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Muon Magnetic Moment: (g-2),

Muon Anomaly
a,=(g-2),/2 = o,/ 2rn+..= 0.001161....
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One of the most significant tests of the SM

Aa, = a,*P—a,SM= (27.05 +7.28) - 1010 (3.70) I!!

Error or New Physics ???
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Muon Magnetic Moment: (g-2),

Muon Anomaly
a,=(g2),/2 = o,/ 2 +..= 0.001161....

T . T T T
DHMZ10 s E
JS11 | = i E
HLMNT11 T—f—.—|i E
FJ17 )—I—(i E
Hadronicvacuum DHMZ17 H%
Polarization (HVP) KNT18 o
BN 370 o
BNL (x4 accuracy) - os i
160 170 180 190 200 210 220

(a SM X 1010)Eq%§66§t al. 2018
vl
One of the most significant tests of the SM

Hadronic Light-by- Aa, = a,**—a,SM= (27.05 +7.28) - 10'1% (3.70) I!!
Light scattering (HLbL) Error or New Physics ???
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‘Hadronic Contribitutions to (g-2), and o, (M)

1 o0
HVP
a =3 de K(S) Ghad
3 4r e

Oj,.0 = O( ete=— hadrons )

— HVP: HadronicVacuum
Polarization (692.3 £+4.2 ) - 1010

all channels

additional chanmels ~ 1.8 GeV

<1.8 GeV

_+_—A)>
/" /| /1

T

Most relevant channels at low energies
< -- > exclusive measurements
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‘Hadronic Contribitutions to (g-2), and o, (M)

1 o0
HVP
a, =—3 fds K(s)o,,,
3 4r e

Oy,,q = O( e"e=— hadrons )

— HVP: HadronicVacuum
Polarization (692.3 £+4.2 ) - 1010

all channels

additional channels > 1.8 GeV

<1.8 GeV

N { "

T

Most relevant channels at low energies
< -- > exclusive measurements

R(s)

Aa(5)
s(s — M%)

a- M3
had(M%) = — 37 jds

hadronicRratio = hadronicVP

Aa =(276.11+1.1) - 10
00 m_

inclusive
1 1 R measurement

Most relevant energy range > few GeV
< -- > inclusive R measurements !
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ation (ISR) vs. Energy Scan

Initial State Radi

Opag [Mbarn]
—) ) ) )
S S S S

-
S

10

10

2

E A| T 1 1 11 |
;_ Y(28)
- T
:— < \;1_\’:;#}\&»":\ i
E W“iwm
= \VEPP-2000 VEPP-4M / KEDR
= >
— CMD3+SND
3 BEPC-II / BES I
— el

L 11 | | | Ll L1 |

1 10

Vs [GeV]

Achim Denig

Status of hadronic R Measurements



Initial State Radiation (ISR) vs. Energy Scan
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The Two-Pion
Channel

et+e- 2 Tr+1T-

all channels

additional channels > 1.8 GeV

7

<1.8 GeV
KK
aHVP =L3 de K(S) O,had L
4ﬂ: 4m?> .
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o seml

| S.C. COIL

Barrel EMC

50°%<6<130°

DRIFT CHAMBER

1]
I

50°<6<130°

]

I
Phys.Lett. B606 (2005) 12 untagged Radiator 141 pb-!
Phys.Lett. B670 (2009) 285 untagged Radiator 240 pb-!
Phys.Lett. B700 (2011) 102 tagged Radiator 232 pb!
Phys.Lett. B720 (2013) 336 untagged My 240 pb!

Achim Denig *full KLOE statistics 2,500 pb-?
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new = Combination of KLOE Results

KLOE-2, JHEP1803 (2018)

Goal: Combination of three KLOE analyses

Requires systematictreatment of statistical and systematicuncertaintiesin 195x195
covariance matrix = final result obtained by itiratively minimizinga y?function

