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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 = a__ (M,), hyperfine muonium splitting, muon (g-2)

QED

aﬁ“d ,LO _ o m J" ! K K(s)R(s)ds a," is saturated by low energy R(s) (<26eV gives 93%)
9 1° S,

and n'n” gives the main contribution(73%) < 1 GeV
K(s)=0.6=1.0
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‘w50 years of hadron production at colliders:
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Preliminary results on the determination of the position and shape of the p-meson resonance with elec-

tron-positron colliding beams are presented. _ 1
———Z
When experiments with electron-positron col- cor 3,
liding beams were planned [1, 2] investigation of ter

the process ide = ‘
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readouts by photo camera

Fig, 1, Spark chambers system:
1) Anticoincidence scintillation counter
2) Lead absorber 20 em thick
3) "Range" spark chamber
4) "Shower" gpark chamber
5) Duraluminium absorber 2 c¢m thick
6) Thin-plate spark chambers
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Fig. 2. Experimental values of 2 (£) approximated by
the Breit-Wigner formula.

ment geometry and - modulus of the form factor
for pion pair production [1]. In the case of QED
with no other forces F=1. If the particles are
produced at the angle 90° with respect to the
beam axis then a=18. Integration over the solid
anele gives a=20.4.



Rho meson today
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New g-2 experiments and future e+e- as ILC
require average precision ~0.2%
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Low statistical precision
Systematic >10%
NA7 A few points with >1-5%

1985 - VEPP-2M

with more detailed scan
OLYA systematic 4%
CMD 2%

2004 with CMD2 at VEPP-2M
was boost to systematic: 0.6%
(near same total statistic)

The uncertainty in a (had) was
improved by factor 3 as the
result of VEPP-2M
measurements

New ISR method

e+e- = vy + hadrons
(limited only by systematic):
KLOE: 0.8%

BaBar: 0.5%

BES: 0.9%
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‘=, Comparison of e+ e— — Ti+ 11— cross-section
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‘G\ Relative local weight of different experiments in m+m- 1

Nowadays the m+m- data is statistically dominated by ISR(KLOE, BaBar)
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Locally precision is limited by statistic 2
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1.04 <Vs < 1.38 GeV ), 107"

S

. before CMD2

o

-  KLOE 08+10

— . Ees

365 370 375 380 385 390 395
s < 0.9 GeV), 10°

Systematic
Uncertainties

(p-region)
CMD2: 0.6-0.8%

SND: 1.5%
KLOE: 0.8%
BABAR :0.5%
BES: 0.9%
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R measurements
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VEPP-2000: direct exclusive measurement of o (e+e- —» hadrons)

Only one working this days on scanning below <2 GeV
World-best luminosity below 2 GeV (1 GeV excluded - where KLOE outperfom everybody)

8

BESIII, KEDR - direst scan from 2 GeV to5GeV
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VEPP-2000 e+e- collider (2E<2 GeV) =

LS

to VEPP-4M & c-t-factory <. K-500 250 m (2010_2013 2016_)
| ———____beamline ’
Storage Ring o]
e+/e- source T K-500 VEPP-2000

—~—2500 BEP :
O
Ly :,'

¥ New positron source from 2016
(no luminosity limitation due to lack of e+)
Data taking was restarted by the end of 2016

before after upgrade
e + /sec 2x10’ 3x10°
e - /sec 10° 1011
BEP E max , MaB 825 1000

ere
booster

1000 MeV

Maximum c.m. energy is 2 GeV, project luminosity is L = 1032 cm?slat 2E= 2 GeV
Unique optics, "round beams”, allows to reach higher luminosity

Experiments with two detectors, CMD-3 and SND, started by the end of 2010 |
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Collected Luminosity

VEPP-2000 Luminosity
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Before VEPP-2000 upgrade

The luminosity at high energy was limited by

a deficit of positrons and limited energy of the
booster

After upgrade
2017: big improvement in luminosity at high
energy, still way to go
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CMD3 collected Luminosity as of 07.07.2017

-—--: BaBar effectnre Lummnsny
0.35= H q=2.drad, L _BaBar= 4?ﬂ1h
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Collected during 12.2010-07.2013
L ~ 60 pb* per detector
8.3 pb'  w - region
9.4 pb™ <1GeV (except w)
8.4 pb*' ¢ -region
345pb! 5104 GeV

2017 season

53 4 pb1 >1.3 GeV
FCCP17, Anacapri
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CMD-3 and SND

