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JGU etic moment of the p

Keshavarzi, Nomura, Teubner Phys.Rev. D79 (2018) 114025
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Muon anomaly: a, = —5 -
JS11 (R S —

= Known to 0.5 ppm in theory and experiment

Standard Model (SM) ~ (11659182.04 + 3.65) 107 phys. Rev D7 (2018) 114025 T T

Experiment (BNL) (11659208.9 +6.3) 107° phys. Rev. D73 (2006) 072003 DHMZ17 "

. oo KNT18 e
® Discrepancy between SM prediction and measurement! - |

. 3.7¢c
= New measurements at FermiLab and J-PARC BNL (xé acouras
4 acouracy) 7.00 2B
= Improvement of SM prediction necessary ——— N .
160 170 180 190 200 210 220

(a,>™ x 10'%)-11659000

Uncertainty of SM prediction completely limited by hadronic contributions!

Use input from experiments
to improve SM prediction!

Hadronic Vacuum Polarization Hadronic Light-by-Light Scattering
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it BEPCII

m Operated at BEPCII collider
m20<+s[GeV] <4.6
= Design luminosity achieved
m L =1.0x10¥cm %! at (3770)

= Data taking for
® Charmonium spectroscopy

10t = Charm physics
- . 4180 = Light hadrons
i 3770
10° = “:( b = Tand R-scan
= Ly ¥2S) \4040) XYZ NS -
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§ ; o ® ° .ﬂ. . . HWUE— .
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JG|U m Polarization

Related to hadronic cross sections by optical theorem

q g
=
q e Dispersion integral :

1 ©.@)
hVP,LO _ g
a =13 / K(s)o(eTe™ — hadr)ds

W
4m?2
\
-2 K 1
= 10" — 1 () ~ 5
8 &2k | (- Low energy contributions dominate !
E LI o(eTe” — hadr) ~ -
= 10 ko S
= = g
S 4o E-
s [ e,
10 = oy
A allVE faiVt
10 ? LL addmoga]l %liérg\l/els IJL all channels
P E | l KK > 1.8 GeV
10 L1 0 111 | I 1 = 11 additional channels
1 5 f G V 7r+7r_7r+7r_\\ <1.8GeV ‘
s [ © ] 7r+7r77r0> KK A
7T+7T_ 7r+7r7r+7r/‘
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ents at BESII|I

2 o Detect hadronic syst
= Detect hadronic system
. Vs! = /s — 24/sE,,
ot Vs’ = Ecm m [SR phOton detected

polar angle distribution of ISR photons (MC) | Acceptance from 7T+7T_ thrEShOId
® | arge background contamination at highv/'s’

—_
<>
|

events/0.01

= |SR photon undetected
| ® High statistics
/ = Acceptance for Vs’ > 1 GeV

L\\J = Small background contamination

cos(6,g5)

Tagged analysis Untagged analysis
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Phys.Lett.B753 (2016) 629

® Tagged ISR technique

mBased on 2.9 fb~t at 3.773 GeV

=, — 7w separation with Artificial Neural Network
®Focuson 0.6 <m,, <0.9

= Normalized to integrated luminosity

m Careful evaluation of systematics

® Total uncertainty of 0.9% achieved

= Dominated by
® | uminosity (0.5%)
® Radiator function (0.5%)

® Deviations to previous measurements observed

= Ongoing activities
® Extend analysis to new data sets

® [nvestigate m,, > 1 GeV
® Untagged ISR analysis
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Phys.Lett.B753 (2016) 629

® Tagged ISR technique

mBased on 2.9 fb~t at 3.773 GeV

=, — 7w separation with Artificial Neural Network
®Focuson 0.6 <m,, <0.9

= Normalized to integrated luminosity

m Careful evaluation of systematics

® Total uncertainty of 0.9% achieved

= Dominated by
® | uminosity (0.5%)
® Radiator function (0.5%)

® Deviations to previous measurements observed

= Ongoing activities
® Extend analysis to new data sets

® [nvestigate m,, > 1 GeV
® Untagged ISR analysis
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s BaBar (09): 376.7 £ 2.7 ——#—

