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Introduction

I muon magnetic anomaly discrepancy at 5.1ff between experiment and theory prediction
[FNAL Muon g−2 2023 (PRL 131 (2023) 161802)]

I discrepancy between dispersive and lattice QCD calculations of HVP,LO contribution to
muon magnetic anomaly [BMW 2020 (Nature 593 (2021) 51)]

I experimental tensions between measurements of ff[e+e− → ı+ı−(‚)] [WP 2020, CMD3, SND2k]

[from Fedor Ignatov, Bern, Sep 2023]
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Introduction (2)

I BABAR measured ff[e+e− → ı+ı−(‚)] in 2009 with ISR technique
and is working on ff]e+e− → ı+ı−(‚)]=ff]e+e− → —+—−(‚)] with —=ı separation without PID

ISR technique

I measure ff(e+e− → hadrons)(s)
by measuring ff(e+e− → ‚ISR + hadrons)[Υ(4s)]

I
dff(s; x; „‚)

dx d cos „‚
= W (s; x; „‚)ff0[s

′ = s(1− x)]

I
√
s = e+e− center-of-mass (CM) energy

I x ≡ 2E‚=
√
s

I ff0 = Born cross section

this presentation

I study of radiative corrections in data and simulation, related to above on-going measurement
[arXiv:2308.05233 [hep-ex], accepted by PRD]
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BABAR, asymmetric-beam-energies B-factory, 1999-2008

I primary purpose: measure time-dependent CP violation on coherent B pairs
I secondarily: general purpose e+e− collider & heavy flavour factory with well-defined e+e− initial state

center-of-mass energies

ECM[GeV]

ff
(e

+
e
−
→

ha
dr

on
s)

[n
b]

Υ(nS) resonances (CUSB)

Γ(1S; 2S; 3S) ∼ 20−50 keV
beam energy spread ∼ 5MeV

integrated L

energy L(fb−1)

Υ(4s) 430
Υ(3s) 30.2
Υ(2s) 14.5
off-peak 54

yields

flavour events

BB̄ 470 ·106

cc̄ 690 ·106

fi
+
fi
− 485 ·106

BABAR general purpose 4ı hermetic detector

DIRC (PID)

1.5 T solenoid

Drift Chamber

Silicon Vertex Tracker

e+ (3.1 GeV)

e- (9.0 GeV)

Instrumented

Flux Return

EMC
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Data and Monte Carlo simulation samples

Data

I BABAR Runs 1-6 [full data sample at Υ(4S)]
I 424.2 fb−1at Υ(4S), 43.9 fb−1slightly below Υ(4S)

Monte Carlo signal

I Phokhara 9.1 (ISR up to full NLO matrix element) (10× data)
I AfkQED (≃ 50% data)

I 1 additional FSR photon generated with Photos
I additional ISR beam-collinear ‚’s with structure function method [Nuovo Cim. A 110 (1997) 515]
I cutoff m(X‚) > 8GeV ⇒ Eadditional ‚ < 2:3GeV

Monte Carlo background

I Phokhara 9.1: KK(‚)

I AfkQED: e+e− → ı+ı−ı0, ı+ı−2ı0, . . .
I Jetset: e+e− → qq̄ (q = u; d; s; c)
I KK2f: e+e− → fi+fi−

I all backgrounds are normalized to match the BABAR data sample integrated luminosity
except for 3ı‚, qq̄ where dedicated studies have been performed
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Large angle (LA) and small angle (SA) radiation in NLO and NNLO processes
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Pre-selection

I similar to past analyses, but looser (removed track momentum >1GeV requirement)
I two tracks with opposite charges, each with

I 0:4 < „ < 2:45 rad, pT > 0:1GeV, docaxy < 5mm, |∆z | < 6 cm
I either both tight-PID muons or both tight-PID pions

I ISR photon candidate
I 0:35 < „ < 2:4 rad
I E∗

‚ > 4GeV
I additional radiation photon candidates

I 0:35 < „ < 2:4 rad
I E‚ > 50MeV

I extra tracks and photons are allowed
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Fitting

