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UPCs : The Strongest Electromagnetic Fields
▻In heavy-ion collisions:
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▻Strongest EM fields in the Universe
▻But very short lifetime – not constant𝑏
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Must be treated in terms of photon quanta

𝐸&,-./ ≈ 𝛾ℏ𝑐/𝑅
80 GeV @ LHC
3 GeV   @ RHIC
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Photon + target

1. Explore non-linear QED
2. Discoveries -> now tools 
3. Test for Physics Beyond Standard Model 
4. …

1. ‘Image’ nuclear gluon distribuNons
2. Test gluon saturaNon predicNons
3. InvesNgate sub-nucleonic fluctuaNons
4. …

Light-by-Light

Discovery 2017
ATLAS
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Photon + target

1. Explore non-linear QED
2. Discoveries -> now tools 
3. Test for Physics Beyond Standard Model 
4. …

1. ‘Image’ nuclear gluon distributions
2. Test gluon saturation predictions
3. Investigate sub-nucleonic fluctuations
4. …
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• Anomalous magnetic moment of tau leptons sensitive to physics 
beyond the standard model 
• Development of theory frameworks in 2019/2020, and new 

measurements from CMS and ATLAS from Run 2 Pb+Pb data from LHC!


• Three channels available: eµ, µ+track, µ+3 tracks 
• ATLAS uses all 3 channels in 2018 (1.44 nb-1), requiring 0n0n and cluster 

veto to suppress dissociative and hadronic backgrounds

fits for aτ using modifications to pT(µ) distributions, using µµ to normalize photon 
flux

aτ from τ+τ- in Pb+Pb

15

µe µ+1 track µ+3 track

New physics and tau g � 2 using LHC heavy ion collisions

Lydia Beresford1, ⇤ and Jesse Liu1, 2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago IL 60637, USA

The anomalous magnetic moment of the tau lepton a⌧ = (g⌧ �2)/2 strikingly evades measurement,
but is highly sensitive to new physics such as compositeness or supersymmetry. We propose using
ultraperipheral heavy ion collisions at the LHC to probe modified magnetic �a⌧ and electric dipole
moments �d⌧ . We introduce a suite of one electron/muon plus track(s) analyses, leveraging the
exceptionally clean photon fusion �� ! ⌧⌧ events to reconstruct both leptonic and hadronic tau
decays sensitive to �a⌧ , �d⌧ . Assuming 10% systematic uncertainties, the current 2 nb�1 lead–lead
dataset could already provide constraints of �0.0080 < a⌧ < 0.0046 at 68% CL. This surpasses 15
year old lepton collider precision by a factor of three while opening novel avenues to new physics.

I. INTRODUCTION

Precision measurements of electromagnetic couplings
are foundational tests of quantum electrodynamics
(QED) and powerful probes of beyond the Standard
Model (BSM) physics. The electron anomalous mag-
netic moment ae = 1

2 (ge �2) is among the most precisely
known quantities in nature [1–5]. The muon counterpart
aµ is measured to 10�7 precision [6] and reports a 3� 4�

tension from SM predictions [7, 8]. This may indicate
new physics [9–12], to be clarified at Fermilab [13] and
J–PARC [14]. Measuring a` generically tests lepton com-
positeness [15], while supersymmetry at energy scales MS

induces radiative corrections �a` ⇠ m
2
`/M

2
S for leptons

with mass m` [9]. Thus the tau ⌧ can be m
2
⌧/m

2
µ ⇠ 280

times more sensitive to BSM physics than aµ.
However, a⌧ continues to evade measurement because

the short tau proper lifetime ⇠ 10�13 s precludes use
of spin precession methods [6]. The most precise single-
experiment measurement a

exp
⌧ is from DELPHI [16, 17]

at the Large Electron Positron Collider (LEP), but is re-
markably an order of magnitude away from the theoret-
ical central value a

pred
⌧, SM predicted to 10�5 precision [18]

a
exp
⌧ = �0.018 (17), a

pred
⌧, SM = 0.001 177 21 (5). (1)

The poor constraints on a⌧ present striking room for
BSM physics, especially given other lepton sector ten-
sions [19–26], and motivate new experimental strategies.

This Letter proposes a suite of analyses to probe a⌧

using heavy ion beams at the LHC. We leverage ultrape-
ripheral collisions (UPC) where only the electromagnetic
fields surrounding lead (Pb) ions interact. Tau pairs are
produced from photon fusion PbPb ! Pb(�� ! ⌧⌧)Pb,
illustrated in Fig. 1, whose sensitivity to a⌧ was sug-
gested in 1991 [27]. We introduce the strategy crucial
for experimental realization and importantly show that
the currently recorded dataset could already surpass LEP
precision. The LHC cross-section enjoys a Z

4 enhance-
ment (Z = 82 for Pb), with over one million �� ! ⌧⌧

events produced to date. Existing proposals using lep-
ton beams require future datasets (Belle-II) or proposed
facilities (CLIC, LHeC) [28–34], while LHC studies fo-
cus on high luminosity proton beams [35–40]. No LHC
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FIG. 5. Exclusive dilepton.
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FIG. 1. Pair production of tau leptons ⌧ from ultraperipheral
lead ion (Pb) collisions in two of the most common decay
modes: ⇡

±
⇡

0
⌫⌧ and `⌫`⌫⌧ . New physics can modify tau–

photon couplings a↵ecting the magnetic moment by �a⌧ .

analysis of �� ! ⌧⌧ exists as the taus have insu�cient
momentum for ATLAS/CMS to record or reconstruct.

Our proposal overcomes these obstructions in the clean
UPC events [41], enabling selection of individual tracks
from tau decays with no other detector activity akin to
LEP [16]. We exploit recent advances in low momentum
electron/muon identification [42–44] to suppress hadronic
backgrounds. We then present a shape analysis sensitive
to interfering SM and BSM amplitudes to enhance a⌧

constraints. Our strategy also probes tau electric dipole
moments d⌧ induced by charge–parity (CP) violating new
physics. This opens key new directions in the heavy ion
program amid reviving interest in photon collisions [45–
47] for light-by-light scattering [48–51], standard candle
processes [52–56], and BSM dynamics [57–67].

II. EFFECTIVE THEORY & PHOTON FLUX

The anomalous ⌧ magnetic moment a⌧ = (g⌧ � 2)/2 is
defined by the spin–magnetic Hamiltonian �µ⌧ · B =
�(g⌧e/2m⌧ )S · B. In the Lagrangian formulation of
QED, electromagnetic moments arise from the spinor
tensor �

µ⌫ = i[�µ
, �

⌫ ]/2 structure of the fermion current
interacting with the photon field strength Fµ⌫

L = 1
2 ⌧̄L�

µ⌫
⇣
a⌧

e
2m⌧

� id⌧�5

⌘
⌧RFµ⌫ . (2)
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𝛾𝛾 → 𝜏!𝜏" Process
• Sensitivity to the tau anomalous magnetic moment!
• BSM sensitivity 𝛿𝛼! ∝ 𝑚!

" ∼ 280x more sensitive than 𝜇
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Three channels available: eμ, μ+track, μ+3 tracks 
Use 𝜸𝜸 → 𝝁!𝝁" to help reduce systematic uncertainty 
from photon flux

(Muon g-2 Collaboration) arXiv:2308.06230

𝑎# =
𝑔# − 2
2

https://arxiv.org/abs/2308.06230
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Observation of the 𝜸𝜸 → 𝝉+𝝉− production in PbPb collisions with 
the CMS experiment 

Matthew Nickel on behalf of the CMS Collaboration
arXiv:2206.05192 

Accepted to PRL as Editor’s suggestion

We present an observation of photon-photon production of 𝜏 lepton pairs in ultra-peripheral lead-lead collisions. The 

measurement is based on a data sample with an integrated luminosity of 404 𝜇𝑏−1
collected by the CMS experiment at the 

nucleon nucleon center-of-mass energy of 5.02 TeV. The 𝛾𝛾 → 𝜏+𝜏−
 process is observed for 𝜏+𝜏−

 events with a muon and 

three charged hadrons in the final state. The measured fiducial cross section is 𝝈 𝜸𝜸 → 𝝉+𝝉− = 𝟒. 𝟖 ± 𝟎. 𝟔 𝐬𝐭𝐚𝐭 ±
𝟎. 𝟓 𝐬𝐲𝐬𝐭  𝝁𝒃, in agreement with leading-order QED predictions. Using  𝜎 𝛾𝛾 → 𝜏+𝜏−

, we estimated a model-dependent 

value of the anomalous magnetic moment of the 𝜏 lepton of 𝒂𝝉 = 𝟎. 𝟎𝟎𝟏−𝟎.𝟎𝟖𝟗
+𝟎.𝟎𝟓𝟓 at a 68% confidence level.

Abstract

Motivations Signal and Background Events

Event Selection

Results and Conclusion

• Muon g-2 measurements had new results in the past few years that 

challenge the standard model predictions potentially leading to new physics.

• If the new physics is due to a massive new particle, then the tau lepton 

would be over 200 times more sensitive to new physics than the muon.

• Tau g-2 can be deduced using 𝛾𝛾 → 𝜏+𝜏− cross section using ultra-

peripheral heavy ion collisions.

• Using the 2015 Pb-Pb Ion Data with a trigger requiring 1 muon, at 

least 1 track in the pixel detector and no HF activity in at least one 

side. 

• The signal region consists of 1 muon and 3 charged hadrons.

• Selections are shown in the table.

•  The background was estimated with the ABCD method with 

background regions with more charged hadrons and higher HF 

activity. 

Acknowledgements

• Figures below show the control plots for the leptonic 𝜏, hadronic 𝜏 and 

𝜏+𝜏−
 system.

• Control plots show great agreement between MC and Data.

Thanks to our LHC and CMS colleagues for providing 

the facilities to make this research possible. This 

research was funded in part by DoE Grant DE-

SC0023908.

