C&d UNIVERSITY OF

¢/ LIVERPOOL

Past and Plans

Fedor Ignatov
University of Liverpool

Leverhulme Retreat
Caer Beris Manor, Wales
19 September2025

LEVERHULME
TRUST




An alternative evaluation of the a,'° "4 with MUonE

Phys.Lett.B 848 (2024) 138344

Fedor Ignatov, Riccardo Pilato,

Thomas Teubner, Graziano Venanzoni

Phys. Lett. B 848 (2024) 138344

journal homepage: www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

Letter

An alternative evaluation of the leading-order hadronic contribution to the — %&

muon g—2 with MUonE

Fedor Ignatov ", Riccardo Nunzio Pilato ", Thomas Teubner“", Graziano Venanzoni “""~

* University of Liverpool, Liverpool L69 38X, United Kingdom
" INFN Sezione di Pisa, Largo Bruno Pontecorvo 3, 56127, Pisa, Italy

ARTICLE INFO ABSTRACT
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We propose an alternative method to extract the leading-order hadronic contribution to the muon g2, a0, with

the MUonE experiment. In contrast to the traditional method based on the integral of the hadronic contribution
to the running of the electromagnetic coupling, A, in the space-like region, our approach relies on the
computation of the derivatives of Aa,,(1) at zero squared momentum transfer . We show that this approach
allows to extract ~ 99% of the total value of " from the MUonE data, while the remaining ~ 1% can be
computed combining perturbative QCD and data on ¢*e" annihilation to hadrons. This leads to a competitive

evaluation of a1

which is robust against the parameterization used to model Aa,,,(1) in the MUonE kinematic

region, thanks to the analyticity properties of Ad,,(r), which can be expanded as a polynomial at f ~ 0.

1. Introduction

The muon anomalous magnetic moment, also known as the muon
-2, where g is the muon gyromagnetic ratio, exhibits a discrepancy
between theory and experiment which persists for more than 20 years.
It has received renewed interest, following the first measurement of the
muon anomaly a, = (g —2)/2 by the Muon g—2 Experiment at Fer-
milab [1], subsequently confirmed by the new result with a twofold
improved precision [2]. The comparison with the Standard Model (SM)
prediction a3 [3] is currently limited by tensions in the evaluation of
the leading-order hadronic contribution to the muon anomaly, a® [4].
This term represents the main source of uncertainty of the theory pre-
diction, due to the non-perturbative nature of QCD at low energy. A
recent computation of af,“" based on lattice QCD, performed by the
BMW Collaboration [5], indeed shows a 2.16 tension with the one used
in the SM evaluation of a, [3], which is based on a data-driven ap-
proach involving data for e*e~ — hadrons cross sections. Moreover,
a new experimental measurement of e*e™ — z*z~ channel from the
CMD-3 experiment disagrees with the previous measurements [6]. New
calculations from other lattice QCD groups and new results from e*e~
colliders are expected to shed light on these tensions in the next few
years [4].

Recently a new approach has been proposed to compute a0, based
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on the measurement of the hadronic contribution to the running of
the electromagnetic coupling, Ay, in the space-like region [7]. The
elastic scattering of high-energy muons on atomic electrons has been
identified as an ideal process for this measurement and an experimen-
tal proposal, called MUonE, has been put forward at CERN to extract
Ady from a precise measurement of the shape of the u*e™ — ute™
elastic process [8]. The goal of MUonE is to determine a;'m with a
~ 0.3% statistical and a comparable systematic uncertainty, using the
following integral [9]:

2
gHlo = E/dxu — A 1)), 1(x)= —2~ <0, @

" k4 x—1

0

where « is the fine structure constant, m, is the muon mass, and 7 is
the space-like squared momentum transfer. The 160 GeV muon beam
available at the M2 beamline at CERN allows to cover directly the
momentum transfer range —0.153 GeV? <1< —0.001 GeV2, which is
equivalent to 0.258 < x < 0.936. This corresponds to ~ 86% of the in-
tegral in Eq. (1), while the remaining fraction can be obtained by
extrapolating Aa,,(1) outside the MUonE region by an appropriate
analytical function or alternatively by using lattice data. In the first
case the space-like integral of Eq. (1) is sensitive to the behaviour of
the parameterization chosen to model Aaj,,,(7) in the whole r-region,
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Abstract