I each events is fit as candidate for several categories,
constraint that total 4-momentum matches well-known e+e− initial state 4-momentum

I small-angle (SA) photons collinear with beams cannot be detected
I direction approximated to be parallel to one of the beams
I energy determined by constrained fit

I large-angle (LA) photons in detector acceptance have measured energy and direction

assignement to event categories

I LO, ISR event with no additional radiation
I NLO, ‚ISR + ‚SA

I NLO, ‚ISR + ‚LA

I NNLO, ‚ISR + 2‚SA (assume one ‚ collinear to one beam, other ‚ collinear to other beam)
I NNLO, ‚ISR + ‚SA + ‚LA

I NNLO, ‚ISR + 2‚LA (no acceptance correction since not simulated by Phokhara or AfkQED)
I after fit, category-dependent requirements on additional photon energies E‚ > 100 or 200MeV

I events assigned to category with lowest fit ffl2

I suppress backgrounds to ı+ı− requiring BDT classifier and m
ı
−
+ı

− in [0:6−0:9]GeV interval
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Acceptance, backgrounds, feed-throughs, ISR vs. FSR radiative contributions

I selection efficiencies and external background subtraction estimated with Monte Carlo simulations
I background from fake photons due to pion interactions in calorimeter is measured in data and MC

relative data excess of (21:5± 3:5)% in data is corrected for
I feed-through backgrounds (from other event categories in this study)

I mostly relying on Monte Carlo simulations
I NNLO ‚ISR2‚SA with both ‚SA collinear to same beam feed-through to 1‚SA from data (see later)
I complement with data-driven spectrum AfkQED simulation limited to additional E‚ < 2:3GeV
I simulation rates and feed-through corrected with data rates (iterative procedure)

I FSR and LA ISR separation using template fits (backup slide)
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NLO SA events (E∗
SA > 200MeV)
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I both —+
—
− and ı+

ı
− measure data / Phokhara significant deficit and slope vs. energy

I also confirmed with alternative analysis (backup slide)
I bias due to collinear approximation small and well simulated (backup slide)
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NNLO 2SA events (E∗
SA1 > 200MeV, E∗

SA2 > 100MeV)
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NLO SA events distributions after correcting for NNLO events feed-through

I NLO events with 1 additional SA photon have indistinguishable background from
NNLO events with 2 SA hard photons collinear to same beam
I no simulation available

I subtract using data-measured NNLO events with 2 SA hard photons collinear to different beams
I expected similar distributions since mostly relatively soft photons

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23
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NLO Results after Removing NNLO Contribution

18

E*γSA data/Phokhara ratios become flatter (bottom panel) in both 𝜇𝜇 & 𝜋𝜋 processes

NNLO in data gives harder spectrum due to coalesced photons in collinear approximation


Phokhara excess in NLO with 2 hard photons remains after the NNLO correction

BABAR BABAR

I NNLO feed-through subtraction improves shape, but data / Phokhara remains significantly < 1
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Efficiency and feed-through probabilities

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

Efficiency and Feed-through Corrections

17

➣ Diagonal numbers show selection efficiencies from AfkQED (1st row in each block) and 
Phokhara (2nd row)


➣ Non-diagonal ones show feed-through probabilities normalized to total event yields

➣ Data/MC difference especially in LA categories taken into account

➣ Dipion processes (not shown) have lower efficiencies for those categories selected with BDT  

➜ Fitted categories➜
 True categories (sam

e energy thresholds)

I diagonal = selection efficiencies from AfkQED (1st row) in each block) and Phokhara (2nd row)
I non-diagonal = feed-through probabilities normalized to total event yields
I data vs. MC difference especially in LA categories taken into account
I not shown: di-pion selections using BDT have lower efficiencies
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Measured rates of all event categories

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

Final Results (Table I in PRL draft)

19

Systematic uncertainties include those from efficiency corrections, background

subtraction and feed-through corrections with the latter two being the dominant 
contributions

systematic uncertainties

I (minor) efficiency corrections
I (dominant) background and feed-through subtraction
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Summary

