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Hadronic Cross Section and Hadronic Vacuum Polarization W
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Hadronic Vacuum
Polarization (HVP) for (g-2),

from dispersive Analysis
a>M = 11659 181.0 (4.3) x 10710

U

Estimate of (g-2) Theory Initiative
based on dispersive approach
(including higher orders):

( 693.1+4.0 )- 1010
was (= 687..694 + 2.4..4.1)-1010




Hadronic Vacuum Polarization Contribution to (g-2),

JGlU

Anomalous magnetic moment of the muon (g-2),
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Measurements on R — Energy Scan vs. Initial State Radiation 6|
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Measurements on R — Energy Scan vs. Initial State Radiation
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* High statistics thanks to high luminosity
* Radiative corrections (H,,4)
PHOKHARA event generator
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Initial State Radiation — tagged vs. untagged

polar angle distribution of ISR photons (MC)

Tagged analysis:
ISR photon measured in Calorimeter

events/0.01

Untagged analysis:

©, polar angle No ISR detection; cut on missing momentum

100 e AT

ER, o B

-1 0.5 0 0.5 1
€0s(0,55)

Tagged analysis Untagged analysis

+ reduced background

+ very high statistics (x5)

-mass range E;, < Vs' < Ecy
KLOE: Ep, = ~0.6 GeV

BESIII: gy = ~1 GeV
BABAR: Ey, = ~3 GeV

+ exclusive reconstruction
- increased background
- reduced statistics

+ mass range Vs’ < Ecy

Achim Denig Status of e*e™ hadronic cross section experiments



J6|u

Initial State Radiation - Normalization

Two independent normalization methods:

1) normalization to L;,; (obtained from Bhabha events) and H,,4; subtraction of background (p+u-y, ... )

Nir /669:
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Overview Experiments

Published Normalization Separation
Method -

KLOE s~1GeVv

BABAR /5~10 GeV

BESIII ys~4 Gev

BELLE-IIl \/s~10 GeV

CMD-2/CMD-3

SND
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ISR untagged

ISR tagged

ISR tagged

Scan <~1 Gev
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Overview Experiments
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Most relevant Channel: ete™ — n'n (until 2023)

MO T HEP1803 (2018) i P - W inter- | —— CMD-2 03/06 372.4+3.0

1200 ﬁg : v ference 1  KLOE-BABAR ———eo—— SND 04 371.7 5.0

g 1000 g { . puzzle ——— BABAR 09 3767 +2.7

£ g0 | ;f 3}% 1 (' . CLEO 18 376.9 6.3
i = 1

o 600 | * AT . —e—i KLOE 18 366.9+2.1
Oﬂi éﬁg BESIII (15) —-—— 1

o 400 |G BaBar (09) . ————— BESIII 20 368.2+3.6
;g} CMD-2 (06) —e—i |

200 |- s El\j —.— KNT 19 369.8+1.3

0 KLOEIcomblnatlon funcenalnty bzland) , , DHMZ 19 3715 + 28

0.6 0.65 0.7 0.75 0.8 0.85 0.9
s [GeV]

Systematic Uncertainties on p(770) peak
- ISR BABAR 0.5%

360 365 370 375 380 385 390 395 400 405
a™°(600 — 900 MeV) [1071°]

Most recent evaluations of HVP:
. 0
ISR KLOE 0.6% = Davier, Hocker, Malaescu, Zhang (DHMZ)

. 0
ISR BESIII 0.9% o - averaging via 2" ord. polynomial interpolation
- Energy Scan CMD-2 0.8% - systematic correlat. propagated via pseudo-data (MC)

* ||m|ted in addition by StatiStiCS [ Keshavarzi, Nomura’ Teubner (KNT)
- data subjected to a clustering procedure
- fit over all data sets taking into account correlations

Achim Denig
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2020 Whitepaper Estimate of HVP I

Merging of KNT, DHMZ estimates + input from ChPT/dispersive fits: CHHKS for 2m, 3t channels;

