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Colliders History

\ﬂ

1961 AdA Frascati Ital . .

1965 Princeton-Stanford(e-e-) Stanford US/}; 1961: AdA WClS The flr'ST mCl'H'er' OnTlmC('H'Cr'

1965 VEP-1(e-¢-) Novosibirsk USSR o . .

1966 | VEPP2 Novosibirsk e storage ring with a single magnet (weak

196 ACO Orsa rance . . .

o6 ADONE - s focusing) in which e+/e- were stored at 250

1971 CEA Cambridge USA

1971 ISR CERN Switzerland M e v

1972 SPEAR Stanford USA

DT oo g ernan Touschek effect (1963); first e+e- interactions
1976 DCI Orsa France - i 3 5 e 2b 2 -1
T N s recorded - limited by luminosity ~ 10%°cm-2s

1978 VEPP-4 Novosibirsk USSR

1978 PETRA Hamburg Germany

1979 CESR Cornell USA

1980 | PEP Stanford UsA SLAC & Novosibirsk VEP-1 works independently
1981 Sp-pbarS CERN Switzerland

1982 p-pbar Fermilab USA g R R i y

1987 | TEVATRON Fermilab USA 1965: First thSICS at collision with e-e-

1989 SLC Stanford USA h

1989 | BEPC Beijing China scatteri ng

1989 LEP CERN Switzerland

1992 HERA Hambur; German, o . .

1994 | VEPP-4M Novosib%’rsk Russia ) (QED radiative effects conflr'med)

1999 DAFNE Frascati Italy

1999 KEKB Tsukuba Japan

1999 PEP-II Stanford USA

2001 RHIC Brookhaven USA

e T e 1967: VEPP-2 First e+e- = hadron production
2010 VEPP-2000 Novosibirsk Russia. G 28 2o -1

2018 SuperKEKB Tsukuba Japan L 10 Cm S )
(Physics start date) - eve- i

4 July 2023 Dark green - e+e- Novosibirsk LlVEl‘pOOl



o AdA, VEP-1

| AdA VEP-1
1961-1964 | 1964 -\1968
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e+ e- collider VEPP-2 (1966-1970)
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Colliders became bigger
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Before colliders — fixed target experiments

v

Pions(etc) was produced by proton beams
Detection by

the wilson chamber(supersaturated vapor),
Scintillation crystals as counter

The bubble chamber's(super'heafed liquid)

coVEry ‘in 1964 at BNL

par’ncle reachons were analyzed by scanning and
measuring photographs, done by both skillful

assistants and machines
4 July 2023

1952 - Discovery of resonances (A - baryon)

The first resonance in particle physics was discovered by
E. Fermi's team
working at the Chicago Cyclotron in 1952.

H. L. Anderson, E. Fermi, E. A. Long, and D. E. Nagle, Phys. Rev. 85, 936

1961 - Discovery of rho

This it resonance, the p,

was observed by A. R. Erwin et al.

using the 14-inch hydrogen bubble chamber.

T- beam wgé produced by the proton beam from "the
Cosmotreh” - proton synchrotron, BNL

Evidence for a mm Resonance in the I = 1, J=1 State

2001

150

{00+

Phys.Rev.Lett. 6 (1961) 628 630
A s 400 Mev/c 765
104 Evenis i

0O = One Event
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@ 56 years of hadron production at colliders

Volume 25B, number 6 PHYSICS LETTERS 2 October 1967

1 September 1967

INVESTIGATION OF THE p-MESON RESONANCE
WITH ELECTRON-POSITRON COLLIDING BEAMS

V.L. AUSLANDER, G.I.BUDKER, Ju.N.PESTOV, V.A.SIDOROV, STGr‘T Of e+e— 5 hadr'ons measuremenTS

A.N.SKRINSKY and A.G. KHABAKHPASHEV
Institute of Nucleary Phvsics. Sibevian Branch of the USSR

Academy of Sciences, Novosibirsk, USSR PhySLeT-l- 258 (1967) n06, 433_435

Received 1 September 1967

tron-positron colliding beams are presented.

Preliminary results on the determination of the position and shape of the p-meson resonance with elec- VEPP"Z P NOVOS| b l r‘Sk
% NN NN V

£
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7l e+te-—=> p—>TM

‘When experiments with electron-positron col- cor -
liding beams were planned [1, 2] investigation of ter
the process ide = p 40
e- +et— = 47t 95 == —

Gz = 5
e +et— K~ +K* coy ' s 39

Detector was made from “
different layers of Spark
chambers, e
readouts by photo camera e s
= e formia 170
Fig. 1. Spark chambers system: ment geometry and F- modulus of the form factor

1) Anticoincidence scintillation counter z < .
2) Lead absorber 20 cm thick for pion pair production {1]. In the case of QED

3) "Range" spark chamber with no other forces F=1. If the particles are
4) "Shower" spark chamber produced at the angle 90° with respect to the

4 J l 2023 5) Duraluminium absorber 2 ¢m thick beam axis then ¢=18. Integration over the solid l
ll y 6) Thin-plate spark chambers anele gives a=20.4.



o e+ e— — T+ TI— today

Pion FOmeGCTOI" First hadrons production on colliders™ 1967: | * VEPP2 Before 1985
P — ..
N 1972:_| « ACO(Early) Low statistical precision
N 1975: | = BCF ¢ 5
wt 1980:. | + DM Systematics >10% >
> 1981:.]  MEA NA7 A few points with >1-5% i
1984: | o TOF
10 1979-1984: | = NA0O7 1985 - VEPP-2M ©
: 1984: | » OLYA with more detailed scan n
3 i 1985: 1 ¢+ CMD 5 o ™
. e 1989: | + omz OLYA systematics 4% =+
. i % | 2005: | + CLEO CMD 2% o
1 r Mt | 2004: | - Oz 2004 with CMD2 at VEPP-2M g
-
LT 2004-2009: |  KLOE was boost to systematics: 0.6% g
f“} 2011:7| = KLOET0(LA) (near same total statistic) Q
IS 2009: | « BABAR ) : =
[ "I 2016: BES The uncertainty in a (had) was «n
‘% ! o zg;gf ° g;i‘;a improved by factor 3 as the result §
10_1 ST e n f 2023:::: = CMD3 of VEPP_ZM measurements _Es
e ' ol New ISR method _g
------ Tt e+e- =y + hadrons (limited only by §
Firf: ‘ systematics) =
—2 ] ] 1 1 1 1 1 ] 1 1 1 1 | ] ] 1 1 L4 ] 1 1 1 1 KLOE: O.8°/° 0.
107, 0.5 1 1.5 2 2.5 3 My =
BaBar: 0.5%
Latest result comes from: 's, GeV BES: 0.9% -,C\,>
CLEO: 15% 2

CMD-3 Collaboration, "Measurement of the _

e+e-—m+n— cross section from threshold to 1.2 GeV ';';‘gg;:.eg;/m(a fhle;f 0-2(]200: 1. Data)

with the CMD-3 detector”, arXiv: 2302.08834 CMD-3:‘ 0'.7;) e i, S St PV
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https://arxiv.org/abs/2302.08834

o R(S)

E | | | | | | ‘ | V]\ I [ I | ‘ I | | | | | | \‘ | E
10 3L R(s)= c’(e” e —vy"— hadrons) X : ]
= RS e oy o z fi =
: (e e oy —u ) .
10 2 | A\ 3
= . ond /\ =
y s u ! .
10 = }‘ s / \h\:\%
; ; b t p, | - :ﬁ‘u T o N * 8= tr oy Loon et ““w/ ;
— 4 W . 3 loop PQCD B
k E a-( Naive quark model %
E .-»“: * =

10 o .:bT | L1 ! N | 1 I ., |

1 10 10 N
R(S):qu e?[(l+6QCD(S)) \/g [Ge\/}

R(s) is one of the fundamental quantities in high energy physics:
its reflects number of quarks and colors = pQCD tests;

QCD sum rules > quark masses,quark and gluon condensates, A,

Dispersion relations = aqen(M,), hyperfine muonium splitting, muon (g-2)

8
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Yo What is g-2 and how it is connected to R(S)

The magnetic moment of the particle relates spins to its angular momentum via
the gyromagnetic ratio, g: =" 2€m 2

In Dirac theory, point-like, spin 3 particle has exactly g=2

Quantum loop effects via vacuum fluctuations lead to the calculated deviation:
the anomalous magnetic moment a = (g-2)/2 ~ a/2n ~ 0.00116

X
= =
_— .=
=
,n, 11(7 _ HLbL
I.'I y ..\If
/ \
i W 2
4 July 2023
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o Electron and muon g-2 Experiments

v

ae = 11 596 521.8059 (0.0013) 10719[0.13ppb] ap = 11 659 206.1(4.1) 1071°[0.35ppm]

Fan, Myers, Sukra, Gabrielse, PRL 130(2023) 7, 071801 Bennet et al., PRD 73(2006)072003

BNL Muon E821 =T = =
cylindrical gt o
trap cavity
One electron
quantum eyclotron nickel
rings

Harvard Univ. (2008) quartz
Northwestern (2022) spacer
x2.2 improvement

-
-

3cm

Initially, the value of ae was used fo get the best FNAL ~x4 improvement

determination of fine-structure constant o.
Latest direct o, measurements using the recoil frequency Mlion (g-2)is 10/ DDOM i Sl Re e e ive

of Cs-133 or Rb atoms disagree at 5.50. to non-QED fields than electron (g-2) ~ (mp/me)?,
Tensions with exper'imen‘ralp&e are -3.90 (Cs) or +2.10 (Rb)  providing more sensitive probe for New Physics.

