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Motivation

Cross section e+e- =2 T+1-
is The main channel for

e+e- -> hadron production 102
at 2E <1 GeV
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Total hadronic cross section: 10"

=

o’ (e" e = y" - hadrons)

R(s)=
e sy )

should be known for calculation of:

a.(Mz) - used in precise predictions of EW physics,
(better precision is required in case of ILC physics)

it is essential for the interpretation of precision measurements of:

muon (g-2) - good test of SM
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SM prediction for muon g-2

The anomalous magnetic moment of the muon

ArXiv:1010.4180,arXiv:1105.3149
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to hadronic value and
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Prades, de Rafael & Vainshtein need mor'e Theor‘y inpUT,

with help of experimental transition form factors
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Published cross section e+ e— — 11+ TT—

Relative to CMD-2 fit

Points, red band:

yellow band - systematic value only statistical error
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section values arXiv:1507.08188v2

Local inconsistencies larger than claimed systematic errors seen
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VEPP-2000 collider

TLU

Linac

B-3M
250 MeV

synchro-
betatron

e e
booster

825 MeV

e —>e'
converter Status:
- Up to 2 GeV c.m. Energy

» VEPP-2000 uses
unique "round beams" optic,
which gives additional gain in
luminosity and will provide: Plans:
L=10%cm?s, /5=2.0 GeV =100 pb per de‘rec’ror per year

23 September 2015, PHIPSI15, Hefeif . . . CMD-3 Collaboration

2010 - start of experiments

2013-2015 - upgrade of positron
injection facility




CMD-3 Detector

Advantages for this analysis
compared to previous CMD-2:

X new drift chamber with x2 better
spatial resolution, higher B field
better efficiency
better momentum resolution

X Unique LXe calorimeter with 7
ionization layers with strip readout
~2mm measurement of
¥ —— zc conversion point,
'- tracking capability,
TOF shower pr‘Ofile (from 7 layers + CsT)

" CMD-3 Collaboration



Collected Luminosity

VEPP-2000 Luminosity

s ¥ CMD3 collected Luminosity as of 07.07.2013
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Collected L ~ 60 pb~ per detector
The 103 cm?s? |uminosity at /s=2.0 GeV 8.3pb!  w - region

was reached 9.4pb?  <16GeV (except w)
Currently the luminosity at high energy is 8.4 pb? ¢ - region

limited by a deficit of positrons and 345pb!  >104 GeV
maximum energy of the booster (now 825 mev),

after upgrade it will gain a factor of 10

e
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e+e- -> T+T11- by CMD3

Very challenging channel as needs to be measured at best systematical precision ~ a few per mil
But... Clean topology of collinear events (mostly without physical background)

Overall corrections at the level of a few percent
Plans to reduce systematic error from 0.6-0.8% (by CMD2) -> 0.35% (CMD3)

3 Key components for this precise measurement:
1) PID - particle separation

2) Acceptance determination
spatial angle of detection

3) Radiative correction, MC generators

.. efficiencies
... beam energy precision

Many systematic studies rely on high statistics

e
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Event selection

* Two charged collinear tracks:

IAgl<0.15, |A6|<0.25
Q,+Q,=0 Simple event signature with
* Vertex position czlose to interaction point: 2 back to back charged particles

<0.3cm, |Z <Becm

average

AZ|<Bcm

paverage

|IAp|<0.3cm,

* Fiducial volume inside good region of DCh:
l<(m+0"—0)/2<n—1.

* Quality of selected tracks:
x°/ndf< 10,N, . >10

* Filtration of low momentum and cosmic background:

0.45E_,_ <p ,p <E,  +100MeV/c

Data sample includes events with: e+e-, p+y-, w+n-, cosmic muons
Mostly doesn't have any other background at /s <1 GeV

23 September 2015, PHIPSI15, Hefeif

= N CMD-3 Collaboration



Event separation

E
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Npp can be fixed (or

not) from QED
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Event separation by momentum

Entries 9.9990980407

from MC generator [ur “™
E

Mean y 0.9754
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10’ For particle separation:
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As input: momentum spectra for ee,nm up events
from MC generator (in applied selection criteria) +
cosmic,3m background from data(MC)
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Generated distributions are convoluted with
detector response function which include
(with mostly all free parameters in it):
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Event separation by energy deposition

