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R Measurements and Hadronic Vacuum Polarization

J6|u

[— Hadronic vacuum polarization _l
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Whitepaper 25: Lattice QCD-based SM-Prediction for (g-2),

After decades of SM g-2 calculations, for the f

CMD-3 measurement

_ _ {on not used any more
ofete” - n'nm y

Whitepaper 2025:
SM prediction based

on LQCD calculation
for HVP

Whitepaper 2025:
no average for data-driven
estimate of HVP
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2023 Shock: CMD-3 (@ Novosibirsk ete™ — n*n~

Scrutiny of CMD-3 result within the Theory Initiative energy release
= Very open replies by F. Ignatov = no major showstopper observed in calorimeter
= Very powerful analysis with many and impressive internal cross checks

= Monte-Carlo generator for energy scan cannot be independently varified

tracks in DC

R Most impressive feature: mn/ee ratio determined
e S  independently by two complementary methods
- 1 «— - Momentum based

/s =500 MeV

Momentum, MeV/c, +

- Calorimetric agreement ~ 0.2% around rho peak
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CMD-3 Compatibility with other Experiments for HVP Integral [ G’U

Deviation between data sets (in statistical significance)

O BABAR vs KLOE e BABAR vs CMD-3 4 CMD-3 vs KLOE

(g-2) Integral a;" (600 — 880 MeV)
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-» Significant deviation from previous ISR and energy scan experiments (CMD-2)! Why?
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CMD-3 Compatibility with other Experiments for HVP Integral [ Glu

09/25: Genia Solodov @ Orsay Workshop Muon g-2
Theory Initiaitve

* We don't have means to do a full scale CMD-2 analysis — we can
only get some hints about the potential sources of difference

* The radiative corrections are not the suspects.

* Suspect #1. Subtraction of cosmic background
At CMD-3 we've developed better method to count cosmic
background. Now we know that CMD-2 method had unaccounted
systematic error (but we can’t estimate it).

. . The CMD-2 cosmic background was much larger:6% - 15% compare to
InS|ghtS Into 0.12% for CMD-3

* Suspect #2. Event separation based on energy deposition
CM D 2/CM D3 CMD-3: LXe only (5X,) and full calo (13X,), observed very different
behavior/systematics; might be able to take Csl only data

CMD-2: Csl only (8X,), systematics were estimziae
* Suspect #3. Trigger. (correction was smal{ but could be ...)
Cmd2 had only one trigger with DC (4-6 sup = —ch

la%ers) and Csl calorimeter with 40 MeV threshold in coincidence.
Efficiency was studied assuming no correlations for n* and n".
Correlated missing of both tracks could be — we have it with CMD-3

difference

All above was discussed at the previous presentations — we did not see large effects

E. Solodov(BINP) VIII Plenary Workshop of the Muon g-2 Theory Initiative. Update-News from CMD-3

- No'explanation !?
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Radiative Corrections
and Initial State Radiation (ISR)
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Measurements on R — Energy Scan vs. Initial State Radiation i
T o - T
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* No systematic variation of E, .
* High statistics thanks to high luminosity
* Radiative corrections (H,,4)

PHOKHARA event generator
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Initial State Radiation - Normalization

Two independent normalization methods:

1) normalization to L,,, (obtained from Bhabha events) and H,,; subtraction of background (p+p-y, ...)
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2) normalization to p+u-y events, i.e. R ratio (mmy/uuy)
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Overview Experiments JGU

Published Normalization Separation With (large ®) and without
Method m-H§ (small ®) ISR

ISR untagged Luminosity + H,,4 ~ Kinematics Track photon detection
KLOE vs~1 GeV ISR tagged Luminosity + H,_q K!nematics Track Tagged analysis
ISR untagged M-y Kinematics Track
BABAR +5~10 GeV ISR tagged M+U-Y Particle ID
BESII ys~4 GeV ISR tagged Luminosity + H,,,  Particle ID (ML)

