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The Search for Physics beyond the Standard Model

S

High Energy Frontier Precision Frontier

(e.g. LHC/CERN) (9-2, Flavowr Ph, ...)
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4 Muon Magnetic Moment: (g-2) p JG|U

Confront a high-precision SM prediction with a high-precision measurement

-

Definition: [ =ug-g-S
Dirac: g =2

QFT: a, = (g —2)/2 = %=
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Muon Magnetic Moment: (g-2), JGJu

Confront a high-precision SM prediction with a high-precision measurement

Definition: ji=pg-g-S
Dirac: g =
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Muon Magnetic Moment: (g-2), JG|U

Confront a high-precision SM prediction with a high-precision measurement

HB'Q'§
2

QFT: a, = (g —2)/2 = %=

Dirac:

Definition: [
g

After each circle,
muon's spin axis
changes by 12°,

yet it keeps on traveling

spin momentum
cyclotron frequency

Pions decay
to muons.

—
One of 24 detectors — — q

see an electron After circling the ring ) a = W s — W c = —( L

many times, muons

spontaneously decay to m
electron " -
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Fermilab (g-2), Experiment

FNAL Run 1 in agreement with BNL measurement
08/23: FNAL Run 2 + 3 in agreement with Run 1
FNAL Run 1-6, further reduction of uncertainty by
a factor of 2 |

arxiv:2308.06230
A& +— BNL
"""""""""""" Last update: 2023-01-23 07:07 ; Total = 20.5 (xBNL)
= 20.0{ Muon g-2 (FNAL)
= : FNAL Run-1 2. e
—0—+ FNAL Run-2/3 g 160 ,/ﬁﬁ:/
E 12.5
s FNAL Run-1 + Run-2/3 3 100 / ,
‘;’ 75
D 00 S 2 50 / A]-Z«)
25 Run-2
E Exp. Average o b
. ) . 0\_\,\a‘!g,bs&;:;ﬁ;f)\ifsﬁg;ﬁ’*223@“'1;@&‘Jr;\.%\‘::%;"J:\,\p‘q:\,w“‘ﬂo\,s‘a“"f"
20.0 20.5 21:0 215 22.0 22.5

a,x10° -1165900

a,®P =(11659205.9%2.2)-10%° statistics dominated error
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Standard Model Prediction of (g-2), 1G|U

EW contributions: A trimph of perturbative QFT and computing

SM - QED weak had
au - au + au + au
\ At
Oly
Czarnecki et al. UnCertal ¢ te Co tri uti
(15.4+0.2) - 101 Y dom;y, .- "0 ¢,
Kinoshita et al. ‘12 YA

(11658 471.808 +0.015) - 1010

I(a) I(b) I(c) I(d) I(e)
10th
12672 f@\ /@\ /@\ /@\ ;‘Qg)‘z
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60 gw [ L Sy
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TR 700 AN Sy A
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Standard Model Prediction of (g-2), 1G|U

Hadronic contribution non-perturbative, the limiting contribution

M = QED weak had
au au + au + au

=> HVP: Hadronic Vacuum Polarization ( = 687 ...694 + 2.4...4.1 )- 1010

BDJ19 DHMZI19 FI17 KNT19
a; POx 100 687.13.0) 694.0(4.0) 688.1(4.1) 692.8(2.4)

=> HLbL: Hadronic Light-by-Light ( 10.5 + 2.6 ) - 1010 Glasgow ,consensus* value

HLbL

B. Kubis

NLO (-9.8+0.1) - 10%0; D.G.M. Porras
NNLO (1.2 +0.01) - 10710
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(g-2),, Theory Initiative (since 2017) I

196 pages, 103 figures ==

1ep-ph] 8 Jun 2020

2006.04822

FERMILAB PUB 202077 CERNTH20D7S

INTPUB20021 IFELAMCSIC 2074
KEK Preprint2020-5 LMU-ASC 1520
MITR20028 e

The anomalous magnetic moment of the muon in the Standard Model

"% M. Bruno®, 1. Caprini'f,

T Aoymu'” N. A;m\mn M nenzyunn J. Bij jmm T mum’
M “H

ipers’ M
cnwr‘J a Lumd" R.J. Hudspith'>*, E Ignat
2™, T. Kinoshita®*4!, B. Kubis®, A. Kncch“

Malaescu®, K. Maltman'445, M. K.