For More Details

𝜏3𝑝𝑟𝑜𝑛𝑔  → 𝜋±𝜋∓𝜋±𝜈𝜏

𝜏𝜇 → 𝜇𝜈𝜏𝜈𝜇

• Signal yield calculated by binned likelihood fit of 

Δ𝜙 (angular separation in transverse plane).

• Post Fit signal events: 77 ± 12
• 𝜎 𝛾𝛾 → 𝜏+𝜏− = 𝑁𝑠𝑖𝑔

2𝜖 𝐿𝑖𝑛𝑡𝐵𝜏𝜇𝐵𝜏3𝑝𝑟𝑜𝑛𝑔

• 𝐿 = 404𝜇𝑏 , 𝐵𝜏𝜇 = 17.89%, 𝐵𝜏3𝑝𝑟𝑜𝑛𝑔 =
14.55%, 𝜖 = 78.5%

• 𝜎 𝛾𝛾 → 𝜏+𝜏− = 4.8 ± 0.6 stat ± .5 𝑠𝑦𝑠  𝜇𝑏
• With the HL-LHC, the cross-section measurement 

should be able to discriminate between models 

the tau anomalous magnetic moment.



Anomalous Magnetic Moment of tau

arXiv:2204.13478  acc. by PRL 

• likelihoods as a function of aτ derived using profile likelihood fit 
• templates from Dyndal et al (PLB 809 (2020) 135682)


• Observed 95% CL limits from aτ ∈ (−0.057, 0.024) 
• Limits similar to that extracted from DELPHI (e+e-) in 2004 

• Expecting substantial improvements from Run 3 & 4 data! 

ATLAS: τ g-2 95% CL limits

17

arXiv:2204.13478 
acc. by PRL

0.1− 0.05− 0 0.05 0.1
τa

OPAL 1998

L3 1998

DELPHI 2004

1T-SRµ

3T-SRµ

e-SRµ

Combined

Expected

ATLAS
-1=5.02 TeV, 1.44 nbNNsPb+Pb 

Best-fit value
68% CL
95% CL

Best-fit value
68% CL
95% CL

Figure 2: Measurements of 0g from fits to individual signal regions (including the dimuon control region), and from
the combined fit. These are compared with existing measurements from the OPAL [29], L3 [30] and DELPHI [27]
experiments at LEP. A point denotes the best-fit 0g value for each measurement if available, while thick black (thin
magenta) lines show 68% CL (95% CL) intervals. The expected interval from the ATLAS combined fit is also shown.

The best-fit value of 0g is 0g = �0.041, with the corresponding 68% CL and 95% CL intervals being
(�0.050, �0.029) and (�0.057, 0.024), respectively. The higher-than-expected observed yields lead to the
highly asymmetric 95% CL interval. This arises from the nearly quadratic signal cross-section dependence
on 0g , caused by the interference of the SM and BSM amplitudes [29, 30, 46]. The expected 95% CL interval
is �0.039 < 0g < 0.020. The impact of systematic uncertainties on the final results is small relative to
statistical uncertainties. Figure 2 shows the 0g measurement alongside previous results obtained at LEP. The
precision of this measurement is similar to the most precise single-experiment measurement by the DELPHI
Collaboration.

In summary, g-lepton pair production in ultraperipheral heavy-ion collisions, Pb+Pb ! Pb(WW ! gg)Pb, is
observed by ATLAS with a significance exceeding 5f in 1.44 nb�1 of

p
BNN = 5.02 TeV data at the LHC.

The observed event yield is compatible with that expected from the SM prediction within uncertainties.
The events are used to set constraints on the g-lepton anomalous magnetic moment, corresponding to
�0.057 < 0g < 0.024 at 95% CL. The measurement precision is limited by statistical uncertainties. This
result introduces the use of hadron-collider data to test electromagnetic properties of the g-lepton, and the
results are competitive with existing lepton-collider constraints.

References

[1] J. Schwinger, On Quantum-Electrodynamics and the Magnetic Moment of the Electron, Phys. Rev. 73

(1948) 416.

[2] P. Kusch and H. M. Foley, The Magnetic Moment of the Electron, Phys. Rev. 74 (1948) 250.
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Matthew Nickel (CMS) Peter Steinberg (ATLAS)



Photon Polarization In Ultra-Peripheral Collisions
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• Polariza(on vector 𝜉: aligned 
radially with the “emi7ng” source
• Intrinsic photon spin converted into 

orbital angular momentum 
• Observable as anisotropy in 𝑒± 

momentum

:Beam Direction

S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

C. Li, J. Zhou, Y. Zhou, Phys. Le1. B 795, 576 (2019)
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020).

For decades it was believed the polarization info 
was lost due to random event-by-event orientation!



Photon Polarization In Ultra-Peripheral Collisions
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• Polarization vector 𝜉: aligned 
radially with the “emitting” source
• Intrinsic photon spin converted 

into orbital angular momentum 
• Observable as anisotropy in 𝑒± 

momentum
S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

C. Li, J. Zhou, Y. Zhou, Phys. Le1. B 795, 576 (2019)
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020).
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STARLight

STAR   < 0.1 GeV < 0.76 GeV, Pee0.45 < M

eφ − eeφ = φ∆

Experimental access to photon 
polarization demonstrated

(STAR Collaboration)
Phys. Rev. Lett. 127, 052302 (2021)

Breit-Wheeler

Discovery 2021
STAR



Applications of 𝛾𝛾 → 𝑙!𝑙"
Sensitivity to spin states → novel 

approach for constraining massive 
dark photons
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𝛾

𝐴#

𝑒$

𝑒%

Dark photon

Isabel Xu, Nicole Lewis, Xiaofeng Wang, 
James Daniel Brandenburg, Lijuan Ruan 
arxiv:2211.02132 Relevant for LHC Axion search in Light-by-Light scattering 

JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021)

Xiaofeng Wang (STAR)

https://arxiv.org/abs/2211.02132
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I will take just this one experiment, which has been designed to 
contain all of the mystery of quantum mechanics, to put you up 
against the paradoxes and mysteries and peculiarities of nature one 
hundred per cent. Any other situation in quantum mechanics, it 
turns out, can always be explained by saying, 'You remember the 
case of the experiment with the two holes? It's the same thing'. 

-Richard Feynman 

September 8, 2023 JDB | Ohio State University 12



Imaging the Nucleus with Polarized Photons
What is NEW with transversely polarized photons?
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Imaging the Nucleus with Polarized Photons
What is NEW with transversely polarized photons?
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Imaging the Nucleus with Polarized Photons
What is NEW with transversely polarized photons?

Both possibili+es occur simultaneously
September 8, 2023 15JDB | Ohio State University



Observation of Interference in 𝜌# → 𝜋!𝜋"
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T

 pairs with P−π+πSignal A

) φ) = 1 + A cos(2φf(
-210×0.4±0.4 ±29.1 : A = 
-210×0.4±0.6 ±23.8 : A = 
-210×0.9±1.2 ±-0.5 : A = 

Au+Au
U+U
Au+p

Syst. Uncert. o Intrinsic photon spin transferred 
to 𝜌(

o 𝜌( spin converted into orbital 
angular momentum between 
pions

o Observable as anisotropy in 𝜋± 
momentum

September 8, 2023 16
STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 

JDB | Ohio State University
H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.

https://www.science.org/doi/10.1126/sciadv.abq3903


Observation of Interference in 𝜌# → 𝜋!𝜋"
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𝜋! 𝜋"
𝜉

𝜌#

o Intrinsic photon spin transferred 
to 𝜌(

o 𝜌( spin converted into orbital 
angular momentum between 
pions

o Observable as anisotropy in 𝜋± 
momentum

H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.

https://www.science.org/doi/10.1126/sciadv.abq3903


Interference of Amplitudes, so what!?
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𝝆𝟎: 𝝉𝒄 ≪ 𝒃
Only one “real” pair
Interference through 

distinguishable 𝝅% and 𝝅$



Entanglement enabled Intensity Interferometry
from exclusive 𝜋!𝜋" measurements in UPC’s as an
inverse Cotler-Wilczek process

Traditionally in Quantum Mechanics only indistinguishable 
states interfere

Cotler-Wilczek Process: use entanglement ‘filter’ to interfere 
different wavelengths of light

September 8, 2023 JDB | Ohio State University 19

Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

In principle, D+� and D�+ doesn’t know anything about the nucleus. Because
|⇡+i⌦ |⇡�i is distinguishable from |⇡�i⌦ |⇡+i, we also don’t see any interferences.
But if we compute amplitude of ⇡+⇡� production, we will get,

A⇢!⇡+⇡� = DAD+� +DAD�+ +DBD+� +DBD�+ (14)

Therefore, the cross section will contain the interference term. This is not true if
we prepare the following state,

|�⇡+⇡�i = (DA
+� +DB

+�)|⇡+⇡�i+ (DA
�+ +DB

�+)|⇡�⇡+i (15)

I suspect this state should be a mixed state by construction. Maybe show that
when include multiple channels of ⇡+⇡� production, the result is a mixed state
instead of pure. The interference term will probably vanish through ensemble
average. Because there is no intrinsic connection between |⇡+⇡�i and |⇡�⇡+i. We
can extract interference term if the ⇡+⇡� comes from the same source. This is like
the filter used by Cotler-Wilczek process, except the order is reversed.

Raju comment below

I would phrase things slightly di↵erently. Consider the exclusive process in an
UPC where two detectors at positions 1 and 2 measure either a ⇡+ or a ⇡� with
a branching ratio of 99.9%. (The decay to pairs of muons or electrons is 0.5 10�6.)
So, one can write the amplitude for the process as

< NANB|⇡+⇡� > = < NANB|⇢A >< ⇢A|⇡+⇡�, A >

⇥ < ⇡+⇡�, A|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘

+ < NANB|⇢B >< ⇢B|⇡+⇡�, B >

⇥ < ⇡+⇡�, B|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘
.

(16)

Now, the physics of photon-pomeron fusion is encoded in

F =< NANB|⇢A >⌘< NANB|⇢B > , (17)

where F is a nontrivial function including the nonperturbative QCD dynamics of
this process. One could consider a detailed dipole model a la Jian Zhou et al for
instance. Note further that in principle the two matrix elements can be di↵erent if
the ⇢-meson is produced at di↵erent locations in nucleus A or B. We can develop
this in more detail.