I NNLO radiation with ISR photon plus two additional radiation photons observed for the first time
fraction = (3:47± 0:38)% for muons and (3:36± 0:39)% for pions
I permits subtracting NNLO feed-through contributions to NLO samples

I Phokhara NLO ‚SA prediction significantly higher than data,
data/MC ratios 0:763± 0:019 for dimuons and 0:750± 0:008 for dipions

I Phokhara NLO ‚LA prediction consistent with data,
data/MC ratios 0:96± 0:03 for dimuons and 0:98± 0:03 for dipions

I Phokhara has significant excess of radiation at small angles w.r.t. the beams
I AfkQED reasonably simulates NLO and NNLO rates and energy distribution for E‚ < 2:3GeV,

data/MC ratios 1:061± 0:015 for dimuons and 1:043± 0:010 for dipions
I Phokhara FSR NLO prediction higher than data,

data/MC ratios 0:86± 0:05 for muons and 0:76± 0:12 for pions
I AfkQED FSR NLO prediction consistent than data,

data/MC ratios 1:10± 0:06 for muons and 1:08± 0:10 for pions (pions point-like)
I supersede previous measurements of 0:96± 0:06 for muons and 1:21± 0:05 for pions

[BABAR 2009 (PRL 103 (2009) 231801)]

I [arXiv:2308.05233 [hep-ex], accepted by PRD]
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Conclusions

I BABAR analyses designed to be resilient w.r.t. imperfect simulation of higher orders radiation
I selection efficiency measured on dimuon data samples
I acceptance uncertainty (only dependence on Phokhara) small (0:03±0:01)% compared 0.5% total

I other experiments with ISR techniques may be affected because of
I dependence from missing higher order radiation in Phokhara simulation
I excess of Phokhara simulated radiation at small angles w.r.t. beams

Future

I these findings will help improving reliability of systematics estimations of all ISR measurements
I expect to publish BABAR pions / muons measurement next year

– end –
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BDT requirement to suppress dipion backgrounds

I dipion processes: much larger background than dimuon processes
I bottom-right plot shows BDT cut against dipion backgrounds

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

NLO Fits with 2 Hard Photons
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➣ Two NLO fits

➣ γISRγLA: for each additional LA γ with 𝜃γ: 0.35−2.4 

rad, the one with lowest χ2 is retained

➣ γISRγSA: a SA γ is approximated as being collinear 

with one of the beams (ignoring additional 
detected photons)


➣ Both fits use the measured ISR energy and direction, 
momenta and angles of two tracks


➣ Dipion processes have much larger background than 
dimuon processes, largely suppressed by BDT-based 
2D-χ2 optimized selection


➣ Signal efficiency 98-99%


➣ NLO LA sample: χ2LA < χ2SA, Eγ > 200 MeV

➣ NLO SA sample: χ2SA < χ2LA, E*γSA > 200 MeV

➣ LO sample: events below the thresholds
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NLO LA events distribution in data and MC

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23
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Collinear approximation in NLO SA events (E∗
SA > 200MeV)
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I collinear approximation causes long ffl2 tail, well modeled by Phokhara
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NLO SA events, simulation of collinear approximation effect on ffl2

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

0

2.5

5

7.5

10

0 1 2 3
1

10

10
2

10
3

10
4

ΘtrueaddISR (rad)

ln
(1

+
χ2

IS
R
)

Phokhara µµγγ E*trueaddISR 0.2-0.5 GeV

0

2.5

5

7.5

10

0 1 2 3
1

10

10
2

10
3

10
4

ΘtrueaddISR (rad)

ln
(1

+
χ2

IS
R
)

Phokhara µµγγ E*trueaddISR 0.5-1.0 GeV

Impact of Collinear Approximation on 𝜒2

26
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The long tail in the SA χ2 distribution is checked with MC to be due to the collinear 
approximation: More central and larger energy ISR γ has longer tail


