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@ Introduction

-

* Current level of analysis requires knowledge of
the integrated cross-section of main channels
e+e- — e+e-, T, YUY with precision <= 0.1%

* Some of the analysis are based on predicted
differential distributions, knowledge of
the differential cross-section is also crucial
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@ MC generators e+e- - TI+TT-

First generation of MC tools were developed for initial studies at LO or of some
specific amplitudes. they have ~ O(%) precision

AFKQED (BaBar) depends on the event
ISR at LO +Structure Function selection (can be as good
as phokhara)
EVA (KLOE) 0(%)

Tagged photon, ISR at LO + Structure Function, FSR: point-like pions

BaBaYaga 3.5 (KLOE)

ISR via Parton Shower approach, no FSR 17
FASTERD (KLOE) O(%)
ISR at LO, dedicated for different FSR models study (and e+e- = ¢/p = ..)
KKMC
YFS exponentiation for soft photons + hard part and subleading ferms in some High accuracy
approximation only for muon pairs
Carlomat

A general purpose program for automatic computation of LO cross sections

Probably many others..... But when we speak about precision, only very few are available
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o MC generators e+e- - Ti+1T- (V)

Most precise 2 MC generators:

PHOKHARA
developed for ISR process with 1 real photon + addition 5w
quoted accuracy Complete set of NLO to e+e- = m+m-y: L_g, S
0.5% most recent 10.0 version includes NNLO FSR, — - S-
for differential and 1real + two virtual photon box diagram in SQED approx. =l S S
cross section FSR from the pointlike pion (some models with intermediate f0,0 are possible) S g
T =+
No logarithmically enhanced corrections, no O-photon soft part 8. 5,
has limited precision for scanned mode (w/o y) = =7
3
o
accuracy MCGPJ o) ©
0.2% exact NLO (to e+e- = m+m-) + logarithmically enhanced correction = Q
for total using ISR jets along beam with collinear structure functions 2 et
cross section box diagram with above sQED approach (6VMD or dispersive) &
FSR from the pointlike pion
No some of virtual, soft corrections for e+e- = m+m-y 4
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@, MCGPJ/Phokara
Phokara 10.0: For scan mode doesn't have FSR CMD-3 cuts:
|Ap|<0.15 rad,|AB|<0.25 rad
ISR and Fmr cross check  MCGPJ with FSR off, ::(6 O+41;-Ee_ )/2<mt-1 rad
. . ki > . edl
Phokara 10 with same Fm as in MCGPJ L
~ 0.003 - = 2 | ndf 3153 / 208
© - v - : Prob 0
% 0 002:— % 0'0015 ................. b, ot | po ~0.0003297 + 1.6916-05
s Ok - 0F ' | |
5 : 8
2 0.001F 2 -0.001
3 - Z _0.002
8- o 58
ok - £2.0.003
% _0.001F %" 0.004
- -0.005
~0.002
n —0.006
_0 003 B 3 I I I I I I I I I I I I I I I I I I 1 3 I 3 § I L L I I Il L L I L L L 1 I L 3 3 I I I 3 3 I I § 2
: 200 300 400 500 600 200 300 400 500 600
Beam eneray, MeV Beam energy, MeV
Cross section is consistent at ~0.05% at p-peak .
(ClT phl - 0.250/0)
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o MCGPJ FSR contribution

v

With Fpi=1 FSR is consistent with

analytical formula at < 0.05%
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FSR

With full formfactor behaviour
is different because of ISR return.

But looks reasonable
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Phokhara vs EVA structure functions

Many studies with
previous generators
were performed
during development of

Phokhara

German Rodrigo, Henryk Czyz et al.,
Eur.Phys.J.C 24 (2002) 71-82
https://inspirehep.net/literature/568265
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NLO vs OF
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@ resums Dig logs L=Log(s/m,?)
to all orders

® Cxira collinear emission in’regra’red

out: no momentum conservation

® Unfagged photon: double counting
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NLO: PHOKHARA

® LI +subleading terms (1%)

® [ull angular dependence

® Momentum conservation

® Tagged or unfagged photons
® (SR accuracy 05%



https://inspirehep.net/literature/568265

@ Phokhara vs KKMC

Phokhara NLO vs KKMC with photons exponential resumption
Comparison for p+p- channel (KKMC has only limited terms for mm)

1.02[ 1.02

N (a) RATIOS C (b) RATIOS
- A PHOKARA.02/KKMC.CEEX2 [ A PHOKARA.O2/KK .03
consh ek sem.03exp Lack of soft photon
- ® KKsem.O3exp/KKMC.CEEX2 - KKsem.02/KKsem.0O3exp ] .
F o resumption in Phokhara
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enhanced corrections)
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Figure 1: Mu-pair mass (square) spectrum in case of ISR only. /s = 1.01942GeV.

