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The BaBaR experiment

A PEP-II collider (SLAC, USA):
A AsymmetricQ (o' A% Q (w A6
A Operated from 1999 to 2008t SI3S/2Syesonance energies
A Collected "FH at(+i p ® BeV)+36°FH off-resonance

A Strategy:
A Initial State Radiation (ISR) to probe a wide range of effective
energies
A Signals studied:
AQQo: « 7
AQQ o=« «

A Simulated withPhokhara9.1
A Backgrounds:
AQQrho 0 r AR ofich o t, T , multipion ISR
processestf forw € “ a“ MB)
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BABAR methods for measuringie Y « +«T, ¢ +1

A ISR (Initial StateRadiation): . Lowestorder (LO)ISR , ' . Lowestorder (LO) FSR _
A Full massspectrumobtainedfrom onedataset € v T/ e I
vialargeanglelSR photons (S’)

A Gooddetectoracceptancéor final states

A Z ZH Hatio method:
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A Reliesonwell-understood ‘QED processas
reference

et v
A Additional radiation (NLO & beyond). (S")
A Looseselectionincludes|SR/FSRphotons

A NLO ISRandFSRmeasuredlirectlyin data v*

A NNLO hard contributions studied in 2023 _
(Phys Rev D 108 [ 111103(2023) e 8l

A Method largely independentof generator
limitations (Phokharaestrictedto NLO)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111103

2009 analysis vs 2025 analysis
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A 2009Analysis (PhysRevLett. 103(2009 23180) m._0.30-0.35 GeV/c? A0 0.70-0.75 GeVie? m__1.25-1.30 GeV/c?
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A Different,morerobust” / separatiormethod

—: angle between negative charged trackrandin 2-track CM frame


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.231801

Signal event selection

A ISR photon:tT® v — c¢8rad,0 0GeV T 1 GeV
A Two oppositec har g e -gifopsowmert r ac k s :
Afn m™GeVic, T8 — ¢8& uad

AO 15 DCH hiulsl,” Qb ogaal
A Allow additional photons and other quality tracks per event.
A Vertex constraintty ~ T@® A |

A Veto electron contamination

A Two NLO radiation fits per event (smalhgle ISR i & large-
angle ISR/FSRaL | )

Background Control and Suppression

A Optimized¢ $ ... selection using BDT in three mass regions
A With all selectionsresidual background < 5%
A Dedicated studies for background normalizatign , 6 Qiandt t

A Other backgrounds estimated fran€ simulationsnormalized to
BaBarcrosssection measurements
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7 Template fits to separate
Y final states

A A T—8distributionson backgrounedsubtractediataarefitted usingtemplates
A z z #H H and L Lsobtainedfrom MC signal+ data/MCcorrections
A @ m btainedfrom Datadriven (cutbasedandBDT selections)

A Templatesneedto be corrected for:
A & selectiorefficiency
A 2D-... selectiorefficiency
A Triggerandtrackingefficiencies

A Triggerandtrackingcorrectionsareblinded until theendof theanalysis

A Fitsdonetwice: pionmass(& ) & muonmass& chargedrackhypotheses

A Datda A -0 distributionis adjustedby linearcombinationof templatesn >300bins
A Foreachmassbin, thefit strategyis asfollows:

A |I"HI Pilv 8 h 8 :toobtainQQnormalization(templatefrom data)
A |I"HI PV 8 h 8 :separaté /¢ gand0 Ofor low mass)
A Extrapolateo [AT—& pY full * /e gyields

A Fit fractions(£ WE hE hE ) extractedrom templateshapes
A Massspectrablinded, obtainedafter extrapolatiorof final fit resultsto |A T-8 p
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Datadriven eg¢ template distribution

A TheMonte Carlopredictionis foundto beunreliable® the'QQtemplatesarederivedusinga datadrivenmethod

A PureQQbackgroundselectedrom datausingcut- andBD T-basedselections

A Eventyieldsvs. &

A '‘QMQyieldsfrom templatefits vs masscomparedvith theinitial spectrum

A Validationof datadriventemplates\

usedto build templatenormalization
A Angulardistribution(sA 1—&) extractedasthetemplate shape
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Corrections to Templates and Mass Distributions

A Detailedanddedicatedanalysisstudiesof data/MC differenceson PID-selectedmuonandpion
samplestriggers,tracking,o and2D ... selections

A Efficiency correctionsapplied

data data data data
— €trigger € tracking EVA €2
trigger tracking View 2

A Additional correctiondor pions fake photonsandsecondarynteractions

A Eachcorrectionhastwo components
A Templateshapecorrectiongaffect* ‘I *separation)
A Massdependenceorrectiongaffect* “and‘ ‘spectra)

A Blinded procedure: trigger and tracking correctionsinitially offset (2 offsets for each
process)




2D ...&election Efficiency

A For muongleanchanneY background negligible.