-1 -0.5 0 05
9/2(2022) with SM ——0— .
g/2(2008) with SM Og
Rb(2020) —.—
CIS(ZOI'Q)—Q—-. ' . .
0 50 100 150 200
(o' - 137. 035 999 000) x10° 10
R. Parker et al., Science 360 (2018) 191 (Cs atom),

4 July 2023 L. Morel et al., Nature 588 (2020) 7836, 61-65 (Rb atom)
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https://inspirehep.net/literature/2157242
https://inspirehep.net/literature/710962
https://inspirehep.net/literature/1856627

- Muong-2theory SM

x10710
— —_— 10,000,000
1,000,000
. 100,000
——7 - 10,000
= 1,000
24 100
- 10
e o - - | B ]
a, = a,(QED) + a,(had) + a,(weak) + a,(BSM)
Precisions: 1 ppb HVP:+340ppb 9ppb < 2300ppb
LbL: 160ppb
QED: Toichiro Kinoshita et al., 2012: up to 5 loops (12672 diagrams), o

* EW: 2 loop (suppressed by (M.,/Mw)?)
Hadronic: HVP: the value is based on the hadronic cross-section e+e- data; “

; . had.
LBL: model-dependent calculations; measurement of transition | 1 j
h

formfactors can help, improvement is expected from lattice

calculations
New g-2 experiments at FNAL, J-PARC: 540 — 140 ppb L

4 July 2023 Liverpool
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D g-2 and e+e- - hadrons

Hadronic part of
Muon precession anomaly (g-2)/2

x

Y

Dispersion relation is based on analyticity:

m/w«@'\w = n(:fqz)lm W©uw

and the optical theorem (unitarity):

2Im :g;fdcl) ‘%'2

2heo
om, |
—K(s)R
o) | KR

K(s)=0.6-1.0

had,LO_
f =

4 July 2023

can be expressed by
dispersion relation
integral from

e+e- -> hadrons cross section

e+

The pQCD doesn't work everywhere,
the experimental cross-section
o(e+e- = hadrons) is used.

Weighting function ~ 1/s°, therefore

lower energies contribute the most:
<26GeV gives 93% of the integral,
n+n— gives 73% of the hadronic part of ap
12
Liverpool



o HVP contributions to amu

White Paper 2020 (e-print: 2006.04822)

From muon g-2 Theory Initiative Biggest contribution to

Theoretical prediction e+e- data driven uncertainty comes from

a,= 11659 181.0+ 4.3 x 10°© (WP20) inconsistency between
BaBar/KLOE e+e- = m+T-
Hadronic part from measured cross-section measurements
_ LO hadronic 693.1 + 4.0 x 10 X
KLOE/BABAR , ! s
difference Relative precision Y* <
T 5060+ 19+28 0.7% <
1T+1T-Tfo 464 + 15 mostly from omega region) 3.20/0

3.9%
2.9%

T mom° 18.1 +0.7 A~
Inclusive( /s>1.8-3.7 GeV) 340+07 +0.7

New BaBar 3m data since WP20
Light-by-light 9.2 + 1.9 reduced this to + 0.6 x101°

13
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https://inspirehep.net/literature/1800513

o SM prediction for muon g-2

v

HVP from:
UM L I I B W I I U T
LM20 | O I
[BMW20 . O L 4 notyetin Wi
White Paper 2020 (e-print: 2006.04822) ETM18/19 | o i N
Mainz/CLS19 I ® | &
Experimental world average (E821+E989) | FHM19 ! ® | o o
a, = 11659 206.1+ 4.1 x 100 B URACD 8 | ® : -
Theoretical prediction data driven BMW17 ' - _ '
a,= 11659 1810+ 4.3 x 1010 (Wp20) | HES/UKACD A :
Aa, = 25.1+ 5.9 x 101° BDJ19 O £
____________________ M _notusedinWP20 _ _IEH{
A (Exp = Theor'Y) = 4 O DHMZ19 —— 3
The first Lattice calculation reach e i) : QA
e Tirst Lattice ca c.u.a‘ruon reaches WP20
the sub-percent precision: T T | e
BMW?20 ( Nature 593 (2021) 7857, 51-55 ) LW S 101% 10 s W 30
A (Exp'silafifice). =185 o (@, -a, )X

M. Davier, A. Hoecker, B. Malaescu, Z. Zhang,
. Eur. , Phys. J. € 80 (3) (2020) 241
A (e+e- - Lattice) = 21 o KNT: A. Keshavarzi, D. Nomura, T. Teubner, 14
4 July 2023 Phys. Rev. D 101 (1) (2020) 014029 Liverpool


https://inspirehep.net/literature/2060022
https://inspirehep.net/literature/1800513
https://inspirehep.net/literature/1782626
https://inspirehep.net/literature/1747772
https://inspirehep.net/literature/1762580

Yo Dispersive vs Lattice

T.Blum et al, e-Print: 2301.08696 [hep-lat] C. Alexandrou et al, e-Print: 2212.08467 [hep-lat]

aHVPu contribution from intermediate

R(s) is convolved with Gaussian kernel

window in Euclidean time

| | | ] ] ] ]
RBC/UKQCD 2018 |- 7
ETMC 2021 =
BMW 2020 | f—tti—] —§
Mainz 2022 - —H—— ]+ _
ETMC 2022 e (e s
RBC/UKQCD 2023 - H—+—H . =
RBC/UKQCD 2018/ FJ - +———— 1o o =0.63 GeV
Aubin et al. 2019/CL/KNT | —+— 1 —— R“P(E)
BMW 2020/KNT |- —— = I~ RFR(E)
Colangelo et al. 2022 - — 1% boR(B)
I I I I I I I 3 16 18 2.0 2.2 2.4
224 226 228 230 232 234 236 238 240
a, (0.4 1m, 1.0 fm, 0.15 fm) x 10'° =
c 1 9] & . ¢ ¢ ®
i , ‘ - s ® *
25 R, £ I e
T £ o | —ow ] o [t 0.02 ]
= q&). “ / : 0.01 }} 0] AR/G
3 —o 0.00 _ad
0.4 0.6 0.8 10 12 04 0.6 0.8 10 12
E [GeV] E [GeV]
~4g tension between Lattice/Dispersive e+e- ~30 tension at rho energies
Question of comparison: e+e- vs (g-2), vs lattice 15

4 July 2023 Liverpool


https://inspirehep.net/literature/2625168
https://inspirehep.net/literature/2615431

\&\, aqen(M,) from e+e- data

The electromagnetic fine structure constant 0.qen(q? )

is a running parameter with momentum transfer q*> %12
1.

due to Vacuum Polarization effects 1sf
-effective electron charge (charge screening) 1)
| QQQ 105_

o SN2
1—Aa(s) | ‘, 1
» S ANRS :
A o (S):_MIdS' R(S') iiﬁ 0.95:
e 3 g s'(s'—s)—ie -

=
o+
&
-

The aqen(q?) at mass of Z is used in predictions _ ...

of electroweak model. ::j
It is the least known EW parameter like
36,/6u~0.9x103, 3M,/M,~2.3x102
Acges™d(M,) = 276.1+ 1.1 x 10
For future ILC, CLIC, FCC-ee it should be known :::

with ~ 0.5-0.3 x 10 0.025

Eur.Phys.J. C74 (2014) 3046
4 July 2023

LEP 95% CL 1

{evatron 95% CL |

T T T T | T T T ]

68%, 95%, 99% CL fit contours incl. Aaﬂd(mig

e

68%, 95%, 99°% CL fit contours incl.

Aaﬂd(mi) and direct Higgs searches

®
15 band for Aochad(l\llz)

|l

M, [GeV]

Liverpool



N Current PDG o_ world average (NNLO)

s Particle Da’rcll Group 22 as(M;)
rdecays [ (0,1178 + 0.0019 (+ 1.6%)

T low Q2 cont. (N?LO) +e— ] BD -16
low 02 e+e- —> hadrons

HE—RAjL:tS (NNLQO) = ] Boito 2018 I o
e (M) = 0.1162 + 0.0025 (+2.1%)

0.35

IT

0.3

lJt

- . = PDG 2020
e+e Heavy Quarkonia (NNLO) . Boito 2021
ete” jets/shapes (NNLO-+res) +»— ]

Pp/pPp (jets NLO) =8+ Mateu 2018
EW precision fit (N°LQO) +e— e

Narison 2018 (c€) =
top, NNLQ) =+ 1 z
pp (top, ) il Narison 2018 (bb) —

BM19 (cé)
BM20 (bb)

T

0.25 |

= s | 0118100037 (23.1%)
Mass

hierarchy

T

05(Q%)

0.2 |

%

JR14 —a—

owe | ——Jll s | 01162 5 0.0020 (:1.7%)

cT18 —
MSHT20 HL
ALEPH (j&s)
OPAL (j&s)

——d

nucleon

:

L — o.(M2) = 0.1179 + 0.0009
i s(Mz7) | | | i JADE (j&s)
0.05 e e ——— — * Dissertori (3]}
1 10 100 1000 JADE (3j)

Verbytskyi (2j)
August 2021 Q [GeV] Kardos (EEC)

Tau decays to hadrons give the best  fwem — ved
non-lattice o estimation

ol l [

,L.u-------.!.}.
w
=
w
.
(]
wn

‘= | 01171+ 0.0031 (+2.6%)

Hoang (C) —e—i

Klijnsma (tt)
CMS (t) —
H1 (jets)* ——
d'Enterria (W/Z)

In future a leap in pr‘eCiSion ((O.Z%) can | e

PDG 2020 Z decay width

be obtained from W,Z decays with huge [« 2

.
ES

P Se——— ] ==

;

fetn | 0.1165 + 0.0028 (2.4%)

/280°€022 :4Uldd-2 44D Y4 JO 24D4S :4UDLSU0D buijdnod buouts ay|

L actroweak 01208 + 00028 (23%)

=+

FLAG2019

statistic (x10*-10° LEP) at FCC-ee Ho im0 01850 D00RICT Iy
4 July 2023 as(M3) Liverpool
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https://inspirehep.net/literature/2053387

Sum rules

From analyticity and using Cauchy's theorem theory

- % dzw(s/so)ll(2)

2180
|z|=s0
Integrated R(s) with different weights (pinched at s,where OPE is under question, w(y)~(1-y) )
t = v + hadrons e+e- > hadrons

o200
18F

1 50
1272 s /0 dsw(s/sg)R(s) = —

Re(s)

3 |- e ALEPH

(v,+a,)(s)

F 4 —— Perturbative QCD (massless)