387.5 MeV, pi-

At this moment: Full energy deposition in LXe+CsI
calorimeter is used for particle separation
As input: PDF distributions are taken from MC or data

itself (fitted by analytical function, and used with some
free parameters)

Y
o

Pion from

Events / (4.65 )
g8 B

o2}
(=]

x Electron - described by mostly free function

x Muons - from Sil’T\UlGTiOh + additional smear'ing 0 50 100 150 200 250 300 350 400 I45'450
% m
(plan to be taken from data) ,\ 38;.?1Me\:""r
; 00
x Pions - from ¢ = 3w, w = 3m events %ﬂ er 1l

x Cosmic - from data itself (events are selected by vertex
position)

Nmtrt/Nee obtained as result of
binned likelihood minimization

As plans: to exploit information about shower profile
(energy deposition in 7 layers of LXe, + CsI)
Neural net can be used for event classification
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et+e- -> TI+TT- by CI\/ID 3
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Precision of fiducial volume

Polar angle measured by
DC chamber

with help of charge
division method

(Z resolution ~ 2mm),
Unstable, depends on
calibration and thermal
stability of electronic
Calibration done
relative to ZC (LXe)

ZC chamber

multiwire chamber

with 2 layers and with strip
readout along Z coordinate

strip size: 6mm
Z coordinate resolution ~
0.7 mm (for6,  ~1rad)

track

LXe calorimeter V12
ionization collected in 7 layers with B —
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

P i S TR
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Precision of fiduclal volume

Monitoring of z-measurement between ZC vs LXe

ZC-LXe difference in z scale

00015_ ______ RH02013scan ______________________ _____________________ _____________
S —— ek
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o Z/Z (per 20 runs)

+0.1% Luminosity
determination at 6>1rad
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C e
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Run number

Variation because of
DCh instability,

different B field,
ZC noise level
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MC generators

High experimental precision relies on theoretical precision of MC tools:

Most recent e+e- -> e+e- (gamma) generators
include exact O(a) + some parts from High Order terms:
MCGPJ (VEPP-2000) - accuracy 0.2% for e+e-, m+m- etfc
1 real photon (from any particle)
+ photon jets along all particles (collinear Structure function)

BabaYaga@NLO (KLOE,BaBar) - 0.1% for e+e-, u+u-
Parton shower approach: n photons with angle distribution
interference for 1 photon radiation

BHWIDE (LEP)-0.5% (~0.1%?), e+e-
n real photons by Yennie-Frautschi-Suura (YFS) exponentiation method
interference on O(a) level

And there are other generators for different channels:
PHOKHARA (KLOE) p+u-, m+m- etc

KKMC (u+p-),

etc
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BabaYaga@NLO vs MCGPJ generators

BabaYaga@NLO used by KLOE, BaBar T 0003 e o H aare
o - 5 5 | 5 | PO 0.0004443 +0.0001731
0 0-002 __ ................... ................... .................. p.l —2 909e-06 + 4.315e-07
MCGPJ used by Novosibirsk group g T
S: 0.001
Selection cuts: i UE
S =
| Ap|<0.15, | AB|<0.25 L [
1< 6 <1t -1 §—0.001:—
average o -
P >045E, 0002}
0,003
Calculated cross-section 1900 200 Vet £t ol e N 45°Eb;5£21 rﬁﬁﬂ
at E beam=391.48 MeV
MCGPJT 1 751.671 +- 0.034 nb Integrated cross-section
BabaYaga@NLO :751.218 +- 0.059 nb consistent at the level <0.1%

A ~ 0.06%
BabaYaga@NLO ~ x1000 slower than MCGPJ

A discrepancy was observed in momentum distribution of
experimental data vs fitted functions with input from MCGPJ

e e
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BabaYaga @ NLO vs MCGPJ VS eXxperiment

All events from RHO2013 scan (Ebeam<05 GeV)
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mi+1t-110 background
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efficiencies