213G, thmmn e,

Bl\hu“NCum"BGuknboﬂy’FHChm , J. Charles™, A. Crivellin®<S,
Tar, C. A. Dominguez®”, A. E. Dorokhov®®, V. P. Dmm.uﬂ G. Elchmmn”’"
Gémiz™, Z. Gelzer®, J. R. Green?, S. Guellati-Khelifa’, D. Hatton

A Rodriguez- smcnef P Roig®, T. San Joss!>
Vaquero Aviks-Casco®, E. Weil” J Wilhelm'2, R. Williams”", A. S. Zhevlakov™

K1), Trukba 305 0801, Japan

bt Conis RIEN, Wl 3570198 Sapon

vrsiy 2
e Py o, 5 Loty Meseom 1945 Hoora

ENAL 2017

Goal:
theory consensus value of muon g-2 SM prediction
(most relevant hadronic contributions!)
= Working groups on HVP, HLbL, LatticeQCD, ...

= Six collaboration meetings
and various workshops on subtopics

= Scrutiny of various theoretical evaluations

KEK (virtual) 2021

Edinburg h 2022
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AND TO ENRICO FERMI, THE"ITALIAN NAVIGATOR", FATHER OF THE WEAK FORCES

Hadronic Vacuum
Polarization (HVP)

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

( 693.1+4.0 )- 100
was (= 687 ..694 + 2.4..4.1 )-1010




Hadronic Vacuum Polarization Contrib. to (g-2),,

o [mbarn]

10. =T T T 11T T T T T
= 0 *
s / ld)
10 - Y(2S)
- : ' T
4 j+‘:’... e
10 o P
0 A,
i ; w0 ¢ W’*ﬂm
10 F 2Ge
#E 2-5 GeV
o’ | | pQCD_
sk ! ]
10 L Ll
1 10
s [GeV]

HVP _

L[ ds K(s) opaa(s)

4m,ZT /

Intrinsic ~ 1/ s2
low energy contributions
especially important!

4113
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Hadronic Vacuum Polarization Contrib. to (g-2),,

< > 1 &
exclusive data ‘ inclusive data aﬁlVP 73 ds K(s) opaq(S)
2 2 GeV Otot 4ms
: 10 I T | | | I L | /
| - A
P 0
2 W .
S 10 / I W) Intrinsic ~ 1/ s2
o . T low energy contributions
10 especially important!

(3]
| lIIIIII| I IIIlIII| T TTT I IIIIIII| | IIIIIII| I T T
g )
a
4"22-

10
. | o ¢ -
10 2Ge &
aifl 2-5 GeV e >5G eV
| . 2-5GeV
-8
| | | | || | | ] T |
10 1 . <2 GeV

\/S [GeV] Jegerlehner (2010) ®,¢
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Initial State Radiation (ISR)

Initial State Radiation (ISR) € ¢
©
aka Radiative Return 10"
H Y j
+ "‘rad ISR < -4
€ 6 10
IECM ' ]‘lhadr 10 N
) E Hadrons 6
e 10
* No systematic variation of E,e,m =