We can also define without loss of generality

 =< ⇢A|⇡+⇡�, A >⌘< ⇢B|⇡+⇡�, B > . (18)

(This is what Haowu calledDA andDB in Eq. 12 - but this distinction is unnecesary
since the amplitudes should be identical I believe.)
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In principle, D+� and D�+ doesn’t know anything about the nucleus. Because
|⇡+i⌦ |⇡�i is distinguishable from |⇡�i⌦ |⇡+i, we also don’t see any interferences.
But if we compute amplitude of ⇡+⇡� production, we will get,

A⇢!⇡+⇡� = DAD+� +DAD�+ +DBD+� +DBD�+ (14)

Therefore, the cross section will contain the interference term. This is not true if
we prepare the following state,

|�⇡+⇡�i = (DA
+� +DB

+�)|⇡+⇡�i+ (DA
�+ +DB

�+)|⇡�⇡+i (15)

I suspect this state should be a mixed state by construction. Maybe show that
when include multiple channels of ⇡+⇡� production, the result is a mixed state
instead of pure. The interference term will probably vanish through ensemble
average. Because there is no intrinsic connection between |⇡+⇡�i and |⇡�⇡+i. We
can extract interference term if the ⇡+⇡� comes from the same source. This is like
the filter used by Cotler-Wilczek process, except the order is reversed.

Raju comment below

I would phrase things slightly di↵erently. Consider the exclusive process in an
UPC where two detectors at positions 1 and 2 measure either a ⇡+ or a ⇡� with
a branching ratio of 99.9%. (The decay to pairs of muons or electrons is 0.5 10�6.)
So, one can write the amplitude for the process as

< NANB|⇡+⇡� > = < NANB|⇢A >< ⇢A|⇡+⇡�, A >

⇥ < ⇡+⇡�, A|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘

+ < NANB|⇢B >< ⇢B|⇡+⇡�, B >

⇥ < ⇡+⇡�, B|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘
.

(16)

Now, the physics of photon-pomeron fusion is encoded in

F =< NANB|⇢A >⌘< NANB|⇢B > , (17)

where F is a nontrivial function including the nonperturbative QCD dynamics of
this process. One could consider a detailed dipole model a la Jian Zhou et al for
instance. Note further that in principle the two matrix elements can be di↵erent if
the ⇢-meson is produced at di↵erent locations in nucleus A or B. We can develop
this in more detail.

We can also define without loss of generality

 =< ⇢A|⇡+⇡�, A >⌘< ⇢B|⇡+⇡�, B > . (18)

(This is what Haowu calledDA andDB in Eq. 12 - but this distinction is unnecesary
since the amplitudes should be identical I believe.)
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Analogy to 
Interferometry in 
Astro-Physics

Quantum 
Interference 
provides sub-
diffraction 
limited imaging

Access to details of 
gluon distribution 
and neutron skin 
at high energy

Nuclear Gluon 
distribu;on 
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Neutron Skins at High-Energy

• Gold agrees well with 
state-of-the-art energy 
density functional 
calculations
• Consistent with trend from 

low energy measurements
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.

Multi-scale imaging: Nuclear deformations

9

238U, !! = #. %

!! !" !#

3

other mass regions by calculating ε from ρA of Eq. (4).
We have checked numerically in multiple forces that the
results closely agree with Eq. (3) for the 40 ≤ A ≤ 238
stable nuclei given in Fig. 2.
With the help of Eq. (5) for t (using ρA to compute ε),

we next analyze constraints on the density dependence
of the symmetry energy by optimization of (2) to exper-
imental S data. We employ csym(ρ) = 31.6(ρ/ρ0)γ MeV
[6, 7, 8, 9] and take as experimental baseline the neutron
skins measured in 26 antiprotonic atoms [20] (see Fig. 2).
These data constitute the largest set of uniformly mea-
sured neutron skins over the mass table till date. With
allowance for the error bars, they are fitted linearly by
S = (0.9±0.15)I+(−0.03±0.02) fm [20]. This systemat-
ics renders comparisons of skin data with DM formulas,
which by construction average the microscopic shell ef-
fect, more meaningful [26]. We first set bn = bp (i.e.,
Ssw = 0) as done in the DM [12, 23, 26] and in the anal-
ysis of data in Ref. [19]. Following the above, we find
L = 75± 25 MeV (γ = 0.79± 0.25). The range ∆L = 25
MeV stems from the window of the linear averages of
experiment. The L value and its uncertainty obtained
from neutron skins with Ssw = 0 is thus quite compat-
ible with the quoted constraints from isospin diffusion
and isoscaling observables in HIC [6, 7, 8]. On the other
hand, the symmetry term of the incompressibility of the
nuclear EOS around equilibrium (K = Kv+Kτδ2) can be
estimated using information of the symmetry energy as
Kτ ≈ Ksym−6L [5, 6, 7]. The constraintKτ = −500±50
MeV is found from isospin diffusion [6, 7], whereas our
study of neutron skins leads to Kτ = −500+125

−100 MeV. A
value Kτ = −550± 100 MeV seems to be favored by the
giant monopole resonance (GMR) measured in Sn iso-
topes as is described in [13]. Even if the present analyses
may not be called definitive, significant consistency arises
among the values extracted for L and Kτ from seemingly
unrelated sets of data from reactions, ground-states of
nuclei, and collective excitations.
To assess the influence of the correction Ssw in (2) we

compute the surface widths bn and bp in ASINM [22].
This yields the bn(p) values of a finite nucleus if we re-
late the asymmetry δ0 in the bulk of ASINM to I by
δ0(1 + xA) = I + xAIC [21, 22, 23]. In doing so, we find
that Eq. (2) reproduces trustingly S (and its change with
I) of self-consistent Thomas-Fermi calculations of finite
nuclei made with the same nuclear force. Also, Ssw is
very well fitted by Ssw = σswI. All slopes σsw of the
forces of Fig. 1(c) lie between σmin

sw = 0.15 fm (SGII) and
σmax
sw = 0.31 fm (NL3). We then reanalyze the exper-

imental neutron skins including Smin
sw and Smax

sw in Eq.
(2) to simulate the two conceivable extremes of Ssw ac-
cording to mean field models. The results are shown in
Fig. 3. Our above estimates of L and Kτ could be shifted
by up to −25 and +125 MeV, respectively, by nonzero
Ssw. This is on the soft side of the HIC [6, 7, 8] and
GMR [13] analyses of the symmetry energy, but closer
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FIG. 2: (Color online) Comparison of the fit described in
the text of Eq. (2) with the experimental neutron skins
from antiprotonic measurements and their linear average S =
(0.9± 0.15)I + (−0.03± 0.02) fm [20]. Results of the modern
Skyrme SLy4 and relativistic FSUGold forces are also shown.
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FIG. 3: (Color online) Constraints on L and Kτ from neutron
skins and their dependence on the Ssw correction of Eq. (2).
The crosses express the L and Kτ ranges compatible with the
uncertainties in the skin data. The shaded regions depict the
constraints on L and Kτ from isospin diffusion [6, 7] and on
Kτ as determined in [13] from the GMR of Sn isotopes.

to the alluded predictions from nucleon emission ratios
[9], the GDR [14], and nuclear binding systematics [17].
One should mention that the properties of csym(ρ) de-
rived from terrestrial nuclei have intimate connections to
astrophysics [3, 4, 10]. As an example, we can estimate
the transition density ρt between the crust and the core of
a neutron star [3, 10] as ρt/ρ0 ∼ 2/3+ (2/3)γKsym/2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield ρt ∼ 0.095±0.01
fm−3. This value would not support the direct URCA
process of cooling of a neutron star that requires a higher
ρt [3, 10]. The result is in accord with ρt ∼ 0.096 fm−3

of the microscopic EOS of Friedman and Pandharipande
[27], as well as with ρt ∼ 0.09 fm−3 predicted by a recent
analysis of pygmy dipole resonances in nuclei [15].
We would like to close with a brief comment regard-

ing the GDR. As mentioned, Ref. [14] very interestingly
constrains csym(0.1) from the GDR of 208Pb. The anal-

𝑺𝑨𝒖 = 𝟎. 𝟏𝟕	 ± 𝟎. 𝟎𝟑(stat.) 
±𝟎. 𝟎𝟖(syst.) fm

 
𝑺𝑨𝒖𝑴𝑹2𝑬𝑫𝑭 =	0.17 fm 

Bally, B., Giacalone, G. & Bender, M. 
Eur. Phys. J. A 59, 58 (2023).

https://doi.org/10.1140/epja/s10050-023-00955-3


Neutron Skins at High-Energy

• Uranium neutron skin 
appears surprisingly 
large?
• Above trend and low-

energy measurements?
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).
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3

other mass regions by calculating ε from ρA of Eq. (4).
We have checked numerically in multiple forces that the
results closely agree with Eq. (3) for the 40 ≤ A ≤ 238
stable nuclei given in Fig. 2.
With the help of Eq. (5) for t (using ρA to compute ε),

we next analyze constraints on the density dependence
of the symmetry energy by optimization of (2) to exper-
imental S data. We employ csym(ρ) = 31.6(ρ/ρ0)γ MeV
[6, 7, 8, 9] and take as experimental baseline the neutron
skins measured in 26 antiprotonic atoms [20] (see Fig. 2).
These data constitute the largest set of uniformly mea-
sured neutron skins over the mass table till date. With
allowance for the error bars, they are fitted linearly by
S = (0.9±0.15)I+(−0.03±0.02) fm [20]. This systemat-
ics renders comparisons of skin data with DM formulas,
which by construction average the microscopic shell ef-
fect, more meaningful [26]. We first set bn = bp (i.e.,
Ssw = 0) as done in the DM [12, 23, 26] and in the anal-
ysis of data in Ref. [19]. Following the above, we find
L = 75± 25 MeV (γ = 0.79± 0.25). The range ∆L = 25
MeV stems from the window of the linear averages of
experiment. The L value and its uncertainty obtained
from neutron skins with Ssw = 0 is thus quite compat-
ible with the quoted constraints from isospin diffusion
and isoscaling observables in HIC [6, 7, 8]. On the other
hand, the symmetry term of the incompressibility of the
nuclear EOS around equilibrium (K = Kv+Kτδ2) can be
estimated using information of the symmetry energy as
Kτ ≈ Ksym−6L [5, 6, 7]. The constraintKτ = −500±50
MeV is found from isospin diffusion [6, 7], whereas our
study of neutron skins leads to Kτ = −500+125

