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Motivation for measuring t g-2

Magnetic moment of a particle: g—S
)\ /A\ 4 N
X° \M\
alxn
DlraC 1928 Schwinger 1948 Possible new physics

A | . ‘- g1 —2 Muon g-2: +4.20 tension

nomalous magnetic moment: a; = 5 with the SM
Electron g-2: -2.50 tension with the SM, Science 360, 191 (2018) Phys. Rev. Lett. 126, 141801
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Motivation for measuring t g-2

Magnetic moment of a particle: H = g—S

ANTA

alrn
Dlrac 1928 Schwinger 1948

Tau is 280X more sensitive to SUSY than muon
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Martin, Wells, Phys. Rev. D64 (2001) 035003
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Possible new physics

| 2 2
oag ~ me/MSUSY

m2/m? ~ 280



How to measure t g-2 at collider

Measure the process with 1-y-1 vertex to get a; :

gr_z
2

a; =

Before LHC, the most precise measurement of a, is from LEP

Experimental measurement: a, = —0.018 £ 0.017,
T DELPHI, Eur. Phys. J. C35: 159-170, 2004
é " SMprediction: aP"gy; = 0.00117721 (5)

Eidelman, Passera, Mod. Phys. A22:159-179, 2007

8/25/22 Haifeng Li (Shandong University)



Ultraperipheral Collisions

EM interactions become dominant at large Phys. Rep. 458 (2008) 1
Impact parameters, b>2R,, where R, Is the
lon radius. Such collisions are usually O

referred to as ultraperipheral collisions |
(UPC)

b>R,+Rp eI
UPC of lead-lead could be used as a low- // \\ \\ //
energy photon-photon collider Sak sl O

Z

Measure the process of yy—17in
ultraperipheral lead-lead collisions

Cross section enhanced by Z4 ~ 4.5x107
with ZPb = 82

Pb
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Extracting a,

The amplitude of yy — £1£~: PLB 809 (2020) 135682
M = (—i) €1, €20 U(P3)

i m
X<ir(y££)“(p3,pt) Pe + me

2

1(Py +my)
u—ms +ie

) .
s irveOv(py — pg)

+il 79V (p3, py)

PO (py — pa))v(pa)
q=p' —p

.~ (Y £0) . 2 i 2 1 5 2
ir,; " (p', p) =—le[yMF1(q )+ Z—Wcqu”Fz(q ) + EV o.vq" F3(q )]

In the g?—0 limit: F,(0) =1, F,(0) =a, and F5(0) =d,2m,/e

The photons from the ultraperipheral collisions (UPC) have small virtualities. They
are almost on-shell photons and are in the g2—0 limit
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Extracting a,

PLB 809 (2020) 135682 PRD 102, 113008 (2020)
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Detectors

8/25/22 Haifeng Li (Shandong University)



ATLAS Detector
ATLAS Collaboration: ~3000 Muon spectrometer ([]<2.7)

P = / Weight: 7000 tons

Length: 44 meters

____________________ T / T e i G ~ Height: 25 meters

Hadronic Calorimeter ( | / Jedy devvy,
(In|<4.9) — W 5% S5 Lamial i/
Scintillator/Steel \ N (s
/,\, ' ' RN :i
o | “; AN 5 RS \ 1\ A\
I A\ | AN \
‘ 4‘ “ \‘ é\\ \ =/ Tile calorimeters
\ v \; \ : LAr hadronic gnd—cap and
“\ \ Pl sistec) forward calorimeters
: agnets LAr eleciromyagnetic calorimeters
ambers Solenoid magnet | Transition radiation frack
Semiconductor tracker
EM Calorimeter (|n|<3.2) Inner Tracker (|n|<2.5)
LAr/Pb 2T Solenoid
Pixels, SCT and TRT
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Zero Degree Calorimeter (ZDC)

TAN

TAN

D1 ZDC modules Beam

pipes

|
Al

140 m .l . 140 m ’l

8/25/22 Haifeng Li (Shandong University) 11



PbPb data taking during LHC Run 2
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2018: 1.7 nb' used in physics
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Analysis strategy

Decay mode Meson resonance B [%]
T~ > e VeVr } 17.8
~ 0
T" = WV, Vr 35% 17.4
T~ > h v, 11.5
™ > h 7'y, } ~ 50% p(770) 26.0
™ —>h 27y, a1 (1260) 9.5
- —>h"h*h v, a;1(1260) 9.8
C rai— 0 ~15%
T~ >h h*h 7’ v, 4.8
Other modes with hadrons 3.2
All modes containing hadrons 64.8