0 20 40 60 80 100 cm

1 - beam pipe, 2 - tracking system,
3 - aerogel Cherenkov counter , 4 - NaI(Tl)
crystals, 5 - phototriodes, 6 - iron muon

1.3 T magnetic field

Tracking: g, ~ 100 um, o, ~ 2mm
Combined EM calorimeter (LXe,CsI, BGO): absorber, 7-9 - muon detector

o. ~ 3-8%,Tracking in LXe calorimeter In 1996-2000 SND collected data at VEPP-2M
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Recently measured cross sections

e‘e” scan

v' KEDR@VEPP-4M:
inclusive R measurement at <3.72 GeV
v SND@VEPP-2M:
e‘e = 1y
v SND@VEPP-2000:
e‘e- = nn, ny, wn®, nmn, wr P,
wn, wnm°, KK
v CMD-3@VEPP-2000:
e'e - pp, (), 2(mt), wn, wtnrnd,
KK, KK, KK,

8 September 2017 FCCP17, Anacapri




et+e- -> Ti+11- by CMD3

Crucial pieces of analysis:
X e/u/m separation
X precise fiducial volume

X radiative corrections

Many systematic studies
rely on high statistics

Momentum, MeV/c, -

N
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events separation either by
momentum or by energy deposition

Simple event signature
with 2 back-to-back
charged particles

+
Momentums works better at low energy < 0.8 GeV _E
Energy deposition > 0.6 GeV

be

Very simple, but the most challenging channel due to high precision requirement.
Plans to reduce systematic error from 0.6-0.8% (by CMD2) -> 0.35% (CMD3)
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MC generator, MCGPJ

v

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

(~ 10 millions of e+e- and TT+17-)

Several MC generators available with 0.1-0.5% precision. '§1_2

MCGPJ generator (0.2%) is used by Novosibirsk group: -

1 real Y+Y jeTs along all pGF‘TiClZS (with collinear Structures function) % -
E0.8-

High statistics allowed us to observe "o

a discrepancy in momentum distribution 0.4

of experimental data vs theoretical spectra from MCGPJ A

The source of the discrepancy is understood:

hppexp

Entries  2.316471e+07

104

10°

102

10

A A
06 08 1

1

; . A diag dp/Ebeam<0.0383161 % 0.2 0.4 Momentum /E1 -2
also important vy jets angular dlSTI"IbUTIOHmSE : hppexp_dig=t- ey beém o0,
; E 330-409 MeV. LM( Erbries  1.428108e i Iﬁl En[ries T
Several steps for upgrading MCGPJ 10°f Cosmic additionally o - L
d E ed by 10 /ﬂ \ Sid Dev 0.07 '/ _a_i!': Ii'l Std Dev  0.0¢
were done. (A
But still some question under inspection - ﬂ \ | 1
-e+e- A s
Exact e+e-—e+e-(yy) NNLO generator ' /
will help to solve all our doubts [ / |
(and to go below <0.1% precision) o rs sfenifadlonn 00)
TR TR 1'm' m1"1‘ 12
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LS e+e- -> TI+TT- by CMD 3
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Systematic e+e- -> 11+11- by CMD3

Our goals are to reach systematic level up 1o 0.35%:

x Radiative corrections - 0.2%

x e/y/m separation - 0.2%
can be checked and combined from different methods
¥ Fiducial volume - 0.1%
controlled independently by LXe and ZC subsystems,
angular distribution
¥ Beam Energy - 0.1 %
measured by method of Compton back scattering
of the laser photons(o < 50 keV)

X Pion specific correction - 0.1%
decay, nuclear interaction taken from data

Many systematic studies rely on high statistics

status

with current MCGPJ
0.2% - integral cross-section
0.0-0.4% - from P spectra

~ 0.1 - 0.5% by momentum

~ 1.5% by energy
v ok

v ok

~ 0.1 % nuclear interaction
0.6-0.3% pion decay

For most sources of systematics there is clear way how to bring it down

For 2013 data we aim at sub-% accuracy
8 September 2017 — —
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and has comparable or better accuracy.