−100 MeV. A
value Kτ = −550± 100 MeV seems to be favored by the
giant monopole resonance (GMR) measured in Sn iso-
topes as is described in [13]. Even if the present analyses
may not be called definitive, significant consistency arises
among the values extracted for L and Kτ from seemingly
unrelated sets of data from reactions, ground-states of
nuclei, and collective excitations.
To assess the influence of the correction Ssw in (2) we

compute the surface widths bn and bp in ASINM [22].
This yields the bn(p) values of a finite nucleus if we re-
late the asymmetry δ0 in the bulk of ASINM to I by
δ0(1 + xA) = I + xAIC [21, 22, 23]. In doing so, we find
that Eq. (2) reproduces trustingly S (and its change with
I) of self-consistent Thomas-Fermi calculations of finite
nuclei made with the same nuclear force. Also, Ssw is
very well fitted by Ssw = σswI. All slopes σsw of the
forces of Fig. 1(c) lie between σmin

sw = 0.15 fm (SGII) and
σmax
sw = 0.31 fm (NL3). We then reanalyze the exper-

imental neutron skins including Smin
sw and Smax

sw in Eq.
(2) to simulate the two conceivable extremes of Ssw ac-
cording to mean field models. The results are shown in
Fig. 3. Our above estimates of L and Kτ could be shifted
by up to −25 and +125 MeV, respectively, by nonzero
Ssw. This is on the soft side of the HIC [6, 7, 8] and
GMR [13] analyses of the symmetry energy, but closer
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FIG. 2: (Color online) Comparison of the fit described in
the text of Eq. (2) with the experimental neutron skins
from antiprotonic measurements and their linear average S =
(0.9± 0.15)I + (−0.03± 0.02) fm [20]. Results of the modern
Skyrme SLy4 and relativistic FSUGold forces are also shown.

20 60 100 140
L  (MeV)

-700

-600

-500

-400

-300

K
τ  

(M
eV

) 

isospin diffusion

GMR 
of Sn

isospin 
diffusion

Ssw= 0 

Ssw
min

Ssw
max

FIG. 3: (Color online) Constraints on L and Kτ from neutron
skins and their dependence on the Ssw correction of Eq. (2).
The crosses express the L and Kτ ranges compatible with the
uncertainties in the skin data. The shaded regions depict the
constraints on L and Kτ from isospin diffusion [6, 7] and on
Kτ as determined in [13] from the GMR of Sn isotopes.

to the alluded predictions from nucleon emission ratios
[9], the GDR [14], and nuclear binding systematics [17].
One should mention that the properties of csym(ρ) de-
rived from terrestrial nuclei have intimate connections to
astrophysics [3, 4, 10]. As an example, we can estimate
the transition density ρt between the crust and the core of
a neutron star [3, 10] as ρt/ρ0 ∼ 2/3+ (2/3)γKsym/2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield ρt ∼ 0.095±0.01
fm−3. This value would not support the direct URCA
process of cooling of a neutron star that requires a higher
ρt [3, 10]. The result is in accord with ρt ∼ 0.096 fm−3

of the microscopic EOS of Friedman and Pandharipande
[27], as well as with ρt ∼ 0.09 fm−3 predicted by a recent
analysis of pygmy dipole resonances in nuclei [15].
We would like to close with a brief comment regard-

ing the GDR. As mentioned, Ref. [14] very interestingly
constrains csym(0.1) from the GDR of 208Pb. The anal-



Robust Theoretical Description
• First theoretical prediction for 

deformed Uranium
• Sensitivity to nuclear geometry!

• 2D Tomography possible through 
Interference effect
• Also require very large U radius
• Assumes amplitude interference for 

coherent process

September 8, 2023 JDB | Ohio State University 23• In U+U, larger .$ leads to flaPer spectra (smaller radius). Larger .$ has larger incoherent at
low 5)$, leads to the flaPer 67/65)$. Also the ini2al photon kT is more important.

Interference in Au+Au and U+U
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).
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Entanglement enabled Intensity Interferometry
from exclusive 𝜋!𝜋" measurements in UPC’s as an
inverse Cotler-Wilczek process

Cotler-Wilczek Process: use entanglement ‘filter’ to convert 
different wavelengths of light to a common state→ interference

September 8, 2023 JDB | Ohio State University 24

Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

Annals of Physics Volume 424, 168346 (2021)

Entanglement Enabled Intensity Interferometry

https://doi.org/10.1016/j.aop.2020.168346


Entanglement enabled Intensity Interferometry
from exclusive 𝜋!𝜋" measurements in UPC’s as an
inverse Cotler-Wilczek process

Inverse Cotler-Wilczek Process: ‘Filter’ 𝜌' state comes first.
Entanglement of daughter pions enables interference

September 8, 2023 JDB | Ohio State University 25

Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

In principle, D+� and D�+ doesn’t know anything about the nucleus. Because
|⇡+i⌦ |⇡�i is distinguishable from |⇡�i⌦ |⇡+i, we also don’t see any interferences.
But if we compute amplitude of ⇡+⇡� production, we will get,

A⇢!⇡+⇡� = DAD+� +DAD�+ +DBD+� +DBD�+ (14)

Therefore, the cross section will contain the interference term. This is not true if
we prepare the following state,

|�⇡+⇡�i = (DA
+� +DB

+�)|⇡+⇡�i+ (DA
�+ +DB

�+)|⇡�⇡+i (15)

I suspect this state should be a mixed state by construction. Maybe show that
when include multiple channels of ⇡+⇡� production, the result is a mixed state
instead of pure. The interference term will probably vanish through ensemble
average. Because there is no intrinsic connection between |⇡+⇡�i and |⇡�⇡+i. We
can extract interference term if the ⇡+⇡� comes from the same source. This is like
the filter used by Cotler-Wilczek process, except the order is reversed.

Raju comment below

I would phrase things slightly di↵erently. Consider the exclusive process in an
UPC where two detectors at positions 1 and 2 measure either a ⇡+ or a ⇡� with
a branching ratio of 99.9%. (The decay to pairs of muons or electrons is 0.5 10�6.)
So, one can write the amplitude for the process as

< NANB|⇡+⇡� > = < NANB|⇢A >< ⇢A|⇡+⇡�, A >

⇥ < ⇡+⇡�, A|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘

+ < NANB|⇢B >< ⇢B|⇡+⇡�, B >

⇥ < ⇡+⇡�, B|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘
.

(16)

Now, the physics of photon-pomeron fusion is encoded in

F =< NANB|⇢A >⌘< NANB|⇢B > , (17)

where F is a nontrivial function including the nonperturbative QCD dynamics of
this process. One could consider a detailed dipole model a la Jian Zhou et al for
instance. Note further that in principle the two matrix elements can be di↵erent if
the ⇢-meson is produced at di↵erent locations in nucleus A or B. We can develop
this in more detail.

We can also define without loss of generality

 =< ⇢A|⇡+⇡�, A >⌘< ⇢B|⇡+⇡�, B > . (18)

(This is what Haowu calledDA andDB in Eq. 12 - but this distinction is unnecesary
since the amplitudes should be identical I believe.)

5

Interference only occurs if final state particles are entangled! 



Access to Hadronic Light-by-Light
2

Interference with the hadronic light-by-light diagram 
Leads to a unique signature -> odd spin configuraEons

𝜋2 𝜋2

𝜋3 𝜋3
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Novel Experimental input for muon g-2
Contribution from Hadronic Vacuum Polarization and Hadronic Light-by-Light 

are the largest theoretical uncertainties for Standard Model muon g-2
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Elliptic Gluon Tomography (Tensor Pomeron)
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FIG. 2: The asymmetry is plotted as the function of q? for
RHIC energy

p
S = 200GeV. The rapidities y1, y2 of produced

pions are integrated over the region [�1, 1] and Q is integrated
over the region [0.6GeV , 1GeV ]. The contributions from the
final state soft photon radiation and elliptic gluon distribution
to the asymmetry are shown separately.
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FIG. 3: The asymmetry in photon production of di-pion in
eA collisions at EIC is plotted as the function of q? for the
center of mass energy

p
S = 100GeV. The rapidities y1, y2

of produced pions are integrated over the region [2, 3] and
the invariant mass of di-pion Q is integrated over the re-
gion [0.6GeV , 1GeV ]. Transverse momentum carried by the
quasi-real photon emitted from electron beam is required to
be smaller than 0.1GeV.
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FIG. 2: The asymmetry is plotted as the function of q? for
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p
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pions are integrated over the region [�1, 1] and Q is integrated
over the region [0.6GeV , 1GeV ]. The contributions from the
final state soft photon radiation and elliptic gluon distribution
to the asymmetry are shown separately.

FIG. 3: The asymmetry in photon production of di-pion in
eA collisions at EIC is plotted as the function of q? for the
center of mass energy

p
S = 100GeV. The rapidities y1, y2

of produced pions are integrated over the region [2, 3] and
the invariant mass of di-pion Q is integrated over the re-
gion [0.6GeV , 1GeV ]. Transverse momentum carried by the
quasi-real photon emitted from electron beam is required to
be smaller than 0.1GeV.
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FIG. 1: cos 4� azimuthal asymmetry results from the in-
terference between the p wave and the f wave of pion pairs
that are from the decay of ⇢0 meson in conjugate amplitude,
and are from direct production in the amplitude. The color
neutral exchange in the amplitude described by the elliptic
gluon distribution e↵ectively carries two unit orbital angular
momentum. The incident photon is linearly polarized.

calculations. First of all, the dipole-nucleus scat-
tering amplitude (the azimuthal independent part) is
parametrized in terms of dipole-nucleon scattering am-
plitude N (r?) [74–78],

N(b?, r?) ⇡ 1� [1� 2⇡BpTA(b?)N (r?)]
A (21)

where we adopt the GBW model for N (r?). We
also made the numerical estimates with a more so-
phisticated treatment for N (r?) [76–79], which leads
to the similar results. The nuclear thickness function
TA(b?) is determined with the Woods-Saxon distribu-
tion in our numerical calculation, and Bp = 4GeV �1.
For the scalar part of vector meson function, we use
“Gauss-LC” wave function also taken from Ref. [74, 75]:

⌦⇤(|r?|, z) = �z(1 � z) exp
h
� r2?