A ForpionsY b a c k gQ@fidcu“n o QP ¢ HQ o) too large.

A UseH 2D ...e&fficiencieg to obtain to obtain the pion 2D...@&fficiency]
mry,data ,data mry,MC ,MC
€2 =En e — 6y

A Extra correction for pion: Secondary interactions +fake photons are accounted for by an additional correction
derived from data/MC comparisons of pion interactions

Data/MC
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Impact of Tracking Data/MC Corrections

A Tag-and-probe methodused as in 2009.

A Correction factor applied to account for data/MC differences

A ¢ draction is sensitive to small effects’in‘templates (especially near th@eak)

A Black error bars = statistical error

(pseudo experiments with 1000
toys)

A Red error bars = uncertainties
from corrections

A Tracking =largest correction
applied

A Other corrections (e.g. 2D...)
show compensating effects
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A Combined corrections applied to
TemplatesandMass spectrum

A Corrections are fairly flat
vsa ¢ showing no strong mass
dependence

A Large effect of corrections on mass
spectra (beloviNo%) that tends to
cancel out when combined

A Corrections remain close to unity
Y smal |l over all

A Corrections under control, ensuring
reliabled  spectrum
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Fitted Mass Spectrum

A Mass spectraobtainedfrom angularfits with blinded absolute

A

correctionq3' offset).

Fits performedn:
A 2 Med/Hbinsfor0511.0 GenV/
A 10MeV/® binselsewhere

Massspectramuoné& pion) initially blinded with anoffset
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' BABAR  xndf=8222128=064
1'15:_ Preliminary po =0.9955 £ 0.0035 (stat) £ 0.0030 (syst)
Muon Mass Spectrum vs QED .. | |
A* * flata spectrum can be compared to QED = { | \ H M \ }H { \ }
prediction, obtained by correcting the simulated < 1.0} L HRNE
Phokharaspectrum for: O :M H H} l | : H \ H ! :
A 1SR photon efficiency 9 095h | | | || \ \ ]
A NLOT NNLO acceptance correctigr0.03%) gs 0.90
A Improved vacuum polarization contribution
A Agreement with QED withii®.7%. a

A More precise than 2009 resuitl(1%) S T e e 10 s

2
A Confirms robustness 6f “I' ‘separation, no My [GeV/ce]

major systematic bias

2025: R .= 0.9955N0.0035,,N0.003Q,,,N0.0033 s N0.0043,, ..

data + stat  Syst. related ISR photon error on

errors on to” / ¢ data/MC QQ

corrections separation efficiency Iumilnosity
A A 1

2009: R,= 1.0040N0.0019,, N 0.0043,, N 0.0034.,N0.0094,,..
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Entries

fs' [GeV]

Unfolding procedure

A Implementation of\n iterative, dynamically stabilized method o
data unfoldingo correct data/MC shape differences.

10*

A Corrects for:

g
i;_

A Detector resolution. 10
AEffect of Final Stadte©Riaai P -
STt oo b b T
A To perform the unfolding a migration matrix from simulation is 04 06 08 1 lrﬁ [Gg\ﬁcz]
LU

constructed using the reconstructed invariant massand the
reduced energyi defined as:

G EQE— ¢ fr

s' [GeV]
Entries

A With —  the angle between the FSR/ISR LA photon and the
nearest charged track.

A Datadriven studies show systematic uncertainties are small.

A Systematic related to the response matrix ( cut) are included
by unfolding the spectrum with different matrices.

II.'."“ !

A Systematics uncertainties are propagated py, variations . 04"" s " IR a—y 1
m,, [GeV/c’]



https://arxiv.org/pdf/0907.3791
https://arxiv.org/pdf/0907.3791

Muon unfolding

A Unfolding resultswith original MC (UR1) andwith oneiterationof truth  MC reweighting(UR2) showto be
closeto theinitial data

A Furtheriterations have negligible effect, and the unfolded spectrumremainsstable,indicating a minimal
systematiegmpactfrom mismodelingthe generateanassdistribution

A MC reweighted UR2) is usedasthe nominalunfolding result
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E stat. unc./|data| ] E stat. unc./|data| E
0.1— — 0.1— -

Relative unfolding residual

Relative unfolding residual

: ’ | -
_0.1?_ —f —0.12— i
L02f = 02 -
0 T e e e e

1
[s' [GeV] Is' [GeV]



Muon uncertainties after unfolding

A Statisticaluncertaintiesreestimatedyy coherent Poissonpseudcexperiment®f the dataspectrumandthe migrationmatrix.