We
for

present the results of Phase I of an ongoing review of Monte Carlo tools relevant
low-energy hadronic cross sections. This includes a detailed comparison of Monte

Carlo codes for electron-positron scattering into a muon pair, pion pair, and electron
pair, for scan and radiative-return experiments. After discussing the various approaches
that are used and effects that are included, we show differential cross sections obtained
with AFKQED, BABAYAGA@NLO, KKMC, MCGPJ, MCMULE, PHOKHARA, and SHERPA, for
scenarios that are inspired by experiments providing input for the dispersive evaluation
of the hadronic vacuum polarisation.
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We present the current Standard Model (SM) prediction for the muon anomalous
magnetic moment, a,, updating the first White Paper (WP20) [1]. The pure QED and
electroweak contributions have been further consolidated, while hadronic contributions
continue to be responsible for the bulk of the uncertainty of the SM prediction. Signifi-
cant progress has been achieved in the hadronic light-by-light scattering contribution
using both the data-driven dispersive approach as well as lattice-QCD calculations,
leading to a reduction of the uncertainty by almost a factor of two. The most important
development since WP20 is the change in the estimate of the leading-order hadronic-
vacuum-| ization (LO HVP) i A new of the efe” —
7~ cross section by CMD-3 has increased the tensions among data-driven dispersive
evaluations of the LO HVP contribution to a level that makes it impossible to combine
the results in a meaningful way. At the same time, the attainable precision of lattice-
QCD calculations has increased substantially and allows for a consolidated lattice-QCD
average of the LO HVP contribution with a precision of about 0.9%. Adopting the latter in
this update has resulted in a major upward shift of the total SM prediction, which now
reads g = 116592033(62) x 10~ (530 ppb). When compared against the current
experimental average based on the E821 experiment and runs 1-6 of E989 at Fermilab,
one finds a® — ﬂi“ = 38(63) x 107!, which implies that there is no tension between
the SM and experiment at the current level of precision. The final precision of E989
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(127 ppb) is the target of future efforts by the Theory Initiative. The resolution of the

tensions among data-driven dispersive evaluations of the LO HVP contribution will be a

key element in this endeavor.

©2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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Tracking in DCH of MEGII

Liverpool responsibility: s -6 4 o2 0 2 4
tracks pattern recognition algorithms

MEG DCH Operation under high hit rate
Hit rate up to 1.2 MHz per cell at 5x107 s! beam
rate: 25% cell occupancy in 250ns.

Higher occupancy than in Alice TPC or Belle2 CDC ¢ _,,
MEGITI CDCH 9 layers vs 159 rows or 56 layers - _,
MEG2 Track Finding is harder

Needs stereo view + 4D reconstruction
(stereo DCH + 10 for each track)

PR based on conventional Kalman filter
track following method

Further boost in a efficiency with:
ML: Transformer + GNN as additional prefilter -
are under development by collaboration 5 € 4 2 0 2 4 20 8 6 4 2 o
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are there in the two photos?

— bl 2 - -
MEG Counting House 11/22/2024 06:32:43

In MEG collaboration since 2005
17 September 2025 20 years.... Retreat, Wales

Since 2025 we have new counting room




KLOE

OV Phase O - get data - see Lorenzo's slides

personal learning footpath

O Phase I - understand data
0O Phase II - get MC/reco tools in hands
OO0 Phase ITI - start to do analysis

Phase T

Cross checked:

prod2root sufficient to reproduce identically (up FP prec) everything in:
stentu,
F.Nguen's mmgeff/ppgeff/rpieff/cc2eff, ..
VLAB

It was useful to understand how ntuples filled, cuts/streaming are applied

Phase II

KLOE soft have been ported to Linux
This gave an experience on geanfi, reconstructions, dataflow...
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Phase Il (start to do physics)

New BabaYaga@NLO in geanfi Additional MC truth information from geanfi

via general plugins interface added all nuclear interactions/decays/stops/hard brem of primaries in DCH
hadr interaction geant3 vertex

(any new generator will be easy to add)
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Plans

L To boost forward KLOE analysis
interest to look on collinear Fr, asymmetry
O MUonE
support BMS development
0 J-PARC g-2
maybe tracking study in the detector for the high sensitivity effort?
O MEG-II
2026 last data taking season + 1-2 years to finalize analysis
- Future MEG experiment?