2R2
?

i
with � = 4.47,

R2
? = 21.9GeV�2. The nuclear thickness function is

estimated with the Woods-Saxon distribution, F (~k2) =R
d3rei

~k·~r C0

1+exp [(r�RWS)/d] where RWS (Au: 6.38fm) is

the radius and d (Au.:0.535fm) is the skin depth. C0 is
the normalization factor.

UPCs events measured at RHIC are triggered by de-
tecting accompanied forward neutron emissions. The im-
pact parameter dependence of the probability for emit-
ting any number of neutrons from an excited nucleus
(referred to as the “Xn” event) is described by the

function, P (b̃?) = 1 � exp
h
�P1n(b̃?)

i
with P1n(b̃?) =

5.45 ⇤ 10�5 Z3(A�Z)

A2/3b̃2?
fm2. Therefore, the “tagged” UPC

cross section is defined as,

2⇡

Z 1

2RA

b̃?db̃?P
2(b̃?)d�(b̃?, ...) (22)

With all these ingredients, we are ready to perform nu-
merical study of the cos 4� azimuthal asymmetry for
RHIC kinematics.

We first compute the azimuthal averaged cross section
and compare it with STAR data to fix the coe�cient
C ⇡ �10 which determines the relative magnitude be-
tween the direct pion pair production and that via ⇢0

decay. We then are able to compute the cos 4� asymme-
try from the elliptic gluon distribution. The QED and
the elliptic gluon distribution contributions to the asym-
metry are separately presented in Fig. 2. If we only take
into account the final state soft photon radiation e↵ect,
the theory calculation severely underestimates the ex-
perimental data. To match the STAR data [39], a rather
large value of the coe�cient E = 0.4 in the Eq. 15 which
is roughly one order of magnitude larger than the per-
turbative estimate for E [10, 17], has been used in our
numerical calculation. Since we are dealing with the deep
non-perturbative region, it is hard to tell whether such
large value for E is reasonable or not. Moreover, there is
a lot of uncertainties associated with the transition from
quark pair to di-pion. Other non-perturbative model for
describing this transition might lead to a much larger
asymmetry with the same value of E. Nevertheless, as
demonstrated in Fig. 2, it is clear that the elliptic gluon
distribution is a necessary element to account for the ob-
served asymmetry (around 10% ).

We also compute the cos 4� azimuthal asymmetry in
the process � + A ! A0 + ⇡+ + ⇡� for EIC kinematics
with the same set parameters. It is shown in Fig. 3 that
the contribution from the elliptic gluon distribution to
the asymmetry flips the sign as the result of the absence
of the double slit interference e↵ect in eA collisions. It
would be very interesting to test this predication at the
future EIC. In view of the recent findings [23, 24], this
might be the only clean observable to probe the gluon
Wigner function at EIC, because it is free from the con-
tamination due to the final state soft gluon radiation ef-
fect.

Conclusion. We studied cos 4� azimuthal asymmetry
in exclusive di-pion production near ⇢0 resonance peak in
UPCs. Both the final state soft photon radiation e↵ect
and the elliptic gluon distribution can give rise to such a
asymmetry. It is shown that the QED e↵ect alone, which
can be cleanly computed, is not adequate to describe the
STAR data. On the other hand, with some model de-
pendent input, a better agreement with the preliminary
STAR data is reached after including the elliptic gluon
distribution contribution, though the theory calculation
still underestimates the measured asymmetry. This thus
leads us to conclude that the observed cos 4� asymmetry
might signal the very existence of the non-trivial quan-
tum correlation encoded in elliptic gluon distribution.
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Elliptic gluon distribution: correlation 
between impact parameter and momentum
• Clear signature of elliptic gluon 

distribution within nuclei.
• Complimentary measurements at RHIC 

and EIC
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Confirmation from ALICE
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Neutron emission categories test the impact 
parameter dependence
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Polarization effects: coherent diffractive 𝐽/𝜓
• New STAR measurement of 
𝐽/𝜓
• Consistent within error with 

Diffraction + Interference 
(Diff+Int) effect at low 𝑝(  
• Effect of Soft Photon radiation 

(Rad) visible at higher 𝑝(

• New results on soft photon 
radiation (Sudakov effect) 
from ATLAS (See Peter 
Steinberg’s talk)
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Constraints on Soft Photon Radiation
• New STAR measurement of 
𝐽/𝜓
• Consistent within error with 

Diffraction + Interference 
(Diff+Int) effect at low 𝑝(  
• Effect of Soft Photon radiation 

(Rad) visible at higher 𝑝(

• New results on soft photon 
radiation (Sudakov effect) 
from ATLAS (See Peter 
Steinberg’s talk)
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Acoplanarity distributions in e+e-
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Figure 3: Acoplanarity distribution in the data sample (markers) of WW ! 4
+
4
� candidates selected with 10 < <44 <

20 GeV and |H44 | < 0.8 requirements. The sample is split into 0n0n (top left), Xn0n (top right), XnXn (bottom left)
and inclusive (bottom right) categories. The fitted dissociative background in each category is shown with the green
dashed line, while the prediction for the signal process is shown by the red line. The sum of the two components is
shown with the solid blue line. The resulting estimate of the background fraction in the data, 5bkg, is given in the
legend. The shaded area represents the total uncertainty of the sum of signal and background components.

ratio in the | cos \⇤ | distribution drops slowly from 1.2 for | cos \⇤ | = 0 to unity at | cos \⇤ | = 0.75, and
then falls more steeply, to 0.5 for the largest values of | cos \⇤ |. In the U distribution, a di�erence in the
overall shape is observed in the full range. This can be explained by a sensitivity of the results to the
?T spectrum assumed by S��������, since this spectrum determines the width of the U distribution. In
general, all these discrepancies tend to be consistent with the observations made in the ATLAS WW ! `

+
`
�

measurement [16], where the S�������� predictions were found to underestimate the measured integrated
fiducial cross-sections by about 10%.
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Acoplanarity is a key  
tool for distinguishing 
these processes:  




Clear differences between  
samples selected with 
ZDC topologies:


0n0n - excellent agreement  
with STARlight+Pythia8


0nXn & XnXn clear contributions  
from dissociative contributions  
(modeled with SuperChic 4)

α = 1 − |Δϕ | /π

pTe > 2.5 GeV, |ηe|<2.47, mee > 5 GeV, pTee < 2 GeV

Exclusive dilepton processes & dissociation

(a)

k1

k2

Pb

Pb

Pb

µ+

µ�

Pb

(b)

k1

k2

Pb

Pb

Pb

µ+

�

µ�

Pb

(c)
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k2

p (in Pb)

Pb

Pb? +X

µ+

µ�

Pb

Figure 1: Diagrams for the (a) leading-order PbPb(��) ! µ+µ�(PbPb) and (b) next-to-leading-order PbPb(��) !
µ+µ� + �(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(��?) !
µ+µ� + X(Pb?Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to
nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb?), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter b [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass mµµ, which is equivalent to W , the center-of-mass energy of the colliding
�� system.

• The dimuon pair rapidity yµµ, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that yµµ is equal to the rapidity of the �� system.

• The cosine of the dimuon scattering angle #? in the �� center-of-mass frame, | cos #?µµ |. This is
calculated from the rapidities of the two muons, y+ and y�, as tanh [(y+ � y�)/2].

• The acoplanarity ↵ = 1 � |��µµ |/⇡ which reflects, in part, the initial dimuon pT,µµ.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (k1 and k2) to be determined from the final-state muons. This is described in

4

 is the primary signal Breit-Wheeler process 
cross section implemented in STARlight, SuperChic, etc.

PbPb(γγ) → μ+μ−(Pb(⋆)Pb(⋆))

 is a higher order final state, also signal. 
Not in any existing MC, but now being addressed in calculations, and can be  

added to final states (e.g. from STARlight) using Pythia8

PbPb(γγ) → μ+μ−γ(Pb(⋆)Pb(⋆))

 is dissociative background (non-EPA) process, 
including nuclear breakup as well, modeled using LPair (µµ) or SuperChic (ee)

Pb + N/Pb(γγ) → μ+μ−X(Pb⋆Pb(⋆))

9



Polarization effects: coherent diffractive 𝐽/𝜓
• ALICE measurement of spin 

density matrix elements of 𝐽/𝜓
• ‘Standard’ spin alignment at 

forward rapidity
• Not related to interference 

effects

• Consistent with transverse 
polarized 𝐽/𝜓
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Coherent 𝐽/𝜓 Production away from Mid-Rapidity
• Rapidity dependence is key to distinguishing physics 
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Total Coh. !/# Cross Section
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• CMS data covers a unique 
rapidity region and follows 
ALICE forward rapidity trend

AnAn: All possible neutron emissions

ALICE, EPJC 81 (2021) 712
LHCb, arXiv:2206.08221

arXiv:2303.16984
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CMS ALICE

ALICE

• LHC experiments complement 
each others over a wide range of 
rapidity region

LHCb

Quark Matter 2023
9/6/2023 Xiaolin Wang(SCNU) 13

Ø Comparison with the coherent 
J/ψ production measurement 
with LHCb 2015, ALICE and 
CMS results.

Compare with previous results

- The J/ψ measurement is 
compatible with LHCb2015,  
ALICE and CMS results. 

- The compatibility between the 
new results and 2015 
measurement is about 2σ.