DHMZ19 KNT19 Difference

@ 507.85(0.83)3.23)0.55)  504231.90)  (3.62 D |
T 46.21(0.40)(1.10)(0.86)  46.63(94) ~04
et 13.68(0.03)(0.27)(0.14)  13.99(19) ~0.31
7 nn’ 18.03(0.06)(0.48)(0.26)  18.15(74) ~0.12
K*K- 23.08(0.20)0.33)021)  23.00(22) 0.08
KsK, 12.82(0.06)(0.18)(0.15)  13.04(19) 022
'y 4.41(0.06)(0.04)(0.07) 4.58(10) —0.17
Sum of the above 626.08(0.95)(3.48)(1.47)  623.62(2.27) 2.46
[1.8,3.7] GeV (without c2) 3345(71)  34.45(56) ~1.00
I, $(2S8) 7.76(12) 7.84(19) ~0.08
3.7, 00) GeV 17.1531)  16.95(19) 0.20

Cotal M0 D 694.0(LOBS)1OO.)y (0. pvagep  692.8(2.4) 12 D reasonable agreement

> aflVPO= 693.19.8) exp(2:8) 55t(0.7) yocp = 693.1(4.0) x 1071° Whitepaper estimate

experimental uncertainties: \energy region [1.8;3.7] GeV; usage of pQCD by

. . KLOE/BABAR tension:
domitated by 2m uncertainty ./ DHMZ, while KNT follows data-driven approach
leaving out KLOE or

Achim Denig BABAR, respectively Status of e*e™ hadronic cross section experiments
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2020 Whitepaper Estimate of HVP I

Merging of KNT, DHMZ

ut from ChPT/dispersive fits: CHHKS for 2m, 3t channels;

DHMZ19 KNT19 Difference
507.85(0.83)(3.23)055)  50423(1.90)  (3.62 D |
46.21(0.40)(1.10)(0.86)  46.63(94) ~042
13.68(0.03)(0.27)(0.14)  13.99(19) 031
8.03(0.06)(0.48)(026)  18.15(74) ~0.12
23.08(0.20)(0.33)0.21)  23.00(22) 0.08
12.82(0.06)(0.18)(0.15)  13.04(19) ~0.22
4.41(0.06)(0.04)(0.07) 4.58(10) ~0.17
__~Sum of the above 626.08(0.95)(3.48)(1.47)  623.62(2.27) 2.46
[1.8,3.7] GeV (without c?) 3345(71)  34.45(56) ~1.00
I/, w(2S) 7.76(12) 7.84(19) ~0.08
[3.7,00) GeV 17.1531)  16.95(19) 0.20

Cotal M0 D 604.0(LOGSLOO.D,O0.Npvaoen  692824) (1.2 D reasonable agreement

> aflVPO= 693.19.8) exp(2-8) 55t(0.7) pqep = 693.1(4.0) x 1071% Whitepaper estimate

experimental uncertainties: \energy region [1.8;3.7] GeV; usage of pQCD by

. . KLOE/BABAR tension:
domitated by 2m uncertainty ./ DHMZ, while KNT follows data-driven approach
leaving out KLOE or
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SM — Theory vs. Experiment: (g-2),

JG|u

< 5.00 >
+—eo—+t
Significance will likely decrease Fermilab
with an updated SM prediction (2023)
< 5.10 >
O +—e—+
SM: e+e- HVP Fermilab+BNL

T.l. White Paper

(2020)

Selected new results
since White Paper (2020)

L
SM: e+e- HVP
using only CMD-3
data below 1 GeV

17.5

18.0

18.5

160 195 200 2\% Co

a,x10° - 1165900
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Post-2020 Whitepaper:
= BMW Lattice QCD HVP
= CMD-3 data on mt+m-




NEW 2023 Shock: CMD-3@Novosibirsk ete~— ntn JG|U

PRI, 132 (2024) 23
=  New result from CMD-3 collaboration @ VEPP-2000 collider in Novosbirsk PRD 109 (2024) 11
= Energy scan (from threshold up to 1.2 GeV) method, no ISR!

903
002

N

0
i i H . |Fﬂ.|2 — (h — Abg) . 0(-)6"'5_ ’ (1 A 5e+e—) *Eete—
» Form factor extraction via selection of rut/ee ratio Nete- Optn—* (LA Optn=)  Eqtr-

= Highest statistics data sample of all experiments, systematic uncertainty 0.7% on p peak
-> Significant deviation from previous ISR and energy scan experiments (CMD-2)! Why?