KLOE combination: 366.9 + 2.1 ———

BESIII (15): 368.2 + 4.2 ——=—

SND (04): 371.7 £ 5.0 ———+

CMD-2 (03,06,06) combination: 372.4 £ 3.0 —a—

Phys.Lett.B753 (2016) 629
JHEP 183 (2018) 173
T T T T IR TR TR T T N TR T T S R TR S S |

360 365 370 375

380 385 390 395 400

a,"™ (0.6 < Vs <0.9GeV)x 107"

® Precision competitive to measurements by BaBar and KLOE

= Good agreement with all KLOE results

® BESIII result confirms aﬂ‘“’s"" _
® Reevaluations of aZVP

including BESIII result improve accuracy by 20%

exp
a, > 30

EPJ C77 (2017), 820
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Events / 2 MeV/c*
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Combination of the ISR photon and any other photon

10° g

Tagged ISR method

E BESIII Preliminary . ety _mmm

—— Backgrounds =

hilpln e

1 b S T e T, sl b L
0 005 01 015 02 025 03 035 0. 045 05

M’YISR’Y( GCV/Cz)

multiplicities
BESIT

Untagged ISR method

#

ISR photon observed

Polar angle of the ISR phaoton

L I L L L L B B L LN B BN
- BESIII Preliminary . ee-y mmn
1000 |- 1

1200

— Backgrounds ~
800 - -

600 - -

Events / 0.0001

400 |- .
200 [ -

S T,

0.982 0.984 0.986 0.988 0.99 0.992 0.994 0996 0.998 1

COS0

Scheme successfully applied to measure ete™ = 77~ 7% /xt 7= 27° /7T =370
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40— %ﬁ == — = aND

5 - m SND ] < cOLYA
C B o CMD2 | = eBaBar
— i v GG2 ] o Phys. Rev. D96 (2017) 092009
2 30— — o
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2.5
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= Error weighted mean of tagged and untagged results
= Good agreement with BaBar measurement

® |mproved precision  (approx. 3% syst. uncertainty)

+ =90
Pk 2w ,L0/10f10

(1.8 GeV)? 1%
. 1 BESIII limi 16863 027 057
az-f-ﬂ' 27‘r0,LO — _3 / dS K(S)O'W+ﬂ_27r0(5) (pre |m|nary)
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JG|U oton Physics
BESI

® Transition form factors (TFF) as input for HLbL calculations
® Cross section of v processes proportional to square of TFF

® Single-tagged measurements to study momentum dependence of TFFs

= only one scattered lepton
® produced system
® unmeasured lepton from momentum conservation

I\lll\\\l|\\‘\|||\\\||\\\\|||\\\||
| —1— Data (e" tagged)
| B cc—cer® T
108 | I eeseten =
I B oo ]
I e'e — e'en’z’
]
I ee—seell —
105 = I Radiative Return to Ji, \y. ]
O w(3770) decays (DD and non-DD )7
O e I o continuum ]
— L -
o L. | - Ly radiative Bhabha scattering
° |
it _
210 5 | E
S |
® Reconstruct: 2
|
|

® Require scattering angle of missing momentum to be small

= Small virtuality of exchanged photon 02;?} :
2 N2 2 = of Iy E
"F(Q1,Qz) — F(Q1,0) Frsb S E
a 1; I m‘ww
R - . . . . ) 0.5 I | I | é
eject events with giag - coS(fmiss) > —0.99 R I S
gtag : Charge of tagged lepton in units of [e] Missing Polar Angle [cos®,,,.;"q ]
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ansition Form Factor
BESIT

JG|U

.Based On 2.9fb_1at3.773 Gev 600_\IIII\\\ll\\l‘\III‘I\\\'I\\I‘\III‘I\\\'I\\I‘\III_ 3000_|||\‘|\\\\.\\|||\\||\||||\||\ ]

L —F— Data (' tagged) _ L —T— Data (" tagged) _

B radiative Bhabha scattering 7 - + radiative Bhabha scattering -

® Select: 500/ I o continuum — 2500 B ccontnwum _

B w(3770) decays (DD and ﬁon-Dﬁ) i i T — g(aig’:i)jed:(jfn(zzi:d ;on-DD) .

= Exactly one lepton - B Radiative Retur to Jiy, v 1t ee o erelT ’ .