JHEP 06 (2023) 146

LHCb 2015: [JHEP07(2022)117]
ALICE: [Phys.Lett.B798(2019)134926]
CMS: [arXiv: 2303.16984]

Xiaolin Wang (LHCB)

JHEP 06 (2023) 146 

JiaZhao Lin (CMS)
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Figure 1: A pictorial representation of the J/y photoproduction process in PbPb at leading-
order QCD, showing the origin of the two-way ambiguity. The blue wavy and black helical
lines represent emitted photons and gluons, respectively.

The CMS apparatus [36] is a multipurpose, nearly hermetic detector, designed to trigger on [37,
38] and identify electrons, muons, photons, and hadrons [39–41]. A global “particle-flow” algo-
rithm [42] aims to reconstruct all individual particles in an event, combining information pro-
vided by the all-silicon inner tracker and by the crystal electromagnetic and brass-scintillator
hadron calorimeters, operating inside a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return yoke outside the solenoid. For-
ward calorimeters [43], made of steel and quartz-fibres, extend the pseudorapidity coverage
provided by the barrel and endcap detectors. Two zero-degree calorimeters (ZDCs) [44], made
of quartz fibers and plates embedded in tungsten absorbers, are used to detect neutrons from
nuclear dissociation events.

Events are selected using a hardware-based trigger system that requires at least one muon can-
didate with no explicit selection on its minimum transverse momentum (pT), coincident with
a PbPb bunch crossing [38]. At the trigger level, events with an energy deposit above the noise
threshold in either of the two forward calorimeters are vetoed. For the offline analysis, events
are required to have a primary interaction vertex, formed by using two or more tracks coming
from the collision, that is within 20 cm along the beam axis and at a radius less than 2 cm in
the transverse plane from the CMS detector center. To suppress hadronic PbPb collisions, the
largest energy deposits in the forward calorimeters are required to be below 7.3 and 7.6 GeV
in the positive and negative rapidity sides, respectively. These energy requirements are deter-
mined from empty bunch-crossing events [45], providing a purity of nearly 100% with neg-
ligible efficiency loss. In addition, events must contain exactly two muon candidates and no
additional tracks in the range |h| < 2.4.

To select high-quality muons, both muons are required to be “soft muons”, as defined in
Ref. [46], based on the combined information of the tracker and muon detector systems. Pairs
of muons of opposite signs with an invariant mass in the range 2.6 < mµ+µ� < 4.2 GeV are
taken as J/y and y(2S) meson candidates. To reconstruct J/y mesons at low pT, the dimuon
rapidity must satisfy 1.6 < |y| < 2.4 for both muons to reach the muon detector systems. For
each muon pair, at least one of the muon candidates is required to be matched to the triggered
muon. Combinatorial backgrounds are estimated using same-sign muon pairs, and found to
be negligible after the event and muon requirements.

The detector reconstruction efficiency is estimated using a Monte Carlo (MC) sample of coher-
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Entering A New Regime Of Small x Gluonic Matter
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Coh. !/# In Neutron Configurations
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• First separation in different 
neutron classes

• Leading twist approximation 
(LTA) cannot well describe 
data in different neutron classes

àA deeper look at J/Ψ production from 
γ+Pb at a given W without the “two-way 
ambiguity” may tell more.

Low x

High x

arXiv:2303.16984

0n0n

0nXn

XnXn

Quark Matter 2023
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JiaZhao Lin (CMS)
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JiaZhao Lin (CMS)

Simone Ragoni (ALICE)

The impulse approximation   
assumes that the nuclear 
scattering is given by the 
superposition of the 
scattering 
on the individual nucleons 

LHCB
JHEP 06 (2023) 146 

CMS
arXiv:2303.16984

ALICE
arXiv:2305.19060

Xiaolin Wang (LHCB)
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JiaZhao Lin (CMS)

Simone Ragoni (ALICE)

As much as 50% 
suppression at 
low-x

No single model 
describes data, 
more to learn!

Xiaolin Wang (LHCB)

LHCB
JHEP 06 (2023) 146 

CMS
arXiv:2303.16984

ALICE
arXiv:2305.19060
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• Large .$ enhances the fluctua2ons of the configura2ons projected onto x-y plane.
• .$ enhances incoherent cross sec2on at small |t|.

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.

!* + U → J/ψ + U*

8

G. Giacalone, arXiv: 2004.14463
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• Large .$ enhances the fluctua2ons of the configura2ons projected onto x-y plane.
• .$ enhances incoherent cross sec2on at small |t|.

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.

!* + U → J/ψ + U*

8

G. Giacalone, arXiv: 2004.14463
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event-1 event-2 event-3

Sub-Nucleonic Imaging

Wenbin 
Zhao 



Incoherent Process, Not just a Background!
• Transverse momentum sets the 

length scale
• ‘See’ structures from whole 

nucleus, to nucleons, to quarks
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• High |t| region of !∗ + A incoherent cross section probes sub-nucleon structures.

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.
H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.

Multi-scale imaging : "See" sub-nucleonic structures

10

Incoherent

Wenbin Zhao 



Incoherent 𝐽/𝜓 – Sub-Nucleonic Imaging
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Ashik Ikbal (STAR)

Adam Matvia (ALICE)



|t|-dependence of incoherent J/y photonuclear production ALICE Collaboration
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Figure 2: Cross section for the incoherent photoproduction of J/y vector mesons in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV measured at midrapidity. The uncorrelated uncertainty (statistical and systematic added

in quadrature) is indicated with the vertical bar, while the correlated uncertainty by the grey band. The width of
each |t| range is given by the horizontal bars. The lines show the predictions of the different models described in
the text. The bottom panel presents the ratio of the integral of the predicted to that of the measured cross section
in each |t| range. The relative uncertainties on the ratios calculated from GSZ are 45%.

at a sub-nucleon scale. These results confirm the importance of sub-nucleon fluctuations to describe
the measured incoherent J/y process at high energies, representing the first experimental step to use
the quantum fluctuations of the gluon field to search for saturation effects in heavy nuclei. In addition,
this measurement, when confronted to models, demonstrates that the contribution of the dissociative
component to the total incoherent cross section depends on |t|. Thus, future analyses shall study the
incoherent production of J/y as a function of rapidity and |t| [47]. Finally, this analysis, together with
recent measurements [18, 20], indicate that new or improved theoretical models are needed to describe
simultaneously the energy and |t|-dependence of both the coherent and the incoherent processes of J/y
photoproduction, to gain a better understanding of saturation effects at a more fundamental level.
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Sub-nucleonic fluctuations

ON

OFF

Mäntysaari et. al, Phys. Rev. D 106 (2022) 7, 074019) 

Ashik Ikbal (STAR)
Adam Matvia (ALICE)

60% suppressed 
wrt free proton
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2 4/12/2023 Chun Yuen Tsang, GHP 2023

Conventional picture

Baryon junction [1, 2]

What carries baryon number, valence quark vs. 
baryon junction?

[1]: Artru, X. String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. B 123, 507–545 (1977) 

Chun Yuen Tsang, Quark Matter 2023

Valence quark 

[1]: Artru, X. String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. 
B 123, 507–545 (1977) 

Chun Tsang 
(STAR)



Net-Baryon in Photonuclear Collisions
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12

Method 2: Net-Baryon in photonuclear collisions

If junction hypothesis is true:
• Quasi-real 𝜸 → 𝒒ഥ𝒒
• Interact with a junction in target Au nucleus
• Enhanced creation of mid-rapidity baryons

• Junction interaction time > quark interaction time
• More baryons are stopped in junction picture

• Regge theory: 𝒅𝑵/𝒅𝒚 ∝ 𝒆−𝜶𝑩𝜹𝒚, where 
  𝜹𝒚 =  𝒚𝒃𝒆𝒂𝒎 − 𝒚 in the direction of the target 

• 𝜶𝑩is related to Regge intercept of junctions (J. D. 
Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 
(2022)).

4/12/2023 Chun Yuen Tsang, GHP 2023

Figure from J. D. Brandenburg, 
N. Lewis, P. Tribedy, Z. Xu, 
arXiv:2205.05685 (2022)

Chun Yuen Tsang, Quark Matter 2023
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Net-proton exponential slope (𝜶𝑩)

• 𝜶𝑩~ 0.6 for Au+Au [1, 2]
• 𝜶𝑩~ 𝟏 for 𝜸 + 𝐀𝐮
• Predicted values from HERWIG and 

PYTHIA (both versions) disagree with 
data
• PYTHIA 8 includes a junction-like 

mechanism in final-state hadronization [3]

• Slopes for Junction-Junction (J+J) 
and Junction-Pomeron (J+P) 
predictions are more compatible with 
data [4]

[1] STAR, PRC 79, 034909 (2009) 
[2] STAR, PRC 96, 044904 (2017)
[3] Christiansen, J. R. & Skands, P. Z. String Formation Beyond Leading 
Colour. JHEP 08, 003 (2015). 1505.01681.

[4] Kharzeev, D. Can gluons trace baryon number? Phys. Lett. B 378, 238–
246 (1996).nucl-th/9602027.

Chun Yuen Tsang, Quark Matter 2023

STAR Preliminary

12

Method 2: Net-Baryon in photonuclear collisions

If junction hypothesis is true:
• Quasi-real 𝜸 → 𝒒ഥ𝒒
• Interact with a junction in target Au nucleus
• Enhanced creation of mid-rapidity baryons

• Junction interaction time > quark interaction time
• More baryons are stopped in junction picture

• Regge theory: 𝒅𝑵/𝒅𝒚 ∝ 𝒆−𝜶𝑩𝜹𝒚, where 
  𝜹𝒚 =  𝒚𝒃𝒆𝒂𝒎 − 𝒚 in the direction of the target 

• 𝜶𝑩is related to Regge intercept of junctions (J. D. 
Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 
(2022)).

4/12/2023 Chun Yuen Tsang, GHP 2023

Figure from J. D. Brandenburg, 
N. Lewis, P. Tribedy, Z. Xu, 
arXiv:2205.05685 (2022)

Chun Yuen Tsang, Quark Matter 2023

Chun Tsang 
(STAR)



QGP-like signatures in UPC?