L LEDM PSI - consulting help with tracking

17 September 2025 Retreat, Wales



BMS simulation

12.02.2024 &

) 35 S Quiz: Where is the rabbit?
pre hardware stage X //7 _v.

only virtual simulation in hands ;
— Real implementation after ~1.5 years S8
in Riccardo's slides

@Photos by GV
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K44 UNIVERSITY OF

&J LIVERPOOL KLOE needs tools, data and simulation Fedor Ignatov
KLOE weekly meetings

KLOE on Linux 18 July 2025
M YBOS files (dst) are fully compatible between AIX and Linux (can use prod2root or stentu on Linux)
U MSimulation, reconstructions works on Linux (geanfi,datarec prod2root): For MC mass productions
M checked on geanfi for mmy generator z”eUF;S 29%/ ifb files Greff‘beeged
! . . . ; ownloaded from tapes fibmOQa:
conditioning parameters with time for sim (beams, dead ch.) el A

O mixing bgg/Isb pileup background It seems works! needs nothing for 2006
UM reconstruction of raw data to check on larger stapistie

for 2 months already, Needs
| efficient access to IBM batch system

L' 4 No ported mass production/administrative/etc scripts (doesn't pretend to be a full IBM clone infrastructure)
- needs to be rewritten (they will be much simpler without tape library logic, outdated stuffs, ....)

Nearest plans:
O 1) continue to refine software to make it as better tool
0 2) add KLOE1/2 modifications from DBV-42 development branch, will be it useful?
Todo physics:
1 1) interfacing geanfi with latest generators: BabaYaga@NLO, KKMC, etc
 2) extend geanfi output with info on secondary vertices for efficiency studies
O 3) produce large dataset of collinear/ISR events: ee, pu(y), nn(y), 3=

I would like to look on:

|F=|2 and asymmetries from collinears

17 September 2025 Retreat, Wales



AlIX/Linux sim/reco cross checks

AIX vs Linux simulation (geanfi, datarec, prod2root, stentu)

iy, 11.5m events, 115 runs 2002-2006
First tests were comparing text dumps of ROOT trees - OK

cos(Brca) all tracks
(datarec using same geanfi input from IBM)

Full mmy selections cross-check:
FILFO, PPG stream tag,
stentu selections,
final g2 hist selections

Ppca all reconstructed tracks

, CotPca2/hypot(1,CotPca?) {fabs(QTrk2)>0.1}
10° 4 = SA rec selection
1.QTrke* hypat(1,CotPeaz) 350F = i N :
hht E e LI ) Ty —AX | E Q
B Entries 2 6950448407 300K e e » . § 105% g
10° E Mean 0.002291 E PI"OPGQOTIOH to PCA has ~10%-Linx |3 E =
- mnwhhz = 250( inefficiency at-©~m/2 dueta g 104:E g
1055— ';“x Entries  2.695941e+07 200: Trqu '\UH'l'I'Ur'nS to reach Z=0 > F : >
- : Mean 0.002332 - i ; o —AIX Q
C r ! 1 Std Dev 0.3856 E Entries  2.637992e+07 < 1[)3 E : n &3
1502 Mean -0.0001751 14 = B e Linux 14
10°E - s C Std Dev 0.4884 ® £ Entries 9747 ®
2 B 100 B beg7raerT 15 10° g = Devh & - 15
L C Mean ~0.0001812 c E e T <
10°E 50 Std Dev 0.4884 =~ o ean 0713 L | =
E " a B Sbev 047 a
- . ]'mé'mé'm&'ié”é"h'é'h4"he"h?"'1§ L
e T e e T T D T TR UE - b . i B = d B 2 0.2 0.3 04 05 06 0.7 08 0.9 1 3
-1 -08 -06 -04 -02 0 02 04 06 0.8 1 . cos(d,.,.) ® . I\
all P, reconstructed, GeV Linux/AIX PCh S Bad PCA propagation o7, GeV* |
Numerically unstable = - 0.25% inefficiency for mmy selections 3
| S q : p S
5¢ 1.05F Fh2_norm ] E ‘ : g x1.002—ATX/Linuxdiffer-by~0.03%onq2 histy 2
< E ntries - E H > < E T - - >
% 1.044 o owre x1.0021 ¥ /nd 3729860 0581 H 2.0015_ ﬁrébn df - ad4e077e-07/ 401 H
3 1 03 Std Dev 05778 < E Prob 1 f E F PO 1000018+ 0.156175 f
£ 1.03H 2 ¢ ndf 103.657 /99 81 001 0 06.9999134 0.110427 jrm =1.001F @
= 1.02E Prab 0.354532 | = 11.L_|'| * - [y E =
U o0 0.999982 = 0.000273 ; 1E |y e e A i [l "1-.41.[ 3 1.0005F 3
1.01f L Chah/= g 2 In [an 3
H e JHE 4 || h’ li W -lo 999F 1: unu 'J-ILr--'q‘ Ao -|-""-"|_||-I I-L'-'-IU 1L'_|nu e | n
1 et e 995 = Ty Il
0.99§ o o {2 0.9995F
0.98f F'ffll'lpn"\/ ame i E 0.999F adfter.-fixina b nhaqn+i n-to PCA:
o 0-997- - o G 1<l LAYV IAL B 4 4 KTt T i erve
0.97 E A‘O . 02 * 0 L 03 /O E 0.998 E el o -y s 1015
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E r 1] E i
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ybos files compatibility Linux/AlIX