--  Parton model prediction 16 -

14F
12F
10F

== eXxclusive data

— pQCD

8F I} BES
1 6; ] = KEDR
o5 [ NI
DD 0.5 1 1.5 2 25 3 35 O-A/I;I..'I’.:‘I" S PP S 2
b - 0 1 2 3 4 5 6

t = v + hadrons limited until = 1.77 GeV (V+A the QCD asymptotic behaviour is feached faster )
e+e- = hadrons can be extended to upper s, limits

D.Boito et al., PRD 103 (2021) 3, 034028 D.Boito et al. , PRD 98 (2018) 7, 074030

o, (m2) = 0.3077 £ 0.0065x + 0.0038 e, a,(m?) = 0.298 + 0.016,,, + 0.006,,

(DV modeling, FOPT selected, + 0.008 FOPT vs CIPT) (+ 0.005 DV + 0.003 higher orders, + 0.003 FOPT vs CIPT)
a,(m?) = 0.1182 + 0.0015 (+1.3%) a,(m?) = 0.1162 + 0.0025 (+2.1%)

DV modelling with TOPE approx., FOPT vs CIPT limit precision (understanding can give x2 improvement)
See:D.Boito et al., EPT Web Conf. 274 (2022) 03014  See: APich et al., JHEP 07 (2022) 145

e+e-: Limited by data, Difference between FOPT and CIPT ~3 times smaller than in tau decays


https://inspirehep.net/literature/1674069
https://inspirehep.net/literature/1674069
https://inspirehep.net/literature/2170520
https://inspirehep.net/literature/2082534
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R(s) measurement

Two techniques: Energy scan vs ISR

2]~ BES (ISR) . BES
|
5 (10 — KEDR
Sy E
M [ Babar/Belle2 (ISR)
~|t F ] [VEPP-2000
0| Ha
ol [ \ | |
D \} | Lo BES | + CRBALL
| N = BESII § - GG2
™ :K OE ('SR) i o KEDR i o MARK2
~— ¥ = exclusive data EE ;5 . PLUTO
m I:I | l | | | Ij\l\Kl/l/‘l/jkll | 1 | I | | 1 | | ! I 1 1 | | | 1 |
‘es\hj/, 15 ——2— 25 3 35 R W— Y 5
Exclusive approach - —Inclusive approach s Gev

X Two techniques : Energy scan vs Initial State Radiation (ISR)
X Two approaches : Exclusive (each channel measured separately)
vs Inclusive (total hadronic cross section)
VEPP-2000: Only one working these days on scanning below <2 GeV 19
4 July 2023 with world-best luminosity per single bunch at this energies Liverpool



Exclusive measurements

https://cmd

.inp.nsk.su/~ignatov/vpl/vpolplot.html

E — PrecisionSM: initiative to make —
oc B annotated database for —
10 = e+e- = hadrons cross sections — ko
— \/ h‘r‘rps://pregi_s_,_i_og_—_s:_nl.é;i‘rhub.io/ s
— / ------ mzlpﬁlop
1= g '- S “'——-"/,.-«—-——m """ ﬁf
107" = // Il /f _
10°
1 0—4 | | | | I 1 | | | J
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Exclusive approach: Vs, GeV
¥ measure each final state separately and calculate the sum TEE e

X gives better precision
¥ should take care that nothing missed

Inclusive approach (Vs > 2 GeV):
X select events with any hadron(s) in the final state
¥ possible because of many modes and high track multiplicity

~48 different detectors,
~50 channels, which gives
~305 datasets.


https://cmd.inp.nsk.su/~ignatov/vpl/vpolplot.html
https://precision-sm.github.io/

Yo ISR approach

v

Additional approach to measurement of the hadronic cross-sections was fully developed
over last decades: ISR (Initial State Radiation), advanced by KLOE and BaBar.

do( e'e” = hadrons +y ) = H(QZ,GV ) x do( e’e” = hadrons)

-
o
w

hadrons

-
o

m\.
cross sections, nb
-k
o
N

Main idea: cross-section
is measured in a wide
energy range, using
events with hard photon, 10
emitted by initial

particles. 1075

T (n—2y)
T (n—3n°)
rn®

el (n—27)
Rl (st Rt}
OO®

T’

1 a TR (N=27)

Tt (n—3n")
- 07('1(0"0

e R ]
EN ER El El

el

21
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KLOE ISR+ VP

KLOE experiment

(2000 - 2006,2014 - 2018)

biggest Drift Chamber ever built (d4m)

F

Y OKE

5.C.

COIL

L

T

KLOE new ISR analysis
of e+e-—m+m- channel on full
statistics x7 is underway in Liverpool

4 July 2023

Measurement with ISR ;b < _

e+e- = T+T-y
JHEP 1803 (2018) 173

3 analyses:

with ISR photon on
small angles/ large
angle/ using radiator
function from ISR p+p-
Best local stat. precision °
at $=0.5-0.85 GeV?
(before CMD-3)

direct extraction of

aQep(S) via ere- = p+p-y
Phys. Lett. B, 767 (2017), 485

See 6. Venanzoni
CERN presentation at 28.03.2017

0

w 1D
S C
Eﬁ 1,08:—
@ 106 ¢
1.04 " §§§§§§‘Q 2500
: ¢ " »e
1.02F +
1}—o?o+ bvh#*éébo Secesccccccessessscccce
0.98
E ® Expdata
0.96— ® Thpred. for a(s)=c(0)
0.94 Th.pred. for ufs):u[s)Ep
0,92:— —a— Th pred,kjrutfs):uf{s)m)mj
ngllllll‘\llllllll‘\Illlllll‘llllllll\‘llll
T 06 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

= ‘,0‘

L e Mz’ [GeV?|
Loty by by by b by b by
01 02 03 04 05 06 07 08 09

Energy (GeV)
Liverpool


https://inspirehep.net/literature/1487544
https://indico.cern.ch/event/586436/

o VEPP-2000 e+e- collider

to VEPP-4M & c-T-factory K-500 250 m (2010_2013’2016_)
Sm— TM beamline

et/e- SOUFCSg o R'I;iig 13 \ K-500 , VEPP-2000
Injection complex (2016-) S =i \\‘ @
CMD-3
VEPP-2000: direct exclusive measurement of o (e+e- = hadrons) £ =X l
Only one working this days on scanning 2E = 0.32-2 GeV we
Unique optics, "round beams” to reach higher L
= VEPP-200

L = 0.9x10% cm?s'at 2E= 2 GeV

S

Energy monitoring by Compton backsca'r’rer'mg | == i SND
0,.* 0.1 MeV | |

LXe } Calorimetry
BGO

DCH} Tracking

TOF
Muon } Foe

Two detectors: CMD-3 and SND
started by the end of 2010

180cm
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- CMD-3 detector

Tracking:

X Drift Chamber in 1.3 T magnetic field
O, ~ 100 pym, 0, ~ 2.5mm
0,/P ~ J0.62+(4.4*p[GeV])? %

X ZC-chamber worked until summer 2017
o,~ 0.7mm by strip readout

Calorimetry:
X Combined EM calorimeter (LXe,CsI, BGO)
13.5 X, in barrel part

o. /E ~0.034/ JE [GeV] @& 0.020 - barrel
o. /E ~0.024/ JE [GeV] @ 0.023 - endcap
X LXe calorimeter with 7 ionization layers
with strip readout
~2mm measurement of conversion point,
tracking capability,
shower profile (from 7 layers + CsI)
PID:
x TOF system ( 0. ~ 0.4 nsec)
particle id mainly for p, n
X Muon system i)
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@ Overview of CMD-3 data taking runs

CMD3 collected Lumlnosnv as of 19. 06 2023
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Three data taking seasons for RHO scans date
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v Physics at VEPP-2000

The physics program includes not only precise measurement of total R(s) = hadron
roduction cross-section at low energies (by sum of exclusive channels).

X study of production dynamics, ChPT
ut also: X properties of light vector mesons, their decays,
X nucleon formfactors at threshold,
X two photon physics,
X search of exotics,
X and so on...

roperties of li%h’r vector mesons in the PDG mostly comes from Novosibirsk measurements
Meson parameters in PDG 2011 from CMD2 and SND m& h\‘ Rare decays
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@ CMD-3 & SND published

CMD-3 SND@VEPP-2000
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Many channels is under active analysis
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and this channel is most important for muon (g-2)/2
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o e+e- — T+1T- by CMD3

Very simple topology (just 2 tracks back to back), ™

et 0

but the most challenging channel
due to high precision requirement. s
Analysis was performed trying to reach systematic
~0.35-0.5%

Crucial pieces of analysis:

X e/u/m separation events separation either
1) by momentum
X radiative corrections  2) or by energy deposition

X precise fiducial volume 3) additional cross-check

X by angle distribution

4) using shower profile at >16eVs

N.B. Higher statistics (x30 to previous cMd-2) gives more
sharper view on detector effects, allows much more

detail study of systematic contributions.
4 July 2023
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Yo Event separation

v

PDFs is described by a generic functional form (log-gaus, etc), 100 E o
trained on the data: by tagged electron, cosmic muons {5 SEsaraty Sl
4 July 2023

. . 4 > - S R R M . VE +
events separation is done either 2 260 i g x
: e
1) by momentum Em; ] o
Sn o K ia . 310

2) or‘ by ener‘gy depOSITlon §220-l ............... ; Um

N S p— +p - + oy M : ....-' . : 5“
Separation of -, y'y, e'e’, ... final states 2001~ 1: L 2 o\ o N

is based on likelihood minimization: B I - o
160%‘11 ) PRRS ML A 2

—InL=— ) In Z N.f(X",X7)|+D. N, L

events [ +C60?smlc (1] Tr l.' u e e m

3 5

Momentum-based separation: Ao, x
PDFs are constructed from : 0

MC generator spectra convolved with N JAViEid : &~
detector response function (momentum resolution, 5 30 q410° m
1 w ] §

R br'emss‘rr'ahlung, pion decays) 2 | 5
Energy deposition-base separation: ‘W10 =
o
&
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@ Angle distribution fit