Courtesy Aidan Wright Background from cosmic ray events

as a possible explanation for CMD-2/CMD-3 difference?
HEEE CMD-3 1o Band
ol ' E:;’Er gg 03 f Ncosmic(CMD3) _Ncosmic(CMD 2)
% 025 Ncosmic(CMD3)
. l -
o 0.1 i
< b ] lll | X{JU
i UL T i
¥ 01— } ’ ’ ‘ }
_0_25 — 2019 1 l
S| —— 2020 \
-0.3+- —— 2021
e 500 — 6(‘)0 ‘ ‘ 750 e 9(‘)0 — ‘10‘00‘

0.4 0.5 0.6 0.7 0.8 0.9 10 L1 12

Achim Denig 09/24: KEK Workshop Muon g-2 Theory Initiaitve
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WNEW/| 2023 Shock: CMD-3 @ Novosibirsk ete~ — m'n & 2
S
16 .

b +
Scrutiny of CMD-3 result within the Theory Initiative energy release x IP
= Very open replies by F. Ignatov = no major showstopper observed in calorimeter p.:

= Very powerful analysis with many and impressive internal cross checks '

tracks in DC

= Monte-Carlo generator for energy scan cannot be independently varified 13
5 Most impressive feature: mn/ee ratio determined
s =500 MeV > =900 MeV .
0, g D s e independently by two complementary methods
+ 3 3 + .
«— - Momentum based
102 . .
! - Calorimetric agreement ~ 0.2% around rho peak
e Sm ] S
"i po -0.001627 1-0,:0:0229:‘23 24 0.0004369 + 0.000523. 3
v iEo_M 2 eSt PR AR Movnnozjo'{s' H . o
60180300 = ,z:nomm’z;s‘o.wc'zgﬂ p— 20000 550 300 350 wlgo;;sagw 550! p- "‘:s 0.02] '
3 C, - E
\5=956 MeV : \/§=548Mev Z of \ II' !
:Ed ::2 _0_045_
Ea - i i
2 4'08.5 0.:"»5 016 065 0.7 075 0.8 085 0.9 0.95

LXe Energ:

Vs, GeV

n

Status of e*e™ hadronic cross section experiments
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CMD-3 Compatibility with other Experiments for HVP Integral [ G’U

Deviation between data sets (in statistical significance)

O BABAR vs KLOE e BABAR vs CMD-3 4 CMD-3 vs KLOE

(g-2) Integral a;" (600 — 880 MeV)

IFI2/IE

3 . before CMD2 = R R ARl Bl B R el R b =
E e, | b2 | g | 231200083 S E
E SND 8 | DEHMZ  __ 1
E e KLOE comb g 40 o =
E i BABAR | ? B oy g ® E
E .= BES - - 1
— - crj.Eo 2 +++=a=_u_+ 3
- — e SNDk - = " ™
E . . cmD3 7 e s T
Foocince simeculsoemiameslizmosiosnslioin, o ELoaBEr e 1l e g1y

260 =6 fedD ag’g??o. Mg Ge\‘;’s)’?1 40 03 04 05 06 07 08 09 1 1.1 12

Vs (GeV)

- Significant deviation from previous ISR and energy scan experiments (CMD-2)! Why?

Achim Denig Status of e*e™ hadronic cross section experiments
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|NEW BABAR Radiative Correction Studies JG’U

Phys. Rev. D 108, L111103

% M : : hl':\ = — LI5F o . Data/PHOKHARA E
\,\}l :‘ \\” - 1% Wy () ° D:ta/AFKQED + E
JiEL: N [Tl = 1.05f E

‘*‘ ) ““ Yo B | SRR TR PP e +-é‘,+j}:+ ..... - - +‘.. [ e & G2
Yisk Ysa Yisk Yia R e . % 0.95E +++++++++ﬁ+ +ﬁ + i‘#r j {
QUireg S o9} e S SRR T:
NNLO 1 T ossf by g T T !