0.025

e+e-

iency

Part of track reconstruction inefficiency

from test events :

selected only by 2 collinear clusters in

calorimeter

-> check if a track was reconstructed
or not 0.01

I cuts inefficiency
o02f |

0.015

event ineffic

Inefficiency ~ 0.2-1% 0005_} ,,,,,,,,,,,,,,,,,,, P, ikgs Lt

51

3-10 times less then was at CMD-2 *ﬂ#m;#hii * %ﬁ* aeF

0350 200 250 300 350

400 450 500 550
E beam, MeV

Pion specific loss of events:

x decay in flight (~6% at 160 MeV)
(dominated at low energies )

x nuclear interaction on vacuum tube (<1%)

will be checked from ¢ = 37 , w = 3m events

F g — "
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Systematic e+e- -> 11+1M1- by CMD3

As our grand total(not reached yet)
Our goals are to reach systematic level up o 0.35%:

x e/u/m separation - 0.2%
can be checked and combined from different methods
x Radiative corrections - 0.1%
more proof from data
x Fiducial volume - 0.1%
controlled independently by LXe and ZC subsystems
x Beam Energy - 0.1 %
measured by method of Compton back scattering
of the laser photons(c < 50 keV)

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

First publication expected with systematic level ~< 1%

Many systematic studies rely on high statistics

. e
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Conclusion

x VEPP-2000 collider successfully operates with a goal to get ~ 1fb-1
in 5-10 years which should provide new precise results on the hadron
production

X We have upgraded the CMD-3 detector, with much better
performance and monitoring of different detector subsystems

X First scan <1 GeV for m+1mm- measurement was done

x High statistics allow us to study and to control better different
systematic contributions, with final goal up to 0.35%

X More data expected after VEPP-2000 upgrade with new positron
injection facility

———
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CMD-3 Detector

Advantages compared to
previous CMD-2:

X new drift chamber with x2

better tracking

better resolution, higher B field ww

better momentum resolution =

X thicker barrel calorimeter
(8.3X,->13.5X,)

better particle separation

X LXe calorimeter
~2mm measurement of
conversion point for y's,
tracking capability
shower profile

¥ TOF system >

time separation for n

23 September 2015, PHIPSI15, Hefei =
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1 - vacuum tube, 2 - drift chamber, 3 - calorimeter BGO (680
crystals), 4 - Z-chamber, 5 - CMD-3 superconducting solenoid, 6 -
calorimeter LXe (400 liters), 7 - calorimeter CsI (1152 crystals),
8 - magnet yoke, 9 - solenoids of VEPP-2000, (not shown) muon
range and TOF systems
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0 - all data,) - cosmic and beam data
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200 g
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R(s) measurements at low s
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The value anvdv’rhe error of the hadronic contribution

to muon (g-2) are dominated by low energy R(S) («26eV gives 92% of the value).

doen(M2) - half of error comes from 2E « 4 GeV
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05 055 06 065 07 075 0.8 085 09 095 1 a2 (107°)
\|s_’(GeV) —————B.Malaescu, Moriond 2014
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SM prediction for muon g-2

ArXiv:1010.4180,arXiv:1105.3149

a“experimenml “ (g_z)u/z ‘ A E‘Xp : Theory~ 33—360
nes92089 + 6.3 x 107 world average j§“£55297 e =
—299165 ——e—
N a theory = a QED a EW a hadron Davier etal. 09/1 (t-based) e
é\o (G\Q H H H Ps%\girsﬁt al. 09/1 (e*e")
QJOQ) Q‘Z)\ QED contribution 11 658 471.808 +0.015 Kinoshita & Nio, Aoyama et al P%‘giu%t al. 09/2 (e'e” w/ BABAR)
X O EW contribution 154 +0.2 Czarnecki et al N .
%3 25'}0 NLO hadronic 98:01 HLMNTIL Tlgl0 (e WBABAR) o |
& J * b T hewes
N Hadronic contributions R i
10 (e"e newest
«(o*"\ ’*906 From measured cross-section by dispersion integral e e |
N a 3 5 BNL-E821 (world average)

S H LO hadronic L‘LIMK)HLMNTH C"ies‘lll“T
- main channels contribution o precision at /s<1.8 GeV 7 =00 =0 -« =0 =0 a0 6
. T s0565 + 3.09 B T .