., 400~ e'e > e'el’l — 2000l [ SR ]

- L T B ce—ceen’n® ] B P ere—eten B

At least two photons 3 RN I N ——plaets :

B P eeseten - *g - Bl cc—ocen i

. 2800/ o 0 — 500 ]

| Apply_ g B B cc—ccrn ] % - . \‘e\ ‘“av 1

: . o I ] - \\RY 1

® Single-tag condition %000 inary 7 ool BES b

L “\ p‘-e\ i L -+ = i

.. - \ 2 - L i

® Helicity angle of photons - . - .

100 & 00 T

_ EMS _ ,CMS - @ ] B .

"R, = V8~ Beino ~Peim _ g5 - -t :

N - ol e

‘\I

2 \ 3 2 F 7

, 0 0 = 8% E

® Clear signals of ™ and 7 o= [ | ‘ = Sup E

o 11 |” | Wi . T [ e i

= Incomplete MC description %61 02 03 04 05 06 07,08 09 1 005 1T 15 2 25 5
Invariant Mass vy [GeV/c?] Momentum Transfer Q2 [GeVZ/c?

® Data-driven background subtraction

® Divide out point-like cross section using MC distributions

February 27, 2019 C.F. Redmer - Hadr. cross sections and TFF at BESIII PhiPsil19 13



ansition Form Factor

JG|U

Systematic Uncertainties of |F(Q?)| BESIL

. 1
Error propagatlon A’F(QQ)’Z I A(|F(Q2)|2)'L 025_ T T 1 1T T T T 1T T T 1 T T 1 1T T T T 1T T T 1 ]
2 V/(IF(@)) - !
External Tracking efficiency 0.25% = —J— This Work, total error i
m —
Photon detection efficiency 1% O 0.5 \'e\\ _
=0 5\\\9 i
Luminosity 0.25% — B ]
[aY] - ]
Analysis Grag * €08 Omiss < —0.99 0.1% — 3.1% S ¢ .
L 0.1 |
cosfy < 0.8 0.2% — 4.5% o L +++ ]
|Ady,| < g negligible S i +++ i
|AOyy — 0.01Gtag| > 0.02 0.3% — 9.8% 0.05/ ]
Reconstruction efficiency 1.6% — 17.2% O '0‘5' e '1|5' S '2'5' - '3|
2 2
Background subtraction ~ Signal shape 0.1% — 1.9% Momentum Transfer Q° [GeV]
Event counting 0.1% — 11.1% m Contributions added in quadrature
Background shape 0.2% — 21.0% ) o
o aew-goew | Ul comelaion between cornputions of
analysis conditions and background subtraction
assumed
Error estimate does not consider radiative effects
® To be evaluated with recently released Ekhara 3.0 Comp. Phys. Commun. 234 (2019) 245
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nsition Form Factor

Comparison to previous measurements BESIT

0.25

.
- —]— CELLO9f
~ —1— cLEo s

. —+— This Work, stat. err. only
_ —F— This Work, total error

I

I

® First measurement below 0.5 GeV?2

® Unprecedented accuracy below Q2=1.5 GeV?

= Competitive accuracy up to 3.1 GeV?

O_IIII|IIII|\III|IIII|IIII|I\II|
0 0.5 1 1.5 2 2.5 3

Momentum Transfer Q° [GeV?]

CELLO: Z. Phys. C49 (1991) 401
CLEO: Phys. Rev. D57 (1998) 33
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JG\U ransition Form Factor
Comparison to Theory BESTI

Data-driven Approaches:

0.25_ T T T 7T ‘ T 17T ‘ T T T | T T T | 1T T T T T 7T ] 0.25_ T T 7T | T T T 7T ‘ T 17T ‘ T T T | T T T T T T ]
I —|— This work, stat. err. only i i —|— This work, stat. err. anly i
0.2 —F— This work, total error | 0.2 —J— This work, total uncertainty _
; i Dispersive Construction of x° TFF 1 ;- I Pade Approximants i
| - aty —— | ) o aty —— |
G015 W prel — 17 OXRE W prel ]
p—y BES fo - B — BES NS s =
cr-. o s et i Cﬁ—-. PETE SEFEE i
g 7 g ]
w 01— — L 01 —
o ] o ]
@] i (@] ]
0.05- - 0.05 -
0 L1 1 1 ‘ L1 1 1 ‘ L1 11 | I | | | | | | | 1 0 L1 11 | L1011 ‘ L1 11 ‘ L1 11 | I I | | L 11 | ]
0 05 1 15 2, 25 3 0 05 1 15 2, 25 3
Momentum Transfer Q° [GeV] Momentum Transfer Q° [GeV]
® Construction of space-like TFF using time-like ® Fit previous measurements with Padé approximants
experimental results in dispersive calculations Masjuan et al., Phys. Rev. D86, 094021
Hoferichter et al., Phys. Rev. Lett 121 (2018) 112002 ® Model independent (mathematical technique)

® Provides estimate of systematic uncertainties

First HLbL estimate including these data: Danilkin, CFR, Vanderhaeghen arxiv:1901.10346
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JG|U ransition Form Factor

Single-Tag measurement BGS]]I

® Event selection analogous to single pseudoscalar analysis

= Multivariate methods to suppress muon background ete™ — ete ptp™

= Subtraction of p contribution in ete”™ — eTe r T~

® Fit peak in data using shape from theory

o

Q

Q

o
I

—— MC: Total
B MCiyy—eguty
i MC: e*e—eeuru

MC:yy—n
2 MCoyy—n’

BBEE VC:yy—n'n

= Study 77 invariant mass in bins of Q2 and cos8*

Events / 0.100 GeV/c?
(s)]
(=]
(=]
F

= First single-tag measurement of 7" 7~ | i )

tagged
2000

m Access to:

MC: Total
s MCiyy—efeu'y

I HHHHH MC: e*e—eteuty
= low momentum transfers 0.2 < Q2 [GeV?] < 2.0 100 Coven
® low invariant masses m_.. <M [GeV] < 2.0 B MOy
= full coverage of cos6*

1000[-

Events
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tlook

BESII

® Single-tagged measurements

= Complete TFF studies of single mesons (1, 7)

00, 7on, mm)

® |Investigate higher multiplicity final states (3w, 4, ...)

® Extend two-meson studies to neutral channels (=
= Axial and tensor contributions to a,

® Double-tagged measurements

= Complementary to BaBar measurement of n' TFF

® Cover all single pseudoscalar states for Q2 < 2 GeV?
® Feasibility studies successful

= Development and installation of dedicated taggers

February 27, 2019 C.F. Redmer - Hadr. cross sections and TFF at BESIII PhiPsil19 18



1G|U mary

BESIII is a perfect laboratory for hadron physics!

® Hadronic cross section measurements with ISR
® |nformation from hadronic threshold to tau-charm region
= Competitive accuracy

= 7ta~ result confirms alf>M — a&® > 35, extending investigations to Mz» > 1GeV

= Preliminary resultson ete™ — 77 7% eTe™ = ntn 7070

= Two-photon physics program
® Single-tag measurements
= 119 n, and n' transition form factors with unprecedented accuracy (Q? < 1.5 GeV?)

= e, momo, °n, NN
® First measurement at low Q2
® Covers masses from threshold and the full helicity angle

= First double-tagged measurement 7*v* — 7° started

February 27, 2019 C.F. Redmer - Hadr. cross sections and TFF at BESIII PhiPsil19
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1G|U | 0

= +tn~r%invariant mass spectra

: dN dL
® Below1.8GeV:Fit — =o0(m)-—-¢
dm dm
% ee iV :
|
iy 127TF o) Fyvmg/TEB(V — 3m) el
m3 7 D (m) For(my)
V=w,d,w’ w \Y pm MV
400F & L L
o 350 = o 60 N
o F E 4] (&)
>300} € S 50 S
=250| c = 40 2
200 3 10 L0
o o E (9] V]
51505 3 PR P
G100 = §20 S
w S0E BESIII Preliminary W 4o, m
0;\..‘.|.‘..|...‘|..‘.|‘...|....|.‘.; BESIIIPrehmlnary ] | |
0.7 075 0.8 085 09 095 1 0T 12713 14 15 15 ERARY: '1_1""1_2'"'1_'3""1_4"{5”"1_5';”'117""1_3
Ms,( GeV/c?) Ms,( GeV/c?) \ Ms,.( GeV/c?)
| 1untagged:
2200 ||h BESIII Preliminary’
= | .
, L 0 o150 f =
= Above 3 GeV: Determine B(J/¢ — n"n ™ 7) 100} A i E
= t .
2 50 - | / ‘ =
0% - : y

