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Brookhaven Forum 2025
October 23, 2025

Jesse Liu
New York University |

T
DLW e e e

VIDLM T W am
& =




Introductionto g - 2

gre e ° o o‘
pup-B=2"g.B > g

v

RELATIVISTIC QM QUANTUM FIELDS NEW PARADIGMS?
_>
Antimatter exists Vacuum is dynamical ™ Dark matter?

g

SCALAR A

T + LEPTON 7/ 7
o -~ T 5((1) T
g = 2 + — DARK MATTER
s
Dirac 1928 Schwinger 1948 New physics?
Dark photons A’

Scalar leptons ¢
Axion-like particles a
Neutralino dark matter y
Charge-parity violation d_

a’wzon -

2| Jesse Liu (NYU) | Brookhaven 2025 | 23 Oct 2025



Electron g - 2: first measured in New York 1948
“Why measure to 3rd decimal place when theory predicts nothing?

PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST 1, 1948

The Magnetic Moment of the Electron}

P. Kusca anp H. M. FoLEY
Department of Physics, Columbia University, New York, New York

(Received April 19, 1948)

A comparison of the gy values of Ga in the 2P/, and 2P; states, In in the 2P; state, and Na in
the 2S; state has been made by a measurement of the frequencies of lines in the kfs spectra in a
constant magnetic field. The ratios of the g values depart from the values obtained on the basis
of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron
gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that gr=1 and gs=2(1.0011940.00005). The possibility that the observed effects
may be explained by perturbations is precluded by the consistency of the result as obtained by
various comparisons and also on the basis of theoretical considerations.

Phys. Rev. 74 (1948) 250

Amid watershed 1947 Shelter Island Conference at birth of QED
Quantum field theory revolution: vacuum NOT static or empty!
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.74.250

BNL 2006: Muon g - 2 passes parts-per-million landmark

hep-ex/0602035

PHYSICAL REVIEW D 73, 072003 (2006)

Final report of the E821 muon anomalous magnetic moment measurement at BNL

G.W. Bennett,” B. Bousquet,10 H.N. Brown,” G. Bunce,”> R. M. Carey,1 P. Cushman,'° G. T. Danby,2 P. T. Debevec,?
M. Deile,'? H. Deng,"> W. Deninger,® S. K. Dhawan,'? V.P. Druzhinin,? L. Duong,'® E. Efstathiadis,' F.J. M. Farley,"
G. V. Fedotovich,’ S. Giron,'° F. E. Gray,® D. Grigoriev,’ M. Grosse-Perdekamp,'® A. Grossmann,” M. F. Hare,'
D.W. Hertzog,8 X. Huang,l V. W. Hughes,”'* M. Iwasaki,12 K.J ungmann,ﬁ‘7 D. Kawall,13 M. Kawamura,12 B.L Khazin,3
J. Kindem,'° F. Krienen,' I. Kronkvist,'® A. Lam,! R. Larsen,? Y. Y. Lee,” L. Logashenko,l’3 R. McNabb,'%® W, Meng,2
J. Mi,” J.P. Miller,' Y. Mizumachi,'" W. M. Morse,” D. Nikas,” C.J. G. Onderwater,®° Y. Orlov,* C. S. Ozben,>®
J.M. Paley,' Q. Peng,' C. C. Polly,® J. Pretz,"> R. Prigl,” G. zu Putlitz,” T. Qian,'° S. I. Redin,>'* O. Rind,' B. L. Roberts,’
N. Ryskulov,3 S. Sevdykh,8 Y. K. Semertzidis,” P. Shagin,10 Yu. M. Shatunov,? E. P. Sichtermann,'? E. Solodov,?