. R New g-2 experiments
[] T 2T wez + 1.15 at FNAL and J-PARC
I e s738 + 0.99 (mostly from omega region) have plans to reduce
I 2T 2T 13.64 * 036 (BaBar) error to 1.5)(10'10
I KK 2205 + 0.26 (BaBar)
from LSOSPIN relations 5.98 + 0.42 for not measured KKm,KK2m,2m4n®,2n3n°
(Or. 12 46 + 076 fOf' v[5<2 GeV) (COHTI"IIbUTIOH GT 1.5‘30 Of TOTGI error -
crucial if something is wrong with used isospin relations
. Rgcdiz-1109cev; 4119 + 0.82 iy | gw R Oie)
Ligh'l‘-by-“gh‘l‘ 105 % 2.6 s serotonsvaraen Need more theory input, probably with help

Theory TOTAL + 49 of experimental transition form factors

e~
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R measurement: systematic errors

What systematic error can be achieved for R

Source of error

Event separation
Fiducial volume

Energy calibration

Efficiency correction

Pion losses (decay, NI)
Other

Radiative corrections

Total syst.
Stat.+Syst.

measurement at CMD-3?
CMD2, 2t SND, 2m CMD2 .41

Js<1 GeV J[s<lGeV [s>1.1GeV

0.2-0.4%
0.2%
0.1-0.3%

0.2%-0.5%
0.2%

0.3-0.4%
0.6-0.8%
0.7%

0.5%
0.8%
0.3%

0.6%
0.2%
0.5%
0.2%
1.3%
1.5%

23 September 2015, PHIPSI15, Hefei |l =

2% (cuts)
3% (model)
1%

2 %o (tr+bg)

2%
1%
5%
7%

CMD3, 2m
Js<1 GeV

0.2%
0.2%
0.1%

0.1%
0.1%

0.1%

0.35%

CMD3 4m
[s>1.1 GeV
1% (cuts)
2% (model)

1% (tr+bg)

0.3% (lum)
1%
2.5%

= CMD-3 Collaboration



BabaYaga @ NLO vs MCGPJ

2
Ebeam = 391.48 MeV Comparison of momentum 99 BabaYaga/ MCGPT

spectrum from generators 0 P+ op

5 2
uf 1.8
& 1.6
3 1.4
1.2

0.6

1
0.4 0.8
0.6
0.2 0.4
0.2

0

= " CMD-3 Collaboration



VEPP-2000 parameters

L=24.39m
facc= 172 MHz
Vacc= 120 kV
E=0.2 -1 GeV
Bbend=24T
Bsol=13 T
p*=2 - 10 cm
os =3 cm
£=1.4-10-7mrad
vx,z=2.1; 4.1
a= 0.036
£=0.15

N+ = 1011
L=1-1032cm-2s-

1 , o %
o

23 September 2015, PHIPSI15, Hefei

- CMD-3 Collaboration



VEPP-5 INJECTION COMPLEX

Energy compressor
/

Thermionic gun
5

Photo gun

/

'

5 300 MeV Linac
to VEPP-2000

Subharmonic buncher Spectrometer

e = e - O = == O 8 O
Conversion

510 MeV Transport line

Positron production target

T o0

Parameters at Ebeam = 510 MeV

Number of electrons per bunch 2-1010
Number of positrons per bunch 2-1010
Repetition rate 1 Hz
Electron bunch enerayv spread 0.07%
Positron bunch enerav spread 0.07%
Vertical emittance 5.10-? m-rad
Horizontal emittance 23-10-? m-rad




Energy measurement by Compton back scattering

Starting from 2012, energy is monitored continuously using compton

backscatterin
J . VisnydeHne ms tousek A u C nog
[ ] - — = §— — S\on yrnom ¢ = 0 uHTepdepupyeT

irifraned radiation

HPGe detecior

Complon

backscalterad
pholons
301
IF1 N

3Dz
i
=-_3500 ....I....:.I BT E Y E L ETEY
-
8 =04 .

£

......
o
......

0k i IR R
1500 1550 1600 ] 1700

'1Ei£-ﬁ' = '1?iuu' — 'ﬂ'isu' - '1aiuu‘ = —E5 900 1950 E =983.662 £ 0.016 MaB

E. keV

M.N. Achasov et al. arXiv:1211.0103v1 [physms acc- ph] 1 Nov 2012
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Beam energy measurement at VEPP-2000

* Magnetic field control in bending magnets
* 8x2 NMR probes, continuous control
* Absolute calibration using:
@-meson (1019.455 + 0.020 M3B), | MR Comelon D campare T
w-meson (782.65 + 0.12 M3B). s9r0f | | |
e Measurement of phoTon energy from back 50060 [ — — _— + S S -