8/25/22

Use 1.44 nb-! ultraperipheral lead-
lead collisions data collected in
2018

Target the yy — t7 events with one
leptonic decay (as trigger) and one
hadronic

The py of 7 in this analysis is low
(p¥% < 10 GeV for most of 1)

Use one track or three tracks to tag
hadronic

Fit to the lepton (e/u) prto exact a,

Haifeng Li (Shandong University) 13



Event selections

Trigger: py > 4 GeV, MET <50 GeV; Y E1“* < 3 GeV on any side of FCal
(3.2 < |n| < 4.9)

Data: OnOn ZDC selection to suppress

Otfline event selections: photonuclear/hadronic backgrounds

- Muon, p; > 4 GeV

 Electron, p1 > 4 GeV Simulation reweighted from

+ Track, p* > 100 MeV OnOn+0nXn+XnXn to OnOn with data-
Event categorization driven weights

* Muon+1track Veto additional clusters and tracks

* Muon+3track Justar

- Muon-+electron pr - > 1 GeV (Inl < 2.5);

DT > 100 MeV (2.5 < [n]| < 4.5);
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ZDC selections

PRC 104, 024906 (2021)
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Distribution of ZDC energies in events selected in the fiducial region,
normalized by the beam energy per-nucleon of 2.51 TeV
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Signhal and backgrounds

* Monte Carlo simulations:
— Signal yy — tt: Starlight+Tauola (Pythia8+Photos for QED FSR)
— Background yy — uu: Starlight+Pythia8
— Background yy — uu(y) : Madgraph5 (reweighted to Pb+Pb photon flux)
— All samples reweighted to photon flux from SuperChic3

« Data-driven estimation of diffractive photonuclear events

Pb Pb

m
ko

Yy = uu(y) events . Diffractive

photonuclear
process

Pb Pb

8/25/22 Haifeng Li (Shandong University) 16



Photonuclear background

« Data-driven estimation of diffractive photonuclear events in u+1track SR and
u +3track SR

« Templates built from control regions similar to SRs, but requiring an additional
track with pT < 500 MeV and allowing OnXn ZDC events

 Normalization: relax cluster veto. Use region with 4-8 unmatched clusters
arXiv:2204.13478

-‘(g _||||||||||||||||||||||||||||||||||||||||||||_ ¢70_IIIIIIIIIIII I IIIIIIIIIIIIII_
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yy — 1T event candidate
ATLAS collision event

ATLAS

EXPERIMENT

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

2

Track 2

Track 1




Post-fit distributions

arXiv:2204.13478
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Post-fit distributions

arXiv:2204.13478

< 18_| LI B LENNL I I I I N I N BN L B LI c 9000:| T T 1 LA S Y Y B Y I B B |:
2 - ATLAS E 2 3 ATLAS E
n 16 ] »n 8000 ]
*GEJ B Pb+Pb s, =5.02TeV ] = - Pb+Pb \s,,,=5.02 TeV -
| Combined fit E = 7000F Combined fit -
- . - - .
S ue-SR = = ZH'CR :
-.I 1 — L —
12 m Post-Fit . 60005 Post-Fit ]
101 = 5000/¢ 3
o ¢ Data, 1.44 nb” - Data, 1.44 nb’ -
8% _ = 4000 ¢ =
- [ lyy—>rr (a=-0.042) 1 By —up -
6 Blyy—puu -] 3000 72 Uncertainty -
4 - 72 Uncertainty B -
. —a,=-0.06 . 2000 _E
2 -- a.=0.04 - 1000 E
.0 o — i
2 14 | . 3 19
(al 2|1 —------------ _ _ _ _ - - — )
3 od A S5 L1 SO SO
T 0.6 + E s 08
0 04k - - - ' - a J5E . . . .
5 10 15 20 25 30 A ps e 20 o5 30
Muon P, [GeV] Muon P (GeV]
8/25/22 Haifeng Li (Shandong University) 20



8/25/22

Results: yy — tt signal strength

ui1T-SR

ue-SR

u3T-SR

Combined

ATLAS Pb+Pb \s = 5.02 TeV, 1.44 nb™’
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Results: a,

arXiv:2204.13478
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YY—Hu/ee
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Signal and backgrounds for yy—uu/ee

Pb Pb
e /U
ko
by
et/ut
Pb Pb
Signal

Pb Pb Pb Pb
e /U
k2 kQ 6—/Iu_
Y
kl kl 6+/Iu+
€+/luJr
. \
Pb Pb p (in Pb) Pb* + X
Signal with FSR Dissociative backgrounds

