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* inputs for Higgs decay rates (m,, a)
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® hadronic corrections to muon g-2

* |Vl

@ Summary and Outlook
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The role of (lattice) QCD in precision physics

example:

Experiment vs. SM theory:

0 * —
BY —= D ,u+uu

(experiment) = (known) x (CKM factors) x (had. matrix element)

7

I (K+ — EJFW(W))
dl(B° — D* " u*v,),...

B(Bs = pp), - .-

Amgis) =+
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The role of (lattice) QCD in precision physics

. Vcb //,u+
example: B° — D* 'y, \ .

Y

: W
1N

B 1
(experiment) = (known) x (CKM factors) x((had. matrix element)

7

79

Experiment vs. SM theory:

[ (K* > (7)) Lattice QCD

dl'(B° — D* putuy,),. .. parameterize the MEs in

B(Bs — up), . . . terms of form factors, decay
constants, bag parameters, ...

Amgis) =+
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The role of (lattice) QCD in precision physics

Vi

b

)

. Vcb //,U—I—
example: B’ — D* uty, Y .
W
EY

Experiment vs. SM theory:

(experiment) = (known) x (CKM factors) x((had. matrix element)

7

D (K = (7)) Two main purposes; Lattice QCD

+ combine experimental measurements with

dl'(B° — D* putuy,),. .. parameterize the MEs in

LQCD results to determine SM parameters.

B(Bs — ppt), - - + confront experimental measurements with terms of form factors, decay

SM theory using LQCD inputs.

constants, bag parameters,

Amges) -
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| attice OCD Introduction

_ 1
Lacp = ) U+ my)y + trFu P

f
4 + discrete Euclidean space-time (spacing a) |ntegra|5 are evaluated
S derivatives = difference operators, etc... numerically using monte
L A + finite spatial volume (L) carlo methods
! + finite time extent (T)

adjustable parameters

< lattice spacing: a=> 0 é-?)
& finite volume, time: L=>oo T > L Q

& quark masses (my):  MHujat = My exp 6'3 @3 6’3 Q
ud mS mC mb

Ve
tune using hadron masses N => Mfphys
extrapolations/interpolations m

Extrapolations/interpolations guided by EFT description of QC
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| attice OCD Introduction

_ 1
Lacp = ) U+ my)y + trFu P
f

+ discrete Euclidean space-time (spacing a) |ntegra|5 are evaluated

numerically using monte
carlo methods.

derivatives = difference operators, etc...
+ finite spatial volume (L)

+ finite time extent (T)

‘ adjustable parameters

< lattice spacing: a=>0 , @ (fim)

35
& finite volume, time: L=>o0, T > L Q
)

& quark masses (my): Mu 1at = M exp

tune using hadron masses N => Mfphys
extrapolations/interpolations

Extrapolations/interpolations guided by EFT description of QCD
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...of lattice spacing, chiral, heavy quark, and finite volume effects is based on
(EFT) descriptions of QC

FI N

fe

ite a: Symanzik

EFT

| attice OCD Introduction

Nt quark masses: ChPT

efinite L: finite volume

I A ElKhadre

neavy quark eftects: HQET

EFT

systematic error analysis

D = ab initio

LHCP 2023, 22-26 May 2023
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| attice OCD Introduction

systematic error analysis

...of lattice spacing, chiral, heavy quark, and finite volume effects is based on Effective Field Theory

FI N

fe

(EFT) descriptions of QC

ite a: Symanzik

EFT

Nt quark masses: ChPT

efinite L: finite volume

I A ElKhadre

neavy quark eftects: HQET

EFT

D = ab initio

In practice:

stability and control over systematic errors depends
on the underlying simulation parameters, available
computational resources, analysis choices, ...

LHCP 2023, 22-26 May 2023 S
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systematic error analysis

...of lattice spacing, chiral, heavy quark, and finite volume effects is based on Effective Field Theory

FI N

fe

(EFT) descriptions of QCD = ab initio

ite a: Symanzik EFT

Nt quark masses: ChPT

neavy quark eftects: HQET

ofinite L: finite volume EFT

FLAGS

Flavour Lattice Averaging Group N

In practice:

stability and control over systematic errors depends
on the underlying simulation parameters, available
computational resources, analysis choices, ...

Flavor Lattice Averaging Group: | s. Aoki et al [FLAG 2021 review, arXiv:2111.09849, EPJC 2022]

® quality criteria for inclusion

® averages include sys. and stat. correlations

I A ElKhadre

* if using a

attice results!