Y L Yisk " Large S Oton at /a - 08' ' |+++ ’
e+ Ys/\h Ysa e et 11’;7 Ysa e et ‘j'.'j} e mearin rge an / ; 11 TU'TC"Y('Y)

N\ \N .8 g effect 8le 2 1.0} ]

v i \\u 8 ¥ S W Mg ;gi'++++++"%"+""%'+ """" L +

e\ wl N\ | = 0.95} i 71 ++‘H" *Hi *i#

Yisr 2Ysa Yisa YsaYia Yisk 2¥ia § 0(:3?: +++ +++++++++++++H+++++ FH4 §
Detailed study of NLO and NNLO radiative corrections 082 0 02 04 06 08 1

= Kinematic fits for 17~ yisp 14 v (), B U Visrra ¥ V)
=  Comparison with PHOKHARA (NLO full correction) and

AfkQED (collinear approximation beyond LO) generators

- NNLO radiation observed at 3.5% level (missing in PHOKHARA)
- Phokhara prediction for small angle ISR photons at NLO too high by ~25% (AfkQED fits better to data)

Achim Denig Status of e*e™ hadronic cross section experiments
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YT,
gNEW Possible Consequences from BABAR Findings (?

, 121 (2024)

Fur. Phys. J. C
BABAR: - rather inclusive selection and therefore weak dependence from PHOKHARA
- small effect on published BABAR result due to PHOKHARA NLO limitations
- however: in original BABAR 21 paper 2% correction applied to AfkQED due to statement that
PHOKHARA provides better NLO correction = claim: only valid for acceptance

KLOE/BESIII: - less inclusive selection regarding NLO
- claim: large effects due PHOKHARA NLO limitations
of up to 3.2% in the case of BESIII

r (1)
‘L7

However, scenarios need to be taken into account:
1: NNLO interference terms (1) dominate = large effects
2: NNLO interference terms (2) dominate
- significantly reduced effects on experimental analyses

M
rﬂ

So far no explicit calculation of these NNLO interference effects >i_<
h\‘\,\

T.0

‘NLO’

\\\

Achim Denig ‘



PO BCEN 2. ST,

: . 09/24: KEK Workshop Muon g-2 Theory Initiaitve
NEW| kzoE/BESIHI Response to PHOKHARA Shortcomings
* Investigation of kinematic cuts, which are sensitive to NLO corrections: Trackmass (KLOE), x2 (BESIII)

Radio-MonteCarlow Initaitive with detailed comparisons

= KLOE has presented a good agreement between various MC generators for realistic acceptance cuts
and also in the case of the kinematic trackmass cut for KLOE-10

= BESIII has carried out a full detector simulations for various MC generators and a data-PHOKHARA

comparison for ete™ - u* u~y in the %2 distribution; furthermore it has been demonstrated that the
published analysis is largely inclusive in higher order corrections

- scenario 2 from DHLMZ23 paper strongly preferred
Data-Phokhara comparison for %2 distribution

; ; ; 212 S—
Ratio to Phokhara including Trackmass cut 3 *”{*ﬁ BGS]]I

I BABAYAGA@NLO Q11 ’

- AfkQED 1: 5 I| .. Ik il |
[T W O C ool o N [+ l F’ I i A
I V” WVWWW 0.9 |- { ]| | U:‘IITD Iy |
_ s b

IL+1L-"Y 0.8 i_—Data -10 -098 0.9 | |

0.90 “|-094 -092 -09 -0s8 u+u"Y
01 0.2 0.3 0.4 0.5 ds 0.7 0.8 070'“'“"”"“ R

, X 20 40 60 80 100 120 140 160 180 200
m2, [GeV?] x"2



09/24: KEK Workshop Muon g-2 Theory Initiaitve

YT
g NEW| kroE /BESII Response to PHOKHARA Shortcomings

, x2 (BESIII)

Investigation of kinematic cuts, which are sensitive to NLO corrections: Trackmass (KLOE

Radio-MonteCarlow Initaitive with detailed comparisons

= KLOE has presented a good agreement between various MC gen nce cuts

and also in the case of the kinematic trackmass cut for KLOE-10

= BESIII has carried out a full detector si
comparison fore*e™ - utu~y in the
published analysis is largely inclusive in