All pomT at E beam 350 - 410 MeV

separation g
Nrw/Nee , 8A - free parameters

x10" W/ ndf 129.43 /157

800E- A T T T Prob 0.94733

do/d® spectra from MC Generators P00 N _______________________ o, s ooors
+ all efficiencies/smearing effects PO 2 SN I D T e s e e B
extracted from data and full simulation s00b |~ S Nm’” _____ T_'_Ff?f?ﬂ'f_'i_?__??9.1.?..9?? ____________ .
(cosmic is taken from data itself) 4002 : /P50 T U N S T fD
3005/ e
Ny /Nee - fixed from QED (+efficiencies) 200!_.-’ 2‘“
N cosmic, 31 - from momentum based 100@_ g
S

Combined fit on all points around p-peak L R iy TR I R
il i
[

[s=07-0.82 GeV oseafl1]'[1
\

o
[{=]
©w
-
T
—

Nm‘r /Nee = 1.0173 +- 0.0013 ;"9915 ' \\ 13 1.4 5 W TS

No issue in accounted
4 July 2023 efficiency at © = 1 rad Liverpool



@

e/y/Tt separation

v

3 methods for Nu /N.. determination based on independent informations:
1) Momentum from DCH 2) Energy deposition in LXe 3) angles in DCH

— 0.06 X od S sp2i 4 «10°Al| point at Ebeam = 350 - A6 peV——
XN B p0 -0.001627 + 0.0002002 || p0 0.0004369 + 0.0005233 800 : {":H Prob 0.94733 g
2 - ¥ ) : e J e+07 £ 1. e+ .
2 oo e il AN o, e |
o Z'é 1 o ) E - f \ BA,  -0.0015736 % 0.0003770 g
+~ = 600} -
o "?20'021 2 : f ~ N\ NyN, fitjpredict 0.9981 + 0.012 @D
O g—- 1 '1 500' - __'— a Q_
a E C il ‘ - f e+e- - \ =
Q E 0_ ARIE 400+ > 9
o - I.‘ i = L %
Q. ~0.02f } [ 300 5 < 2.
2 - il 200 e S S
w -0.041 § 100F ‘ol - RK&& g.
[ - R B B—
_0'%0I ! ! ISOOI : : I350I I : I400I ! I I450I 8-8 1 1 -2 1-4 1 -6 1 -8 28 2-2 rad
Beam Energy, MeV ki
For sum of /s =0.7 - 0.82 GeV points
by momenta in DCH: Nrr /Nee = 1.0193 +- 0.00030 S¢o
. . 5= 3
by energies inLXe A Nm /Ne. = -0.09 +- 0.024% 23
from theta with free dA: = -0.20+-0.12% %2
with fixed 6A=0: = +0.21 +- 0.07% S
- 33
consistency at ~ 0.2% ,
4 July 2023 Liverpool



o Precision of fiducial volume

v

Polar angle measured by ZC chamber

DCH chamber r- (was in operation until mid 2017)
with help of charge division multiwire chamber

method ‘g with 2 layers and with strip

(Z resolution ~ 2mm), == s 20dout along Z coordinate
Unstable, depends on
calibration and thermal
stability of electronic
Calibration done relative to
LXe (ZC)

strip size: 6mm
Z coordinate resolution ~ 0.7 mm

] IlIIIIIII -

HV +1.2 kV 1 wire

LXe calorimeter
ionization collected in 7 layers with cathode
strip readout,

combined strip size: 10-15 mm
Coordinate resolution ~ 2mm

strip precision, coordinate biases ~ 100 ym
should give ~0.1% in Luminosity determination
Can be spoiled by noise environment

4 July 2023




Yo Precision of fiducial volume

v

Monitoring of z-measurement DC tracks velblTon Inner DC radius effect:
between ZC vs LXe A € poin © - angle with Z vertex constrained

vs unconstrained case for 2 tracks

lerafion 2
L 0003r 05 : : : : — {hetbevpriosmeond i | v 0.02p —— %2/ nof 88.55/ 11
e & R e ome, TS S s evomeos
8 0.002F o £ S T j j ) | Vean 30| =*0.015 ' ==
: F RHO2013 3 EE,A [ j | H “ T Ty owe| X, F
N o ootk 4 = N I |l | I 0w 18] ZT g.0qF '
R 5 c IS °‘”5 ‘ . N'HH a .-'}}”ﬂ.-:{himI)mi’,'. De:M -l|’| wn] ~ %% ! ¢ F
o dsean g3l MRS o By e
O o S 3 i ik i if*ﬁ“fﬂ*i?"'.p.-.'"'? i ||‘-‘+' Fig h ] i TS BT A Ny
N C N o G = f il 7‘%: |1|H‘ i} ‘”"- H ) T - R &,
00_0-001%& %& Nx **ﬁ‘f - i}. _005" | .\H ‘ |l'. * MH ] 0_ ’!‘{E ok r ..‘ ------ 3 oy
v 2 0 {}M : aiars SOR SN
-0.002f S ./, USROS S0 RSP NP 'SUSIOD: SV ‘ LI s ~0.005}
C o C : ‘ ‘ -
~0.003 g~ 35000 30000 3500040005 45000 A e OO R0 @00 500 600
run number L I | -~y l’?\?am Eneray, MeV
Variation because of 3z ~ 0.5 mm instability over regions Lzale:e:ZIeu :Siozpi\riahee:s :‘:’ema tics
DCh instability, different B field, at R=40 cm . o 0 il .
, = During RHO2013: 4 middle layers in DCH
ZC, LXe noise level (by @, track direction, etc) B Wi o
- higher weights of inner layers
N.B. in average <6z> should be N.B. 8 - angle is defined with vertex constrain
better — inner radius biases should be suppressed
Systematic uncertainty to |F.|2
ZC/LXe comparison LXe/ DC comparison Inner DC radius effect:
0.25% @ 0.3% ® 0.7%(RHO2013)/0.3%(RHO2018)
35
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g

Forward backward charge asymmetry

do/dO spectra

(o]

(=]

=
X
-
<,

Number of events

4 July 2023

Asymmetry definition:
A= (N6<n/2 * Ne>n/2)/N

Sensitive to:
¥ angle-related systematics
¥ used model of y-m interaction

At first try:
1% inconsistency for m+m- was observed
between data and MC prediction

36
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Relative to GVMD prediction

¥/ ndf 2912/ 21
Prob 04111

(=]
[=]
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-0.004[-

_0_0062 hi<ppr'<iva F

T

300 400 500 600 700 800 900 1000 1100 1200
Vs, MeV

to BaBaYaga@NLO

32/ ndf 3017/ 21
Prob 0.0886
po —0.0005854 + 0.0002558

0.006

e L2

efe'

'”_'.m 0.004-

B<n/2

0.002

(B

0

-0.002

-0.004

—0.006
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@ Charge asymmetry in e+e- -> T+7T-
= 0.018
> o016
A Z.0014f
B Y0.012F
3 =z =
4 =~ 0.01=~~
' 0.008F
s 0.006
25 0.004F
ot 0.002F
0
10.002F s
300 400" 500 600 700 800 900 1000 7100 1200
ig MeV
Conventional scalar QED approach gives ~ 1% inconsistency
The theoretical model within GVMD was introduced,
describes well the CMD-3 data riecetal, PhysLett.B 833 (2022) 137283
was confirmed by calculation in dispersive formalism
M.Hoferichter et al., THEP 08 (2022) 295
Average at /s = 0.7-0.82 GeV:
e <3A> = -0.029 + 0.023 % Ensure our 6 angle
e*e-: <3A> = -0.060 + 0.026 % SYStGmOﬁCS estimation 37
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https://inspirehep.net/literature/2072382
https://inspirehep.net/literature/2107871

I

@ sQED assumptions for radiative corrections

The radiative correction calculations were done before in the SQED approach,

Scalar QED simplification:

Loop integral without >< @ A = sQED*F(s)
Formfacor in vertices
Proper way A ~ JF(q,)F(q,)

ives x10 enhancement
How it can affect pion form factor measurements? :

Usually event selections in analyses are charge/angle symmetric
Scan experiment: main effect at lowest order comes from, interference of box vs born
diagrams => only charge-odd contribution
we. M effect is integrated out
in full cross-section
ISR experiment: Interference of ISR & box vs FSR (or v.v.)

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

N.B. It will be important to re-calculate radiative corrections 38
4 July 2023 with above sQED for ISR measurement Liverpool




Q)

Frt within different © selection

Dependence on theta cut 6_ <@=e«m-0_.

or asymmetrical selection 1 < 82"« 11/2 (or T1/2 < B2 < T1-1)

T 0.004
|F_|2 stable at <0.05-0.1% level E _0.003
within different angle selections -é‘u"* 0.002

= 0.001

Angle related systematic uncertainty 0

estimation is quite conservative: e

0.5% (RHO2018) / 0.8%(RHO2013) '

-0.002

Simplest possible systematics in © angle: -0.003F

Z - length mis-calibration

©¢=ert common bias
if gives 0.5% total in |Fz|? at ©=1 rad
should be seen with ~0.3-0.4% on this plot

4 July 2023

Aver‘age at 2E 0.7- O 82 GeV
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- ¥ 3
L oo ¥ a
C : : : % : =
L ¥ .I:
- O
-_lefer'en’r seasons................... N I — T
» o ¢
E/P separcmons L \ e

9::1 0 B>1 1 0>1.2 9::-1 3 9::-1 4 R-c:m? 9>m’2

With 0.5% systematic at 1 rad
*Z-length mis-calibration
* 0 bias

* B bias opposite
Liverpool



Yo Consistency checks

|Fx|2 consistent between seasons
within < 0.1%
DCH was in very different conditions:
x correlated noise
* 4 middle layers off (HV-related) in 2013

x2 / ndf 17.1/12 |[ %2/ ndf 97.25 / 81
= 0.1c Prob 0.1459 || Prob 0.1054
3 [ pO 0.004506 + 0.003351 || pO 0.0002988 + 0.0005956 _
u_30.08 — —=— CMD3 2013 *2 / ndf 103.7 /111
el — . Prob 0.6746
i 0.06¢ CMD3 2018 p0 ~0.0001377 + 0.0003573
— CMD3 2020
0.04 l
- l Lol I
0-02 N l | 4
0: | ) 4 #M‘M ‘};[{1}:* t % “
~0.02F SRMARE M H i
-0.04F ]
-0.06F
—0.08F
09302 05 06 07 08 09

X etc....