* High statistics thanks to high luminosity 19
* Precise knowledge of radiative

corrections mandatory (H,.q)
PHOKHARA event generator

-8
10

DAPHNE

E-T T T 1711 T T 111

- ® [+

¥ 0

. / AR

- : T

| J;’,u

E_o".++ p

g_ DAPHNEl

- KL

- OE b

E oy

;4 BEPC Il

B BES Il

i PEP ||

i L] | B,IA\be\Rl \/S [GEV]
10




16

BABAR: e*e™ — mn 27n%¢p JG|U

— 50
s | * Tagged ISR analysis (2017)
% 45 OSND Phys. Rev. D96 (2017) 092009
N £ .
;:: Bk * Huge improvement over
Tt existing data sets suffering
;: 351 oND from normalization issues
C OOLYA
2 30F * Confirmed by BES IIl analysis
- (preliminary)
25+
20
15F
10
sk &
0 Eun‘rﬁl co v b vy v by v by v v by by v v by
1 15 2 ¥ b 3 35 4 45
E_, (GeV)
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BABAR: e*e™ — mn 27n%¢p JG|U

—~ 30
Il » Tagged ISR analysis (2017)
o: 45 oSND Phys. Rev. D96 (2017) 092009
N .
ey * Huge improvement over
g 40 L. .
2 existing data sets suffering
e +ND from normalization issues
— OOLYA
= o . eBaBar * Confirmed by BES Il analysis
% (preliminary)
25t 5
f y
B s
15 =
5
B D
o} v\
5 N
B B
C pil g e |y o
’ 2 25 3 35 4 45
Ey (GeV)
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o’(e*e” = 1) [nb]

Most relevant Channel: ete=— 7

T 1 400 T I T T

1400 | % ' |
' gﬁ% p-w 1 1300 g
:  interference | [
: 1 1200

1200 - ﬁ

1000 i

600

e

1100

1000

KLOE combination =i
BESIII (15) +———=—

900

CMD-2 (06) —e—

| @ ot 0
1
o%e*e” - n*n) [nb]

400 - M.T._-Z: - BaBar (09) 800 -_ KLOEO0S
ety _ KLOE10
200 CMD-2 (03) & 700 KI._OE.12 )
r KLOE combination (uncertainty band) 1 KLOE combination e=—s=— i
0 1 | 1 1 1 600 1 1 | |
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.75 0.76 0.77 0.78 0.79 0.8
Vs [GeV] Vs [GeV]

Systematic Uncertainties on p(770) peak

- ISR BABAR 0.5%

- ISR KLOE 0.6% (average of 3 analyses)
- ISR BESHII  0.9%

 Energy Scan CMD20.8%*

* limited in addition by statistics
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o’(e*e” = 1) [nb]

Achim Denig
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Knowledge of the 2 Contribution

KLOE-BaBar discrepancy

—— CMD-2 03,06 372.44 3.0
SND 04 3717+ 5.0
BaBar 09 376.7 £ 2.7
: B}‘)ESI?dlb(j L 3682£25+33
o . CLEO 18 376.9 + 6.3
BHOD IS 366.9 + 2.1

avg. of KLOE 08/10/12

BESIII (This work) 368.2+1.54+3.3

360 365 370 375 380 385 390 395 400
ar™ (600 — 900 MeV) [10717)

Situation 2021: Knowledge of 2it contribution to HVP largely limits

accuracy of SM prediction to the muon g-2
- New data needed to clarify situation ....

Achim Denig Meson FFs and their impact on the muon g-2



Situation 2021: Muon Magnetic Moment. (g-2),,

BNLg-2 — P
FNAL g-2 +4 N
‘< 420 >
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
aux10 -1165900
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Situation 2021: Muon Magnetic Moment. (g-2),,

SM — QED weak had . ce
a,M=q Q0 + g Weak 4 g o new subpe’ «0 1.50

Si ce re\e
ice a _
o2} ‘g“r‘educ discre? ever Yo~ AR
. \O
tt\ce e“‘_ O‘ p
022 \a . asu\‘e
D‘
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2022: Lattice-QCD calculation of HVP

First time ab-initio precision calculation of HVP contribution
by means of Lattice QCD (BMW 2021)

Similar accuracy as dispersive data-based calculation

I s B |
. .— q “/,«“"\ | ‘)'/,.,«“ I 2 v ‘ //‘),, &
BNL g-2 {
i | H
FNAL g-2 S —
n
< 150 > . L
¢ [ ] 1 '} |
BMW, lattice QCD  Experimental
Standard Model Average i J
< 420 > ;
. Py . gluon quark
White Paper
Standard Model

175 18 185 19 195 20 205 21 215
aux109—1165900
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2022: Lattice-QCD Window Fever JGlu

Lattice QCD calculations (spacelike!) with largest systematic effects at small and long
distances - intermediate window (~1/3 of total HVP contribution)!

