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Definition of R-Value

Ratio of leading-order cross section of hadron and muon pair production in e*e- annihilation

R

oc(e*e” — hadrons)  0}.4 N Z .
a%(ete™ - pu*tu) “Nep, @

with g, from QED:

2 — P2
o (s) = oo Pul2 B o

=> Important input to current tests of the Standard Model
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Running of the Fine Structure Constant: A«a,,,

a(m$) one of three essential observables for electroweak precision physics
=>Precision test for the SM & essential for electroweak precision physics!

C((O) (5)
Aa=1-— 2(5) = A“lepton(s) + Aay - 4(s) + Aatop(s)

Z

From perturbation theory
Top quark contribution

Hadronic Vacuum Polarisation Contribution
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Running of the Fine Structure Constant: A«a,,,

Using the dispersive approach for the hadronic contribution

(5) _ _EJ , R(S')
had(s) 31 ds s'(s" —s —ie)

A0‘51.'3pton(1VI§) 314.979 + 0.002 g
AalD (M2) 276.0 + 1.0 A, (M2) :
Adtyop(M3) —0.7180 + 0.0054 8

Eur. Phys. J. 80 (2020) 241

=» The R-Value is an important input over a wide energy range!
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Anomalous Magnetic Moment of the Muon

gu_z

Muon anomal —
y ay >

Accuracy of 0.2 ppm in experiment and better
than 0.5 ppm in theory

Discrepancy between SM prediction and
experiment

Tensions with latest Lattice QCD calculations
and cross section measurements

Adgtist29,2024

¢ 5.00 >
+—e—
Significance will likely decrease Fermilab
with an updated SM prediction (2023)
¢ 510 >
® +—eo—
SM: e+e- HVP Fermilab+BNL
T.I. White Paper (2023)
(2020)
l _____________________________________________________________________________________________________________________________________________________
Selected new results O
since White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
L
SM: e+e- HVP

using only CMD-3
data below 1 GeV

17.5 18.0 18.5

19.0 19.5 20.0 20.5 21.0
a,x10° = 1165900

Fermilab [@Fermilab] (10.08.2023). Fermilab’s new experimental result for muon g-2 differs from the 2020
theoretical prediction for muon #gminux2 at a significance of 5 sigma. [Tweet]
https://twitter.com/Fermilab/status/1689665702582427648
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Anomalous Magnetic Moment of the Muon

ay o?(a,)
ED
[aﬁM = 3 + aweak + ahad ] = QED
mm EW
. HVP
Hadronic contributions dominate by far the uncertainty of a;" W HLbL
Hadronic Vacuum Polarisation (HVP) using dispersive approach:
0?(a}"")
ntn-n°
HVP amﬂ 2 % d R(S)K(S) ntn~nn®
aﬂ S ntnntno
mz

nfy

Jy, w(2S)

1.8 GeV - 3.7 GeV
=37 GeV

~
+
2

R-Value needed as experimental input
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Beijing

Energy range: 2.0 GeV < +/s < 5.0 GeV

Design luminosity exceeded by 10 %
World'’s largest t-charm data set in e*e™ annihilation!
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(from W. Gradl)

ijing Electron-Positron Collider II (BEPCII)

Highlights of BESIII:
« 10'%]/y events
e 2.7-10%y(2S) events

. 20 b1 (3770)

This work:
e 14 data points (~110 pb™1)
2.23 GeV — 3.67 GeV
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Beijing Spectrometer - BESIII

(" )
Drift Chamber (MDC)
c o()/p=05% RPC: 9 : RPC: 8
* Odg/dx = 6.0 % layers Elecc:::lrgri agt';?t'c ayers
rTime-of-ﬂig ht system ) SC
(TOF) Solenoid
o2 =00ps / Barrel :
| : : ToF s
EM Calorimeter (EMC <
End 3
« 6240 CsI(Tl)crystals nTocFap §
- o(E)JE=25% - =
° Uz,q)(E) =0.5-0.7cm Quadrupole
(I\/Iuon Chambers B —
« 8-9layers of RPC .
. p>400MeV/c Superconduct.lng. Magnet
. SR=1.4-1.7cm ) « 1T magnetic field
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Beijing Spectrometer - BESIII

(- )
Drift Chamber (MDC)
* o(p)/P=05% RPC: 9 o ; RPC: 8

L. OdE/dx = 6.0 % ) layers eccalrgri agt';? ¢ ayers

rTime-of-ﬂig ht system ) SC
(TOF) Solenoid .