as result it gives ~x2 difference in some
corrections

Good check of angle/tracking related
systematics

Total ©-related systematic uncertainty

1 11 1.2 was estimated 0.5%(RH02018)

Vs, GeV

0.8%(RH0O2013)

|F_[? RHO2018/RHO2013 A =-0.04 + 0.07 %
LOW2020/RHO2013 A=-05+0.6 %

Consistency between seasons can hint that RHO2013
4July2023 Systematic uncertainty should be as good as for RHO2018
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® et+e- - J+U- Cross section

One of consistency checks for e+e- = m+m- is provided by comparison of
measured e+e- = p+l- cross section vs QED prediction

s 2 ndf 61.432 / 50
el Prob 0.12889
,“.-—9?1 08 N(U“)/QED ...... T — 0 0017 + 0,001 5765
i1. £
T1.
K
@1,

N,/QED: A=+017+0.16 % °

||||i|||| ||||I:||||I§||||I:|||| ||||i||||i||||
083035 04 045 05 055 0.6 065 0.7 075
Vs, GeV

Many others self consistency checks were performed 41
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o Analysis workflow cross check on MC
‘; 0?1;: : Recon_stmgte_.d _____ E ________ i;;df _n.mozn;:_:;%%

Full analysis workflow was checked on W o.06f

mixed full MC data samples L 0-04F -

(MC with detector conditioned over time) 0'025_“ i
o02f [IHAEE RN

Same full analysis as for the data: 2: 03:06 | 06:09

efficiencies reconstructions,
particle separation, etfc

| 0.9-1.1GeV
+0.62+0.22% |-0.06+0.03%| +0.49+0.13%
+0.2% include separation syst. +0.6%

1nry wme w

63.042 / 52
0.14036

-0
h 1
same scripts,
. . . a 1.1~ %2 I ndf
same intermediate files, etc £°1.08—Reconsfr'uc1'ed 0(u+u N Egob
g oS . S S
=
T1.04
2
. 21.02
All underneath components (separation, .
efficiency reconstruction, etc) 0.98]
were also checked with better precision 0.96F
0.94F
0.92F

4 July 2023

1 0028 + 0.0015643
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o e+ e— — T+ TI— today

Pion FOmeGCTOI" First hadrons production on colliders™ 1967: | * VEPP2 Before 1985
P — ..
N 1972:_| « ACO(Early) Low statistical precision
N 1975: | = BCF ¢ 5
wt 1980:. | + DM Systematics >10% >
> 1981:.]  MEA NA7 A few points with >1-5% i
1984: | o TOF
10 1979-1984: | = NA0O7 1985 - VEPP-2M ©
: 1984: | » OLYA with more detailed scan n
3 i 1985: 1 ¢+ CMD 5 o ™
. e 1989: | + omz OLYA systematics 4% =+
. i % | 2005: | + CLEO CMD 2% o
1 r Mt | 2004: | - Oz 2004 with CMD2 at VEPP-2M g
-
LT 2004-2009: |  KLOE was boost to systematics: 0.6% g
f“} 2011:7| = KLOET0(LA) (near same total statistic) Q
IS 2009: | « BABAR ) : =
[ "I 2016: BES The uncertainty in a (had) was «n
‘% ! o zg;gf ° g;i‘;a improved by factor 3 as the result §
10_1 ST e n f 2023:::: = CMD3 of VEPP_ZM measurements _Es
e ' ol New ISR method _g
------ Tt e+e- =y + hadrons (limited only by §
Firf: ‘ systematics) =
—2 ] ] 1 1 1 1 1 ] 1 1 1 1 | ] ] 1 1 L4 ] 1 1 1 1 KLOE: O.8°/° 0.
107, 0.5 1 1.5 2 2.5 3 My =
BaBar: 0.5%
Latest result comes from: 's, GeV BES: 0.9% -,C\,>
CLEO: 15% 2

CMD-3 Collaboration, "Measurement of the N, g o
e+e-—w+w— cross section from threshold to 1.2 GeV T
SND2k : 0.8% (with 1./10 of avail. Dat
with the CMD-3 detector”, arXiv: 2302.08834 CMD-3: 0.7% g R 4 9130)
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https://arxiv.org/abs/2302.08834

o Other experiments

~_ 90 .
™ - - CMD-2
- - BABAR

r - SND
- SND2k

40— - BES
- = » KLOE10
- G - KLOE12
=2 e | - CMD3

" f | T,
e il h
28 [ | [T B I L1 1 R R I L %b\

6 07 072 074 076 078 0.8 082 084
/s, GeV s
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= .
@ CMD-3 vs other experiments
i = 0.2 _
a - []BABAR
Relative to CMD-3 fift, Jo.15) e
green band - systematic value = 041
0.05 1] _ <
| —
"T—E 0'25 —=— CMD3 2013 0 . W
5%0.15; — cuosz0ie -0.05 il o Lol vy
i 0.1F -0.1% il + ;
™ .05 Hl o Il | ~0.15F
/a) - } ]ihlli } ; SR | N N I D D D D DU D O
= 0; I+ {[{hl | i ' Wll { 063 05 06 07 08 09 1 11 12
O _o.05¢ ! : - 02 Ll s. GeV
-0.1F 015 —SND
—0.152 = 0_12 —— SND2k 5‘
—0.:""""""""""""""""""" 005: 9_.
63 04 05 06 07 08 09 1 11 1.2 - 3
/s, GeV ob i 3] Q
CMD-J ~0.05 lh ik, B { LH %
X Statistical precision is a few times better o4 ” S
than any other experiments 0.5} |
¥ Cross section is higher by ~ 2-5% =

06304 05 06 07 08 09 1 11 12 e
Vs, GeV
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@ The 11+ 11— contribution to auhad

m

A o . " o
(Ihad,LO _ H /OL (Tg—i—g—_m*—madr'mw(’-")ﬁ‘ (’S)d,ﬁc 06 < '/-S < 088 Ge\/
J 4m2

|{ | :!rn--:‘; E\
a k ] 10

—n beffure c[\ﬂDz before CMD2 368.8 + 10.3
——-—  cMD2 CMD2 366.5+3.4
-« sNnD SND 3647 + 4.9
—  KLOE comb KLOE eI 211
 BABAR BABAR 3701+ 27
— BES BES 361.8 + 3.6
. ——=— . CLEO CLEO 3700+ 6.2
.  SND2k SND2k 3667 + 3.2
— CMD3 CMD3 379.3+ 30

|

360 S65 570 575580 585500
a™™ (0.6<{s<0.88Gev), 10" RHO2013 380.06 :+0.61+ 3.64
RHOZ2018 379.30+0.33 +2.62 x1010

Sum 379.35+0.30 + 2.95
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The impact of CMD-3 on SM prediction of a

lattice calculations ==~~~ " &-=====
Nature 593 (2020) 51 PRD 73 (2006) 072003
BNL g-2 ® |
~3.70
PRL 126 (2021) 141801
FNAL g-2 1 ® :
~3.30

( ErR—

21 only frgm CMD-3

3
PhysRep 887 (2020) C;\\,AP— =7
® - j ® l
Standard Experiment
Model average

175 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
a, - 109 — 1165900

4 July 2023

If it will be only CMD-3

than SM will be solved.

But CMD-3 is only one now over
many other experiments
(BaBar, KLOE, BES, CMD-2,
SND, ...)

Unfortunately at the moment,
we don't know the reasons of
the disagreement between
different experiments.

47
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"Like an elephant in a china shop" ESMA 2017 (2

3
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https://youtu.be/h_aC8pGY1aY
https://youtu.be/h_aC8pGY1aY

@, Puzzles in puzzle

|

Question of comparison:
e+e- vs (g-2), vs lattice

Where difference
comes from:
KLOE vs BABAR vs
CMD-3 Will it be confirmed?
BABAR final FNAL vs J-PARC
CLOES® ?CMD-3 (9‘?)11
Hard effort Rigeriment
against
systematics :
MuOnE Lattice
H-e scattering Does Lattice account
for all effects?
BMW?20 vs others P

4 July 2023 Liverpool



\ Workshop on Muon Precision Physics,7-9 November 2022, Liverpool
Riccardo Alberti, Status of e+e- data from ISR

ete” — ' Perspectives

Reanalysis of full dataset (2x)
BaBar

¥ Using hew particle

New approach to ppu/nn/KK separation:

separation method ) 'V_“”imal PID _Cor_‘diti_OﬂS (rlegﬁgib'e systematics)
- -y * Fitangular distribution (§7) in it rest frame
X X7 in statistics

x will be interesting to * Larger angular and momentum acceptance (8x)

Results expected in 2023

see new asymmetry study °*
(stress of MC prediction) R - —
. pp b, KK
N e il e
Ty e
! ! ! Lo ] | " ; ;
S T g & | i
- MM*"’“‘M”W = [ T R e
FRRSS : - W“‘i: : r | | \» ' '
E i i zo.mtii.nm il _T_-_E'{QEF E!Y?__ T K "\‘JI, :
TR R L LT
i i | i ' ' | ! o 1) [} nls k:i:'_-
| Inp H nitial
2112 . tate i
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https://indico.ph.liv.ac.uk/event/731/contributions/4386/

Workshop on Muon Precision Physics,7-9 November 2022, Liverpool
Stefan Mueller, Status of e+e- data from ISR

Future improvements using KLOE data

There are about 1.7 pb~! of KLOE data taken in 2004 - 2005 on tape:

KLOE
x x7-8 in statistics 200t Integrated Luminosity N
X Modernized and
more robust analysis
techniques o0
X STrIeSS of Sys-‘-ema-‘-ic Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dex
effec’rs m data is taken at /s = my, which makes the large angle analysis cuts unfeasible

m essentially “replay” KLOEO8 and KLOE12 analysis with the newer data
m use increased statistics to improve systematic uncertainties (old KLOE analyses are not limited
by statistics)

m benefit from modern analysis techniques
y . —=ZDR

Mitglied der Helmholtz-Gemeinschaft
5. E. Miller | HZDR | hilp/iwaw.hzdr de
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https://indico.ph.liv.ac.uk/event/731/contributions/4388/