@ RBC/UKQCD 23 o

—e—  ETMC 22 %

@+~  Mainz/CLS 22 ~:<E

H—o— ETMC 21 2

—e—  BMW 20 g

| e RBC/UKQCD 18 §

Dispersive data-driven/ I’_T_‘ o IColémgelo et al. 22 (R-ratio) &
value 230 235 240

win 10
a,™ X 10

Excellent agreement among all Lattice QCD calculations
and disagreement with data-driven approach confirmed !
However, effect is quite (too?) large in intermediate window?!

Achim Denig Meson FFs and their impact on the muon g-2
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2023 Shock: CMD-3@Novosibirsk e"e — n'n

arxiv:2302.08834
= New result from CMD-3 collaboration @ VEPP-2000 collider in Novosbirsk

= Energy scan method, no ISR!

= Energy range from threshold up to 1.2 GeV
" Highest statistics data sample up to now, systematic uncertainty 0.7% on p peak
—> Significant deviation from previous ISR and energy scan experiments ! Why?

Differential spectrum (g 2) Integral a (600 — 880 MeV)

< 0'2-' BABAR & E E ; E
8 i —e— BESIII — _ - before CMD2
5 CLEO18 = ; ;
—— KLOE10 % — -—-—- CMDZ
=t KLOE12 = = 2 : : : :
T ) E — - s
= -—-—- Kl:.OE coimb
g | e  BABAR
e —+—— | CLEO
= . s
= | . CcMD3
5 plminis sspismagd i

360 365 370 375 380 385 390
a"™ (0.6 <\s <0.88 GeV ), 10™°
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Situation 2023: Muon Magnetic Moment: (g-2),

¢ 500 >

+—e—
Significance will likely decrease Fermilab
with an updated SM prediction (2023)
< blo >
O +—eo—+
SM: e+e- HVP Fermilab+BNL
T.l. White Paper (2023)

(2020)

Selected new results . — —- P ——
since White Paper (2020) M- | aé LIV/I

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,x 10" - 1165900
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Situation 2023: Muon Magnetic Moment: (g-2),

Situation HVP 2023

Achim Denig Meson FFs and their impact on the muon g-2
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Hadronic Light-by-Light
Contribution (HLbL)

Estimate of (g-2) Theory Initiative:
(9.2+1.8 )-1071°

was (10.5+2.6) - 1010
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HLbL and Impact of BESIII Data

leading
contribution

Achim Denig Meson FFs and their impact on the muon g-2
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HLbL and Impact of BESIII Data

ete™ collider
Vs2..5GeV

leading / o
contribution e ] BES]H
v 0, n"), nm, ...
v +
e

Data-driven approach!

e+

Exp. Input:

Y(*)
Transition M, ' Cﬁ
Form Factors F(Q3?) f\ ]

below ~ 2 GeV?

Achim Denig Meson FFs and their impact on the muon g-2
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" Hadronic Light-by-Light (g-2) , JG|U

Leading contributions are pole contribution from n%n, n'

00 oo 1
o ; :/ dQ1/ dQZ/ d7 w1(Q1, Q2, 7) Frogen (—QF, —(Q1 + Q2)%) Froy -y (—Q3,0)
0 0 -1

. ) weighting  transition
3D integral representation function form factor Q,

[Nyffeler 2016]

Q,

Pseudoscalar Mesons Axial Vector Mesons

- Need doubly virtual form factors of % n, n' at low Q?