BELLE-Il \/s~10 GeV

Kinematics Track

. - Scan <~1Gev e+e-
CMD-2/CMD-3 St Kinematics EMC AAAS /

SND Scan <~1Gev e+e- Kinematics EMC
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J6|u

Overview Experiments

malization Separation With (large ®) and without
n-H (small ®) ISR

osity + H,,4  Kinematics Track photon detection
KLOE V5~1GeV 005 sity+H,,y  Kinematics Track Tavoed amalveie
. of me‘h Uy Kinematics Track = .
S .
. "Se \eS)
piveé enel® \oNS y Particle ID
\O Y article
cS \ecti®”
1172007 it
(\0r . a{\c = 'mated + H,.q Particle ID (ML)
\
> Syste ) undere .
.Ous
(0P
Kinematics Track
e =t Kinematics EMC i
SND Scan <~1Gev e+e- Kinematics EMC
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BABAR Radiative Correction Studies (2023) JGlu

NLO

Phvs. Rev. D 108. 1111103
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Detailed study of NLO and NNLO radiative corrections Oz 0z 04 06 08
E*, (GeV)

= Kinematic fits for 17~ yisp 14 v (), B U Visrra ¥ V)
=  Comparison with PHOKHARA (NLO full correction) and

AfkQED (collinear approximation beyond LO) generators

- NNLO radiation observed at 3.5% level (missing in PHOKHARA)
- Phokhara prediction for small angle ISR photons at NLO too high by ~25% (AfkQED fits better to data)

Achim Denig

fur. Phys. J. C 84, 721 (2024) =» claim: possibly large effects on BESIIl and KLOE analyses!
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KLOE / BESIII Response to PHOKHARA Shortcomings JG|U

Investigation of kinematic cuts, which are sensitive to NLO corrections: Trackmass (KLOE), %2 (BESIII)

Comparison of Phokhara vs. KKMC fore*e™ - u*u"y

. BESII

Phokhara
~—— AfkQED

KLOE tagged analysis goe

b]

e
B —— Phokhara-v10 % ol
g —— AFKQED o 0.38
-E 51 Rel. Sys. Uncertainty » 0.36

efe” > utuy
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. .
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1.05 ete~ o mHmy o BESIII tagged analysis

- 108 All selection cuts,

v 1.o4§:after photon eff. calibration
102§ =

110:%— . % J’L?E :?:*T S (it e + s e

Ratio x/Phokhara
-
o
IS)

iency Ratio to Phokhar.
(=]
w

After trackmass cut (true level only)

] = L 4 i e

0.1 0.2 0.3 04 05 06 07 0.8 % 0.98E

2 2 =
m \/ Il L L 1 1 1 1 1
m [GeV7] 098363 04 05 06 07 08 08 1 11

M, (GeV)

Whitepaper muon g-2 2025
- No indication of large systematic effects (beyond uncertainties) due to Phokhara limitations !

Achim Denig Status of R measurements



i _ » 09/25: Orsay Workshop Muon g-2 Theory Initi
; NEW| 7e need for improved radiative corrections J6lu

ISR: for hadronic channels (especially two-pion channel) no independent cross check to Phokhara !
Energy scan: no independent cross check to MCGPJ generator !

- Development of new MC generators of utmost importance for the field
PHOKHARA@NNLO, McMule, Sherpa, BABAYAGA@NLO (includingmtn™y )

- Controlled treatment of Final State Radiation effects

—> Efforts coordinated within the RadioMontecarlow initiative Rt ocarLow

- Strong interplay between Theory and Experiment

— yTreelevel () | S WA ;DB T
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g 08 § 0082: @*@*++*¥+++%§+%w%+i+++ q

