGFvfubSRwPdyUv3s34syA=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiB4GmYkGnMLevEYwSyQTEJPpydp0rPQXaOEkP/w4kERr/6LN//GziK4Pih4vFdFVT0/kUKj47xbmaXlldW17HpuY3Nreye/u1fXcaoYr7FYxqrpU82liHgNBUreTBSnoS95wx9eTv3GLVdaxNENjhLuhbQfiUAwikbqFO3TNoqQa+I6nVI3X3DssuOWz1zym7i2M0MBFqh282/tXszSkEfIJNW65ToJemOqUDDJJ7l2qnlC2ZD2ecvQiJpN3nh29YQcGaVHgliZipDM1K8TYxpqPQp90xlSHOif3lT8y2ulGJx7YxElKfKIzRcFqSQYk2kEpCcUZyhHhlCmhLmVsAFVlKEJKmdC+PyU/E/qJ7Zr+HWxULlYxJGFAziEY3ChBBW4girUgIGCe3iEJ+vOerCerZd5a8ZazOzDN1ivH+6XkX8=</latexit><latexit sha1_base64="rbpWfcGFvfubSRwPdyUv3s34syA=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiB4GmYkGnMLevEYwSyQTEJPpydp0rPQXaOEkP/w4kERr/6LN//GziK4Pih4vFdFVT0/kUKj47xbmaXlldW17HpuY3Nreye/u1fXcaoYr7FYxqrpU82liHgNBUreTBSnoS95wx9eTv3GLVdaxNENjhLuhbQfiUAwikbqFO3TNoqQa+I6nVI3X3DssuOWz1zym7i2M0MBFqh282/tXszSkEfIJNW65ToJemOqUDDJJ7l2qnlC2ZD2ecvQiJpN3nh29YQcGaVHgliZipDM1K8TYxpqPQp90xlSHOif3lT8y2ulGJx7YxElKfKIzRcFqSQYk2kEpCcUZyhHhlCmhLmVsAFVlKEJKmdC+PyU/E/qJ7Zr+HWxULlYxJGFAziEY3ChBBW4girUgIGCe3iEJ+vOerCerZd5a8ZazOzDN1ivH+6XkX8=</latexit><latexit sha1_base64="rbpWfcGFvfubSRwPdyUv3s34syA=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiB4GmYkGnMLevEYwSyQTEJPpydp0rPQXaOEkP/w4kERr/6LN//GziK4Pih4vFdFVT0/kUKj47xbmaXlldW17HpuY3Nreye/u1fXcaoYr7FYxqrpU82liHgNBUreTBSnoS95wx9eTv3GLVdaxNENjhLuhbQfiUAwikbqFO3TNoqQa+I6nVI3X3DssuOWz1zym7i2M0MBFqh282/tXszSkEfIJNW65ToJemOqUDDJJ7l2qnlC2ZD2ecvQiJpN3nh29YQcGaVHgliZipDM1K8TYxpqPQp90xlSHOif3lT8y2ulGJx7YxElKfKIzRcFqSQYk2kEpCcUZyhHhlCmhLmVsAFVlKEJKmdC+PyU/E/qJ7Zr+HWxULlYxJGFAziEY3ChBBW4girUgIGCe3iEJ+vOerCerZd5a8ZazOzDN1ivH+6XkX8=</latexit><latexit sha1_base64="rbpWfcGFvfubSRwPdyUv3s34syA=">AAAB9XicdVDJSgNBEK2JW4xb1KOXxiB4GmYkGnMLevEYwSyQTEJPpydp0rPQXaOEkP/w4kERr/6LN//GziK4Pih4vFdFVT0/kUKj47xbmaXlldW17HpuY3Nreye/u1fXcaoYr7FYxqrpU82liHgNBUreTBSnoS95wx9eTv3GLVdaxNENjhLuhbQfiUAwikbqFO3TNoqQa+I6nVI3X3DssuOWz1zym7i2M0MBFqh282/tXszSkEfIJNW65ToJemOqUDDJJ7l2qnlC2ZD2ecvQiJpN3nh29YQcGaVHgliZipDM1K8TYxpqPQp90xlSHOif3lT8y2ulGJx7YxElKfKIzRcFqSQYk2kEpCcUZyhHhlCmhLmVsAFVlKEJKmdC+PyU/E/qJ7Zr+HWxULlYxJGFAziEY3ChBBW4girUgIGCe3iEJ+vOerCerZd5a8ZazOzDN1ivH+6XkX8=</latexit>



4

36 pb�1

ATLAS, 3�

1 nb
�1

10 nb
�1

OPAL, 3�

5 20 40 60 80 100
ma (GeV)

10�5

10�4

10�3

1/
�

(G
eV

�
1 )

ATLAS, 2�
OPAL, 2�

aF eF coupling

B
eam

D
u
m

p

10
0

10
�1

10
�2

��!��log linear

p-p
p

s = 7 TeV

Pb-Pb
p

sNN = 5.5 TeV

FIG. 4. Expected sensitivity to the operator 1
4

1
⇤aF F̃ in heavy-ion UPCs at the LHC (green solid and dashed curves, assuming

a Pb-Pb luminosity of 1 nb�1 and 10 nb�1, respectively). Shown for comparison is the limit from 36 pb�1 of exclusive p-p
collisions [17] (red dot-dash). New and updated exclusion limits from LEPII (OPAL 2�, 3�) and from the LHC (ATLAS 2�,
3�) are indicated by the various shaded regions (see text). In the right figure, we show the analogous results for the operator

1
4 cos2 ✓W

1
⇤aBB̃. The LEPI, 2� (teal shaded) region is taken from [29].

IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [31] for a review). In the regime of interest
for UPCs (1 GeV . ma . 100 GeV), the existing con-
straints however come from LEP and LHC [29, 32, 33].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) LHC runs. For each mass point we computed
the expected Poisson limit [34] assuming the entire signal
falls into a bin equal to twice the mass resolution. We
also show the analogous limit from the p-p analysis per-
formed by CMS [17] (dashed red line), although we find
it is not competitive with other LHC limits. For the BB̃
operator, the expected limits from heavy-ion collisions
are competitive with the other collider limits, whereas
for the FF̃ operator they are significantly stronger.

Finally we show the existing exclusion limits from
beam dumps [35], LEPII [20] and the (p-p) LHC [36, 37].
For the LHC three photon search, we have recast the
published limits on the Higgs decay h ! aa ! 4� in [37]
by rescaling the acceptances for the photon cuts from the
Higgs model to the case of associated production of the
ALP with a photon. (This is possible since Ref. [37] only
requires three rather than four photons.) There should
also exist an LHC limit for ma & 60 GeV, however with
the available public information we were not able to re-
liably extract it (see e.g. [29, 32, 33] for projected lim-
its). For the BB̃ operator we also show the limit from
Z0 ! a� [37], which we have cut o↵ at ma ⇡ 70 GeV

due to the requirement of p�
T > 17 GeV in [37].

For the mass region 50MeV–8GeV, we derive the best
new exclusion limit on the aF F̃ operator from associated
production, e+e� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [20]. For such ALP masses the
decay photons are collimated but no photon isolation is
required [20]. This improves on previous limits from as-
sociated production [29], which were derived using LEPI
data.

Below ma . 5 GeV the signal in Fig. 1 falls below
the trigger thresholds, and it is an interesting puzzle as
to how the reach can be extended to this regime. To
further probe this region with Pb-Pb collisions, we con-
sidered three possible production mechanisms: i) an o↵-
shell a would provide a new contribution to light-by-light
scattering; ii) associated production, for example with
electrons �� ! a e+e�; and, iii) ALP pair-production
�� ! aa. Unfortunately, the signal cross sections we es-
timate implies these processes do not provide enough sen-
sitivity compared to existing constraints: for ⇤ = 1 TeV
we find 0.004 nb, 0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < ma < 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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For these reasons, we showed heavy ions can 
place best limits in the mass-coupling plane 
between 5-100 GeV
Trigger: 2 photons E>2 GeV and no hadronic activity in at least 1 fwd calorimeter
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Figure 6: Observed (full line) and expected (dotted line) 95% CL limits on the production cross
section s(gg ! a ! gg) as a function of the ALP mass ma in ultraperipheral PbPb collisions
at

p
sNN = 5.02 TeV. The inner (green )and outer (yellow) bands indicate the regions containing

68 and 95%, respectively, of the distribution of limits expected under the background-only
hypothesis.
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sociated production [29], which were derived using LEPI
data.

Below ma . 5 GeV the signal in Fig. 1 falls below
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to how the reach can be extended to this regime. To
further probe this region with Pb-Pb collisions, we con-
sidered three possible production mechanisms: i) an o↵-
shell a would provide a new contribution to light-by-light
scattering; ii) associated production, for example with
electrons �� ! a e+e�; and, iii) ALP pair-production
�� ! aa. Unfortunately, the signal cross sections we es-
timate implies these processes do not provide enough sen-
sitivity compared to existing constraints: for ⇤ = 1 TeV
we find 0.004 nb, 0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
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impose the constraint |Ce↵

�Z | < 1.48⇤/TeV from the LEP measurement of the total width of
the Z boson.
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ALPs can also be produced in association with a Higgs boson. The rate for the process
e+e� ! ha depends on the Wilson coe�cient Ce↵

Zh in (5). The constraint �(h ! BSM) <
2.1MeV on the partial Higgs decay width into non-SM final states implies the upper bound
|Ce↵

Zh| < 0.72⇤/TeV [58]. Assuming that the Higgs boson is reconstructed in the bb̄ final states
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In future colliders…

Future lepton colliders 
can extend reach to 
much lower couplings 
and wider mass range

Bauer et al, Eur.Phys.J. C79 (2019) no.1, 74
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In future colliders…

Future lepton colliders 
can extend reach to 
much lower couplings 
and wider mass range

Bauer et al, Eur.Phys.J. C79 (2019) no.1, 74

Future heavy ion colliders provide new (and perhaps 
unexpected) physics opportunities 

Large Z (and N), low background of ultra peripheral 
collisions, is rather unique 



UPC J/ψ at central rapidity

Evgeny Kryshen 10

UPC central barrel trigger:
• 2 ≤ TOF hits ≤ 6 (|η| < 0.9)

+ back-to-back topology (150° ≤ ϕ ≤ 180°)
• ≥2 hits in SPD (|η| < 1.5)
• no hits in VZERO (C: -3.7 < η < -1.7, A: 2.8 < η < 5.1)

Integrated luminosity ~ 23 μb-1

electrons

muons

Eur. Phys. J. C73 (2013) 2617
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