M. Sossong,8 A. Steinmetz,'® L. R. Sulak,! C. Timmermans,'® A. Trofimov,' D. Urner,® P. von Walter,” D. Warburton,>

D. Winn,” A. Yamamoto,’ and D. Zimmerman'°

a,(Expt) = 11659208.0(6.3) x 10~'° (0.54 ppm)
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Magnet leaving Brookhaven for Fermilab...
FNAL/BNL


https://arxiv.org/abs/hep-ex/0602035
https://muon-g-2.fnal.gov/key-contribution-from-brookhaven.html

State of the art

210 3.9 Electron: 13 decimal places
Harvard 2006 | ———— : “TRIUMPH OF MODERN PHYSICS!”
RIKEN 2019 : e
Berkeley 2018 - h/m(133Cs) |

a®*P(cyclotron) = 0.001159652 18059 (13) ¢ Fan etal PRL 2023
LKB 2020 { (@ h/m(®"Rb) . 4 Morel et al Nature 2022
NW2022 4 e o 2-40 tensions? | aPv ( ) 0.001159652 182037 (720) s (11)theory (12)hadron

: A 5 atheory (g ( ) 0.001 159652 181606 (229) 5 cs (11)theory (12)hadron
(ae —0.00115965218) x 10'? Parker et al Science 2018 4~ 4 Aoyama et al PRL 2012

i Muon: 10 decimal places
S “THEORY IGNORANCE OR NEW PHYSICS?
Lattice HVP Avg, 1 RN a (eXp) =0.00116592072 (15)
FNAL Muon g-2 WP25 ———e——— I
( ) = FNAL-25 —
Theory Whits Paper 2025 s a, (pred)=0.001 165920 33 (62)
Phys. Rept. 1143 (2025) 1-158 N s ; 0-50 tensions?

1010 x (aSM - a3®)

Definition: a = (g-2)/2
5| Jesse Liu (NYU) | Brookhaven 2025 | 23 Oct 2025


https://journals.aps.org/prl/abstract/10.1103/7clf-sm2v
https://doi.org/10.1016/j.physrep.2025.08.002
https://arxiv.org/abs/2209.13084
https://www.nature.com/articles/s41586-020-2964-7
https://science.sciencemag.org/content/360/6385/191
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.111807
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.111807

What about tau g - 2?

SHOCKING EXPERIMENTAL IGNORANCE!

Pressing problem: PDG value from 2004
aZ*P = —0.018 (17)

aP" ey = 0.00117721 (5)

: Eidelman, Passera [MPLA 22 (2007) 159]

e SM pred®

Not even testing 78 year old 1-loop QED G

a,,,; DELPHI [EPJC 35 (2004) 159], @

corresponds to an additional magnetic moment associated

Phys. Rev. 73 (1948) 416 with the electron spin, of magnitude &u/u=(3m)e?/hc

On Quantum-Electrodynamics and the =0.001162. It is indeed gratifying that recently acquired
Magnetic Moment of the Electron experimental data confirm this prediction. Measurements
JULIAN SCHWINGER on the hyperfine splitting of the ground states of atomic

Harvard University, Cambridge, Massachuselts hydrogen and deuterium! have yielded values that are
December 30, 1947 definitely larger than those to be expected from the directly

Much room for new physics beyond SM

Martin & Wells [PRD 64 (2001) 035003]
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https://arxiv.org/abs/hep-ex/0406010
https://arxiv.org/abs/hep-ph/0701260
https://journals.aps.org/pr/abstract/10.1103/PhysRev.73.416
https://arxiv.org/abs/hep-ph/0103067