S. Jadach, Acta Phys.Polon.B 36 (2005) 2387
https://inspirehep.net/literature/685361

First step to implement NNLO logarithmic corrections were performed in Phokhara
(not in official version) with stated effect of ~0.5%:

Szymon Tracz, Acta Phys.Polon.B 50 (2019) 1955-1964 b
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LN Forward backward charge asymmetry

do/dO spectra

0 800X10°
g
= 700 O SO PO ST UD SO00 OO PO ST T RSO TSP UTUPOE SOV B
= Asymmetry definition:
E 600 - L S T
5500 __-- ................................ ............................... ....................... A - (Ne<n/2 4 Ne>n/2)/N
300 Sensitive to:
e ¥ angle-related systematics
X used model of y-m interaction
100 | | | _ |
0] 18 0k T2 AT TiFtry:

0 5 rad o/ - c
average 1% inconsistency for m+m- was observed

between data and MC prediction
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SQED assumptions for radiative corrections

The radiative correction calculations is commonly done in the sQED approach,
I't's mean that the calculations are performed without form factor,
then final Amplitude is scaled by F(q?)

Scalar QED approach >< O A = sQED*F(s)

Proper way A ~ JF(q,)F(q,)

Proper way will be to put F(q?) to each vertex
N.B. It will be important to re-calculate radiative corrections
with above sQED for ISR measurement



o
9

Charge asymmetry INn et+e- -> TI+TT-

4

Precalculated amplitude of
box diagram above sQED
was added to MCGPJ
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Conventional sQED approach gives ~ 1% inconsistency
The theoretical model within GVMD was introduced,

describes well the CMD-3 data riLeeetal., PhysLett.B 833 (2022) 137283,50.002

was confirmed by calculation in dispersive formalism

M.Hoferichter et al., THEP 08 (2022) 295

Average at /s = 0.7-0.82 GeV:
' <6A> = -0.029 + 0.023 %

e: <0A> = -0.060 + 0.026 %
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Relative to GVMD prediction
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https://inspirehep.net/literature/2072382
https://inspirehep.net/literature/2107871

@ it Angle distribution, MCGPJ vs Phokhara

n‘f::
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o Asymmetry for MCGPJ/Phokhara

Asymmetry behavL%L_l['Mwu‘rh Mrr MCGPT

v

075 08 085 09 09 1 \ 1.05 "
Difference from sQED limitation MCGPJ have only one photon on large angle or

for virtual correction (in box diagram) collinear jets along e+e- (but integrally over range
gives proper number)

Phokhara don't have point at Mq? ~ so

KLOE new analysis of x5 statistics have plans to look on the asymmetry with M.
calculation with above sQED for e‘e- = n*n +y will be required 13
5 June 2023 Workstop/Thinkstart RadioMC, Zurich



@, Summary

e+e- > mn+mn-(y) generator

For scan experiment: Unfortunately only MCGPJ available with declared 0.2% precision
For ISR: only Phokhara with 0.5% precision

It is quite desirable to have precise e+e- »m+m-(y) generator with ~0.1%:
NNLO + logarithmically enhanced corrections
with above sQED calculation
cover both ISR and scan modes (with radiator function up M2 = so )

KLOE new analysis will stress and may be limited in some parts by radiative correction
probably first most important question: 1 real with box diagram above sQED
next question: logarithmically enhanced corrections for 0.1% precision

CMD-3 analysis can be clarified in some parts by more precise generators 14
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How it can affect pion form factor measurements?

Usually event selections in analyses are charge/angle symmeftric

Main effect at lowest order comes from:
Interference of box vs born diagrams

=> only charge-odd contribution
M T >""~< effect is integrated out
in full cross-section
Interference of ISR & box vs FSR (or v.v.)