8 September 2017

| £
itk
1.8 2

1.02 1.04 1.06 1.08 1.2 1.4 1.6
s, GeV

yellow band - SND systematic
green - BaBar

Phys. Rev. D 94, 112006 (2016)

\ \ T B T |
1 1.25 1.5 1.75 2

Vs (GeV)
ruwuri/, All'dC'clpl"l



o @ — K+K- comparison between experiments

e T ' ' J|E CFET T T T e =
o = E i b —— CMD-32012 :
@ o | - @ LR —=— CMD-3 2013 ~
S B d 1 S (Ll
5 |t {.‘ § _ oL ¢ "ﬁ“hl ik +‘ I _
0.05F - 0.05}~ I =
o oo = 01F 3
- ¢ SND . n .
015 | = CMD-3 2012 — -0.15 7
E —=— CMD-3 2013 E E E
L6 020 1040 7060 1080 7100 e e T 00 0B e 10T 4100
A Ecm, MeV Ecw: MeV
It was 5-107% discrepancy at ¢ -
Between CMD-2 (2.2% systematic)
SND at VEPP-2M (7.1%)
with BaBar data (0.72%)
CMD2 underestimated trigger inefficiency for slow K+K-
New CMD-3 cross-section is above CMD-2 and BaBar,
but it is in consistency with isospin symmetry:
e Rsyp = 0.92 +0.03(2.60)
w5 g¢K+/K_ ST o R —0.943 4 0.013(4.40)
9ok K, Z<m¢) RS, = g 19
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® Rpagar = 0.972 £ 0.017(1.50)
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S e‘e’ -~ m’y @ SND, VEPP-2M SR

Phys. Rev. D 93, 092001 (2016)
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ee - ' ’n @ CMD-3, SND
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First measurement of total e‘e- = 1N cross section.
Systematic error is 11%. <
RN oP
Phys.Lett. B773 (2017) 150-158 arXiv:1706.06267v3 S 25F } (@)
e . 8 of I [
£ F CMD3-2011 { o(e’e” » m'wM°N) T b1
& °F CMD3- 2012 s | T !
% sf- SND preliminary { g { T ! 1
o 4 13 L ]
o) — 1 I A b
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3 * Ec.p. MeV
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¥ The intermediate states are wn, ¢n, a,p and
structureless mmm°

¥ The known wn and ¢n contributions explain
about ~50% of the cross section below 1.8 GeV. :

% Above 1.8 GeV the dominant reaction mechanism is a,p g

o(e'e »a*na’n, (no 0.0 a)).nb
7

I 1 1 1 I 1 1 1 I 1 1 1 I
1400 1600 1800 2000

E...MeV 3
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LS eter - wnn @ SND

7 photon final state Total cross section
e'e - momny - 7y ee- » wmln a, dominance

Phys. Rev. D 94,032010 (2016)
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First measurement of the e'e- = wmn cross section.
The dominant mechanism is wa,(980).

The cross section is about 2.5 nb, 5% of the total hadronic cross section
before was partially accounted by “isospin relation” a(r\11+1r2110):c:(r|211+211-;2
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CR.BALL - ______________________________________________________________________ ___________________

MARK2
Wl e e
PLUTO .. S S ———
CLEO
VARKS —— e
R T T
8 10
BESIT - most detail scan of charmonium region /s, GeV
KEDR - best systematic precision(up to 2%) at /s < 3.7 GeV
RKEDR =223+ 005 Phys.Lett. B770 (2017) 174-181
consistent with RPQCD- 2.18 +- 0.02

Expected in future:

BESIII - already did R(s)-scan during 2012- 2015 years at 2. < /s < 4.6 GeV

(125 points, 1.3 fb!) 73

KEDR - plans to do scan of ‘ZE =4 5-8 (10) GeV
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Conclusion

X Precise low-energy e‘e- hadronic cross section data are needed to obtain an
accurate SM prediction for g hedto-VP

¥ Direct scan experiments provides this o (e+e- — hadrons) measurements
with independent systematic sources (very different from ISR method)

¥ Several previously unmeasured processes contributed to the total hadronic
cross section (e‘e = wnn, nm*mm°) below 2 GeV have been studied.

¥ New precise results are expected from CMD-3, SND, KEDR, BESIII

¥ VEPP-2000 is only one working this days on direct scanning below <2 GeV for
measurement of exclusive o (e+e- —» hadrons)

¥ In 2013-2016 the VEPP-2000 collider and the detectors have been upgraded.
The data taking was resumed in 2017. Additional scan of /s <1 GeV is planned in
2017-2018

¥ The VEPP-2000 results will help to reduce error of the hadronic contribution
and it is independent cross-check of ISR data, future Lattice, space-like

measurements ?