® reviews over 60 quantities
® ~ biannual schedule + web update

_AG average, please cite the underlying

LHCP 2023, 22-26 May 2023 S
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Finding Beauty

b quark generic disc. errors ~ (a/A)" (n depends on lattice action)
my, >> A\ m leading discretization errors ~ (amy,)" (using same action as for light quarks

¢ f m, > a~! uncontrolled errors
B EFTs co-developed
meson use EFT (HQET, NRQCD) m A/m, expansion lattice / continuum
| _ e [attice HQET, NRQCD: use EFT to construct lattice action
— » complicated continuum limit
p. . . L m (few-5)% errors
—t ~ nontrivial matching and renormalization
* relativistic heavy quark approach (Fermilab, Columbia)
matching relativistic lattice action via HQET to continuum
nontrivial matching and renormalization e (1-3)% errors
Now

11 '
4 i_‘t a !> my, > A+ highly improved light quark action

s sgme action for all quarks

1 1 S O
- b simple renormalization (Ward identities) < 1% errors

I A ElKhadre LHCP 2023, 22-26 May 2023



J ? | attice OCD Introduction

The State of the Art

Lattice QCD calculations of simple quantities (with at most one stable meson in initial/final state) that
quantitatively account for all systematic effects (discretization, finite volume, renormalization,...)
in some cases with

® sub percent precision.

e total errors that are commensurate (or smaller) than corresponding experimental uncertainties.

Progress due to a virtuous cycle of theoretical developments, improved algorithms/methods and
increases in computational resources ("Moore's law”)

Scope of LQCD calculations is increasing due to continual development ot new methods:

® nucleon matrix elements e QED corrections

* nonleptonic kaon decays (K — 7z, €’,...) e radiative decay rates

® resonances, scattering (zzr = p,...) e structure: PDFs, GPDs, TMDs, ...

e long-distance effects (AMy, ...) ® inclusive decay rates (B —» X .Zv,...)

I A ElKhadre LHCP 2023, 22-26 May 2023



Rare leptonic decay B, — uu

SM prediction for rare leptonic decay rate

[Beneke et al, arXiv:1908.07011, JHEP 2019]

Silvano Tosi @ LHCP2023 (Tuesday, Flavor Physics)

CMS 0.44
BPH-21-006 —a— 3.83 to.41
LHCb +0.48
PRL 128 (2022) 041801 ' " ' 3.09 7,4,
ATLAS+CMS+LHCDb 0.37
BPH-20-003 " 2.69 to.35
ATLAS o g 08
JHEP 04 (2019) 098 ' " ' 0 o7
CMS +0.72
JHEP 04 (2020) 188 ' " ' 2.947 ¢
PRL 118 (2017) 191801 ' - | Y 06
SM Prediction
Beneke et al, JHEP 10 (2019) 232 j i | 3.66 il 0.14
1 2 3 4 5

- -9
B(B — ww) [107]
I A ElKhadre LHCP 2023, 22-26 May 2023



Rare leptonic decay B, — uu

SM prediction for rare leptonic decay rate

error?

* includes structure-dependent QED corrections

Bs e dominant uncertainty due to |V, |
e | QCD decay constant sub dominant source of
uncertainty

[Beneke et al, arXiv:1908.07011, JHEP 2019]

NN

77

L
NN
NN

SN

"N\
RS

N

OO
N

SN

R
NN
NN

NN

NN
NN

- CKM

N
N
NN

S. Aoki et al [FLAG 2021 review, arXiv:2111.09849, EPJC 2022]
Silvano Tosi @ LHCP2023 (Tuesday, Flavor Physics)
CMS +0.44 FIAG2021 fs, [MeV]
BPH-21-006 0 our average for N,=2+1+1
LHCDb 0.6 /o FNAL/MILC 17
PRL 128 (2022) 041801 B Emcl[éém
ATLAS+CMS+LHCb ETM 13E
BPH-20-003
our average for N,=2+1
JAH-IIE-I!:(ﬁSz RBC/UKQCD 14
(2019) 098 — | RBC/UKQCD 14A
CMS ﬁgg/élgCl)gD 13A (stat. err. only)
HPQCD 11A
JHEP 04 (2020) 188 HPQCD L1A |
LHCDb HPQCD 09
PRL 118 (2017) 191801 our average for Ny=2
SM Prediction ——H— Balasubramamian 19
Beneke et al, JHEP 10 (2019) 232 | - | 3.66 i|0-14 T T ALPHA M
] ] ] ] ] ] ] ] ] ] ] ] ] ] | ] ] ] ] ] ] Z } - ETM 13B, 13C
1 2 3 4 5 (] =_I ALPHA 12A
0 B _9 : |—ﬁ[|—| ETM 12B
BB — uwu)[10 ] — 1o