A Systematiancertaintiepropagatedhroughcoherenshifts of all binsfor a given systematicsource+ unfolding+ comparisorwith
nominalspectrum( p, variations)

A Systematicsaresmoothedisinga Gaussiarkernel
A Dominatedby TriggerL3, tracking,vertex,c$ ...selectiongtc.

A Statisticaluncertaintybelow5% underthe” peak
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E i = = 0.005 LO FSR _
e 0.06 : - é E
0.05 —; 0F ;g/,_\%_‘\ﬁpi%_h =
0047 E ~0.005— %’hﬂ—j
0.03F- = - .
= —0.01— 15
0.02f i - :
001y A O E E
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Pion unfolding

A Unfolding results (UR1 and UR2) show to be closeto the initial datawith more significant

correctionagn the” 7 interferenceegion

A Furtheriterationshavenegligible effect, and the unfolded spectrumremainsstable,indicating a

minimal systematiempactfrom mismodelinghe generateanassdistribution
A MC reweighted UR2) is usedasthenominalunfoldingresult
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Pion uncertainties after unfolding

A Systematic uncertainties dominate at low and high mass while in the central region the statistical uncertainty
dominates

A Systematic uncertainty is mainly dominated by Trigger-£3, cut, tracking, etc.
A Statistical uncertainty below 1% around the] interference.
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Effective ISR luminosity
determination

A Effective ISR luminosity neededto extract”~ ~ cross

sectionsDerivedfrom themuon channel

NISR/d\/_
ENN(\/;) o-g,u(\/;)
A where

A7 dacceptancef theselectionfor muons
A , :BarecrosssectionQQ O *

A Q)  TQVi=Unfoldedmuonspectrum

dL ISR __
dv/s'

4
7/
- 1) L1 4 r - /
A Ratio Q) TQ/i T isreplacedby 7
///
ISR / MC gen
ANGR VS dNgeen (L= fio men)
€uu(V8) dv's'
HE \ \ ) \ Y ]
| |
Phokhara removes the 2nd order
spectrum at LOFSR polynomial fit
generation contribution to data/MC
level
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i p1=0.0571 = 0.0439 (stat) £ 0.0032 (syst) |
} p2> = —0.0229 £ 0.0267 (stat) + 0.0043 (syst)
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A 2025 results are iexcellent agreementvith 2009
A Best precision achieved in the 7 interference region.
A Larger uncertainties at low/high masses duaton

“contribution tow
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Preliminary | |

| |

*

|
} | ‘ |[ { ‘ } | ; iWw#%#MW%%”%,WM&WMM&MM Ntl N
’ |

BaBar cross sections ratio (2025/2009)

background

0.4 0.6 1.0

0.8
Vs [GeV]

Energy range [GeV]

2025 (a]" + stat + syst [10719])

2009 (a]™ + stat + syst [10719])

Below 0.5
05-14

980+ 55+£1.7
456.2 £ 2.2+ 1.7

57.6 0.6 £0.6
455.6 £2.1 £ 2.6

Energy range [GeV]

2025-2009 average (preliminary) o™ [10~'0]

Below 0.5 58.2+0.8
0.5-1.4 455.9 + 2.1
Below 1.4 514.1 £ 2.5
Below 1.8 (1.4 — 1.8 from 2009) 514.4+2.5

1.2

1.4
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Summary and outlook

A Newblind BaBar analysis(460f b conffmsthe* “ contributionto ¢ .

A Independenimethod(angularfits, no PID) removesdominant2009systematic

A Unblinded' * gpectrumagreeswith QED, validatingtheapproach

A “ “crosssectionconsistentvith 2009 with reducedsystematicsin 0.5i 1.4 GeV.

SNDO06
A Results
CMD-2

A Below05GeV & (v @t vd (OO Cpg (O U O p ABAR 00
A05114Gev & (tuvdp ¢& (OO0 g (OUBO p BABAR 25

KLOE

A Robustnesshownby excellentagreementvith 2009

BESIII
SND20
CMD-3

More information in Lepton Photon 2025 talks: Tau
L ® 0o n a r oNew preciselmeasurement of fQeQ © “ “ [ cross section witBaBar  yp o5

Zh i gi n:Review of HVPlcalculations viQ Q measurements

(% of 2x measured)

(93.8%)

(88.6%)

(99.9%)
(100%)
(99.9%)

0+1.45

(97.2%)

(72.8%) H—O——H

(80.3%)

(98.9%)

(100%)

(Lattice based HVP LO)

Exp

1 1 1 1 1 i

1 1
-35 -30

25 20 -15 -10 -5 0 5
a -2 [x107%]
TR


https://indico.cern.ch/event/1493037/contributions/6605122/attachments/3124288/5540902/LP2025_BaBar_Polat.pdf
https://indico.cern.ch/event/1493037/contributions/6605121/attachments/3125692/5543804/Zhang_LP2025_0829.pdf
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Gettingw fromQ Q © “ “ (I) cross section

A Cross sectiond® Q © “ “ (1) atreduced energ\y/_ 2a (0= any final state) from measuremenffQQ ©
& x E @E energy incenterof mass (CM) frame.