« Dissociative backgrounds: estimated with data-driven method.
« Templates taken from LPair (uu), SuperChic4+Pythia8 (ee)
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vvV—Huu Results

Phys. Rev. C 104 (2021) 024906
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
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vy—ee Results

arXiv:2207.12781
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Pb Pb(*)
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Fiducial cross sections are measured in EY:> 2.5 GeV, m,, > 5 GeV, |n, | < 2.4,

PtV <1 GeV
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https://link.springer.com/article/10.1007/JHEP03(2021)243

YY— VY: search for axion-like particles

JHEP 03 (2021) 243

Existing constraints from JHEP 12 (2017) 044

|—'|_| | | | | |
> 07T '
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] C py LEP
T . < ell
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15 Eyy—ee ]
B B Syst. uncertainty 100 L c _
C i LH ]
10 [
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The most stringent limit established for ALP masses between 6-100 GeV
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LHC Run 3 for PbPb

2022 2023 2024 2025
AM[]|]AS AM[]|JAS AM[J|JAS

ON|D|J[FM

[Run3

Run 3 luminosity targets

Indicative!

Shutdown/Technical stop
Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training

Mode GPDs

p-p 250/fb

Pb-Pb 7/nb (13/nb by LS4) -1

S sy Expect to have 7 nb-! for LHC Run 3
for PbPb data

p-O LHCf 1.5/nb
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Summary

* Observation of yy — 17 in ultraperipheral lead-lead collisions from ATLAS,
arXiv:2204.13478, accepted by PRL

« Set constraints on the T anomalous magnetic moment

« UPC events are very clean and ideal for precision studies. Opening
physics opportunities for QED studies at hadron collider

« Constraints on a, are competitive with LEP results. Will be improved with
more data

&
Ze Pb. Track 2 . yy—ee: arXiv:2207.12781,

Trhck 3 submitted to JHEP
8 Y * yy—uu: Phys. Rev. C 104
Track 1 (2021) 024906

8 o yYy—TT: arXiv:2204.13478,
accepted by PRL

« yy—vy: JHEP 03 (2021)
243
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https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2207.12781
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
https://arxiv.org/abs/2204.13478
https://link.springer.com/article/10.1007/JHEP03(2021)243

8/25/22

Backup
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Measure 1t g-2 at hadron collider

Proposed by Jesse Liu and Lydia Beresford Phys. Rev. D 102, 113008 (2020)
First proposed by: F. del Aguila, F. Cornet, and J. I. lllana, Phys. Lett. B 271, 256 (1991)

Pb

zZe

Measure the process of yy—TT in ultraperipheral
lead-lead collisions

Ph zZe

Cross section parameterization is also studied:
M. Dyndal, M. Schott, M. Klusek-Gawenda, A. Szczurek, PLB 809 (2020) 135682
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Zero Degree Calorimeter Module

LHCC/2007-001 Side view Top view Rear view
« Beam impinges on tungsten W ]
plates at bottom of module, and T
showers. T o
e Quartz rods pick up Cerenkov \\Rgglg;\_gﬂb_
light from the shower and pipe it to N\
multi-anode phototube at top of N hotder
module. N\ e
* Phototubes measure light from .
strips through four air light pipe L
funnels. -

—— Tungsten

Beam

— 1mm quartz D

bentrods |lliiiiln

|
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ZDC fractions

Observed Corrected
fractions fractions
“fo1 [ =) = ps)(T = pm) 0 O [ Sonon ]
r | = 2ps(1 = ps — pu+pups/2)  (L=ps)L=pm) O[] fxaon
- >/<an- L PM + Pé PM T+ PS—PMPS 11 L fxnxn-

* ps: probability of single disassociation

* pyu. probability of mutual disassociation EM pileup
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Pre-fit impact on a:
0=0+A0 | 0=0-A0

Post-fit impact on a :
0=0+A0 [110=0-AD
—e— Nuis. Param. Pull

muon L1 trigger (stat)
muon L1 trigger (sys)

tau decay modeling
tracking eff. (overall ID material)
muon momentum scale
photon flux uncertainty
electron efficiency (sys)
muon sagitta (p)

muon sagitta (res. bias)
tracking eff. (PPO material)
electron efficiency (stat)
egamma energy scale
egamma energy res.
topocluster efficiency

muon momentum res. (ID)

Aa
-0.004 -0.002 0° 0.002 0.004

ATLAS

Pb+Pb |y =5.02 TeV, 1.44 nb™’

-2 -15 1 05 0 05 1 15 2

(6-6,)/A6
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