01 0.2 0.3 et % 09 %t 08 0 20 40 60 80 100 120 140 160 180 200
m2, [GeV?] x"2



Overview Experiments — Past and Future JGlu

Published Normalization Separation
Method mM-n-e

ISR untagged Luminosity Kinematics Track ISR untagged
KLOE ISR tagged Luminosity Kinematics Track Uy 0.4%
ISR untagged M-y Kinematics Track statistics x 7
BABAR ISR tagged RV Particle ID B el separ.‘at.lon <0.5%
by polar angle, statistics x 2
. . ISR tagged, p+p-y
inosit Particle ID (ML ’ 0.5%
teld v (ML) statistics x 7, 1C kin. fit °
ISR tagged, p+u-v,
BELLE-II particle ID 0.5%
Kinematics Track overall improvements 0.3%
. (o]
Kinematics EMC
Kinematics EMC overall improvements 0.6%

ML for T — e separation

Status of e*e ™ hadronic cross section experiments



/12

7 Hadrons

Inclusive R-
Measurement via

[NEW

[ | [ | [ | | |
Initial State Radiation =~~~
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Rincl Measurement BESIII (2022) Phys. Rev. Lett. 128 (2022) 062004 JG‘U

Analysis strategy: select all events with > 2 tracks
1 Nhad — Npkg

= Reject back-to-back 2-prong events (Bhabha, p+u-)

Rhad(5) =

= Energy range covered: 2.2 < Vs <3.7 GeV
= Statistical uncertainty <0.5%

Systematic uncertainty <2.6% below 3.1 GeV

~3.0% above

= Above 3.4 GeV deviation observed with:
- KEDR/Novosibirsk on the level of 1.9
- pQCD theory on the level of 2.7c

World’s most precise R;,, measurement !
Some deviations from pQCD seen ?!
Much more data will be published shortly !

R

Optu— L - €had - (1 —+ 5) = Remaining background from ISR and QED events

subtracted from MC

® BESIII ® BES a CrystallBall
I~ = KEDR * MARK-I ¢ PLUTO ---pQCD+J/y and y'
1 1 I 1 1 1 1 I 1 1 1 1 I 1
2.5 3 35
Vs (GeV)

Achim Denig
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Messages learnt from Inclusive R Measurement

- Selection requires = 2 tracks, which are not back-to-back
- Detector acceptance starts above 21°

> For Iow-multiplicity finaI hadronic states (™
vt n® ntn nx0,..), the probabllltyto

be not selected Iarge relatlvely large
- Total event efficiency at 60% .... 70% level

)

o
2065
@

Efficiency

0.70 4

0.60 1

0.50

e RScan [PRL 128 (2022) 062004]

2.0

2.2 2.4

2.6 2.‘8
Vs /| GeV

For the determination of the event efficiency, a precise MC generator for

I ete”™ —» Hadrons is needed (possible model dependence difficult to estimate)

Inclusive ISR with detection of ISR photon only

I 2
s'=mj,y=5—2E, /s

Achim Denig

3.0 3.2 3.4

—__Hadrons
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New Inclusive Approach using ISR

Event selection:

= Select 1 high-energetic photon > 1.2 GeV = ISR photon
at large polar angle |cos@;sg| < 0.8
-> Restricts hadronic mass spectrum < 2.7 GeV

= Require (for time being) > 1 charged track in the event
- Does currently not include fully neutral states (e.g. ete™ — %)

= ISR boost confines particles into narrow cone
—> Very high detection efficiency

= Less reliant on description of hadronic MC
- ISR description in MC under control

Single measurement down to threshold (does not need scan)

ete”™ — yrm T
7r_
\\\“‘_
s & ‘
»
YiSR

= Measurement fully inclusive for Final State Radiation (FSR) and
higher order corrections of ISR Besm
= In principle able to measure fully neutral channels
Achim Denig Status of e*e ™ hadronic cross section experiments
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New Inclusive Approach using ISR: Efficiency

J6|u

Event selection:

= Select 1 high-energetic photon > 1.2 GeV = ISR photon
at large polar angle |cos@;sg| < 0.8

ISR method

Hadronic efficiency "

lly neutrals)

- Restricts hadronic mass spectrum < 2.7 GeV ::0 WWWWWWWW
= Require (for time being) > 1 charged track in the event 0:9;
- Does currently not include fully neutral states (e.g. ete™ — %) ISR method
0851 for hadronic events
ISR boost confines particles into narrow cone Eowo
—> Very high detection efficiency 075 e e
Less reliant on description of hadronic MC - - traditional
- ISR description in MC under control P ) o energy scan
Single measurement down to threshold (does not need scano)mo'O R 1;?”had /Zé]ev S