A Measuring the yield gives the bare cross sectipn(\/i_) (excluding vacuum polarization)

dNXv _ dLISR s') o0 /

A- = detection efficiency in acceptance Y from si

Ab = effective | SRd I‘u(ni him@)iandy (V¥) tdkendram QED computation

A Ratio of* “and’ ‘mass spectra cancellation of VP ratio of (1)

J?”T(VFSR) (\/?)
Upt(\/?)(l + 5;‘;{)(1 + 5ggd FSR)

(Vi e Tt Toi : cross section for poidtke charged fermions
A (p T¢ 8 ): corrections for lowesbrder(additional) FSR contributions.

A Dispersion relation with QED kernél i & 1
nr(yesr), LO _ = ds’ K(s") o° ’
Ay 4173 j s K(s) Tt (YFSR) (s)

4mz

(1)

mul ati or

(2)

(3)
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, Ty (0.5 <My <1 GeV/c?
L B B B

, Phokhara)
———

NLO fits description

1)

2 4 6 8
2
I n(x‘llsRVSA +1 )

10

, By (0.5 <mpy < 1 GeV/c?, Phokhara)
I N R S I

+
2
A Use measured ISR energy/direction + momenta/angles of both tracks. £
A 7 o #e Afit: additional large angle (LA)wi t h respect to
2.45 rad). ok
A AL 8 fit: additional small angle (SA) fitted assuming collinearity with
one of the beams.
A NLO LA sample: ? ? %y cTmItAB6
A NLO SA sample:? ? ,%r cmIatABb
A LO sample: events below the thresholds. :j
A Larger background it “ [process, suppressed with Nx:

A optimized BDThased; $ ? selection (98099% efficiency).

0 2 4 6 8

In(x\zthYSA + 1)

0

103

10?

10°

107!

10?2

10!

10°

102

Events
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Cut-based selection d@ Qévents

A Cutbased selection studied in a
previousanalysis(2019:

(%)1 > 0.5, (j—i)l > 600,

(d—E) > 550 + 60 X p, + 8.9 x p2,
dxz

1\ 2 _ 2
isElectron, ,, = (Eczz)l_ﬁl) n (dE/cliasc0690) £

A For 1 (2) the track with the highest
(lowest)momentum

Events / (0.0125)

Events / (0.5)

I0PET % 7 3

Huy (MC) 77

nny (MC) KX

—r—r—TTT
KKy (MC) =553

L |

Data (bkg
subtracted)

Data =77 §

B =

-

—]

1.0 15

0.0 0.5 Y 2.5
(Eecal/p)1
. . S —— S
10 KKy (MC) === Datar "3
Huy (MC) 771 Data (bkg 1
nny (MC) 5N subtracted) R
10*H 3
10° | E
102 .
10! E
. Hﬂwﬂnﬂnnﬂ.n. LD
0 20 40 60 80 100
isElectron;

Events / (4.0)

Events / (0.5)

R ST R LR RS EE S S EE T SRR R R TR
KKy (MC) =7 Data
10° ¢ upy (MC) 771 Data (bkg 3
E nmy (MC) S subtracted)lzl b
10°
102
10!
100 s A A ) ) 1 Nl o
300 400 500 600 700 800 900 1000 1100
(dE/dx),
T 1 —— —
105 KKy (MC) == Data i~ |
MUy (MC) 771 Data (bkg E
ny (MC) 5N subtracted)

—
o
rS

=
o
w

=
o
~

40 60
isElectron;
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BDT-based selection @ Qévents

A Additional selectionperformedusinga BDT implementedvith the XGBoostlibrary, trainedon thefollowing variables

(Egcal/P)1, (AE/dxX)q/2, P12, iSElectrony 5, Vy,,, Myq, my,

A Trainingis carriedout on eventsthatpassthe cutbasedselectionwith real datausedassignalandMonte Carlo asbackground
A BDT hyperparameter@reedepthandlearningrate)areoptimizedto maximizeclassificationaccuracy

A To avoidbias,two independenBDTs aretrainedon separatdalvesof the datasetwith eachappliedto theoppositehalf.