—
@,

-

KLOE 2pi activities

¥ New effort to analyse high statistics KLOE 2004/05 data not yet analysed (L~1.7 fb-1)
¥ New blind analysis, unbiased from previous results of KLOE & other experiments
X Significant involvement from theoretical groups
=> improvement of MC(s) to describe ISR and FSR events (PHOKHARA,..)
¥ Goal: 0.4% accuracy (a factor x2 syst, x3 stat improvement)
¥ Challenges and opportunities to get a clearer understanding of the puzzles
X The Liverpool + externals team:

> Leverhulme International Professorship: 6. Venanzoni
F. Ignatov, P. Beltrame, E. Zaid, A. Kumari, N. Vestergaard, C. Devanne
> Theory efforts: T. Teubner; W. Torres Bobadilla, J. Paltrinieri; T. Dave, P. Petit Rosas
+ contributors from the wider Theoretical Physics groups
> External collaborators: A. Kupsc, S. Miiller, L. Punzi, O. Shekhovstova,
A. Keshavarzi, W. Wislicki, A. Lusiani, J. Wiechnik

4 July 2023 Liverpool



x50-100 of Belle,BaBar statistics

i

"~/

ISR Luminosity

D
o

' Dedicated ISR WG,
ISR Trigger inefficiency
~30% (Belle) = <1% (Belle2)

First sample of p,p,w by ISR

|

pb/0.1GeV per year
R

-
o

Entries [/{0.025 GeV/c?)]

le Il 2018

preliminary

DQ

02 04 06 08

10 Ee—=

——

R
—~ i c-tau factory (1ab™
CMD-3 —— SuperB factory (10ab §
. —— BaBar factory (0.1ab™)H
direct scan s
—

" I—

0 0.5 1 1.5 2 2.5

4 JuLy 2Zuzs

Vs, GeV

~ Belle2 ISR program

10 —r—r——r—r
x1033 J

w | =4

T LBV
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“ g 50
S [ Int. L W Bevpy ] ;.
i —140
2o Z |
ol I B—+Kee LFUV Hag™
" New Physics 177 —
g 4 B—n'Ks New CP 1 2
S-S / B=+Kvv SM (159 &,
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= F New Physics 1

2 l— -

£ [remeal e
[

o 0 o | i I i .fl i l\ I N I | 1 11111 I .
ehemes / 1/1/2021 1/1/20Y\3 1/1/2025 1/1/2029

1/1/2019

ete =ty
MG oy
B MC ppy
MC KKy
—=—data

df =472 b’

|III|III|III|III|IIIIIII|III|III'—
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Entries [/(0.025 GeV/c2)
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—s— data
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@

\ R(s) in dispersion relations (au™, etc)

The current method based on e+/e- low energy data combines many
heterogeneous data samples:
It includes ~48 different detectors , ~50 channels,
which gives ~305 datasets.
Very delicate procedure to combine them together

Some of data are disregarded by new experimental results.
It raise specific issues in the estimation of the systematic errors,

correlation between datasets, etc...

Other complementary way will be very desirable...

4 July 2023

Hall of Fame:

ACO ADONE ALEPH
AMY ARGUS BABAR
BBar BCF BELLE BES
BES3 BIG CBALL
CELLO CLEO CMD
CMD2 CMD3 CUSB
DASP DHHM DM1
DM2 FENICE GG2
JADE KEDR KLOE
LENA M3N MARK1
MARK2 MARKJ MD1
MEA MUPI NAOO7
ND OLYA PLUTO
SND SND2k SPEAR
TASSO TOF TOPAZ
VENUS VEPP2
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'h‘

7

au™-° from time-like to space-like data

Dispersion integral to au"?is usually expressed via time-like data:

ay

HLO .. 1

= R - ds K(S) . 0'(3)(e+e——->had)

Also can be rewritten by using space-like region:

oy

HLO __

(87

s

/Oldm(l—:v)-Aahad (—

L
Zl?mu

1l —2x

)

4 July 2023

a(8)

s>0

t=g°<0
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Systematic precision challenge
10-° requirement at differential cross section
measurement

Reference papers

A new approach to evaluate the leading
hadronic corrections to the muon g-2 *

C. M. Carloni Calame?, M. Passera®, L. Trentadue®, G. Venanzoni<

2 Dipartimento di Fisica, Universita di Pavia, Pavia, Italy Phys. Lett. B 746 (2015) 325
bINFN, Sezione di Padova, Padova, Italy
¢ Dipartimento di Fisica e Scienze della Terra “M. Melloni”

rr o - T T — Te 7

Measuring the leading hadronic contribution to the muon g-2 via pe scattering

G. Abbiendil!, C. M. Carloni Calame?, U. Marconil!, C. Matteuzzi®, G. Montagna®?2,

O. Nicrosini?, M. Passera®, F. Piccinini?, R. Tenchini®, L. Trentadue” 3, and G. Venanzoni®
LINFN, Sezione di Bologna, Bologna, Italy
2INFN, Sezione di Pawvia, Pavia, Italy
BINFN, Sezione di Milano Bicocca, Milano, Italy Eur. PhyS. J. C (2017) 77: 139.
1 Dipartimento di Fisica, Universita di Pavia, Pavia, Ttaly
5 TI\TF?\T qg-em‘nf.nc-\ I‘I‘; Dnr;no!n pnr;natn r{’ﬂ;ﬂl

~100 cm

|J

150 GeV N g U

Target k +1

Targetk 3 module (2 sensors) 1 layer



backups

21 analysis more details:
Presentation at the TI seminar, 27 March 2023:
https://indico.fnal.gov/event/59052/

E-Print: 2302.08834 [hep-ex]



https://indico.fnal.gov/event/59052/
https://inspirehep.net/literature/2634277

o |F_|* systematic uncertainty
At /s near p peak (except w peak)

¥ Radiative corrections < 02%(@2m)® 02% (Fr) ® 0.1% (e+e-) =0.3% —
X e/u/T separation 0.2%

¥ Fiducial volume 0.5% / 0.8% (RHO2013)

x Correlated inefficiency 0.1%

x Trigger 0.05%

¥ Beam Energy (by Compton oe< 50 keV) 0.1%

¥ Bremsstrahlung loss 0.05%

* Pion specific loss 0.2% nuclear interaction

0.1% pion decay

0.7% / 0.9% (RHO2013)

After quite conservative 6-angle related contribution, the radiative correction is
the next biggest part to the systematic table
Indirectly theoretical knowledge present in the particle separation and fiducial

volume determination as the consistency check
58
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@ Detection volume consistency check

Variation of 8|F|2vs 6-angle selection cut (Bcur < Bevent < T-Ocut)

CMD-2 SND@VEPP-2000

CMD-3

- T4 006 s R— —
o 1_004i+ \\\\\\ — — S N —

& 0.00a"5 epeye
§ 0.003F-

2 E ¥
= 0.002F - F 018
oo J

_o_ool::g . BET + TH
= ! ,{j) i

6161
Ngl\}g
0:0 O

=2 e
12(®, ., ,=1-1)-1. 100

—
B
T

-0.001F %

—0.002F
g >
—0.003f

" agyitimetry

—0.004E i
6=>1.0 6=>1.1 6=1.2 0>1.3 6>1.4 O6<7t/2 O>1/2

I = S, V4| o

Same scale over Y-axis

177 M RNE S — s i W L

| =
T

Changes of 3|F|?/|F|?2 vs 8t 1<->12 rad 3 T
~10 times smaller for CMD-3 compared to CMD-2
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@, Asymmetry in BaBar
Slope of the charge asymmetry A,
BABAR ppy BABAR mrmty
= =T T T T T T T T T T = — — T ! ' > 02 ‘ T
< I . « data with correction : 21: < " e Octcosd’l<! after weighting
el o MC truth generated ] 0.04 j + + * - [ TR RRDREEIOR (. 50,62)
= + il M
R AT e
06 F == . 0 + ++ i +
08F ., 0w v g b S S () ST NN A
0 2 4 6 0 2 4 6 0 0.5 1 1.5 2
mw( GeV c:) ., (GCV/CZ) m__ GeV/c?

Inconsistency at 2.65 + 0.38 % at 1.5 - 4 GeV
2.5 +0.78 % difference between cos 6, >or<0

Systematic 1.4% (0.9% data, 1.0% generator)

Test of null asymmetry on J/y = py;
A, (T/9) = (1.3 £ 1.6)%

4 July 2023

A, ~ 1% around p (stetor-o02%)
Systematic 0.1 -0.17%

Fitted by model with FSR from quarks
free parameters for f +f,

f,- consistent with prediction by V. Chernyak

Liverpool



Yo Asymmetry in KLOE

v N(Qﬁ—k > 900) — N(Qﬁ—k < 900) 6., 9v>45°

A=
At o- peak N(0r+ > 90°) + N(6r+ < 90°) 2006 o off-peak data
F. Ambrosino et al., PLB634 (2006) 148 P. Beltrame, Ph.D. Thesis (2009)
6. Pancheri, O.Shekhovtsova, 6. VenanzoniJEsTP 106 (2008), 470 0.4 S. Muller CPC 34 (2010) 686
) w D . L
= < i i i

S0 [ . KLOE T*Ty data . [ i % prelimenary, PHIPSIE)9
r ¥ i 03 A Data 2006 FS o

g % . iﬂ i;é:_;#_i ! E_ ¥ Monte Carlo ﬁu

<02 [ o+O £ : 0.2 [ & x
=) 6 l o f;+c+VMD + 025 | [ o :“

. ¥ I . 4

= | £2 0.1 [ o
0.1 - # 02 | I #
A : +
T +*|L + e - of
1 [ i +
i . 4%: 5 - o T [ v +*
0 ___‘l_ | +‘+’.£’T'_;_ '=#=_i?_i::=+=:g-+c§:ﬁ:__;::;: . 041 [ 1,+ Y *r‘** ¥*
I ek 01 | H + H . . .

01 [ 0.2 SQED model (pointlike pions)
: 005 | 03 [ ¥ for‘ FSR ...