September 8, 2023 JDB | Ohio State University 45

Exploratory study for !+Au collisions
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No sign of near side ridge but different near-side di-hadron correlations between low 
and high activity event class -- nonflow study is under investigation.

Opportunity with Run 2023 data: 6 M (1nXn) and 100 M (0nXn) %+Au events collected 
22

Shengli Huang 
(STAR)

3

3+1D hydrodynamics suggests elliptic flow 
hierarchy between *+Pb and +Pb dominated 

by longitudinal flow decorrelations
γ p

Prediction is that both systems 
should have same radial flow, 

therefore the same ⟨pT⟩

Do photo-nuclear events create QGP droplets?

( +Pb)  ( *+Pb) ⟨pT⟩ p ≈⟨pT⟩ γ

Phys. Rev. Lett. 129, 252302 Wenbin Zhao, Chun Shen, and Björn Schenke

+Pbp

*+Pbγ
( +Pb) >  ( *+Pb) v2 p v2 γ

Relevant observables:  of charged hadrons⟨pT⟩

Sruthy Jyothi Das 
(ATLAS)

• First STAR study of flow in 𝛾𝐴
• ATLAS: Flow even in UPCs -> hierarchy with 𝑝𝐴
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Alexander 
Bylinkin (ALICE)

Di-Hadron Photoproduction in Au+Au                   
Ultra-Peripheral Collisions at 200 GeV

Xin Wu (for the STAR Collaboration),                                                              
University of Science and Technology of China, Email: wuxinust@mail.ustc.edu.cn

→

The STAR Collaboration  
https://drupal.star.bnl.gov/S

TAR/presentations 

Abstract
Relativistic heavy-ion collisions generate extremely strong electromagnetic fields, providing an ideal 
environment to study the electromagnetic excitation of the vacuum. This poster shows the first 
measurements of baryon-antibaryon and meson-antimeson pair production from QED vacuum excitation in 
Au+Au ultra-peripheral collisions at 𝑠  = 200 GeV by the STAR experiment. These measurements will 
shed new lights on the understanding of the QED vacuum.

Motivation
• The ground state of quantum system is characterized 

by zero-point motion, and consequentially the creation 
and annihilation of virtual matter and antimatter 
particle pairs occur all the time in QED vacuum. 

• An electromagnetic field which reaches the Schwinger 
limit would separate the virtual particle pairs. These 
virtual particle pairs will evolve to real particle pairs in 
a dynamic environment and be observed.

• The Breit-Wheeler process has been observed by 
STAR*, but higher excitation mode of QED vacuum 
from pure electromagnetic fields has never been 
measured.

     

Supported in part by the 

University of Science and Technology of China
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The Solenoidal Tracker At RHIC (STAR)

Time of flight: particle 
identificatin

Time Projection 
Chamber: track 
reconstruction, particle 
identification

Raw Signals

Cross Section

• Significant pp and K+K− signals are observed at 
𝑝T < 0.1 GeV/c.

Event Selection and Particle Identification
• Dataset:  Au+Au at 200 GeV taken in 2010/2011
• Trigger: UPC-main
    (ZDC coincidence + BBC veto + bTOF activity)
• Luminosity: 1085.9 μb-1 (2010), 858 μb-1 (2011)
• Event selection: nPrimary = 2.
• PID: 𝜒pp

2  (or 𝜒K+K−
2 )<4 & 𝜒 + −

2 >20 (𝜒12
2 = nσ1

2 + n𝜎2
2)

• Pairs with |y|<0.05 are rejected to remove cosmic 
rays.

Summary and Outlook
• The photo-induced K+K− and pp process has been 

observed.
• Separate the photon-photon and photon-nucleus 

contribution in the future.
• 𝑝T and invariant mass spectra will be compared to 

theory.

𝛾𝛾 → ℎℎ  ?*J.Adam et al. (STAR), Phys.Rev.Lett. 121 (2018) 13, 132301

Zero-Degree Calorimeter: 
detect neutrons

• 𝜎AuAu→AuAupp = 0.83 ± 0.1 ± 0.24 𝜇b, 
𝜎AuAu→AuAuK+K− = 15 ± 0.58 ± 3.0 𝜇b

• The pp and K+K− pair production cross section are 
comparable to the BW process.

• The 𝑝T shape is expected for different mass region. 

Xin Wu (STAR)
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• STAR and ALICE: Data suggest multiple resonances

 Photo-production in Ultraperipheral Heavy-ion 
Collisions at  at the STAR Detector

π+π−π+π−

sNN = 200 GeV

David Tlusty (tlusty@gmail.com), Creighton University, for the STAR Collaboration

The STAR Collaboration 
  https://drupal.star.bnl.gov/

STAR/presentations 

Abstract 
One of the most pressing questions in both hot and cold QCD communities is 
what the physics mechanism responsible for modified parton densities in heavy 
nuclei is. One promising channel to address this question is the photoproduction 
of vector mesons, which is considered a clean probe to the nuclear parton 
structures. We present a measurement of the coherent photonuclear 
production in ultraperipheral Au+Au collisions at  GeV. The data 
were collected in 2010, 2011, and 2014 by the STAR experiment. The 

 invariant mass spectrum in coherent events exhibits a two resonance 
structure around  and  MeV/c2 with widths of 357 and 410 
MeV/c2 , likely corresponding to ρ(1450) and ρ(1700). Furthermore, a possible 
structure corresponding to ρ(2150) is observed.

π+π−π+π−

sNN = 200

π+π−π+π−

∼ 1454 ∼ 1714

Motivation  
Partons and nuclear effects [1]: To expand measurements of parton distribution 
functions (PDF) in small-x and directly obtain more differential information 
about the nuclear structure, one needs to go beyond inclusive Deep inelastic 
scattering (DIS). Photo-production is one such approach. Until the Electron-ion 
Collider (EIC) is build, most high-energy photo-production studies use ultra-
peripheral ion collisions (UPC). UPC are interactions that occur at impact 
parameters large enough that no hadronic interactions overshadow the 
electromagnetic processes. For coherent photo-production, the final state 

 => excellent background rejection. The photo-
production probes the nuclear structure at a scale set by the mass of the final 
state. For vector mesons,  , 

pT <  few ℏ/RA ≈ 150 MeV/c

Q2 = (MVMc2/2)2, x = (MVMc2)2/W2

Supported in part by the 
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Experiment

UPC Main Trigger: 
• at least one neutron in both ZDC   
• no signal in BBC 
• 1 < number of Time-of-flight hits < 7

where  is the -nucleon center of mass energy. 
STAR published detailed analysis of the  photo-
production [2], but much less is known about the 

 excitations. Questions have been raised as to the 
nature of the  and its relation to the 

 [3].  This poster presents extension of the 
STAR analysis [4] using almost 2 orders of 
magnitude more statistics.  

W γ
ρ0

ρ
ρ(1450)

ρ(1700)

VM

P
Higher 
order

Data taken in year 2010 2011 2014
Luminosity [μb−1] 540±54 420±42 660±66

Resonance M [MeV/c2] PDG M [3] Γ [MeV/c2] PDG Γ [3]

1454 ± 32  1465 ± 25 357 ± 98 400 ± 60  

1714 ± 26  1720 ± 20  467 ± 38 250 ± 100  

2100 ± 47 - 656 ± 132 -ρ(2150)
ρ(1700)
ρ(1450)

dN
dM

= N1 |BW(ρ1) |2 + N2 |BW(ρ2) |2 + 2f N1N2ℜ [BW*(ρ1)eiδBW(ρ2)] + N3 |BW(ρ3) |2

Results

Summary 
1. Double resonance structure with  and  masses consistent 

with PDG best estimation observed. 
2. The shape is expected to change (in lower mass region particularly) after 

corrections.   
3.  width larger than PDG best estimation, but consistent with 

 experiments [5,6].  
4. Another possible resonance in the  location, need to investigate 

further if it indeed is  - possibly in  decay channel. 
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γp → p4π
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ρ(2150) 6π

Fit function for the raw yield :  N

where  ,   is phase shift of ,   degree of 

coherence,  masses and widths.    

BW(ρ) ≡ (
Mρ

M )
n ΓρMρ

M2 − M2ρ + iMρΓρ
δ ρ(1700) f

Mρ, Γρ δ = 2.07 ± 0.48 rad f = 1.0 ± 0.4
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David Tlusty (STAR)

Alexander 
Bylinkin (ALICE)
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2017: Light-by-Light 2021: Breit-Wheeler
2023: Entanglement 
Enabled Interference



What UPC Discovery is next!
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H.Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.

Bmin distribution in UPCs

24

 [fm] minB
12 14 16 18 20 22 24

)
 m

in
P(

B

0
0.05

0.1
0.15
0.2

0.25
0.3

0.35
0.4 =0.00

 2
bU+U, 

=0.28
 2
bU+U, 

=0.50
 2
bU+U, 

 



12

Method 2: Net-Baryon in photonuclear collisions

If junction hypothesis is true:
• Quasi-real 𝜸 → 𝒒ഥ𝒒
• Interact with a junction in target Au nucleus
• Enhanced creation of mid-rapidity baryons

• Junction interaction time > quark interaction time
• More baryons are stopped in junction picture

• Regge theory: 𝒅𝑵/𝒅𝒚 ∝ 𝒆−𝜶𝑩𝜹𝒚, where 
  𝜹𝒚 =  𝒚𝒃𝒆𝒂𝒎 − 𝒚 in the direction of the target 

• 𝜶𝑩is related to Regge intercept of junctions (J. D. 
Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 
(2022)).