50 years after tau-lepton discovery
No evidence for 1-loop tau-photon coupling

alous Lepton Production in e*-¢~ Annihilati

M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
T. Dakin,f G. J. Feldman, C. E. Friedberg, D. Fryberger, G. Goldhaber, G. Hanson,
F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Liike, I
B. A. Luly, V. th, D. Lyon, C. C. Morehouse, J. M. Paterson,
F. M. Pierre,§ T. P. Pun, P. A, Rapidis, B. Richter,
B. Sadoulet, R. F. Schwitters, W. Tanenbaum,
PRL 35 (1975) 1489 G. H. Trilling, F. Vannucci,|l J. S. Whitaker,
F. C. Winkelmann, and J. E. Wiss
Lawrence Berkeley Labovatory and Department of Physics,
and Stanford Linear Accelevator Center, Stanford Univers:
(Received 18 August 1975)

of California, Berkeley, California 94720,
y, Stanford, California 943

We have found events of the form e* +¢ —e* +4¥ + missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center-of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra

require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

We have found 64 events of the form of the detector, or particles very difficult to de-

o ies + 4+ 2 undetected particles (1) tect such as neutrons, K;° mesons, or neutrinos. ~ T
Most of these events are observed at center-of-

mass energies at, or above, 4 GeV. These events

were found using the Stanford Linear Accelerator

Center-Lawrence Berkeley Laboratory (SLAC-

for which we have no conventional explanation.
The undetected particles are charged particles
or photons which escape the 2.67 sr solid angle

“It would be very nice to measure p_with enough
precision to check [the Schwinger term]...

At present such precision is a dream”
- Martin Perl in 1998 (Nobel Prize 1995, NYU Tandon alumnus)
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https://arxiv.org/abs/hep-ph/9812400
https://www.nobelprize.org/prizes/physics/1995/perl/facts/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.35.1489

‘“Crazy idea” launches new LHC program

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press Ab

PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

Highlights =~ Recent  Accepted  Collections  Authors Referees

EDITORS' SUGGESTION

Observation of 7 Lepton Pair Production in
Ultraperipheral Pb-Pb Collisions at

A/SNN — 5.02 TeV

The ATLAS and CMS experiments have separately measured photon-
induced t-lepton pair production in Pb+Pb collisions, providing a

About Staff 2

Access by Cambridge

New physics and tau g — 2 using LHC heavy
ion collisions G. Aad et al. (ATLAS Collaboration)

Phys. Rev. Lett. 131, 151802 (2023)

novel probe of the T anomalous magnetic moment.

Lydia Beresford and Jesse Liu
Phys. Rev. D 102, 113008 — Published 22 December 2020 A. Tumasyan et al. (CMS Collaboration)
Phys. Rev. Lett. 131, 151803 (2023)

Invent new analysis m) Pioneer ATLAS & CMS results

Initiate LHC tau g - 2 renaissance First tau g - 2 measurement in 2 decades
Beresford & JL PRD 102 (2020) 113008 ATLAS (JL Editor) & CMS PRL 131 (2023) 151802 & 03
ParticleBites coverage Joint PRL Editors’ Suggestion, The Conversation feature

Creative pheno+analysis upended status quo
Tau g - 2 measurable without lepton collider
Foundational (B)SM tests hidden in LHC data
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803
https://journals.aps.org/prl/highlights
https://theconversation.com/new-technique-uses-near-miss-particle-physics-to-peer-into-quantum-world-two-physicists-explain-how-they-are-measuring-wobbling-tau-particles-205628
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.113008
https://www.particlebites.com/?p=9145

Observation of yy > zr at hadron colliders

A | AN

EXPERIMENT

Run: 366268
Event: 3305670439
2018-11-18 16:09:33 CEST

2 “All charged-particle tracks above 100 MeV are shown”

With Stony Brook + BNL collaborators | 0.01% pileup vs pp | p_(k) > 4 GeV trigger

ATLAS (JL Editor) PRL 131 (2023)151802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
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Groundbreaking results competitive with LEP
>100 signal in existing data because we were not looking!