02 N : M, (GeV?
[ Y ™ R TS —— 0.4 oo b b e b L o
03040300708 Qo(9G . M e 0 01 02 03 0.4 05 06 07 0.8 09 1

- Inconsistency at 1-2%
Contributions: ¢ = (f,(980) + ) v in non structure model o
tort 01
(p - p T[ ’ penv 0.05 ; 1 l ; ;
- 0 ; 1 ++I+++¢t ML L LA Bk t.'!‘t.!o__.‘
Even more models in A. Gallegos et al. PLB 693 (2010) 467 'D-ﬁ S b -
Brem, DR, UXPT, LSM, RxPT , KLM etc ... 015 Erordo M s [GEV ],
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http://digbib.ubka.uni-karlsruhe.de/volltexte/documents/711883
https://inspirehep.net/literature/839791
https://inspirehep.net/literature/828714
https://inspirehep.net/literature/697749
https://inspirehep.net/literature/753655
https://indico.ihep.ac.cn/event/619/session/8/contribution/39

‘.b\, Radiative corrections and Monte Carlo tools for low-energy hadronic cross sections in
e+e- collisions, 7-9 June 2023, Zurich
Thomas Lenz, Feasibility Studies for an Inclusive R-Measurement using ISR with BESIIT

had (Remainder) WD 2{n'w )x" KIK? KK
- = '
{ . xxa®

Anin) ntwon (Sean)
An*w

New Inclusive Approach [ R e
BES Using ISR
X Inclusive measurement
. Challenges:
Of OUTPUT hadron|c * Background from radiative charmonia and
SPQCTI"C( afTer' ISR high—energ?tiF 'J'TO/T} decays
. * Upper limit to mass range
¥ New independent
apppoach * Mass resolution limited by EMC
h . i * Requires unfolding >
¥ high efficiency to find
h(ldr'onic states » Subtract QED events using MC simulation s

= High precision QED MC needed

Inclusive R-Measurement using ISR with BESII| - Thomas Lenz ]G |U
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https://indico.psi.ch/event/13708/contributions/43295/

k“\ &) LvErRPOOL  Towards NNLO MC generator ...

1
LTV | - (+ others...)
s N e
VA Ya 6 -3

» STRONG2020 (Virtual) meeting: 24-26 November 2021
(https://agenda.infn.it/event/28089/ )

» N°LO kick-off workstop/thinkstart 3-5 August 2022, IPPP
Durham (https://conference.ippp.dur.ac.uk/event/1104/)

» WorkStop on “Radiative corrections and Monte Carlo tools
for low-energy hadronic cross sections in e+e- collision” on
05-09 June 2023 at the University of Zurich

Graziano Venanzoni, Workstop/thinkstart activities:
towards a NNLO MC generator for low-energy e+e- = hadrons

Radcor and MC tools, 7-9 June 2023, Zurich

(Strong interplay with MUonE theory activities)
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https://indico.psi.ch/event/13708/contributions/42776/

5th Workstop / Thinkstart: Radiative corrections and Monte Carlo tools

for Strong 2020

5-9 Jun 2023
University of Zurich Q

SuepsEE ezene https://indico.psi.ch/event/13707/
https://indico.psi.ch/event/13708/

Overview . A . .
In this workstop, we will discuss radiative corrections and Monte Carlo tools for

Timetable low-energy hadronic cross sections in €™ e~ collisions. This is to be seen as part of the Strong 2020

e effort. We will cover
Contribution List

leptonic processes at NNLO and beyond
processes with hadrons

parton shower

experimental input

My Conference

L. My Contributions

Registration
Each area will be given at least half a day, starting with an open 1h seminar followed by a lengthy

Participant List : ) - i ) N 2 b s N o
discussion. e s ! == “'%‘\M—II§

Code of Conduct AR =
Just like previous workstops, this is an in-person event. We try to gat ‘ 2 =

Contact who actively work on this topic to make very concrete progress. ltsh@ — = ¢
but to actually learn from each other and put together the jigsaw piec

£ SRS

| yannick.ulrich@durham.

Additionally to the workstop that is only by-invite only, there is a broa ‘
the workstop. ) -y |

The effort to bring forward MC tools precision!
Towards NNLO (and above) precision

Can help mitigate questions to theoretical parts of
ISR & scan measurements

4 July 2023
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Radcor and MC tools, 7-9 June 2023, Zurich
Adrian Signer, Connection WP - processes

5th WorkStop

Team: P. Beltrame, E. Budassi, C. Carloni Calame, G. Colangelo, M. Cottini,

A. Driutti, T. Engel, L. Flower, A. Gurgone, M. Hoferichter, F. Ignatov, S. Kollatzsch,
B. Kubis, A. Kupsc, F. Lange, D. Moreno, F. Piccinini, M. Rocco, K. Schonwald,

A. Signer, G. Stagnitto, D. Stockinger, P. Stoffer, T. Teubner, W. Torres Bobadilla,
Y. Ulrich, G. Venanzoni Fhe B
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@ Relevant improvements to e e~ — hadrons?

ISR experiments: NLO

17

)

Radcor and MC tools, 7-9 June 2023, Zurich
Peter Stoffer, WP3: Processes with hadrons

(omitting pure QED corrections to LO)

PHOKHARA: sQED + resonance approximations
dispersive approach by Colangelo et al.

contained in PHOKHARA
pure FSR: sufficiently suppressed by experimental cuts?

27

PHOKHARA: sQED, multiplied by form factors outside loop

ISR—FSR interterence .
potential red flag identified during WorkStop Charge e COI"I"@CTIOH, enhanced

T — by Formfactor at above sQED:
can affect normalization for F(s)
extraction in the ISR GPPER%JBool
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Radcor and MC tools, 7-9 June 2023, Zurich
Carlo Carloni Calame, WP4: parton shower

Workstop/Thinkstart outcome for WP4

Were used P|
ans to have
We have
Phokhara
mtm "y, u " v [NLO] ®
BabaYaga@NLO McMule
" eTe ™ utp™, vy [NLO+PS] 77y [NNLO]
McMule Ty, Ty [ISR NNLO]
MCGPJ
ete”, utp~ INNLO] Sherpa
atnx,ete , utu~ [NLO+SF| R -
Sherpa " m  [NLO+EEX]
ete™, ut ™ [NLO+EEX] SHWIDE BabaYaga@NLO
+ —
et e~ [NLO+EEX] iy
KKMC ata T, T  [NLO+PS]

1T~ [NLO+CEEX]

sth WorkStop/ThinkStart

Unfortunately until now, only single precise generators are available for e+e- = m+m-(y) process:
For scan experiment: MCGPJ with declared 0.2% precision
4 July boz3LSR: Phokhara with 0.5% precision Liverpool
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@, Radiative corrections

Measurement of e*e- — w*m=—requires high precision calculation of radiative corrections.

Two high precision MC generators were used
MCGPJ(0.2%, e+e- u+u-,m+m-) vs BabaYaga@NLO (0.1%, e+e- u+u-)
They include exact NLO + Higher Order terms in some approximation.

e+e- = e+e-(y) : great consistency <0.1% in the fotal cross section
e+e- = p+p-(v) : Mass term in FSR is missed in most of generators
(effect 0.4% at /s=0.32 GeV)
e+e- = m+T-(y) : only MCGPJ available with 0.2% precision
(for energy scan experiments)

Achieved precision in current analysis is also sensitive

for precision of differential cross sections predictions

e/m separation by momentum requires do/dP*dP-spectra as initial input
O©-angle (asymmetry) study requires do/d6 spectra

4 July 2023 Liverpool
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@ Radiative corrections
BaBaYaga@NLO shows better agreement with the data: effecton N /QED
1) Momentum spectras better describe data: : +AD-
)gives consis‘refn‘ results in N /QED > fahkeenn?f:l;\ Cj\;\yécéll’);P SRS
(effect on |F_|? ~0.2% at /s=0.78 GeV, and rising to 1.5% gtig—F——— — f et 11675
a o : i ro .
at 0.9 GeV when using momentum-based separation) 21.08E —— 587
21,065
2) Experimental asymmetry in e+e- %:'OZE '
Data vs BabaYaga@NLO: . E 1+ .
5A = -0.060 + 0.026 % AT
Data vs MCGPJ 0'965 1
0A = -0.140 + 0.026 % 0_'945
BabaYaga@NLO consistent with NNLO MCMule e IO IO B B T
0A = +0.006 + 0.003 % at /5=0.76 GeV F

L1 1.1 ||||i||||i||||i||||i||||illllillll'llll
0837035 0.4 045 05 055 0.6 065 07 0.75
{s, GeV

We adopted generators usage in this way:
e+e- : BabaYaga@NLO

p+u- : BabaYaga@NLO (differential cross section) | getter NNLO (+VP + next log terms) generators

MCGPJ (integral) are quite desirable for higher precision
+1- : MCGPJ

4 July 2023 Liverpool




D e+e- = 1i+11- by CMD-3

Statistical precision of CMD-3 cross section measurement
is a few times better than any other experiments

- b RO RO O S TR OOt R OO TR
o 0071 . 5
= P 3 . [+cmps = |

< L b o : .
Full statistic is used « 0.06 e g CMD2 ... o e
collected during p scans | | | | | |
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(s, GeV

Analysis based on L = 61.9 pb?at /s<1GeV (+25.7 pb?, 1.0-1.2 GeV)
34x106 mrrmr-, 3.7x10° pry-, 44x10° ete-
4 July 2023 events selected at /s <1 GeV
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Yo Efficiency

v

A
| Assuming independence of Calorimeter & Tracker,
Using the "test” sample based on LXe information:
two collinear clusters are detected + one good track
gives possibility to study track reconstruction
= inefficiency
;1 ggz% ) o i;eg%ample ._
uEIgOOE = 10° A
L 700Esp et Event type is tagged by
350" "- energy deposition and momentum of good track
X 500

10 The "test” sample includes only partially some specific
losses (when second compatible cluster is not produced):

1 pion decay, nuclear interaction, .. (~30% ineff. accounted)
electron bremsstrahlung (~5% accounted)

360 380 400 420 440
good track- momentum, MeV/c

N.B. Correlated inefficiency study was also performed 71

4 July 2023 without requirement on detection of one good track Liverpool
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@, Particle specific losses

v

bremsstrahlung energy loss, decay in flight, nuclear interaction with materials,
MS on the inner vacuum tube, ....
Taken from detailed full MC (includes detector conditions with time)

but it is also controlled by the data

o
s
!