L+ a(t) =60 ps ) Sarrel %\? g
EM Calorimeter (EMC) Enideap T &\ o
« 6240 CsI(Tl)crystals ToF N Lt 8 \2 §
« o(E)/E=25% - f -1 15| E
° Uz,q)(E) =0.5-0.7cm Quadrupole o

: s s 5 DD
(I\/Iuon Chambers ) @

« 8-9layers of RPC [

- p>400MeV/c
\- 6R=1.4-1.7cm

\
Superconducting Magnet Crystal Zero Degree Detector (cZDD)
« 1T magnetic field - ISR tagging at small angles
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Determination of R-Value

Residual background contributions

Integrated luminosity « MCsimulations
« Determined from large angle « QED background processes
Bhabha scattering « Beam related contributions from data
* 0.8 % uncertainty
b
Niaa = Nokg Radiative Corrections
0-;9;1 - Ling - €trig * €had ° (1+96) — - Feynman diagrgms
« Structure functions
I - Agreement better than 1.4 %

Trigger efficiency
for hadronic events ~ 100 %

Leading-order QED cross section ( Detection efficiency for hadronic events )
ofete » utu~ « Most crucial source for uncertainties!
- Evaluated using two different generator
\ _models y
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Analysis Strategy
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Analysis Strategy
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Analysis Strategy

v
[ 1-prong events ]
4

1-prong
hadronic-events

v
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Analysis Strategy

[ R scan data ]
L 2

Reject Bhabha and
Di-gamma events

\ 4 v 4
[ 1-prong events ] [ 2-prong events ] [ 3-prong events ]
L 4 4 L 4
[ 1-prong ] [ 2-prong ] [ 3-prong ]
hadronic-events hadronic-events hadronic-events
v v v
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Analysis Strategy

[ R scan data ]
L 2

Reject Bhabha and
Di-gamma events

v

Select good charged
and photon candidates

y y y v
[ 1-prong events ] [ 2-prong events ] [ 3-prong events ] [2 4-prong events]
v v y v
[ 1-prong ] [ 2-prong ] [ 3-prong ]
hadronic-events hadronic-events hadronic-events
v v v
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Analysis Strategy

[ R scan data ]
v
[ Reject Bhabha and ]

Di-gamma events
L 4

Select good charged
and photon candidates

y y y v
[ 1-prong events ] [ 2-prong events ] [ 3-prong events ] [2 4-prong events]
v y v
[ 1-prong ] [ 2-prong ] [ 3-prong ]
hadronic-events hadronic-events hadronic-events
1 ] ]
v

[ Hadronic events := N9 ]
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LUARLW: Nominal Model for Signal Simulation

« Self consistent inclusive generator

« Developed from JETSET for low energies

« Kinematics of initial hadrons determined from
Lund Area Law [arXiv:hep-ph/9910285]

« Generation of resonant and continuum states

« ISR implemented from 2m, to /s

« Phenomenological parameters tuned to data
« Used in most previous R-value measurements

A
Y
A

Bl

EW Pert. QCD Hadron- Detector
1zation

\J
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Alternative Model: “Hybrid Generator”

« New event generator with as much experimental information as possible
« Combination of three established event generators:

- Phokhara: 10 exclusive channels, hadronic models tuned to experiment
« ConExc: More than 50 channels with cross sections from experiment
« LUARLW: remaining unknown processes

100 [ T T T T T T ! ! Full hadronic R ratio
g
O
10 KK~ — =
mtnn0n0  — o
Farwara | 3
1L K% KL —
L y -
Kknn w5
0 1 N KKn (@)
- . (n*n'n*n_nono)m" ] o
o n'n N~
o (3635 20 35 2 WS oA
0.01F o mmmmm O
ny — >
All other states I g
0.001F rrr%n%n0),,,  — a
onn >
No  E— =
0.0001 | 35 39 35 2% 20
A (T:+1t-1[01t01:01t0)n0" |
1e-05
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]
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Comparison of LUARLW and Hybrid Generator