Analysis flow for 3 analyses

‘ Observed Spectrum for | Observed Spectrum for ’ Observed Spectrum for 0.08 1400
7771'7(73 events ppy(7y) events wwy(7y) events ' KLOE12
- - - KLOE10 —e—
(Level 3 Trigger) (Level 3 Trigger) (Level 3 Trigger) 0.06 | KLOEOS 4 1200
Offline filter corr. Offline filter corr. Offline filter corr. — KLOE combination
0/ +.— + _— —
Background subtr. Background subtr. Background subtr. /_'\ 0.04 + N (ete - 4 1000 2
c I —
Mk +A Episs corr. [Corr. for border eff. in Acc.] -§ 002 % Aol 800 E
|unfolding (M2, — M2,.,.)]| [Mrc+ AEwiss corr.] [ /¢ likelihood + TCA corr.] s O *a
T * x ]
[Corr. for bordfr eff. in Acc.]| |Unfolding (M%zec — M%rue)l |Unfo|ding (M%zec — M-zrme)| L‘u’ 0 600 |T
Y o
[ /e likelihood + TCA corr.| [ /e likelihood + TCA corr.| og o o
7 T © a =
[Tracking corr data/MC] % 0021 400 %
¥ ~
[Photon corr. data/MC| 0.04 200
|Unshifting M2 — Mi. )| Global MC efficiency '
¥
Acceptance 6, corr. FSR — ISR corr. |Unshifting (Mi,ﬂ, — Mi. )I —-0.06 W I 1 1 1 I L 40
Division 06 065 07 075 08 08 09
mry(v)/pey () s [GeV]
Luminosity corr. Luminosity corr.
Fecmome o] |t g [t b Raditor temati taint inati
cceptance @y corr. (euu,ISR/eﬁWAISR) vision adiator S S ema Ic uncer aln comblna Ion
Py p3} []
[Division by Radiator H| Corr. for vac. pol. y y
: ~0.59 drh k*
Corr_Tor vac_ ol 0.5 % around rho pea

oxn KLOEO8 oxn KLOE12 oxx KLOE10

Achim Denig * not used in arxiv:1908.00921 (Davier et al.)



Pion Form Factor: Current Situation

KLOE combination: 366.9 + 2.1 ———

BESIII (15): 368.2 + 4.2

BaBar (09): 376.7 + 2.7

SND (04): 371.7 £ 5.0

—a— CMD-2 (03,06): 372.4 + 3.0 =

360 365 370 375 380 385 390 395 400
T
d

T (06<Vs'<0.9GeV) x 107"°
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JG|U

Pion Form Factor: Current Situation
e stastial () BABAR

0.4 / significant
BESIII (15) +——a— . .
SND (04) deviation
CMD-2 (06)
03 | CMD-2 (03)
| KLOE combination
o 00 Besm closer to
KLOE

KLOE

0,0
(6 70KLOE combination) ~ 1
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Pion Form Factor: Current Situation
e stastial () BABAR

0.4 / significant

BESIII (15) . .

SND (04) deviation

CMD-2 (06)

03 | CMD-2 (03)
| KLOE combination

BaBar (09) closer to

02 o <s°(e"e’—>1t+ y KLOE

KLOE

0,0
(6 70KLOE combination) ~ 1

Future: = New BABARISR analysis of full data set
= New BESIII ISR analyses of newer data sets Goal:
= BELLE-Il will be able to perform ISR analyses <0.5% accuracy

» Energy Scan: CMD-3 / SND at VEPP-2000
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Higher Multiplicity

States and KK

1l ch 1 i
- 1_83Gecvanne5 uncertaintyto
additional channels HVP |ntegra|
<1.8GeV
KK \

W+W_W+W—
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Legacy of
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BESIII: eTe™ — 3w Measurement (ISR) JGJu

BESII

= Existing precision data from CMD-2, SND
(< 1.4 GeV), and BABAR (>1.05 GeV)

S

L 11111

= BESIIIl: tagged and untagged ISR measurement

—

o

w
...‘..‘.\.\.\H.\l -
=

102kE : | = Spectrum dominated by narrow w, ¢, J/U resonances
= § 3
= ﬂ f, Jp S = World's highest statistics above 1.4 GeV/c?
c CE I - : « ~20
-B- 10§ : R 'O"e//',h. ; Systematic error: “2% on w and ¢ peaks
r y ' ]
oo a
1? +’0’++””’ rJ/ 3 g T T T T
C ﬁHfH ' ] L
1l +++++* " o] 7k ’,I BESIII E
10 ? i ++ ++ﬁ+ .’++ . ml IL BESIII fit E
- § | T —— BABAR ]
10'2 | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | \iﬂ — 5:‘ % I"** l+1 ]l - DM2 =
1 15 2 25 3 g, " '“ I * E
M(3r) [GeV/c] ° J ‘ | Orefjp E
'hg .
= BESIII confirms w(1420), w(1650) resonances 21f |ll [l L{Tﬁ Vo
1
= World's best J/y branching ratio 1E ] }“E‘{#{“}'*ﬁﬂﬂﬂ " E
Lol | d 1 3
BR(J/Y — 3m) = (2.179£0.02440.023+0.045r¢es /)% © 12 14 16 1.8 2 22 2 4 26
PDG: (2.10 % 0.08 )% M(3r) [GeV/c?]