% T SO T events. -

: i ; « decay
0.08 T T T - 0 T - .08 .= hadronicinelastic .
. ee UL e . s+ hadronic elastic

§ [ ~+ dE/dX, MS on inner tubes
006 g ................................... ................................... .............. 0.06 ‘f ................................... ................................... .................................. ...............

nefficiency
*
3
a

pion loss
*
o
o

e interaction i
1

0.04|— ##* ...................... ................................... ................................... .............. 0.04 i 3 ................................... ................................... .................................. ...............

particl

0-02 ! -=.'-. e _-,';':‘-_‘_‘_..- " .' .‘ ................................. ...............

E E ? | . b : g e Ty B o T LA A LA A i
200 300 400 500 600 200 300 400 500 600
Beam Enerqgy, MeV Beam Energy, MeV

nucler interactions mostly on inner tube (systematics 0.2%)

most dangerous is decay in flight as it depends on detector conditions (syst. 0.2-0.1%)
72
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hp ¥

Pion decay inefficiency

v

Experimental P+ spectrum
with IP P | <10 MeV

RHO2018 Eheam 391.36 Me\l'

hppexp_pipx

Entries 3357282

Decay in flight - depends on DCH efficiency

controlled by number of events in tails
in the data vs simulation

Tails function taken from full MC

(include DCH inefficiencies, resolutions,
amplitudes, correlated noises per layers, etc..)
Number of events in tails are free parameters
in momentum-based separation

Nevent, . is consistent with sim at ~ 3%

— systematic uncertainty of Nmm

0.2-0.1% (from low to p)
(N.B. simplified DCH descriptions gives 15% discrepancies on tails)

73

1 05 OO ST VOV SORNTTRNOE SOONN W95 IO RO eeereveroeersrrerovesreverssssrres
Ieft ta|I : ] |
104 -------muon Spectrum .......... T[ +T[ .................... b r.Ith-I-all
after pion decay 1 reconstrugted
1 03 .............. \ ........................... .................. ...... b‘F‘OkCﬂ"TF’GCk
102 ________________________ e ______ LI+| -1 19—
o (- W g,
_____ | R AU SUS P4 (AL L1oLC LIS 1. V0. S S,
10g pién—like ‘rai@ls
|27 1 — _Jr ..... R ] ..... . ] ..... — 1 ..... S AN RS ...1,_ ..... J—
0 0.2 0.4 0.6 0.8 1 1.2
MomentumlEbeam
Additional crosscheck with «weak» cuts:
Nhits >= 10 - 8, x2 < 10> 20, |Ap| < 0.3 = 0.6 cm
pion decay inefficiency changes by x1./(2.-2.5)
- A|F|2/|F|? < 0.05%
4 July 2023

Liverpool



@ Bremsshtrahlung loss on vacuum tube

v

Experimental P+ spectrum Part of brems. correction (0.9% from 1.2%)
with |P- - P. | < 10 MeV can be extracted from fitted spectra:
HH02013Ebfam 22030 “EV _ : mefflaency of cut P/Ebeam >045 = 41547149
106 TS S SO, S hppexp_epx Prob 5.3226-27
" [Entries 2577971 data M —27cieioe 47éie s
: - simulation %%/ ndt : 385.7/ 1;9
e } B osers <0000l

1] ll']‘

i 1 i 11
0.992f t
: #ﬁﬁ . Hiy 1 hi*

Pcut(>0.45E) brem efficiency
o
©
D

9/ GIO' 0> 2ouU2J2}}Ip S2A1D

=
Q
®
O
[
<
IBie o, Bl % o
104 .................................................................................. t 1 { ]}{ i g
PcuT 0.988 I 1 t 2l
. | for anaIySIs = - I f N
103 ....................... e o s - A fle o — oo R N N S Lg
i \ i i 200 300 400 500 600
D " Beam Enerav. MeV _(cl,!
102k | The data vs sim agree ~ 0.02% S
: : : 72/ 332.5/150 8
| componenT _ | £ 0.004 Prob 7365616
10 N | C D | Co | , . | T ;3 - 0_l0001307i3.1466~05
TR S TR TR 8 000zf e
Momentum/E,_,  + g I |1 I/
. 9 9 0 ‘S 0
Brems. description is part of detector response function £ | H o
in momentum-based separation (with X/XO0 as free param.) g0 1| &
X/X0 of inner wall consistent with sim. within <5% 3-0.004] I

— Systematics on |Fx|?> ~ 0.05% R .
200 300 400 500 600 .
4 July 2023 Beam Energy, Mef jverpool




o Q - T+T-

First direct |F_|* measurement around ¢ resonance

ACOIEarly)

L i | s || Blemere)B(emmm) = (3512 0.33 £ 0.24)x10°

@ CMD3

4 .................................... ...................... p ED)II;\;A .............. ................... q) i ( 21 3 + 2 O + 10 O)

€-AQwWo

Previous measurement using detected N__

af
- or visible cross-section by OLYA, ND,
2.5 SND (Sergey Burdin et al Phys Lett.B474:188-193,2000)
- v, = (-34 + 5)° 0
2 B(p—e'e)B(p=mT) = (2.1 + 0.4)x103 =

. H . . . : I . I : I . I H . . . I .
0.98 1 1.02 1.04 1.06
Vs, GeV

N.B. radiative correction uncertainty (from F_ parametrisation)

gives ~1.5 scale factor of total statistical and systematic errors (both for Br and y )
75
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https://inspirehep.net/literature/523208

Yo e'e” - T

v

2 o(e’e’ = mnm° ) within collinear events
>~ Prob 0.30956
S : — 220005 iy i gusios
o §1 2 e £1800F{—+ cmD2 cE 16081 7.1207
.................... §=] C |{—+— CMD3 coll A, ~0.00049082 £ 0.00023768
<l\:.| |_|_|B ) 104 §1600: 2t 21.868/9
SR i 1400 e 782642 0.41782
Y E 4 1200E crf.),, 9.0591+0.18778
S & 4103 S 000k X _ooo0a46300.0026258
8 £0.8 3 . * / ndi 77152/ 71
o § S E 8005 ELOb ?82,6610%22223
Ly . £0.
‘S 0.6 i — - 102 600: @ 871“%32:?2?:
SU_ I E 400 : LA —-0.00093282 + 0.0024148
2 0.4 : 200 _ 5
3 0075 0.76 077 078 079 08 081 082
s_ 0.2 o 7% - 8.68 MeV _ _ fs, GeV
S il PD62022
£ PN AP B S B A et
= % 0204 06 08 1 12 e cMD-2
O Momentum/E,_,, + | |
o J a SND
e'e” = wnnlis background for mm analysis (0.8% at w)
Number of 37 events is additional parameter in likelihood [fit — B
Main systematics (2.4%) inaccuracy of pm - model for — BABAR
efficiency determination, total 3.3% : cmp3
B(w—e'e’)B(w—mnmn°) = (6.82 + 0.04 + 0.23)x10° S S S S .7E2. -
: 7 R 2 14 .76
confirm SND@VEPP-2M result Br(o— e'e)x Br(o— x'rnf), 10°

4 July 2023 Liverpool



\‘\ Possible concerns in the analysis
related to MC tools:
¥ Radiative corrections for the m+m- total cross section
X MCGPJ were used by several previous experiments,
the cross-check with a new generator will be very valuable
x Differential cross section over momentum for the particle separation
v E/P separations, o(e'e->u'u)/QED are consistent

X Differential cross section over polar angle for controlling of systematic
uncertainty of the fiducial volume determination

v quite remarkable consistency of data (asymmetry, 6 - angle
distribution, |Fz|? in different cuts) vs prediction

Progress in MC tools can help to give more confidence,
or can help to highlight some detector related effects in

the obtained CMD-3 result %
4 July 2023 Liverpool



@, Form Factor evaluation

2
/401 2
O‘e+e7—)y—)ﬂ—+_7f_ 35 /))73T|F.7[|

d
N -<1+am ) &
. g e e
|FJZ| = A € et
N o o / (1+ ) T
Ratio N_/N_ is measured  Mostly no background, Radiative corrections  Efficiency analysis
directly -> detector Applied if not accounted defined in used rely mostly on the
inefficiencies are partially ~ in particle separation acceptance, data. Important
cancelled out A b & account for ISR and only difference
A :<N bg/ N ee> FSR effects, between
Evaluated as ratio to ere- VP included in F, T+TT- / e+e-
by simulation. Both BG definition. (common cancelled
and e+e- are taken from out)

sim, inefficiencies
cancelled out in same way

4 July 2023 Liverpool



@ Form factor

3 04 05 06 07 08 09 1 TTR2
/s, GeV 79
4 July 2023 Liverpool



VEPP-4M Collider Complex (1994- 2027?)
. T R 2
VEPP-4 M oS
i
- | &
. VEPP-3
- 18°
s 'l 11 Girocon
S— 2. LINAC
B 3. Convertor
\ ¥z 4. Synchrotron
& WI (350 MeV)
& ¥ From 2004 - KEDR experiment
. Low luminosity,but high precision
2E=2-+11 3B Detector KEDR measurement of the beam energy
J/y dm/m ~ 2e-¢ (only 6 particles known better)
L=2x10*"30 cm-2c-1 Best measurement of inclusive R(s), 2E<3.7 GeV
L= 8x10™31 cm-2c-1 with ~2% systematic precision

Few more years to do scan above charm region
4 July 2023 Liverpool



o, CMD-3 and SND

1 s 1 3 1 3 1 3 1
0 20 40 60 80 100 cm

1.3 T magnetic field 1 - beam pipe, 2 - tracking system,
Tracking: o, ~ 100 um, o, ~ 2mm 3 - aerogel Cherenkov counter , 4 - NaI(Tl)
Re U~

crystals, 5 - phototriodes, 6 - iron muon
Combined EM calorimeter (LXe,CsI, BGO): abzorber' 7_9p_ muonlde’rec‘ror l

0. ~ 3-8%,Tracking in LXe calorimeter In 1996-2000 SND collected data at VEPP-2M g
4 July 2023 Liverpool
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