Methods comparison:

scattering laser light ST W ot |
. Tnstalled in 2012. S s e i + St S +

500.30 |- S A— SR S I ]

* Needs beam current (20 mA), ~20-50 keV woml

accuracy in 10 min soto [wser @
. . \depc’l.'_._\' . i . i . i . i . i
5 Ener'gy COHTI"OI dur‘mg data Taklng. Jan30  Jan30  Jan30  Jan30  Jan30  Jan30  Jan3i

12:00 14:00 16:00 18:00 20:00 22:00 00:00

time hours

ems results

% C
i 509 |- ; 3}% NMR, Compton, RD compare Ne2
e
§ sos é T e S
C 458.60 [ g : : | | ‘
507 |- 45855 - 3 - | el ) M
— § : : : : . . . . !
- %EH >458‘50*'f U AT SO
506 ) j :
B 2 45845 - : ]
C w : : : : s s 5 s s s
ool A TR Frearte 4580 [ g
— Apr26 ‘ Apll‘Z'i ‘ Apr22 ' Apr2é ‘ Apr24 ‘ Apr25 ' AprZé ‘ Apr27 458.35 e :
07:00 07:00 07:00 07:00 07:00 07:00 07:00 @700 458.30 E o 045 eV ‘ 3 3 : 3 3 3
i i T aser W | | ; | | |
* Resonance depolarization method 45525 |- Fioos {55 IS WS NS NN N S
I ! I ! I L I L | L | L 1 L | L | L I
() | < = ) Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03
ver‘y hlgh accur‘acy (BE/E 10 5 14:.00 15:00 16:00 17:00 18:.00 19:00 20:00 21:00 22:.00 23:00

* Special configuration of VEPP- 2000 “war'm fme s
23 SeprhibsrRMBORHIPMIS; JffaldimT . @ CMD-3 Collaboration




Pion formfactor

IF.I*

CMD2 - 96 data 5
CMD2-97data Fons
CMD2 - 94,95 data 5
CMD2 - 98 data

SND o
CMD2 on ¢

- | %2/ ndf 6.942/9
101 Prob 0.6431
[ | po -1.999 = 1.295

o=zl
1

R.-1,%

b } : } 1 I

:illlilllilllilllilllilllilllilllill
60 380 400 420 440 460 480 500 520

measuaf'ed \E’ Mev ] | ] ] ] | ] ] ] | | ] ] | ] ] ] | ] |
O 0.4 0.6 0.8 1 1.2 1.4

W A
QED —1——2i13i07% SYSTCmClTiC error \'E, GeV

S 07%  0.6%(95)/ 0.8% (98)  1.2-4.2%
CMD?2 < > <

v

3.2°/o 1-30/0

0
Pk
c
:
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Inclusive Hadronic Cross-Sections with CMD2&SND

"% CMD2 |F_ 118

& CMD2 n*n'n*r 65
CMD2 n*r'n° 96

¢ CMD2 r*zrn’x® 19
CMD2 K'K ™ 21

¥ CMD2 K'K 21

CMD2 K°K" 66
CMD2 1y 84

I ||III|‘

O CMD2 n% —3y 51
10 = A CMD2nr*r 6
— * CMD2 re‘e 19
— SND |F | 45
— * SND n*mn*n 48
1L SND r*n'n® 125
= ! 10T * SND r*mn’n® 35
— 1 4 llll:F ‘%‘ T P
— I | I SND K'K’ 62
B | ] T lM SND K°K" 66
Al 0 8 O e A s L I — Aot + SND1y 85
107 =~ | T] | = SND=% 44
— T ¢ 1 } Hﬁl o SND n°n% 45
[ | | | ! |{ | T | I l | l | | | M |
0.4 0.6 0.8 1 1.2 14
Combined precusuon of R(s) from CMD2&SND Vs, GeV
> «—> <« > <> <
Sys‘rema’nc error: ~0.6-0.7% 10% 0.6% 15% 15--35%
Total error: ~ 6 -- /s 1. 50/0 1227, 2. 0% 25 --35 75

The uncertainty in a (had) was im| roved by fac'ror' 3 as the r'esul‘r_ of VEPP-2M measurements
23 September 2015, PHIPSIIS Hefei BN e, . . - = "N CMD-3 Collaboration
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