=> charge-even
MMX M can affect integrated cross-section

15
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Yo ISR measurements

ThevtEAm:

F. Campanario, G. Rodrigo, Sz. Tracz (Valencia) Henr'Yk Czyz

e e e NLO €—|—€_ — T —I_‘Tl' _’)/ the Muon g-2 Theory
. Jelifiski, D. Zhuridov (left physics) A .
Initiative Worksop 2019

Status - finished: arXiv:1903.10197

F. Campanario et al.

Phys.Rev.D 100 (2019) 7, 076004
= sQED 4+ form factors: ys-Rev (2019)

FSR at NLO and pentaboxes ready and fully tested

— Phokharal0.0
http://ific.uv.es/~ rodrigo/phokhara/

FSRNLO TVP (two virtual photon)
‘/
‘\
H. c) 17
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https://inspirehep.net/literature/1726528
https://indico.fnal.gov/event/21626/contributions/63800/attachments/40007/48379/czyz_g-2-2019.pdf
https://indico.fnal.gov/event/21626/contributions/63800/attachments/40007/48379/czyz_g-2-2019.pdf

SQED assumption

5 June 2023

. Henryk Czyz
Model assumptions the Muon g-2 Theory
Initiative Worksop 2019

Radiative corrections in PHOKHARA and EKHARA MC generators, 12
18

Workstop/Thinkstart RadioMC, Zurich


https://indico.fnal.gov/event/21626/contributions/63800/attachments/40007/48379/czyz_g-2-2019.pdf
https://indico.fnal.gov/event/21626/contributions/63800/attachments/40007/48379/czyz_g-2-2019.pdf

Yo ISR measurements

Complete NLO: KLOE-large Complete NLO: KLOE-small
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—0.02
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t
—0.025 0.002
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0.0015
o \/@[GEV] . 0.001
TVP 0.2 - 1% => can be scaled up with x5-10 " T
to 1-5% correction? g, ! {
5?—0.0005 ' {
KLOE-2010 with tag photon measurement 5T oo
—0.0015
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—0.0025
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@, Scalar production

v

Could it be: e+e- = p = oy or agm=? .
With help of FASTERD generator

1 Ebeam380M€V ....................... ...................... ...................... O. Shekhovtsova, 6. Venanzoni, 6. Panccheri,
: : . Comp.Phys.C. 180 (2009) 1206-1218

Mixed in p = oy instead of ¢ = (fo+o)y
in non structure model
with some rough o production parameters

|0A| ~<2x10° effect only in far tails

Br (p->ay) ~ 1x10* [x2 Br(p—=mOmnOy) ]
Interference with sQED e+e- = m'mry: => ~ 1x10-3
X Collinearity selection cuts 1x10-?

Total rate ~ 10-° oo small to affect something

p = armt effect should be same or less:
Phys.Rev.D 76 (2007) 033001

02 03 04 05 06 07 08 09 _ i 20
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https://inspirehep.net/literature/812104
https://inspirehep.net/literature/812104
https://inspirehep.net/literature/753230

@ Generators MCGPJ/BabaYaga@NLO

v

ee—>u|.1

Ans p+y- nHTerpanbHas acummeTpus cosnaaaeTt
mexay MCGPJ/BabaYaga@NLO % 0.06
¢ abc. TouHocTbro ~0.05% ( 5% oTHOCUTENbHAS TOYHOCTD)

0.014

0.013

0.012—

0.011

0.01

NO(6<n/2)-N1(8>7/2))/(NO+N1)

0.009

A N P R B B
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Beam enerqy, MeV

BabaYaga@NLO mopenupyeTt OTOHBI peKypCUBHO

Y Hac TOnNbKO 0AUH POTOH Ha 6onblIOU yros
TToseaeHue BabaYaga okono q2~ 1 6onee pusmnyHo
Ckopee BCero 370 OTNUYUE AdeT 3PPEKT B CUCTEMATUKY

gameneHm no P u3-3a pasHUUbI reHepaTtopos
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mailto:BabaYaga@NLO

\ Vacuum polarlzatlon
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http://www-com.physik.hu-berlin.de/~fjeger/software.html
https://cmd.inp.nsk.su/~ignatov/vpl/