Measurement fully inclusive for Final State Radiation (FSR) and
higher order corrections of ISR

In principle able to measure fully neutral channels

Achim Denig Status of e*e™ hadronic cross section experiments



28

Unfolding from Detector Mass Resolution

Detector smearing

had (Remainder) NN 2(m"m~)n® K2K? KeK-n*
-t 30 _—0(KTKT) - KK
i - 3(rtne) 77y (Scan)  EEE pp

- 2(rtr) - 2(rr7°) K*K=m° m— nn )
- o2r® KK~ ot

Events / 5MeV
Events / 5MeV

0.0 05 1.0 15 2.0 25 i 00 o5 1.0 15 20 25
"o Unfolding .

= Large smearing introduced by limited detector resolution
= Application of unfolding algorithms to recover the true spectrum
Requires Monte-Carlo program to construct unfolding matrix — Response Matrix (RM)

Systematically testing the bias in the unfolding procedure due to wrong input Monte-Carlo
Pseudo Data (PD)

Achim Denig Status of e*e™ hadronic cross section experiments
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JG|U

Unfolding from Detector Mass Resolution

= More than 50 cross section variations in input MC tested (e.g. up to +5% variation of 2m cross section)
—> Very stable result for unfolded spectrum - variation well within percent level (=precision goal)

oo True RM —_—— True RM
—— Unfolded Default —_— Hnlﬁolgeg 4Defau|t/
—— Unfolded 27 +5% —— nfolded 47 +5°

/v——+—— Unfolded 27 +§‘/ =y Unfolded 47 +3%

Unfolded 27 +1% Unfolded 47 +1%

/ Unfolded 27 —1% Unfolded 47 —17%

J=s= Unfolded 57‘. _3% —— Unfolded 47 —3%
variations from - Unfolded 21 —5% T i L
— Unfolded 27 +5p_erf -1 Unfolded 27270 13 &
200 Samples of = Unfolded 27 +5p_erf Ugff"]:.i 7m0 il (Q
pseudo data - Unfelded 27 +5p_erf_+1 Unfoided 2m27° —1

Jrrcided 27 -5p_erf -1 Jnfolded 27270 —3 %
Unfolded 2727 —5 ¥

Unfolded 27 -5p_erf
Unfolded K*K~ +5%

Unfolded 27 -5p_erf +1

i1

- Unfolded 37 +5% Unfolded K+ K~ +3%
—— Uangld:d 3 Iﬁ‘é Unfolded K*K~ +1%
Unfolded 37 +1% Unfolded K*K~— —1%
Unfolded 37 —1% —_— Unfolded KK~ —3
— = s 118, 2
o] Unfolded 37 —5% —_— Unfolded 1\31\{ +3%
—— Unfolded 27, 37 +3p_+3p Unfolded KOK? +1%
: 5
—_— Unfolded 27, 37 +3p_-3p Unfolded K7 I\_[ 1%
—— Unfolded 27, 37 -3p_+3p - Unfolded K2 4’ -3%
Unfolded 27, 37 -3p_-3p —_— Unfolded 1\_‘ K} —5%
~0.10 —0.05 000 0.05 0.10 0.15 ~0.10 ~0.05 000 0.05 0.10 0.15
Aa, [ a.u. Aa, [ a.u.

= With larger data sets also conversion events might be used to significantly improve mass resolution
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Conclusions

New Lattice as well as CMD-3 results challenging old e Te™ data

- difference in m ™ between CMD-3 and other expts. to be understood
- radiative corrections are a key issue = RadioMonteCarlow initiative!

Have not covered other hadronic channels beyond 7~ - puzzles there as well

Luckily, new ete™ data at the horizon

- BABAR with fit to angular distributions for i/u/e separation

- KLOE with full KLOE statistics

- BESIII with 20/fb data sample (normalization to pu), new ideas R, via ISR
- BELLE-II has joined the team of ISR experiments

- further cross checks by CMD-3 and new SND data from energy scan

Achim Denig Status of e*e ™ hadronic cross section experiments
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