Similar bias expected in data 

[from Zhiqing Zhang, Bern, Sep 2023]
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NLO SA events, simulation of collinear approximation effect on E∗
‚SA

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

Impact of Collinear Approximation on E*γSA

27
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The bias on the fitted SA γ CM energy is 
checked using LA γ CM energy as reference


For γ near the detector acceptance edges, the 
bias is found smaller than more central γ


For γ outside of the detector acceptance near 
the beam direction, the bias is expected to be 
smaller


The bias is well simulated by MC
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Fake photon study

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

0

1

2

3

4

5

0 0.2 0.4 0.6 0.8 1
1

10

10
2

ENTRIES           41833

  0.00   8.00   0.00

  0.00  0.413E+05   555.

  0.00   0.00   0.00

Zernike20

E
ca

l  
(G

e
V

)

Fake Photon Contribution In Dipion Processes (1)
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Fake photon contribution due to shower fluctuation near 
a pion track is studied using energy deposition and 
Zernike20 (transverse shower shape) parameter in EM 
calo


Four regions are defined to probe different fake photon 
contributions as shown in θmin(trk,γLA) distribution (data/
Phokhara normalized at 40º−100º)   


Region (4)

Region (3)

Region (2)

Region (1)

θmin(trk,γLA) < 20º

[from Zhiqing Zhang, Bern, Sep 2023]
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Fake photon study (2)

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

Fake Photon Contribution In Dipion Processes (2)
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Template fits performed in χ2 
distributions in each of four 
regions using:


- FSR γ  template from LA 
ISR γ θmin(trk,γLA) > 20º


- Fake γ template from 
region (4)


Two examples of the fits in 
regions (2) and (3) are shown

comparing data (left) and 
Phokhara (right) 


Fake fraction results:

Data:  0.458 ± 0.004stat ± 0.010sys

Phok: 0.377 ± 0.004stat ± 0.007sys

Region (2) data Region (2) Phokhara

Region (3) data Region (3) Phokhara

[from Zhiqing Zhang, Bern, Sep 2023]
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“zero-constraint” (0c) analysis of SA and LA NLO events samples

measured quantities

I 4-momenta of the two tracks (pion mass assumed)
I direction of ISR photon

I energy measurement discarded as it may be polluted with additional radiation

calculate using 4-momentum contraint to initial e+e− state

I energy of ISR photon (1 quantity)
I energy and direction of additional photon (3 quantities)

requirements

I additional photon calculated energy E‚ > 200MeV
I additional photon angle with ISR photon > 0:5 rad
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Angular and energy distribution of additional photon in 0c reconstrction

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23
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Calculated polar angle 𝜃γ0C distribution

(E*γ0C > 200 MeV)

Calculated energy E*γ0C distribution

Phokhara NLO SA γ rate > data

Phokhara NLO LA γ rate ~ data

(the slight LA excess in data is due 


to larger resolution tails)

Data/Phokhara Mismatch LO-NLO,

                         NLO slope ~ NLO SA fit

Data/AfkQED similar rate LO & NLO
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NNLO 1SA + 1LA events (ELA > 200MeV, E∗
SA > 100MeV)

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23
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NNLO 1SA-1LA Fit Results (EγLA > 200 MeV, E*γSA > 100 MeV)
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NNLO 2LA events (ELA1, LA2 > 100MeV)

Zhiqing Zhang, IJCLab, Orsay /21+146th plenary workshop of  the muon g-2 theory initiative, 4/9/23

NNLO 2LA Fit Results (EγLA1,2 > 100 MeV)  
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Background again small in dimuon process


Much larger background in dipion process 
suppressed by


- vetoing 𝜋0 and 𝜂 with 2 mass windows

- apply additional BDT selection
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Fit of FSR and LA-ISR contributions of NLO events with MC templates

I FSR template from AfkQED, ISR events with
additional FSR with Photos and additional
beam-collinear radiation but not LA radiation

I LA-ISR template from Phokhara, which
simulates all cases at NLO, subtracted with the
AfkQED-simulated FSR contribution
normalized to data events with minimum-angle
to track up to 10◦
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