@ Vacuum polarlzatlon
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http://www-com.physik.hu-berlin.de/~fjeger/software.html
https://cmd.inp.nsk.su/~ignatov/vpl/

@ Asymmetry with M1t2

Asymmetry vs M_2

Sample of 21 can be selected by energy
deposition as MIP with E , <100 MeV

(with some admixture of 2y)

Comparison with full mixed simulation

Main difference comes from M_2/s ~ 1:
correspond to virtual/soft radiative corrections

0.8 0.85 5 095 1

Q2/Q2
5 June 2023 Workstop/Thinkstart RadioMC, Zurich



o Phokhara vs EVA

v Phokhara NLO with Eva collinear Structure Function
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Fig. 11. Comparison between the collinear approximation by

5 June 2023 Depend on Used cuts structure functions and the fixed order NLO result. Cuts from
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https://inspirehep.net/literature/568265

@ MC generators e+e- - e+e-

o

Several MC generators available with 0.1-0.5% precision.
Most recent e+e- -> e+e- (gamma) generators
include exact NLO + Higher Order terms in some approximation:
BabaYaga@NLO (KLOE,BaBar, BESIIT)
Parton shower approach: n photons with angle distribution,
interference for 1 photon radiation

0.1%
ete-, H+y-

MCGPJ (VEPP-2000)
1 real photon (from any particle)
+ photon jets along all particles (collinear Structure function)
v2: + jets angle distributions

Accuracy 0.2%
ere-, -, -,
etc

0.5% (~0.1%?) BHWIDE (LEP)

e+e- n real photons by Yennie-Frautschi-Suura (YFS) exponentiation method
interference on O(a) level

<0.1% McMule

e+e-, etc Fixed order NNLO

ReneSANCe (from Dubna)
NLO + leading log corrections for ISR

under development
e+e-, U+u-,ZH, ...

And there are other generators for p+y-:
PHOKHARA (KLOE) p+u-, m+m- etc , KKMC (p+u-), etc 26
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@ BabaYaga@NLO vs MCGPJ generators

Only two e+e- = e+e- generators available with claimed precision ~ 0.1%
BabaYaga@NLO & MCGPJ

Integrated cross-section is consistent at the level <0.1%
(0.06-0.% for 2E = 0.3-1.0 GeV)

In CMD3 Selection cuts:

|A‘~P|<015, |Ae|<025, 1< eaver‘age<Tf -1 ' P+- >0.45 Ebeam g 020015 PO Q000nadet oo
Calculated cross-section at E beam=391.48 MeV = oo

T 0.002 e

MCGPJ : 751.269 +- 0.007 nb % °'°°°§-
BabaYaga@NLO : 751.223 +- 0.009 nb 8 o.0005F
A &> 0.01% t;*: —0.001E

—0.0015F

0,002/ L5566 ab6" '5456E'b' 500 M '530
N.B. MCGPJ last improvement with introduction of jet angle distribution

greatly improved differential distribution, but gives only

modest change of total cross-section: -0.06% 27
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‘®_ MCGPJ vs BabaYaga bhabha P+ vs P- spectrum

Differential over momentum spectrum comparison

hee E
| Entries _ 7.063967a+09

beam

P+/E,

06 ..... :

0.4 b r ......

0.2

10

1
1
P-/E

beam

MCGPJ last improvement with jets angles
reduce discrepancy from x1.6-3 to x1.1

Momentum spectrum still disagree at level ~ 10%
Tails comes from e+e- = e+e- yy , NNLO order
Very desirable to have more precise generators

%

1

0.2 0.4 0.6 0.8

BabaYaga/MCGPJ

Such discrepancy gives 0.3% systematic for m+m- at p-peak using momentum analysis at CMD3 28
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=
@, Other e+e- generators
Differential momentum spectrum comparison
Epon 39148 MeV | | |
% 107 = P-pr'oJechon ...................................... MCGPJ .........
e with 0.3 <P+ <045 | Bavavaca
InTegr'aTed Cr‘OSS-SQC'I‘ion (in CMD3 SeleCTion CUTS) = 105 ................................. ...................................... ...................................... — ReneSANGe | | , .........

at E beam=391.48 MeV:

MCGPJ vs jetangles = 751.269 +- 0.007 nb
BabaYaga@NLO :751.223 +-0.009nb  <0.01%
BHWIDE v1.05 :751428 +-0.006 nb  0.02%
SANCev120 :75475 + 005 nb  05%

> 12
3
2 1.1
e
2 1
B

=]

, . :
29P!Ebean1
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Other e+e- generators

Differential over

angle spectrum comparison

200

N ~ do/de

Differential cross section over theta
consistent/or inconsistent
at level ~0.1-0.2%

150
100

50

But we are already sensitive to it 5
in the asymmetry study with CMD3
as shown in presentation yesterday

5 June 2023

E. 39148 MeV

beam

X

-

o
o™

250r

MCGPJ

et .................................. ................... —_— BabaYaga
- — Bhide

H
H
H
H
H
1

E_ ......................... Ry
: ot I:t”+++++ S Hyy bt A FHTTTE
____,___..._.,,_...-L... M‘wﬁm i t
[ - b T - "‘I'H- +H+'|‘++Hf|‘++'|‘++++

f ++ + ++{'+++|‘++"+H'+

_._.,.--—-

theta,_,, rad
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Yo MCGPJ vs BabaYaga spectrums

2013"'2018 dGTG hppexp 107

ST :
Can be looked '§1.2:. 105%;_1pd___qtg_d_ MCGPJ }
region where no 2m events: § | 10* “£0.3 <Pl 045 -/
0.3 <P1<0.4 84 2 wk S
0.75 < P2 <0.85 58° 10° rﬂ/f Dt
+ box vise-versa 0.6 —— S S
. _=—=__ PEbeam
0.4 g .
Ebeam < 375 MeV R 1of§, :2 WW%M
To suppress 3m | 8
% 02 04 06 08 f 12 | o
data/MC Momentym/E,,, + . 0‘:_# 02 04 05 03 [
MCGPJ 1,038 +- 0.026 . e
BabaYaga@NLO 1.006 +- 0.026 15
It is necessary to have statistic ~ x10 more | |2 E %
(or somehow to suppress 3T events) I 13
And for 2m analysis more crucial spectrum in another part, % i
where pion peaks: P1,P2 ~09 E_,_ PRIP RG] ~C K TR
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mailto:BabaYaga@NLO

o

et+e- - JU+H-(Y) cross-section

Total cross section

Comparison relative to MCGPJ, VP off

in CMD3 selection cuts

0.006
0.004 ]

Z 0.002

GWHJG“ . MCGPJ - 1

0

no VP, total ee—puu(y) cross section

—0.002f

0004 =T BaBaYaga@NLO..... S———

—0.006

KKMCe v 4.32, Phokhara v10.0, BabaYaga@NLO, MCGPJ

200 300

500 600
Beam energy, MeV

NP BN
400

KURAEV analytical formula for e+e-—p+u-(y)

total cross-section: Phys.Rev.D72:114019,2005(arXiv:hep-ph/0505236)

KKMC was design for LEP energies

MCGPJ for p+p- is still without jets angular distribution
Phokhara has limited precision for scanned mode (w/o0 ISR v)

It is commonly used FSR correction in approx. with E>>My:

missed dependency &, virtual ~ 2axn/p, with p—~0

5 June 2023

0.003
0.002
0.001

0

/6, MCGPJ - 1

6" —0.001
~0.002
~0.003
~0.004
~0.005

300 400

500 600
Beam enerqay, MeV

0.007—

0.006
0.005
0.004
0.003
0.002

0.001

sMCGPJ / &

II|IIII|IIIIIIIIIIIIIIIIIIlllllll}llll

> R . ¢ BabaYaga -

%= ¢ ndf 182.3 7 207
Prob 0.8908
pl 0.01613 = 0.0001727
ol ~0.0161= 0.0001808

=
N
ol

Workstop/Thinkstart RadioMC, Zurich


mailto:BabaYaga@NLO

\

@, MCGPJ vs BabaYaga spectrums

v

After adding angle distribution for jets, etc ...