69z o3 o8 o8 1

0 1 2 3 4 5
Achim Denig Eye [GeV] E



16

. .y Glu
Final State Radiation ]
As a by-product of the CMD-3 analysis, the PLB833 (2022) 137283
importance of an accurate treatment of FSR Forward-backward asymmmetry is a most
was studied sensitive parameter:

_ No<nj2—Nosr)2
No<n/2 + No>z )2

= 0.018
§0016 : ' :l'J'sinQ?sQE'D',' G G i
§0.012
Z

=~ 0.01

Effects beyond scalar QED (sQED) of utmost 2j§2§

importance, especially in box diagrams 0.004

0.002
0
-0.002

IIIIIIIIIIIIII

4

— excellent agreement btw. GVMD calculation and
dispersive treatment as well as CMD-3 data

|||||||||||||||||||||||||||||||||

- implementation in ISR generators most important!

Achim Denig Status of R measurements



Breaking News from
2025 Orsay Workshop
and Outlook




IR 2. SRTE

NEW 09/25: Orsay Workshop Muon g-2 Theory Initiaitve

New BABAR ISR Measurement of ete™ — '

18

Andreas Pinto @ Orsay

* New blind BaBar analysis (460 fb™") confirms the 7* 7~ contribution to a,.

* Independent method (angular fits, no PID) removes dominant 2009 systematic.

* Unblinded puy spectrum agrees with QED, validating the approach.

* 1m cross section consistent with 2009, with reduced systematics in 0.5-1.4 GeV.

» Results: aNDos

* Below 0.5 GeV: aff™ = (58.0 + 5.5 (stat.) + 1.7 (syst.)) x 107*° s

* 0.5-1.4GeV: af™ = (456.2 + 2.2 (stat.) + 1.7 (syst.)) X 10720 e o

* Robustness shown by excellent agreement with 2009. s
BESII

SND20

= Central region: systematic error 0.37%, cMD-3
statistical error (from fit) similar to 2009 analysis L

WP 25

= Statistical error dominates in threshold region

(83.8%)

(88.6%)

(99.9%)

(100%)

(99.9%)

(97.2%)

(72.8%)

(80.3%)

(98.9%)

(100%)

(Lattice based HVP LO)

|

0145

1 1 1 1 1

L
-35

20 -5 -0 -5 0 5

a, -a® [x10"]
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09/25: Orsay Workshop Muon g-2 Theory Initiaitve

New BABAR ISR Measurement of e"e™ —> ﬂ* T

*= [nnovative new approach:
Separation of efe™ » eTe™ /utu~/nTn~y via template

fits to polar angle distributions

= NLO fits for 2 high-energetic photons:

1 vYisr1a + 1 Visrsa Versus 1 yisgia + 1 ¥isp.1a

ISR-ISR
configuration

Achim Denig

nny (0.5 < My < 1 GeV/c?, data)
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Suppress background
via 2D 2 — cut (< 5%)
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W

-
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T T
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feey =(0.2£0.0)%
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Events / (0.01)

Data / Fit

o o
0.77 < My, < 0.772 GeV/c?

X’/ndf=11497=12 T
funy = (91.6 £ 0.4)%
fuy = (7.6 £ 0.4)%
feey = (0.3 0.0)%

Events / (0.01)
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Data / Fit
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09/25:

NEW

IR 2. SRTE

Orsay Workshop Muon g-2 Theory Initiaitve

New BABAR ISR Measurement of ete™ —> n'm

° Normalization to ppy channel

—> introduce ISR Luminosity L;sz = L,,,x H, 4y

Unfolded spectrum
ANSR/dVs'
GN,U(\/?) 0-2/1(\/;)

Acceptance Born cross section

dLISR
d\/s'

data/Phokhara / (10 MeV)

ISR ppy spectrum not taken from data, but from
Phokhara Monte-Carlo !!!