= Vs = 3.4000 GeV
10" g —LUARLW
- —HYBRID
10_2 = >
10-3 %_ >
107* =
0.5 3 ‘ + ¢ ]
0 0 ?" ------ )' ﬁf’f&# &’J'%.a:*-ﬁﬂ;#%ﬁ# ¥ '|'+++;+i -#; 5,4'7';&“?‘”&6%“#5&#&?&:" 1‘:;,;;.;.5 N'!....';w -
05F , ¥ . '
0 1 2

3

\s' (GeV)

« Effective energy spectrum of simulated ISR events

- Consistent spectra from two different generators (different ISR schemes)
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Comparison of LUARLW and Hybrid Generator

LUARLW
mmm; N5 =3.4000 GeV § 2000_ ° , j:zi: <8 =3.4000 GeV §
[ H ﬂ Ao s - { il i i ﬁ
05F D 0.1 05F
020 : 2. s :, 6. 8 .,..m 03lj++H.u,)t#z;mmﬂfw:;m*ﬂf,u,ggowmﬂA.l M(,(j.u N P SR R ].0
Ny cosb
HYBRID
10000} F=3400GeV | @ f::: . Vs =3.4000 GeV & it
a = 2 : = i
5 soml- H H % i S 100 H 5 |
m i (=) ‘ ‘ | i | [43)] - = 1000_
= vs= 3. ! 500 - o
e L e 5= g,
g | - i ++6+’+++*+++,+u+++*““+mﬂ++++*;*M#‘#&H#Hf} ok Fovunen e gi;?
0'56 2 1 6 8 10 i 03 0 05 1 05(- 2 Er— 8 10 o 035 1
Nisg cosO ) E/(pc)
Good agreement of both
* Npro: Number of good charged tracks (pron
prg g g (prong) generator models and
2pr : .
. NiSI()) 5: Number of isolated cluster in 2-prong events data!

« cos(@),E,p: Polar angle, EMC deposited energy, and measured momentum in MDC
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Results of R-Value Measurements

B*Tnﬁ _________ -

@ BESIII (this Letter) ® BES + VY2 A CrystaliBall
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Phys. Rev. Lett. 128, 062004 ( 2022)

« Accuracy better than 2.6 % for /s < ]/y and better than 3 % above
« Exceeding pQCD prediction by 2.7 c between 3.4 and 3.6 GeV
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Further R-Value Measurements at BESIII

o'k Aft'er 12vof ye'arsl d'ata ta'king: """ w('37'70) I o Besm I This work:
* 10 x 109 Jy ,
. 27x100y(29) 10 1y ¥ OB _ « 14 data points
2.7 x 10°
0} p2s) . ¢ AtR- ! « 2.23to 3.67 GeV
8- 2 . * o * °
10 = e e ° i
= . o L BR Rffe® @ For future analyses:
o' b .o - . gl |+ 21 data points « 104 data points
g - 2.00 to 3.08 GeV « 3.851t04.59 GeV
oL ! i . N T " 1 " gl g " i ° ~ - ° ~ -1
10 2.0 2.5 3.0 3.5 4.0 4.5 5.0 550 pb ' 800 pb
Ecm [GeV] (from W. Gradl)

« Large amounts of additional data available
=» 139 energy scan points with > 10°> hadrons each
- High accuracy R-value measurements in continuum and open-charm region
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Alternative Approaches to R-Value Measurement

2.8 T T T T —
: Inclusive Low Data — \/g =3.6710 GeV
2.7r ; Exclusive Datal- Corn.bination —e— ] 10—1 = — LUARLW
26+ ' Inclusive High Data ——— —
Transition pointiat 1.937 GeV pQCD --------- . g 2 [ —HYBRID
2.5 KEDR (2016) —=— | § 10 E
2.4 i ) B
@ g 10 =
EE 2.3 ) E E
510 g
3 E
2.1 1= s |
) | 2 100 =
[ § 17 0.5F ’ }
"o _' 0(5) = : s tﬁ;'i:"“"“‘* M35 o S i
1. ! P ! ! 1 I -UoE . . . *
88 185 19 195 2 205 21 215 22 0 1 2 3
\s [GeV] \'s' (GeV)
« Exclusive measurements for /s <2 GeV « Use ISR technique
« Inclusive measurements for+/s > 2 GeV - Exploit large charmonium data sets at BESIII
« Tensions in transition region - Better detection efficiency due to ISR kinematics