PRELIMINARY
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BESIII: eTe™ — 3w Measurement (ISR) JGJu

1-8 ?l<1'0'3' LI LR LN LY BN L LR LN R FT
C ] 700 |
161 —— BESIII :
s ) i o——omp2 1 3 °F
< 12F = < 500F
§ b E ——SND 3§
© a ] B 400
3 08F = 3, F
) C ] » 300F
g osF P 4 8
O o4l & - = S 200¢
02F & o, . 100¢
i Lo v lvuyyl ".‘."M 0k
0.75 0.76 077 078 0 79 08 081 0.82 1 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04
M, (GeV/c?) M., (GeV/c?)
Parameters PDG [6] BABAR Fitted results
x?/NDF - 146/148 443 /390
my (MeV /c?) 782.65 +0.12 782.45 +0.24 783.20 £ 0.07 = 0.24
mg (MeV/c?) 1019.46 £+ 0.02 1018.86 £+ 0.20 1020.00 £ 0.06 £ 0.41
My, (1420) (MeV /c?) 1400 ~ 1450 1350 £+ 20 + 20 1388 + 39 £ 55
My,1650) (MeV/c?) 1670 £ 30 1660 +£10 £ 2 1699 =9 £ 7

PRELIMINARY Besm
Status of hadronic R Measurements



BABAR/BES Il e*e~ — m*n 215,

NEW
_ 40— = SND .
2 - s CMD2 i
: L v GG2 .
&> 301 ACO ~
S; - 0 M3N ]
+l:‘ - A ND -
1 201 o MEA o
2 B OLYA i
o [ ]
5 10 .
ot 115 2. 25 . "3:5
"M(m*n2n0) [GeV/c?] '
—t =m0
a;; T 27 LO/lO_lo
Before 16.76 + 1.31 + 0.20,44
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BABAR/BES Il e*e~ — m*n 215,

NEW
40 —+BESIT -
.3. B m  SND _
|E| : A CMD2 :
= 30" -
CIN - O  M3N 7
5 B A ND ]
l,F 20__ o MEA —
1 OLYA
+$ : l BaBar :
° 10_— ; __
0- 152\2'5\--5’”?5
"M(z*n2r°) [GeV/c?] '
—t e —n 0
a;; T 27 LO/lO_lo
NPP Proc. 294 (2018) 158 BESIII (preliminary) | 18.63 + 0.27 £+ 0.57 ~3pp1, ~39% syst.
PRD 96, 092009 (2017) BABAR 179+ 0.1 0.6 ~450 pbt, ~3% syst.
Before 16.76 + 1.31 + 0.20,44
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nNew S BABAR: ete — J'L'+J'L'_3J'L'0/J'L‘+JT_ZJ'L'077 JG‘U

Invariant-mass m,,, of 3 photon
= Combined analysis of both channels pair shows clear m° and ) peaks

= Kinematicfit:

[6)]
o
o
o

— Constrain 2 of the 7% candidates to 7% mass

S
o
o
o

- m,,, of 3 used for 7 or m° signal extraction

Events/0.02 GeV/c?

w
o
o
o

— Constrain entire event to ete™ 4-momentum

2000

= First precision measurements of both channels

IIIlIIIlIIIlIIllIIllIIllI

1000

» Detailed studies of internal structuresand  EF Ll e T

F I - oyt e g oo o e Lo o J s L]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

of J/y branchingratios m(ry), Gevic?

Phys. Rev. D98 (2018) 112015
FT— T T T T Ty T

2 3 1 2
S35F ®
B o &
+§ 3F 1S
g T
-12.5; K .
o E © (provided
© =
isE also for
1E intermediate
05 resonances)
0
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Results from VEPP-2000

e'e"— n'n%, Phys.RevD, (2013)
e'e"— nn, Phys.Rev.D,(2014)
e'e-— NN+6m, JETP Lett.,(2014)
e'e— 17y, Phys.Rev.D.(2014)
ete— 1), Phys.Lett.B.(2015)
e'e— nnu'm, Phys.Rev.D,(2015)
e'e"— w'm n% JETP,(2015)

e'eT— ) JETP Lett.,(2015)

9. e'e=— onn’, Phys.Rev.D,(2016)
10. e'e=— @1, Phys.Rev.D.,(2016)
11. e'e=—n% . Phys.Rev.D,(2016)
12. e'e=— n%n%. Phys.Rev.D, (2016)
13. e'ee— K'K- Phys. Rev. D, (2016)

1.
2.
3.
+
5.
6.
7.
8.