>100 observation of
taus in heavy-ion data
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First hadron-collider taug - 2

& first constraints in 2 decades

[ * = ¢+ r [ 7 %= & °* ]

OPAL 1998 5

L3 1998 o
DELPHI 2004 —————l@—i—

ATLAS

| Pb+Pb \[s,,=5.02 TeV, 1.44 nb”
uiT-SR ——— @ Best-fit value

I m— 68% CL

3T-SR  — g
" | — 95% CL
ue-SR —=—g
Combined e —
Expected SR "S—
1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 [ 1 1 I 1
—0.1 -0.05 0 0.05 0.1
a’C

ATLAS (JL Editor) PRL 131 (2023)151802,
See also CMS PRL 131 (2023) 151803 used 2015 data


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803

Photon collisions first calculated at NYU 91 years ago

4 e

DECEMBER 15, 1934

PHYSICAL

REVIEW VOLUME 46

Collision of Two Light Quanta

G. BRrEIT* AND JOHN A. WHEELER,** Department of Physics, New York University
(Received October 23, 1934)

The recombination of free electrons and free positrons
and its connection with the Compton effect have been
treated by Dirac before the experimental discovery of the
positron. In the present note are given analogous calcula-
tions for the production of positron electron pairs as a
result of the collision of two light quanta. The angular
distribution of the ejected pairs is calculated for different

polarizations, and formulas are given for the angular dis-
tribution of photons due to recombination. The results are
applied to the collision of high energy photons of cosmic
radiation with the temperature radiation of interstellar
space. The effect on the absorption of such quanta is found
to be negligibly small.

Phys. Rev. 46 (1934) 1087
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.46.1087

Next milestone: high-mass yy » zz in pp

PHYSICAL REVIEW D 110, 092016 (2024)

Strategy to measure tau g—2 via photon fusion in LHC proton collisions

a Beresford

'Deutsches Elektronen-Synchrotron DESY,

1. ~
, " Savannah Clawson
Notkestr

Hamburg, Germany

“Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, United Kingdom

® (Received 14 March 2024; accepted 16 October 2024; published 25 November 2024)

/2 in photon fusion production

(yy — 77) tests foundational Standard Model principles. However, yy — 77 eludes observation in LHC

proton collisions (pp) despite enhanced new phy
probes.
ion for signal

confidence level sensitivity of —0.0092

This fourfold impr
cs imprinted in tau-lepton dipoles.

DOI: 10.1103/PhysRevD.110.092016

L. INTRODUCTION

Precise measurements of electromagnetic (EM) dipoles
are fundamental te: f the Standard Model (SM) that could
yond-the-SM (BSM) physics. A comerstone SM

principle is lepton universality, where all three gener:
(electron e, muon g, tau-lepton 7) couple equally to gauge
bosons. The leading SM loop correction from quantum
fluctuations is also flavor universal, shifting magnetic
y the Schwinger term apy /27 ~ 0.0012 [1,2].

The electron and muon anomalous magnetic moments a

ectively. However, the tau-lepton

11 compatible with zero to two decimal

places [17] a proper lifetime [18-21] precludes
storage-ring probes [15]. The existence of tau-lepton loop
interactions with photons in nature thus remains untested.

The most prex single-expe: nt a, constraint is

-0.052 < a®* < 0.013 95% confidence level (CL) limit by
DELPHI at the Large Electron Positron Collider
(LEP), with similar precision by L3 and OPAL [23,24].
ATLAS and Compact Muon Solenoid (CMS) recently
pioneered Large Hadron Collider (LHC) probes of a,
using photon fusion production of tau-leptons (yy — 77)
in lead-lead (PbPb) data [25,26]; the ATLAS 95% CL limit

Published by the American Physical Society under the terms of

the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article's title, journal citation,
and DOI. Funded by SCOAP"

y from higher-mass reach than existing

eld theor: dipole moments,
0.011 assuming 300 fb~! luminosity and

ment beyond existing constraints opens a crucial path to unveiling

PRD 110 (2024) 092016

is —0.057 < a® < 0.024. Such large experimental
tainties relative to the SM prediction a’'g,, = 0.00117721(
[27] could conceal BSM dynami for example, those
motivated by lepton sector tensions [28-44]. Specific models
predict quadratic scaling da, & m2 with lepton mass m,

iolate charge-parity (CP)
symmetry, inducing an electric dipole d,. Standard LHC
proton-proton (pp) collisions rt
enhancing BSM dipole sensitivit
PbPb [48-53]. Despite this key be: ction yielding
over 30 million events to date, and major photon-fusion
advances [54-88], yy — 77 remarkably evades observation
in pp d.