Iwo-Photon Physics Programme at BESIII

Selection criteria

tagged
= ] electron (positron) detected e* lepton
= 1 positron (electron) along beam axis B
= Meson fully reconstructed e
—> cut on angle of missing momentum Single Tag R —
Method
Momentum transfer . +untagged
€ €~ lepton

" tagged: Q% =-q:% =-(p - p')?
— Highly virtual photon

= untagged: g2 =-g,2~ 0 GeV?
— Quasi-real photon

EKHARA event generator

Q°=4-FE-FE -sin*(6/2)

Achim Denig Meson FFs and their impact on the muon g-2



Iwo-Photon Physics Programme at BESIII

Selection criteria
= ] electron (positron) detected
= 1 positron (electron) along beam axis
= Meson fully reconstructed

—> cut on angle of missing momentum

Momentum transfer
" tagged: Q*=-0:° =-(p - p')?
— Highly virtual photon
= untagged: g2 =-g,2~ 0 GeV?
— Quasi-real photon

EKHARA event generator

Q°=4-FE-FE -sin*(6/2)

tagged
e* lepton
e¢
Single Tag 7 n n,nm, ...
Method
. untagged
T +
€ €~ lepton
=t BESIII Q2 distribution
- for yy* > 20
-
o eoooz—
Ao - B|?actories

1 15 2! 3
Momentum Transfer Q? [GeV?/c?]
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BES III Analysis: e*e™— e*e™ 7Y

FT T 1T T 17T 17T l 1T 17T | 1T 1T l T 17T 1T 1T T T T T/

500 —

- B c'e—een -

B W ete—e'en ]

B B e cen’n |

400— ete— e*elT —

& ~ I Radiative Return to J/y, y 7

L T y(3770) decays (DD and non-DD ) |
=

D - [ qg continuum .

=3001— radiative Bhabha scattering —

o~ L _

i L _

2 - =

c L. -

200 —

Q . .

100 —

0 B 1 il S || | ol ITLM w0 ol I B I I l || l IA l I l ls sk l 5

0 0.1 0.2 0.3 .6
Invariant Mass yy [GeV/c ]

Count
Strategy: | 70yield in »
bins of Q2

Event Selection:

= exactly one lepton candidate

= at least two, max four photons

= Helicity angle cos ©,> 0.8

= Kinematic cuts to reject ISR background
- cut on angle of missing momentum

Form factor
2
do/dQ » Ho

Achim Denig
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BES III Analysis: y y* — 7¢

PPNP107 (2019) 20

0.25——

CELLO 91

. —]— CLEO 98

++J”r+++

I I I T I I T S I I T S
0.5 1 1.5 2 2.5

Momentum Transfer @® [GeV?]

3

" \/Sgesip = 3.77 GeV, L= 2.9/fb
= Unprecedented accuracy of BESIII
= Relevant Q2 range for HLbL
= Very good agreement with recent
dispersive analysis and of
Lattice QCD calculation

= Q2 range below 0.3 GeV? accessible
at BESIII with data from lower
c.m. energy

Achim Denig

Meson FFs and their impact on the muon g-2



37

BES III Analysis: y y* — 7¢

PPNP107 (2019) 20

0.25_I T8 3 | 1T T T I T 1T T | 1T T T I Tl ) | 1T T T |_
- —I— CELLO Z. Phys. C49, 401 (1991) ] \/EBESIII =3.77 GeV’ L= 29/fb
0.2 —J— cLeo s Rev. 05733 1038 5 = Unprecedented accuracy of BESIII
i I 2
; : —'— BESIII Preliminary, stat. errors only : - Relevant Q range for HLt.)L
o o150 = = Very good agreement with recent
_ I :l:# S dispersive analysis and of
o I +—l——l—” 5 ] Lattice QCD calculation
e
& [ ST ggawe® : = Q2range below 0.3 Ge\? ib
[ G ) ge below 0.3 GeV? accessible
G058~ 7 at BESIII with data from lower
c.m. energy
s T T e T s

Momentum Transfer @ [GeV?]