« Comparison of inclusive & exclusive measurements
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Summary & Outlook

- High accuracy determination of R-Value important for Standard Model tests
« Running of Aaem (M2)
*  Muon anomaly a,

- Pilot R-Value measurement at BESIII published in 2022 (Phys. Rev. Lett. 128 (2022) 062004)

« 22324 GeV <+/s <3.6710 GeV

« Accuracy better than
« 2.6 % below 3.1 GeV

 3%intheregion above

- Additional high statistics data samples available
« Alternative approach exploiting ISR being developed at BESIII
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Summary & Outlook

- High accuracy determination of R-Value important for Standard Model tests
« Running of Aaem (M2)
*  Muon anomaly a,

- Pilot R-Value measurement at BESIII published in 2022 (Phys. Rev. Lett. 128 (2022) 062004)

« 22324 GeV <+/s <3.6710 GeV

« Accuracy better than
« 2.6 % below 3.1 GeV

3% in the region above Thank you for your

- Additional high statistics data samples available attention!
« Alternative approach exploiting ISR being developed at BESIII
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Appendix
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Analysis Strategy

[ R scan data ]
L /

Reject Bhabha and Information from EMC
Di-gamma events

High QED background contributions x Good charg.ed track selection
= Only used in generator tuning Select good charged (prongs) & isolated photon
and photon candidates candidates
|
y v y y
[ 1-prong events ] [ 2-prong events ] [ 3-prong events ] [2 4-prong events]
y y y
1-prong 2-prong 3-prong
hadronic-events hadronic-events hadronic-events
1 ] ]
* . o
Additional cuts needed [ Hadronic events := N225, ] D|rectly considered as
hadronic events
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Analysis Strategy

ﬁ Identifyete™ 5 efe” &ete™ - yy\

» Reject them by:

« >2showersin EMC

« |AB]| =16, + 6, —180°| < 10°

« Energy deposition of second-
most energetic shower of
event > 0.65 Epagm J

\_

ﬁ-‘-ood charged hadronic tracks (prongs) \
VZ<5cm&V <0.5cm & |cosf| <0.93

e = (dE/dx — dE /dx,)/0,< 10

. p < 0.94ppeam

* Remove when E/(pc) > 0.8&p > 0.65ppaqm
« Remove when for both tracks E/(pc) > 0.8 &

\_ inv.mass <0.1 GeV/c?& opening angle <15°  /

August:29,2024

4 )

Isolated photon candidates
« Deposited energy of shower > 0.1 GeV

« Angle between shower and nearest track > 20°
« EMCtiming:0<T<700ns

\_ J

R Measurement at BESIII
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Analysis Strategy

, 2-prong events: 3-prong events: .
1-prong events: : pTwogcharged - Two charged tracks with 24-prong events:
* Atleast two tracks not highest & second highest * Events with

charged back-to-back moment not back-to-back more than 3-
tracks . Number of « Less than two charged prongs count
« Used to tune <olated tracks with E/(pc) > 0.8 directly as
generator photons > 1 - Less than two charged hadronic events
tracks with rpip > 0.25
v v y L4
[ 1-prong events ] [ 2-prong events ] [ 3-prong events ] [2 4-prong events]
y y . 2
1-prong 2-prong 3-prong
hadronic-events hadronic-events hadronic-events
| | |
v

[ Hadronic events := N9, ]
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Anomalous Magnetic Moment of the Muon

Muon anomaly [“ﬂ — g”z_ 2 ]

Accuracy of 0.2 ppm in experiment and better than
0.5 ppm in theory

Discrepancy between SM prediction and experiment

Tensions with latest Lattice QCD calculations and
Cross section measurements

T T T | T | T T T
BNL 2006 | 1 |

FNAL 2023 —&—
Experimental avg. —&—]

} = i
This work
= {
BMW 20
< 4.00 >
@ i
White paper
5.20
< L1 s L1 >
{ L ~ | L
BaBar } o 'l
H o H CMD-3
KLOE L1 A 1
| L] v | L
Tau
1 1 1 I I I I 1 1
175 180 185 190 195 200 205 210 215

a, % 10" — 11659000
arXiv: 2407.10913
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