ISR MC gen
N /d\/_ _ dNuN £ X (1 — fLO FSR) 4@

eim(\/?) Vs’

L J L ) \ J

T 1
Phokhara removes the 2nd order
spectrum at LOFSR polynomial fit
generation contribution to data/MC
level

1.20

=
"
wn

=

"

o
T

=

o

%)
T

BABAR

Preliminary

- T T T T T T

X2/ndf =379.57/309=1.23 |
po =0.9588 + 0.0154 (stat) £ 0.0016 (syst)
p1=0.0571 + 0.0439 (stat) + 0.0032 (syst)
p, = —0.0229 * 0.0267 (stat) = 0.0043 (syst)

L5
=}
o
. s

0.95}

o

©

)
T

0.85F

1.4
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New BABAR ISR Measurement of ete™ — '

Andreas Pinto @ Orsay
ete” > utuTy
BABAR(2025)/MC Phokhara
120177
. BABAR ]

115 Preliminary ]
&: 1.10: “
£ ]
g 105} -
8 1.00:” i “' '%u ﬁ' \ ﬁ
s | || T Ll l]
o TMMH { } | H H :
o 0.95 =
3" |
B 00F R =0.9955+0.0035,, + 0.0030,,, % 0.0033, ,q, + 0.0043,

\_'_l Iﬁ_l Y L Y
0.85 data + stat Syst. related ISR Phomn error o
€rrors on tom/p data/MC
paration i luminosity
e la4l | ‘osl | ‘osl | I1ol | ‘12} | ‘14I
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(2025/2009)

i

10%

-10%

T i
i \WM%WM«WWWW*’ g *‘! il

BABAR(2025)/BABAR(2009) -

ete” sty

0.8
Vs’ [GeV]
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09/25: Orsay Workshop Muon g-2 Theory Initiaitve
NEW New SND Measurement of ete™ — n'n (energy scan)

= New SND analysis based on 90/pb of data collected in 2018 (factor x20 compared to SND20)

= New selection algorithm, systematic uncertainty of 0.7%
- higher cross section compared to previous analysis (SND20)
- ,, application of the current analysis techniques to (previous) data results in better agreement”

= Cross check on 2%
level with 2019 data

= |n dispersion integral
-0.6c wrt. CMD-3
+1.8c wrt. BABAR(09)

CMD-3(2022)/SND(2025) BABAR (2009)/SND(2025)

[CSHit-1], %
[CSfit-1], %

10_ ”
il 3y, X100 =431 11 8:50'¥s; +18 6
CMD-3: a, x 1010= 433.62 + 3.76  BaBar: a, x 10'°= 423.87 + 2.06
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New BESIIl Analysis
of 21 Channel




Published BESIII Analysis S JGU

PLB812 (2021) 135982

Tagged analysis based on 2.9/fb sample taken at cms. energy of 3.773 GeV
4C kinematic fit (tagged ISR photon used in fit)
n/u separation based on neural network (ANN)

= Normalization to Luminosity / radiator function
= Normalization to ppy limited by muon statistics

5000

4000

[~
o
=]
=]

+- using the luminosity

‘A(. !Sl(‘)) [nb]

. Luminosity/R-ratio - 1
lhat, =(035:1.68)%

n
=]
=]
=]

using the R ratio

events / 10 MeV/c?

1000

u|\\\\‘\\\\‘\\\\‘\\\\‘\\\\
Rl OO

(==

12

g
:Trm.ll ll! l] TT II\III |l ll II{IH

data/MC
-

0.8

= Selecting muons using ANN
= Perfect agreement with QED prediction

luminosity / R ratio

T Ill II*JFII[”H!
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Status BESIII Experiment

JG|u

=  Energy and luminosity upgrade
= New cGEM inner drift chamber
= New small angle tagger cZDD (Malnz')

3.773 GeV sample 2.9/fb - 20.0/fb

10* F

1019 J/y
L]

[NEW

/ 3.1/fb at 4.18 GeV ISR

exclusive channels
inclusive analysis

>100 energy points in
open charm region

13 energy points
1.84-2.0 GeV

Inclusive R via
energy scan

Achim Denig
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Upcoming new ISR BESIII Measurement of e"e™ —> n'n