8 September 2017 FCCP17, Anacapri
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Exclusive channels under analysis =

At VEPP-2000 we do exclusive measurement of o (e+e- = hadrons).
v 2 charged

ere- » ', KK, KK, pE
v 2 charged +vy's
ere- » w0, ., KHK-wO, K*Kon, KSKLWO, wtm1On,
w0 vt nOnOnOn, - nOnOnOn0
v 4 charged
ete- > ', K'Kn'n™, KK
v 4 charged + y's
ere- » w0, o, o, w, om0 KKon, KK w,
v 6 charged
ete- > MM MM T
vy 'sonly
e+e- - 1Oy, ny, OO, mOny, TOnOnOy, nOnOny,
v other
e+e- - nn, Mle+e-, ne+e-

Analysis of mostly each channel takes own person-years:
lower systematic needed — more effects — more years
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SM prediction for muon g-2 bR &

Ex . | I HMNTI 07' e beood " | ArXiv:1010.4180,arXiv:1105.3149 | |
perimental worid average ~285+ 51 A Exb - Theorv~ 3.3-
a = 11659 208.9+ 6.3 x 10™° BRED 62 e
: R Davier et al. 09/1 ( .
Theoretical prediction ~15752 -
6(] B, + 4.9 X 10_10 E)sa;\girsﬁt al. 09/1 (e"e)
H Davier et al. 09/2 (e'e” w/ BABAR)
(HLMNT 11) —D55+49
HLMNT 10 (e"e” w/ BABAR)
—259+48 —e—
D1H92A+251L 0 (T newest) A
Hadronic content of a calculated Dg%g 0 (66" newest)
From measured cross-section by dispersion integral BNL.E821 (world |
% = world average ;
LO hadronic 6941 +4.3x 107 v — "
; ’ 3 N e ey 1, I
main channels contribution to precision at /s<1.8 GeV 700 . -600 -500 %400 -300° -200 - -100 0
T 50565+ 3.09 AN x 107"
S 0 U 28
It 2_1'(0 1862 + 1.15 New g-2 experiments at FNAL and J-PARC
Light-by-light 105 + 2.6 need more theory input,
9 Y=Hy Y Inp

with help of experimental transition form factors

The value and the error of the hadronic contribution to muon (g-2) are dominated by
low energy R(s) (<26eV gives 93% of the value).
n'n__gives the main contribution (73%) to a
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Overview of CMD-3 data taking runs
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‘o Published results from 2011-2013: CMD-3:
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Published results from 2011-2013: SND
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e+e- -> many pions with CMD-3

e'e” -> 2(1t'rr)

35
f STaTus’rlcal error b ' '
30 _ ....... a 'f'l'helevellz% .................... ' Ii"CMDB ........

25_§ _______ Pe'”Po'm“ ____________________ _________________ ; ___________________ ; _____________________ LI
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ITTT

T T

15_...(_p....m.es.on ..... N.eed,..tg.._me,as.upe, .......... ' ..................... ........

- ’rhese channels fo ~2 %. E
10 ; ..................... ,‘ ..................... , .................... .\. .................. .‘ ........

O

600800 1000 1200 1400 1600 1800 2000 7200
Ec.m. (MeV)

The dominated source of systematic error is

model uncertainty(evaluation of the detector

acceptance)

High statistics allows for more accurate study

of the intermediate dynamics.

3(m*m") are mainly produced through p(770) +
47 (in phase space or f )

Seen change of dynamics in 1.7-1.9 GeV range

Interesting feature: sharp dip at pp threshold

(dip in sum of 67 roughly as pp+nn cross section)
8 September 2017
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\
Polar angle measured by ZC chamber
DC chamber multiwire chamber

with help of charge
division method

(Z resolution ~ 2mm),
Unstable, depends on
calibration and thermal

with 2 layers and with strip
readout along Z coordinate

strip size: 6mm
Z coordinate resolution ~

stability of electronic 0.7 mm (for e, _, ~1rad)
Calibration done
relative to ZC (LXe)

LXe calorimeter Y 12
ionization collected in 7 layers with  ——
cathode strip readout,

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

Both subsystem

with strip precision < 100 ym

give <0.1% in Luminosity determination
8 September 2017 ===




R S Precision of fiduclal volume

Monitoring of z-measurement between ZC vs LXe

ZC-LXe difference in z scale

0.0015F- - RHOZOl3scan ______________________ _____________________ _____________

0.001

0.0005F

o Z/Z (per 20 runs)

+0.1% Luminosity

of-
| determination at 6>1rad

—0.0005

_0.001

C e
18000 20000 22000 24000 26000 28000 30000 32000
Run number

Variation because of
DCh instability,
different B field,
ZC noise level
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