Energy range is 0.32-2.0 GeV
unique optics —“round beams”
Design luminosityis L=1032/cm?s@s=2GeV
Experiments with detectors CMD-3 and SND

v Published (or submitted):

e+e- = pp, Phys.Lett. B759 (2016) 634-640
ee — n' Phys.Lett. B740 (2015) 273-277
- +.-\ Physlett. B768 (2017) 345-350
2(77 T ): 3(17 T ): Phys.Lett. B723 (2013) 82-89
wn, n1T+1T'1TO, Phys.Lett. B773 (2017) 150-158
3 (11-*1-[-)1-[0 arXiv:1902.06449, submitted to PLB
!
K'K- K.K Phys.Lett. B760 (2016) 314-319
¢ NN, Phys.Lett. B779 (2018) 64-71

e
KK-m*mr Phys.Lett. B756 (2016) 153-160
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%CMDS ete™ > KK,

Phys.Lett. B760 (2016) 314
Measurement 1.004 - 1.070 GeV 2
5 10° P 2
= 1.8% systematicuncertainty o2
(BABAR 2.9%) - o oubasore
= Reconstruction of Kg — mtm~
= Fjtto cross section: "
8ma 9pv9pK K JuydwKK & ! m ! . . .
Oete-—KIKO(S) = Picol + £ o005 i I )
ete- > KO KD 32 K T 0 D.(s) | H‘HWM |
KK Z ) [l ': |I)
_|_g¢’Yg¢ ‘I‘Ap ot ¢/|2‘ 0.05 i 11
ng( ) 1000 1010 T020 1030 1040

em.» MeV
| I N 3m%/FVee . | | i 67ng/rvBVKK /
gv~| = \/ dro JVKK| = p%o(mv) : |

£ 03 N =
.9 . E 0.2E4 | -
Dy (s) = miy — s — i/sly(s) s EH oo
© - ! 1 3
Py (s) = of | wed ‘;’ i -
1% ) )
I'y(s)=Tv Z BV—>f_P _)( 23 o E1H I been
V—f Vo My { T _e_CMD-Z
02 —— CMD-3 2012
= Qverallgood agreement 03 , . e CD2 2013
1000 7050 T100 1150 1200 1250
E,., MeV
Achim Denig
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o, nb

(Data - Fit)/Fit

NEW CMD-3: ete” - KTK~

[ [ T [ [
- = Measurement1.010—- 1.060 GeV
1P = 2.0% systematicuncertainty
- (BABARO.72 —1.41 % in thatrange)
I = Similarfit to cross section as for Ks K|
I ] Parameters:
102~ / —cwpaFT - = New CMD-3 dataabove CMD-2 / BABAR
E —#— CMD-3 2012 E ???
: —&— CMD-3 2013 :
070020 Y030 Joa0 - i050 7060
Phys.Lett. B779 (2018) 64 E.pn » MeV
e 3 = FT -
C 7 = C b ]
0.05 — = 0.05[- I. -
i I AR ¢ | %
0 0
:¢ | | 8 o a _
-0.05— — -0.05— E
- .+ CMD-295 . - .
-0.1F = -0.1F -
- —o— CMD-2 : - .
015 | SND N 015 * BaBar N
= —=— CMD-3 2012 ] - —— CMD-32012 ]
_0_2:_ —=— CMD-3 2013 _: _0_2:_ —s— CMD-3 2013 _:
020 7040 1060 1080 1100 9020 1040 1060 {080 1100

Eq . MeV Eq > MeV
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NEW S BES III: Energy Scan 2.0 — 4.6 GelV IG|u

R Scan 2.0 - 4.6 GeV

= > 10000 events per scan point
= below] /1Y highest statistics
= very finebinningin XYZ region

improved statistics wrt BABAR

120 (—
| BESIT
N
B
- T
40:— "
20:_. o sele « ®
OF. .o.. 24.5 L e e :; . L e 3?5‘7". '.W
| Ecu(GeV) |
ete” » KtK~
g —3— BESIII .’g_
i wigon BABAR —~
O3, i —— Fit %
_lll s = E E L -f-x
3 [t X m=2239.2 +7.1 MeV/c® :
T 02 & I'=139.8+123 MeV X
NS 4 TR Phys. Rev. D99 .T
- K& o o
0.1~ A% ~ (2019) 032001 kS
I : P e L, ©
i | L1 '||=§| |'=‘ i'; | : :' - 3
22 24 26 28 3 32

ete” > KTK KtK~™

160 accepted for -+ BESIII
140F publication in PRD I BaBar
120} # ﬂ |

- R RN
1005 | H IHMMJ 'IIM | :
80 ; "HH“ : M H

E ~|MH[H“'M“]|+HHI 1
60— W H ﬂ M ! HJ+lfFN L] : .