29 2905 3 305 31 3.5 32 325 33

M3ﬂ-( G@V/ )
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T 7T

x10°

r-1 1 TT LA l U I- T U | T LI ) T T LI I T L T T H T | T T 17T I T Trrr l LI I ‘ T T 7T I TIT Vo1 \lll'llllf"lfl‘l.l.
16 BESII Pre"m'”arf E 700F-BESIII Preliminary =
14F , ——BESII - sook- 4 e BESII
2 12 boe - H sk 4 -
s 1i >~ CMD2 | 5 E =— CMD2 =
B t A g G 400 =
é 08 4 = § . fo- =
C 300 =
@ 06F % - @k + 4 1
S o4l - o - S 2001 A E
r A ] = g ]

02F ¥ E.m = 100 o ‘o
b '||‘|”mﬁ_5 O:"_._: L | | Mm,
%_75 076 077 0.78 0.79 0.8 0.81 0.82 1 1.005 1.01 1015 102 1.025 1.03 1.035 1.04

M(w) M(¢)

BESII Preliminary e sesy _ _
T aas 1 ® Good agreement with previous measurements
—&— BABAR
—+— SND

4 ® Improved precision

5 m ~ 3% syst. uncertainty in full mass range
= m < 2% at narrow resonances

Cross section (nb)
N w A (&3} (o] ~ @

41 = Confirms BaBar result at w”
3 Ta e T8 2 25 24 2638

Above ¢ = To be used to evaluate a

hV P
n
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Strategy similar to e"e™ — 777~ 7%y analysis

a0 —4— BESII N
o B = SND -
= B A CMD2 ]
= 30—_ v GG2 _‘
§ s
't:._ i o M3N ]
+
tzz_ — A ND =
T 20 l s MEA -
Q@ - l OLYA -
() i . |
© 10 BESIII Preliminary

5

AN 3 35
M(r*2n) [GeV/c]

= Error weighted mean of tagged and untagged results
= Good agreement with previous measurements
® |mproved precision  (approx. 3% syst. uncertainty)

atr—270,LO —10
(1.8 GeV)? ‘ apu /10

_ 1 imi . . ;
3z+ﬂ om0 _ 1 f ds K(5) -t —nr0(5) BESHII (preliminary) | 18.63 +0.27 +0.57

(4my)?
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® Fit w signal on smooth background in every bin of M

CAJ’]TO

= Approx. 4% syst. uncertainty

= Good agreement with previous measurements

c(e*e —»onP) [nb]

February 27, 2019

20

15

10

ata— 7w07x0

M(on®) [GeV/c?]
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- —¢— BESIII

- ! = SND

‘_ b 4+ SND-2000
: " %ﬁ} v CMD2

- % ND

B i o DM2

_ 7 BESIII Preliminary

B u

PhiPsi19
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c(e*e —»n*n3nP) [nb]

T
| —e— 1t 3n°
L —a— ' 3n0, 1
— —»— on’n’

- —&— MU

excluded i

BESIII Preliminary

M(5m) [GZV/cz]

= From background evaluation of ete™ — 77~ 7%x°

®m Good agreement calculations using isospin relations
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ansition Form Factor

Comparison to Theory (l)

Models:
0.257I 1T T ‘ T T T | T T T | T T T | 1T T T 1T T T ]
| —F— This work, stat. err. only |
- —+— This work, total error .
r —— VMD 7
02 LMD+V N
— - —— 1-Octet q
% | —— 2-Octet \i aty — | ]
O 0.15— 3-Octet 'L \ S
_ ges? B
CG_\ ~ — -
S AT T *
o~ | 4T ]
O - ¢t :
0.05— _
0 i I I | ‘ I I | | I I | | I I | | I | | I | | |
0 0.5 1 1.5 2 2.5 3

Momentum Transfer Q> [GeV?]
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