Achim Denig Meson FFs and their impact on the muon g-2
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BES III Analysis: y y* — 7¢

\/Sgesr = 3.77 GeV, L= 2.9/fb

Unprecedented accuracy of BESIII

Relevant Q2 range for HLbL

Very good agreement with recent
dispersive analysis and of

Lattice QCD calculation

Q2 range below 0.3 GeV? accessible
at BESIII with data from lower
c.m. energy

O _25 T T T T I T T T T | T T T T l T T T T | T T T T T T T T
- T CELLO, Z. Phys. C49, 401 (1991) 2
| —F— CLEO, Phys. Rev. D 57, 33 (1998) _
o 0.2 | —F— BESIII preliminary, stat. errors only -
> L _
() L |
S8 T —
0.15 | —— =
—~~ — [——] =]
o | .]1’ . —_ y
] . p—— i n
(=) B e e | ]
= Ul -+ ! _]
; B X : >_1_I_I_' | =
3 - Eh _ |

LL e I:I Gérardin et al.
c\jo — I Phys. Rev. D 100, 034520 (2019) =
L v , "
0.05 N I:I gﬁﬂf"ﬁﬁhﬁéﬁ‘f&'i, 112002 (2018) |
B \:’ G. Eichmann et al. N
— Phys.Lett.B 797, 134855 (2019) ]
B 1 | 1 | | | | 1 | | | | | | I | 1 | 1 | | | | 1 | | | | 1 | ]
0
0 0.5 1 1.5 2 2.5 3

Q* (GeV?)
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BES III Analysis: y y* — 7¢

0257 7 T 7 T T T T T T T T
E . CELLO, Z.lPhys. Ca9, 4|o1 (1991) | - \/Sgesr = 3.77 GeV, L= 2.9/fb
_ oob i ;;za:z;::{vy 'zt::’j:o‘:’ogji 1 Unprecedented accuracy of BESIII
‘% : o ] Relevant Q? range for HLbL
O 015 | T Very good agreement with recent
o e = dispersive analysis and of
g - —1—+“H—:H—+ ENi B ] Lattice QCD calculation
‘.’; 0.1_— | +++  —— —]
g - _;;:q B s 4 Q%range below 0.3 GeV?2 accessible
0.05 B e at BESIII with data from lower
- | s | C.M. €nergy
g

Q* (GeV?)

similar results for n and n‘ TFFs;
first measurement ever ni;
Achim Denig many other channels




Hadronic Light-by-Light (HLbL)

post-whitepapger Mainz21 (+ charm-loop) T Ab-initio lattice QCD+QED
RBC/UKQCD19 ® |
+ charm-loop
WP20 data-driven —a— Data-driven
dispersive
WP20 —
Lo
0 20 40 60 80 100 120 140 160
HLbL 11
a, x 10

= Differently from the HVP contribution, in the case of HLbL excellent
agreement between the data-driven estimate and Lattice QCD

= With upcoming new form factor data ample room for improvement

=  Community goal: relative uncertainty <10%

Achim Denig Meson FFs and their impact on the muon g-2
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Hadronic Light-by-Light (HLbL)

Situation HLbL 2023
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Conclusions

" |nterpretation of FNAL muon g-2 experiment calls for a detailed understanding
of hadronic effects:
- Hadronic Vacuum Polarization (HVP) contribution
- Hadronic Light-by-Light (HLbL) contribution

= Following the standard approach to determine HVP contribution via dispersion
relation shows a discrepancy of 5.1 ¢ between (g-2) SM theory and experiment:

New Physics ?
Too early to say - Two new g-2 puzzles:

= Lattice QCD calculation (BMW) of HVP suggests significantly lower discrepancy

=  Recent CMD-3 result for timelike pion form factor also suggest lower
discrepancy =2 reason for deviation to all previous experiments unknown
- Quest for new measurements of form factors !
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Thank you !

g-2 is not an experiment
[not a number] -
It is a way of life ...

John Adams, former Director General CERN
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