F ] (Rl
40 *.H Sl R
20:“ %| | | |

2 2.2 2.4 2.6 2.8 3

(s (GeV)
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R,..;at BES III: Work in Progress IG|U

BES]]I Improve upon BES/BIOE,SIGI

Rincl - O'had/O'uu ratio with § 5
targeted 3% systematic o« ,
accuracy -
(statistical error <<1%) )

measurement with 6% systetic error

BESII (1998)
BESII (1999)
Gamma2
Markl
pluto

|
GO0

Achim Denig
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R,..;at BES III: Work in Progress IG|U

BES]]I Improve upon BES/BESII measurement with 6% systetic error

. . o %
. = =1
Rind = Ohaa/ Oy, ratio with 3. [ s
. > O Gamma2
targeted 3% systematic o s

accuracy

(statistical error <<1%) : : M }Hi %5 H ## [i {ﬂ v

Ecm (GeV)

Status of R measurement (below open charm threshold):

Event selection v/

Measurement of integrated luminosity with <1% accuracy ¢/
Radiative corrections with <1.5% accuracy ¢

Subtraction of QED background ¢/

Tuning of hadronic MC generator (Lund model) for efficiency determination

Achim Denig Status of hadronic R Measurements
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nvew s R, at KEDR / Novosibirsk J6|u

Inc

R * ADONE i ® KEDR S. Eidelman
% MARK I4+GLW % BES(2009) : :

Lo Cwsme : @ g-2 workshop
v 4 BESEO0) Mainz, 06/2018
¥ ADONE-MEA : :

3 % {

\ :
2 l
H =e=e=es pQCD + contribution J/¥ and ¥(2S)
| | | |
2 2.5 3 38 5 Gy
1.84-3.05 GeV R = 2.225 4+ 0.020 + 0.047 (Rpacp = 2.18 + 0.02)

V.V. Anashin et al., Phys. Lett. B770 (2017) 174
3.05-3.72 GeV  Ryugs = 2.204 £ 0.013 £ 0.030 (Rpqcp = 2.16 £0.01)
V.V. Anashin et al., Phys. Lett. B753 (2016) 533; arXiv:1805.06235

Total (syst. error) 3.9% (2.4%) at low, 2.6% (1.9%) at high /s

R measurement from 5 to 7 GeV in progress

Achim Denig Status of hadronic R Measurements



32 — ISR
Ophaq from

R;,..;Measurement via ISR ? =" iskphoton
10 /

|s’:mEa_d =5 —2+/sE.)

Events / 5 MeV
-
L
.
1
3

[y
o
¢

Hadrons »

1 f (O YA R
00 05 10 15

.\/_/GeV

| |
Hu ww' |
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R.

inc

yMeasurement via ISR 7

S =mly=5—2JsE,

Hadrons

Advantage:

Much higher signal efficiency compared to scan
- Less dependent on MC event generator
Challenges:

Subtraction of QED background
Unfolding of ISR photon spectrum
Reliability of gamma gamma vetos

104 4

Events / 5 MeV

[y

o
¢
!

10+

— ISR

0 — oy

L
[ )

il

Opaq from
ISR photon

o

.
| ||||||\HH

'1 i

il

- backeg |

; [ LMK
0.5 1.0

1 30 35 40

-5\/_ / GeV

Efficiency

©
o
1

©
«
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©
o

g
ISR method

(ISR photon + =1 track)

i

~ Efficiency

P i
L
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energy scan

o
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Conclusions

Steady progressin R4 measurements
— ISR and energy scan methods !

In 2013 whitepaperarxiv:1311.2198 ——
(Blum et al.) reduction of HVP

uncertaintydown to +2.6 - 10~ 1° formulated as a goal = mission accomplished?

However, accuracy of HVP contribution to (g-2), limited by 2pi channel
- overcoming KLOE-BABAR-BESIII puzzle is a major challenge
Once thisissue will be solved = full interpretation of FNAL g-2 measurement

Improved value of a,,,, (M%) highly desirable in view of precision EW
measurements at LHC, Mainz, JLAB, ... 2 needs improved value of R,
- Do we have all systematics under control for hadronicevent generators?

THINKING = MuUonE at CERN
BEYOND = R,.4 measurementsvia ISR
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