4/12/2023 Chun Yuen Tsang, GHP 2023

Figure from J. D. Brandenburg, 
N. Lewis, P. Tribedy, Z. Xu, 
arXiv:2205.05685 (2022)

Chun Yuen Tsang, Quark Matter 2023

Net-Baryon in Photonuclear collisions

September 8, 2023 JDB | Ohio State University 51

12

Method 2: Net-Baryon in photonuclear collisions

If junction hypothesis is true:
• Quasi-real 𝜸 → 𝒒ഥ𝒒
• Interact with a junction in target Au nucleus
• Enhanced creation of mid-rapidity baryons

• Junction interaction time > quark interaction time
• More baryons are stopped in junction picture

• Regge theory: 𝒅𝑵/𝒅𝒚 ∝ 𝒆−𝜶𝑩𝜹𝒚, where 
  𝜹𝒚 =  𝒚𝒃𝒆𝒂𝒎 − 𝒚 in the direction of the target 

• 𝜶𝑩is related to Regge intercept of junctions (J. D. 
Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 
(2022)).

4/12/2023 Chun Yuen Tsang, GHP 2023

Figure from J. D. Brandenburg, 
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arXiv:2205.05685 (2022)

Chun Yuen Tsang, Quark Matter 2023

Chun Yuen 
Tsang (STAR)



Imaging the Nuclear Charge Distribution

• Explore the effective charge 
distribution vs. energy and 
impact parameter
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Abstract

Results on Breit-Wheeler Process in Heavy-Ion Collisions and its 
Application to Nuclear Charge Radius Measurements
Xiaofeng Wang, James Daniel Brandenburg, Lijuan Ruan, Fenglan Shao, 

Zhangbu Xu, Chi Yang, and Wangmei Zha

Key Laboratory of Particle Physics and Particle Irradiation (MoE), 
Institute of Frontier and Interdisciplinary Science, Shandong University, Qingdao, China

xiaofeng_wang@mail.sdu.edu.cn

• In ultra-relativistic heavy-ion collisions, strong electromagnetic fields arising from the Lorentz-
contracted, highly charged nuclei can be approximated as a large flux of high-energy quasi-real
photons that can interact via the Breit-Wheeler process to produce !!!" pairs.

• Within a given experimental kinematic acceptance, the cross section of !!!" pairs from the Breit-
Wheeler process in heavy-ion collisions is found to increase while the pair transverse momentum
( "#$ ) decreases with increasing beam energy.

• The corresponding results found to be sensitive to the nuclear charge distribution and the infrared-
divergence of the ultra-Lorentz boosted Coulomb field. Following this approach we demonstrate
that the experimental measurements of the Breit-Wheeler process in heavy-ion collisions can be
used to quantitatively constrain the nuclear charge radius. The extracted parameters show
sensitivity to the impact parameter dependence, and can be used to study the initial-state and
final-state effects in hadronic interactions.

Introduction
• In high-energy !!!" collisions, photon flux diverges at both high and low four-momentum transfer                         

[P. A. Zyla et al. (PDG), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) ]

• The photon flux does not diverge in heavy-ion collisions, which naturally regulated by the form factor 
at high q and finite ⁄$ % at low q
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• The photon source from heavy-ion collisions is crucial for the discovery of the Breit-Wheeler process

• We can further test this by studying the beam energy dependence of the cross section and "#$

Application: Constrain Nuclear Charge Distribution

[J. D. Brandenburg et al, Eur. Phys. J. A 57, 299 (2021) ]
[F. Krauss et al, Prog. Part. Nucl. Phys. 39, 503 (1997) ]

Beam Energy Dependence of Cross Section and !)*
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Summary

• The cross section of !!!" pairs from Breit-Wheeler process increases with beam energy

• The "#$ of !!!" pairs from Breit-Wheeler process decreases with increasing beam energy
• The ratios which deviate from unity demonstrate that the kinematics of the Breit-Wheeler

process are sensitive to the details of the nuclear charge distribution. 

• Using LO QED calculate Breit-Wheeler process 
to match data with least-+$

• UPC consistent with nominal nuclear geometry

• Peripheral collisions systematically larger

• Within a given experimental kinematic acceptance, the cross section is found to increase while the 

"#$ decreases with increasing beam energy. 
• We demonstrate that the experimental measurements of the Breit-Wheeler process in ultra-

relativistic heavy-ion collisions can be used to quantitatively constrain the nuclear charge radius. 

Phys. Rev. C 107, 044906 (2023)
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Application: Constrain Charge Distribution

** → +"+# can be used to constrain nucleus 
charge distribution at RHIC energy
STAR data compared to EPA-QED

Low energy scattering: R=6.38 fm, d=0.535 fm
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford 
University Press, 1977)

200 GeV vs 54 GeV: maybe due to energy 
dependence of charge distribution

Low-energy vs RHIC (3, difference): maybe 
due to energy dependence of charge 
distribution and/or final state effect

04/07/22 Xiaofeng Wang @ QM 2022, April 4-10, 2022 11

EPA-QED: J. D. Brandenburg et al, Eur. Phys. J. A 57 (2021) 299.
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Xiaofeng Wang, James Daniel Brandenburg, Lijuan Ruan, 
Fenglan Shao, Zhangbu Xu, Chi Yang, and Wangmei Zha



Light-by-
Light 
Scattering
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Light-by-Light Scattering (LbyL)
• Maxwell’s equations are 

manifestly linear -> Superposition 
principle
• LbyL is a purely quantum process 
• 𝜎 ∼ 𝛼+,-

• signals the transition into a non-
linear regime of QED
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Light-by-Light scattering
• Observations by
• ATLAS: JHEP 03 (2021) 243

• CMS: Phys. Lett. B 797 (2019) 134826
4.3 Light-by-light signal distributions 7
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Figure 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
selection criteria (squares), compared to the expected LbL scattering signal (orange histogram),
QED e+e� (yellow histogram), and the CEP+other (light blue histogram, scaled to match the
data in the Af > 0.02 region as described in the text) backgrounds. Signal and QED e+e� MC
samples are scaled according to their theoretical cross sections and integrated luminosity. The
error bars around the data points indicate statistical uncertainties. The horizontal bars around
the data symbols indicate the bin size.

4.3 Light-by-light signal distributions

The exclusive diphoton signal is extracted after applying all selection criteria described above
and estimating the amount of residual QED e+e� and CEP+other backgrounds. Table 1 shows
the number of events remaining after each selection criterion. The main selection requirement
corresponds to two photons each with ET > 2 GeV, |h| < 2.4 (excluding photons falling in
the Dh ⇡ 0.1 gap region between the EB and EE, 1.444 < |h| < 1.566), and diphoton invari-
ant mass greater than 5 GeV. The numbers of events measured in data and expected from the
sum of all MC contributions in the first two rows do not match because these selection require-
ments accept a fraction of nonexclusive backgrounds that are not included in the simulation.
Once the full exclusivity selection criteria are applied, the data-to-simulation agreement is very
good. We observe 14 LbL scattering candidates, to be compared with 9.0 ± 0.9 (theo) expected
from the LbL scattering signal, 3.0± 1.1 (stat) from central exclusive plus any residual diphoton
backgrounds, and 1.0 ± 0.3 (stat) from misidentified QED e+e� events.

An extra selection criterion has been also studied by further requiring that the candidate LbL
scattering events have no signal above the noise threshold in the pixel tracker layers. This more
stringent selection is sensitive to charged particles down to ⇠40 MeV, and results in a number of
reconstructed LbL scattering signal counts (and even more reduced QED backgrounds) consis-
tent with the MC predictions. However, since the efficiency of such a tight selection is difficult
to assess from a control region in data, the default analysis is kept with the charged-particle
track pT > 0.1 GeV exclusivity requirement.

Figure 5 shows the comparison of the measured and simulated photon transverse momentum,
photon pseudorapidity, photon azimuthal angle, diphoton invariant mass, diphoton rapidity,
and diphoton transverse momentum distributions. Both the measured yields and kinematic
distributions are in accord with the combination of the LbL scattering signal plus QED e+e�
and CEP+other background expectations.
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Measurement of light-by-light scattering
• Combining ATLAS+CMS measurements in a “common” fiducial phase-space

26

Krintiras et al., arXiv:2204.02845
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9/6/2023 Xiaolin Wang(SCNU) 13

Ø Comparison with the coherent 
J/ψ production measurement 
with LHCb 2015, ALICE and 
CMS results.

Compare with previous results

- The J/ψ measurement is 
compatible with LHCb2015,  
ALICE and CMS results. 

- The compatibility between the 
new results and 2015 
measurement is about 2σ.

JHEP 06 (2023) 146

LHCb 2015: [JHEP07(2022)117]
ALICE: [Phys.Lett.B798(2019)134926]
CMS: [arXiv: 2303.16984]



Search for axion-like particles in γγ interactions
• Light-by-light scattering process signature (γγ→γγ) used  

to search for ALPs in Pb+Pb collisions

• ATLAS and CMS provide the most stringent limits  

to date on ALPs for masses in the range 5-100 GeV

31

ATLAS: JHEP 03 (2021) 243

CMS: Phys. Lett. B 797 (2019) 134826

Original idea:  
Knapen et al., PRL 118 (2017) 17, 171801

PAST Discoveries→Novel Tests of BSM Physics
▷Discoveries become tools to study new physics
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Axion search in Light-by-Light 
Scattering

Dark Photon search with 
Polarized Breit-Wheeler Process

Search for axion-like particles in γγ interactions
• Light-by-light scattering process signature (γγ→γγ) used  

to search for ALPs in Pb+Pb collisions

• ATLAS and CMS provide the most stringent limits  

to date on ALPs for masses in the range 5-100 GeV

31

ATLAS: JHEP 03 (2021) 243

CMS: Phys. Lett. B 797 (2019) 134826

Original idea:  
Knapen et al., PRL 118 (2017) 17, 171801

𝛾
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𝑒$

𝑒%

Dark photon
arxiv:2211.02132

Isabel Xu, Nicole Lewis, Xiaofeng Wang, 
James Daniel Brandenburg, Lijuan Ruan

https://arxiv.org/abs/2211.02132
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Charmonium in UPC PbPb collisions
Xiaolin Wang

Weds 9:50
• LHCb has full particle ID and collects large samples of UPC events
• Soft particles (which can be produced through coherent processes) can be measured
• Forward reach and high statistics provides new constraints on saturation models 

JHEP 06 (2023) 146
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