This paper proposes the strategy to measure yy — 77 in
the fully leptonic channel and tau-lepton EM dipoles in
LHC pp collisions (Fig. 1). We initiate the first Monte Carlo
(MC) simulation analysis of the pp — p(yy — 77)p signal

| Electron/

p

FIG. 1. Tau-leptons produced from photon fusion in proton
beams with electron-muon rr — evvpuvy de as a Feynman
diagram (left) and detector signature illustrating the vertex
isolation technique for the electron-muon vs pileup tracks (right).
New physics can modify the magnetic moment &
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4 Savannah Clawson [/ JL /[ Lydia Beresford


https://arxiv.org/abs/2403.06336

Central idea: collide light to measure tau g - 2

p Beresford, Clawson & JL PRD 102 (2020) 113008 p

(&
Y T< Ve
Vr

Turn LHC into a

photon collider T W
— v
g A5a7< K

Vr
p T p
Proton EM fields

source photons s Tau wobbles

> /4 in magnetic

4__‘B’ 4 fieldviaS-B

- /

day ~ B (L i) BB,

150 pb =60 million events @ 400/fb
13 | Jesse Liu (NYU) | Brookhaven 2025 | 23 Oct 2025


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.113008

Unconventional signature: no proton breakup

§ / /\{/{, ’» éq g
NN X '\‘V A7
\v’ ,f"\/é\“,%ﬂ,fvm,; min

) 2
hal =

7

-
!

CXXT WA
et
=y

/7

-4 -12 -10 8 6 -4 2 0 2 4
z [mm]

2 x B(t — evv) x B(t — pwv) ~ 6%

Run: 357620
ATLAS Event: 653219636 ‘
EXPERIMENT 2018-08-06 01:08:33 CEST ¢

o

Innovative “soft tracking” to reconstruct yy » 7z » evv vy

) ATLAS PLB 816 (2021) 136190
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https://www.sciencedirect.com/science/article/pii/S0370269321001301

Sensitivity: 4x to 8x improvement via ep alone

e, = background “underlying event” efficiency
&, = global signal & bkg “pileup” efficiency

DELPHIO4 (ete)

ATLAS23 (PbPb)

300 tb~L, epy = 50%, eyg = 0.4%
300 tb™!, epy = 50%, eur = 0.04%
4000 fb™t, epy = 50%, eyg = 0.4%
4000 b1, epy = 10%, eug = 0.4%
4000 b1, epy = 10%, eyg = 0.04%
4000 b1, epy = 50%, eug = 0.04%

SM aP™d (error bar x 10%)
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e B LB SC JL
I | g 1
— 2
= Existing measurement ¢ 4 LEP
Theoretical prediction
: —
— pp — p(yy — 77)p (this work)
LHC \/g =14 TeV —le—t
== 5% systematic uncertainty
- 1% systematic uncertainty ——k
N —f——
—t
B Beresford, Clawson & JL 8x LEP
PRD 110 (2024) 092016
| | | | 1 I | | | | | | | | | | | I
—0.06 —0.04 —0.02 0.00 0.02
ar = (g9 —2)/2



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092016

CMS observation of yy » zz in pp

Observation of Yy — TT in proton-proton collisions and limits on the

anomalous electromagnetic moments of the T lepton

CMS 138 b (13 TeV)

*g C ¢ Observed DIZ/\(* [—_> n DIZ/\(* iR eé/uu:

© 5000 [ JExcl. bkg. EEVV +t  EHJetmis-ID

L C Yy > 1T Uncertainty N
1500 —
1000 [
500

‘%’ 100 _+ | Bké. unc. - W—n% $ Obs. —'bkg.' _

| 50F R =

ég oi.. * [ ' l ‘ E

() F ! 1 | b

> C 1 L I i it [ 1 il

L o 1 2 3 4 5 6 7 8 9
Ntracks

YY » 77 in pp: 5.30 (6.5) obs (exp)

Nearing per-mille & stats limited: a. = 0.0009
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CMS

® Observed —68% CL
T T T T |

OPAL
ee > Z - 1ty

PLB 434 (1998) 188

L3
ee »>Z - 1ty

PLB 434 (1998) 169

DELPHI
vy — 11 (y from e)

EPJC 35 (2004) 159

ATLAS
Y — 17 (Y from Pb)

PRL 131 (2023) 151802

CMS
vy — 7t (y from Pb)

PRL 131 (2023) 151803

CMS
vy — 7t (y from p)

This result

RPP (2024) 87 107801

138 b (13 TeV)

—95% CL

| SM

T I e ) A

Tau g - 2: 5x improvement vs LEP

+0.0016
—0.0015

(syst) 750077 (stat)



https://iopscience.iop.org/article/10.1088/1361-6633/ad6fcb

New York: long history unraveling quantum vacuum

1948: electron g - 2 2022: yy > 7t @ PbPb 1947: 1-loop QED
o L] [
Kusch & Foley @ Columbi JL with St Brook+BNL Shelter Island f
% @
E
% Bridgeport
Ossi
w Can Y i
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QESL = PR T o R DS M S i AR @
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2025+: tau g-2 yy > 17

1934: yy > ee
Breit & Wheeler @ NYU

2006: muong -2

2025+: proton EDM

JUs new group @ NYU BNL ppm milestone BNL storage ring R&D
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ROADMAP

Taug-2 A 15x QED Beresford & JL  Beresford, Clawson & JL
. DELPHI 2004 1908.05180 This talk
precision hep-ex/0406010 2403.06336

Observed 68% CL
10x QED

ATLAS 2022 | 3Xx QED
2204.13478 CMS 2024
2406.03975

1-loop QED

Schwinger 1948

LHC Run 2+3 goal?

2w =103 | - c-- LTS
Pheno model building !EXPerlm.ental
innovation needed Innovation
SM uncertainty needed
- 10—8 Eidelman, Passera hep-ph/0701260
» Time

2004-22: Tau g-2 ‘winter’ 2022+: LHC renaissance
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https://arxiv.org/abs/hep-ex/0406010
https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2406.03975
https://journals.aps.org/pr/abstract/10.1103/PhysRev.73.416
https://arxiv.org/abs/hep-ph/0701260
https://arxiv.org/abs/1908.05180
https://arxiv.org/abs/2403.06336

Vision: Coordinated US “Dipoles for Discovery” Program?
Currently disjoint AMO/HEP/NP experimental techniques, funding & communities

~75

nEDM/ORNL

FNAL/BNL

@7T07TO©7TO07TE®TO®

Cass/UColorado ATLAS/CMS

pEDM/BNL

ELECTRON MUON TAU-LEPTON NEUTRINO PROTON NEUTRON
Quantum Precision Collider Nuclear pEDM Spallation
Atomic Lattice Electroweak Intensity Storage Ring Neutrons

L

L

L

L

L

L

Communities rarely converse despite same fundamental physics goals

7% Right-handed neutrino N,
A Dark photons A’
4 'Y Scalar leptons t
! \ Axion a Higgs h
A BN Dark matter y

c.f. US Dark Sectors: “low cost” but must cross disciplines in & outside HEP
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https://physicsworld.com/a/physicists-measure-the-electron-electric-dipole-moment-to-unprecedented-precision/
https://muon-g-2.fnal.gov/key-contribution-from-brookhaven.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://borex.lngs.infn.it/
https://arxiv.org/abs/2504.12797
https://nedm.ornl.gov/