Existing BESIII tagged ISR result based on 2.9/fb of data at 1/s=3.77 GeV - 4C kinematic fit

0.9% systematic uncertainty
‘ sources Uncertainty (%)
First half next year: expect new result! Photon efficiency 0.2— 0.0
adding 3.1/fb of data at \/s=4.18 GeV, Tracking efficiency 03— 0.2
1C kinematic fit > much less sensitive Pion ANN efficiency 0.2
towards MC limitations of rad. corrections, Pion e-PID efficiency 0.2— 0.0
some minor additional improvements (0.7%); Angular acceptance 0.1
keep ML-based PID (rt-u sepratation) Background subtraction 0.1
Unftolding 0.2
‘ FSR correction 8ggg 0.2
Vacuum polarization correction 8y, 0.2
Next step: final result based on existing Radiator function 0.5
data set of 20/fb of data at 1/s=3.77 GeV; Luminosity L, 0.5 0.3
1C kinematic fit and normal. to puy (<0.5%) Sum 09— 0.7

Achim Denig Status of R measurements
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Upcoming new ISR BESIII Measurement of e"e™ —> n'n

1C kinematic

/ fit

J — 1CXE, >0.005 . 4C 3E, >0.005

0.45

- 1CZE, >0.02 . 4CZE, >0.02
0.4 ‘add Tada

——1C ZE, e 005 . 4CZE, e 0.05

1 —

0.35

Efficiency

0.3
0.25
0.2

0.15
1C kinematic fit with much (x4)

improved efficiency for NLO ISR photons
- more inclusive for (N)NLO photons

0.1

IIIIIIIIﬂIIIIIII llII1lIII|II,II|IlII|IIII TT

0.05

4C kinematic fit (published result)
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Events / 20 MeV

Background BESIII Analysis

Price to pay in case of 1C kinematic fit (rather than 4C)

- significantly larger background contribution, especially non-radiative ete™ - n*m n°
- 4 — 45 4
: .eepipi »—»L_digamma - eemumu : e+e_ = 7T+7T TEO 40 : PRD 110’ 032005 (2024) 00
1eoooE— . .’Dm B oo S 3 Data at 2.125 GeV * g 3 Phokhara MC | |,
4000— . scan_nloKsKi |+ scan_nlo_KpKm il eeNLO B L e H o0
1 2000 :_ w;x: nonDD  RR2S \{K : i \_T; i i
: .scan,nlo,etapi .scan,nlojpi R 1: T &LF 1 200
10000 __ WL: ditau i . scan_nlo_4pi0 B 5 100
8000 r . 2mu_new_hcorr . 2pi_GSnew_hcorr OO 1 2 3 4 Y 00 1 2 3 4 L
- M2, - (GeVZc4) M2 - (GeVc4)
6000—
4000 Insufficient description of internal dynamics observed
20005 in Phokhara event generator for high cms energies:
o sl | = Already observed at lower energies in scan data
M. (GeV)

= Dedicated PWA analysis within bachelor project

Achim Denig Status of R measurements
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Status of new BESIII Analysis

= Blinding and unblinding strategy defined and implemented

= Event selection criteria are defined and frozen

= Various data-MC corrections being finalized

= Deadtime corrections for Bhabha channel (luminosity) being investigated

= Preparing documentation for internal review

Philosophy of upcoming new BESIII analysis - Implement as many cross checks as possible:
= 1C kinematic fit vs. 4C with entirely different background conditions
= cms energy of 3.77 GeV (2.9/fb) vs. 4.18 GeV (3.1/fb)

= Three normalization methods
- Luminosity and radiator function (standard method)

- Tuty /[ ppy
- Template fits to polar angle distributions

Achim Denig Status of R measurements
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Other highly-relevant BESIII Analysis JG|U