A Thetraininguseshelogarithmiclossfunctionasthe evaluationmetric,andearly stoppingis appliedto preventoverfitting.

A Theoutputof theclassifieris the probabilitythataneventcorrespondso signal(i.e., G0 -like).

T T l T T T ] T I T F T l T T L3 T T T T I T T T T I T T T T l T T T T ] T T T T l T T T T I T T T T l
! I ! - - 1 ! - ! I - - ! I ! ! " [ Fooeey G T [ H ]
s Signal (Train) A 105 LS KKy (MC) - 7Data i L —Train th
10tk mem Background (Train) i f EZ gy (MG) E:;?régtgd) ] --- Validation ]
—_ 2 } Signal (validation) :Ermv(MC) :
g { Background (Validation) Tk it 0.50
o N n
N 0 O O
- 0 g S : 0.45
£ = I =
c ~ C 0.40
= . wn 4
107 E i - =
> ; =
bt 10 & ©
@© g g o 035
o -
= W . e
2 102, | ! 0.30
< 10'F | E
0.25:‘ .
10_3 100 L | s | ! 1 h h h el ST T TRV OE SRR SNV SN O TN S T C1 [N S Y S LY TN s T S (K Ve S WA [N O M S Y M
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35

Signal probability from BDT Signal probability from BDT Training iteration



Tracking efficiency corrections on muons

A 2009formalism: tag-andprobemethodwith
single track reconstructed+ second track

-
(=]
5

predicted from 1-constraint kinematic fit 8 Con pinded 8o | pinded
(methodl). E 102 + ++++ + +++ i "‘é ﬁ++++++++++++++ ++ +++++ # +++ ++ it i ++++++ +++ +++++ m ++++++++ “
A Poor resolution on predicted parametersof ¢ ", it i W VR = L : W
low-momentum tracks and/or at edge of & ' $ tracking
acceptance alternative, 4-constraint fit & | il
(method 2), ignoring predicted probe track — © 088 gu gy 5 5 g 7 S Y S T S T R
parameters m,, (GeV) coser,
. . v 1.04 L
A Trackingcorrection ] C " | =
-_g tracking 5
§ 102 ‘ || H 0”..0 i ! H } | ’| H ") § NH{H}*}H m* m* ** 4“{* HH*H}{HN +++}+ HN*HH ﬂ*m*ﬂm Hmh ”H||
(1 — fo— f3)€°]aat : Ll HH N s
Ctrackin = — L . { \ H E .-
g 1 2 8 L { 8 L tracking
— Jo — J3)€"]MC e il
[( f f ) ] :%098 " | " 1 " i i I % [ L 1 L M " 1 N i N | M L " 1 " i i
0 0.5 1 15 0 0.2 04 06 0.8
m_. (GeV) cosH*,

A 7 : averagdrackefficiency
A "Qx 2-track correlatedossprobability
A "Q: extrarecotracklossprobability
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Angular fit

A Neymanrand Pearson. were also considered, CNP was retained.
A Carried out by a CombinddeymannPearson..

A @A -6 bin.

A 0 dpbserved events in a given bin (data).
A U : probability model (predicted events).
A 30 : Statistical error i .

X2CNP = Z W = Nj)z )

1 2
i 3/ (Mj+(ANj)2 T Nj+(AN;)?

A Where the probability model is a linear combination of templates

2

k—1 k—1
+ J\[\l > (filhz)? + (1 = fi> Az,
=1

i=1

k—1 k—1
N=M [Z fiwi + (1 -> f;-) T
1=1 1=1

A 0 :integral ovelA -8 of the fitted data distribution in a mass bin,
A Qv mip : parameters of fit, scale factors of templates BitfQ p

Average fitted / true f,

Average fitted / true fry

1.0125

1.0100

1.0075

1.0050

1.0025

1.0000

0.9975

0.9950 L
0.28

AR EEE R AR SR RN RS B
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I [ I I
2
¢ XNeyman

d X3 (iterated)

eeeeee

0.5 0.7 085 1.0 1.5
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1.020

[
o
[Wr
w
|

1.010 F

1.005 |

0.995 |
0.990 |

0.985 |

I | [ I
2
¢ XNeyman

LT) Xgea rson ( iterated )

i X<2:NP

e T e

-

0.980
0.21

0.5 0.7 085 1.0

my, [GeV/c?]
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FSR region

ABaBar has a large acceptance to measure ISR Large Angle (LA) photons.
AWe define the—iAnomi nal 0 usi ng
ADifferent angle cuts were considered: piplr fgu