ybos files (dst) fully compatible on Linux, no problem to read DST produced on IBM

checked: prod2root either on AIX or on Linux
using ybos file input after reconstruction output on IBM (*.mcr)
100k geanfi events, mmy

comparison of 1k events dumps: Differences are only in variables related to tracks, full list:
56 MB text file ("'8M number's) PMod PModLa pModV Pxt PxtLa PxTv Pyt PytLa PyTv Pzt PztLa PzTv xQt yQt zQt
- 250 numbers differ in last digits prod2root uses trigonometry functions to produce them

(from Phi, Cur, Cot variables saved in ybos banks)

Pytitr2. Pyt-1
. . . . . htermp
A Ofl~(vH< | >fi=]oO Meld TextFilters | = X . H H H H H -
10° P 37ciF*essPriy B T —— — Enties 234679
= d ppg_ibm_reconorndm_fixpca_keep_prod2rootlinux/event_1k_prod2rootibm.txt = amc_ppg_ibm_reconorndm_fixpca_keep_prod2rootlinux/event_Tk_prod2rootlinux.txt : + O ) Mean —2581e-10
o6/ H H H
vikcovs - mmeeze, I .... 1D4 : j S S R e std Dev 4 66108
-0.0883985 - : : : :
VTXCovd - 0.6852013, VTXCovd = 0.0853013, o H H . H Y H o e 7
0.000245737 .000245737 1 B PP s FOS PP SO S ¥ I fl 1‘ 1¥ '1' e c1SIon ~ 10‘
VTXCovs - -0 402, VTXCovs - 48402, : : Ing € : oa d ol n iﬂec Is o V]
-e. 645 E H H H H H
vvvvvvv -o. 84, VTXCove - : : : : :
o 108 i e R
nT - T
TrkInd 3, TrkInd
7,8 FURSUSRURRT! 1 LSRR SRR
rkve -1, Trkver
1,1
ur 3.27074, ur
S6.6384, -8.38121 g, ea3sL =AU T e ]
Phi Phi
ot ot
Xt - 4 Pxt
Pyt Pyt
7t 2t
Hod - 39 s Hod -
226.283, 199.382 226.283, 109.382
Len = 186.649, Len = 186.649,
30. . E
rrrrrr
27.3524, 48.0443
yFirst = 515541, yFirst
-7.66310, -8.77068
ZFirst = -41.1507, zFirst
28.3155, 51.206
cccccccccc
6.6 s.
Phila - 0.690128, Phila
0.0440889, 1.0813 0.0440889, 1.0813
- -0.805067 - -0.85067
Display ¥ Unicode (UTF-8) ¥ Plain Text ¥ Ln 14646, Col 1 ¥ Display ¥ Unicode (UTF-8) ¥ Plain Text ¥ Ln1,Col1 ¥
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