Untagged analysis (mass range > 1 GeV) Inclusive R measurement via ISR (mass range <2 GeV)

= |mprovement in statistics wrt. BABAR »  First-time measurement (after BABAR attempts)

= Severe background conditions =  Currently based on 1-track selection

= PhD project of Yasemin Scheelhaas in final stage » Reduced dependence on Inclusive MC (> 97% efficiency)
Untagged analysis ]

Few-percent precision achieved after unfolding
=  PhD project of Thomas Lenz in final stage

Hadrons

had (Remainder) ~ NEEE 2(m*7~)7° KIK? KK !
-— e 3n® . 2(KKT) KK O
. tmn® . 3(rtre) m'm o (Scan) EEE pp

Events / 20 MeV

L] ‘
J

Events / 5 MeV

! L F
I
n"';u ﬁ \1 ‘ \ |++
] 1 ' ‘\ LI
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
Invariant 777~ mass [GeV]
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Installation of a Tagging Detector at BESIII: cZDD JG|u

Untagged analysis

crystal Zero Degree Detector 7’4 =

2 half detectors with 12

LYSO crystals each (SiPM) e we
(on both sides), retractable

—> PANDA sampling ADC for SiPM readout
s = can also be used as luminosity detector

—$- Single SiPM
—4- SiPM Sum E
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(Sl

Good energy resolutioné
(MAMI beam tests)
Installed in BESIII on Sept. 10th

: _ - ¢ZDD detector will improve our capabilities for ISR physics
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Conclusions

= New Lattice as well as CMD-3 results challenging previous ete ™ data

- difference in t ¥~ between CMD-3 and other expts. to be understood
- new BABAR data confirms previous BABAR result (in conflict with FNAL g-2)
- will be exciting to see next upcoming new results (BESIII, expected 2026)

= Radiative corrections are a key issue - RadioMonteCarlow initiative!
Comparison of existing MC codes should be possible very soon (finally!)
New analysis algorithms designed to be resilient against MC limitations

= Experiments (BABAR, BELLE-II, BESIII, CMD-3, KLOE, SND) targeting ~0.5% precision

A lot of effort needed to bring data-driven HVP determination back to business,
but given the efforts on theory side and exchange
among/with experimentalists (e.g. this meeting), we can be optimistic !
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Never give up ...
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Overview Experiments — Past and Future JGlu

Published Normalization Separation
Method mM-n-e

ISR untagged Luminosity Kinematics Track ISR untagged
KLOE ISR tagged Luminosity Kinematics Track W=y
ISR untagged M-y Kinematics Track statistics x 7
BABAR ISR tagged M-y Particle ID Bl iEizee, Separ.‘at.lon
by polar angle, statistics x 2
. . ISR tagged, p+p-y
ISR tagged Luminosit Particle ID (ML ’
teld & v (ML) statistics x 7, 1C kin. fit
ISR tagged, p+u-v,
A Particle ID
TS Energy scan . Kinematics Track overall improvements

Kinematics EMC

overall improvements

Energy scan e+e- Kinematics EMC
S - ML for T — e separation
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Overview Experiments — Past and Future JGlu

Published Normalization Separation
Method mM-n-e

ISR untagged Luminosity Kinematics Track ISR untagged
KLOE ISR tagged Luminosity Kinematics Track Uy 0.4%
ISR untagged M-y Kinematics Track statistics x 7
BABAR ISR tagged M+U-Y Particle ID ISR tagged, Separ.‘at.lon 0.5%
by polar angle, statistics x 2
BESIII ISR tagged Luminosity Particle ID (ML) Kl ez, (L. 0.5%
statistics x 7, 1C kin. fit
ISR tagged, p+u-v,
BELLE-II particle ID 0.5%
TS overall improvements 0.3%
G overall |mprovemeths 0.7%
ML for T — e separation
Achim Denig
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