MomenTum SPCCTPUH’\ STIH disagr‘ee at |€V€| - 100/0 T U i e
Need more experimental épga for cross-check - Af‘fer ..... 'mprovmaMCGPJ ________________________________________________________
................ 1ﬂ5

O 3 <P1< 045

10°

hsum _py

Entries 66676 | 10°

Mean 0.8903

102 | sidpev 02102 0 ;
T P FIFHNISMNF SIS - % O O RHHTTIIIE T P/Ebeam
10k ' - T — et 8 F
0 75 0 8 0 85 0 9 0 95 1 1 05 1 -l 15 g 0-5 R R B LR
Momentum/E - & o,
Momentum spectrum disagree at level ~ 10% ) S S S S S S
Need more experimental data for cross-check of- o' 5 o S ;j
We need more theoretical input for MC
33

Result in systematic of m+m- measurement = 0.0 - 0.4%
5 June 2023 Workstop/Thinkstart RadioMC, Zurich



o MCGPJ modifications

Several steps for upgrading MCGPJ were done:

1_x(1—x) m”>
pk  1+(1-x)* (pk)’
1 o il b i
1-Bc  1+(1—x) (1—Bc)

photon jets angular distribution with proper kinematic: f(c=cos(0),x=w/E)~

~

Born cross-section boost shift rewritten with virtuality of lepton
? how well factorization is working now(|ISR|*|BornShift|*|FSR])
In case jets along lepton — leptons was near real, but now it is not

Structure function for FSR: To be consistent with single photon behavior, it started to be used relative to energy of
particle after radiation:

b

D(z,S)N%b(l—z)j_l....,bzzTa(L—l),L:10g(iz),s—>s(1—x)2
m

rebalance of jet compensator:
not necessary to keep minimal cone 8 from which exact 1 photon Berends is used

some question still under inspection: (some effects of my(not theorist)
not understanding at level ~ 0.05%)
1)? is it consistent definition of Berneds soft part versus Jets soft part....
2) problem fo construct generator..., now can be used in weighting mode
No positive balance of Matrix element between exact Berends 1 photon vs always 4 jet configuration:
how to subtract only 1 photon from always 4 jet event...

5 June 2023 Workstop/Thinkstart RadioMC, Zurich
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o MC generator, MCGPJ

High experimental precision relies on high theoretical precision of MC tools:
All events from RHO2013 scan

(~ 10 millions of e+e- nd T+ s 2ot}
Several MC generators available with 0.1-0.5% precision. G
MCGPJ generator (0.2%) is used by Novosibirsk group: E 1 o
1 real Y+Y je’rs along all par"ricles (with collinear Structures function) go.s 10°
=
High statistics allowed us to observe 02 107

a discrepancy in momentum distribution "

of experimental data vs theoretical spectra from MCGPJ B
o
The source of the discrepancy is understood: diag dp/Ebeam<0.0383161 XLC'“ B " ormentume, 2, —
. 0 3 . . ppexp_di : EE E—
Glso ImporTanT v JeTS angular. dls.‘-r'|b(—l-‘.lor‘.lt)s:E !>/ Enties  1.42810: e F EmriE‘S T
» E 330-409 MeV i
10°E - Cosiie additionally m\ BT} A M0
3 = Sid Dev 0.0 "' .!I':' .L Std Dev  0.0¢
Several steps for upgrading MCGPJ oo Seppressed by 10 (/)i
E e+e " M )
were done. ' \ !
. . . , *e - 'a
But still some question under inspection ; \ o y
£ It
i ] JI 1|'
Y S P T ' - R R e
02 04 06 038 1 1.2 05 06 07 08 09 1 11
= June 2023 (p*+p)/2/Ebeam Momentum/E
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After adding angle distribution for jets, efc ...

Ebeam = 391.48 MeV Bk R o
§ 4L Ratio in momentum spectrums 2 e
wh 1.8
D.. : 1 .6 10%
0_8__ ................. 1 4 10?
0_6__ ................. 1 '2 1[!|IB
i 1
L 105
0.4 0.8
: 0-6 1u4
0.2[- 0.4 :
i 0-2 10
[ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
% 0.2 0.4 0.6 0.8, 1

P/Ebeam

Momentum spectrum disagree at level ~ 10%
Need more experimental data for cross-check
We need more theoretical input for MCGPJ

BabaYaga/MCGPJ

Result in systematic of m+m- measurement
- 0.0-0.4%

For precision ~<0.1% necessary to have exact e+e-—e+e-(yy) NNLO generator®
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