I A ElKhadre LHCP 2023, 22-26 May 2023 210230 250270 290 8


http://arxiv.org/abs/arXiv:2111.09849

2013 m present

https://www.usgcd.org/documents/13flavor.pdf and [J. Butler et al, arXiv:1311.10/06]

Quantity CKM 20113 2007 forecast 20113 forecast
element expt. error  lattice error  lattice error  lattice error

fr/fr Vs 0.2% 0.5% 0.4% 0.15%
£7(0) Vs 0.2% - 0.4% 0.2%

fo Ved 4.3% 5% 2% < 1%

ID. Vies 2.1% 5% 2% < 1%
D — wly Ved 2.6% — 4.4% 2%
D — Klv Vies 1.1% - 2.5% 1%

B — D*lv Veb 1.3% - 1.8% < 1%
B — wlv Vb 4.1% — 8.7% 2%

/B Vo] 9% — 2.5% < 1%

& Vis/Vidl 0.4% 2-4% 4% < 1%
Am, Vi Vo |2 0.24% 7-12% 11% 5%

B Im(V3) 0.5% 3.5-6% 1.3% < 1%

I A ElKhadre

LHCP 2023, 22-26 May 2023

2021 FLAG
éveragf QED threshold:

0.18 % QED corrections important/
0.18 % dominant source of theory
03 % error in SM predictions

0.2 %

0.7 % | [from 2212.12648]

0.6 % |

~1.5% [from 2105.14019, 2304.03137]

~3 %
(0.7 % (0.6 % for f;) )

1.3 %

45 %  |= Toby Tsang@LHCP

1.3 %

(B mixing, Tuesday, Flavor Physics)

= Andreas Juttner@| HCP
(SL B-meson form factors, Friday, Flavor
Physics)



https://www.usqcd.org/documents/13flavor.pdf
https://arxiv.org/abs/1311.1076
https://arxiv.org/abs/2105.14019
https://arxiv.org/abs/2304.03137
https://arxiv.org/abs/2212.12648
https://indico.cern.ch/event/1198609/contributions/5363321/attachments/2651838/4591628/LHCP.pdf
https://indico.cern.ch/event/1198609/contributions/5363365/attachments/2654187/4596246/LHCP2023_build.pdf
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Outline

@

@
@ Success stories: two examples

e inputs for Higgs decay rates (
@
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M, O

)
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Higgs production and decay

Radja Boughezal @ P5 SLAC town hall

* The computation of the Higgs cross sections and decay modes is an excellent example that highlights
all of the theoretical advances needed to maximize the potential of the LHC program.

1T
100‘_ ATLAS Preliminary —C m,, = 125.09 GeV 51" (7 TeV), 19.7 b (8 TeV), 137 b (13 TeV)

—H
PP IIIIIIIII|IIII|IIII|IIII|IIIlIIlIIIIIIIlIIIIIIII

- AH—oyy O H—ZZ*—4l QCD scale uncertainty

G, s [PD]

Q af -
E]eCtroweak [ ¢ Combined data B Total uncertainty (scale ® PDF+ar;) ] N S - CMS -
. 80[~ ' Systematic uncertainty 7 b;g :_ ¥ LHCRun 1 data (i»tat ® t:yt:t) _: QC D@N3 [.LO
corrections at 2 1 O ¢ LHCRun 2 data (stat ® syst) .
i ] -~ = Systematic uncertainty i
]OOpS 60 R +? gF Standard model (minloHJ, m_=125.00 GeV)
u : [ meenam Standard model (NNLOPS, m = 125.38 GeV) i
40( N B 8 A
3L -
_ i D :
20 (s=7TeV, 4510 ] - S ]
i Vs=8TeV, 20.3fb" - 2l —
i Vs=13TeV, 139 fb™ ] N @; :
ob—m———— L L L ) B w\#ﬁ‘}” ’ i
/ 8 9 10 11 12 13 = 283 _
TeV M -
o Ty Z T Pp = (H—4h)+X - Precision
PDFS@NNLO PreCiSiOn O'r_1|||||||||||||||||||||||1||1||1|||1|11|11|1|11: .
. . 6 7 8 9 10 11 12 13 14 extraction of as
determination of quark /s (TeV)

massSeEsS

I A ElKhadre LHCP 2023, 22-26 May 2023 11
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Higgs production and decay

Radja Boughezal @ P5 SLAC town hall

* The computation of the Higgs cross sections and decay modes is an excellent example that highlights
all of the theoretical advances needed to maximize the potential of the LHC program.

a&\*\s@;’
- “‘\a&
e

(s [TeV] pp — (H — 4l) + X

Precision

o) L L L L L

= yoof ATLAS Preliminary ~ — oy, m,=12509GeV b 5.1 1o (7 TeV), 19.7 i (8 TeV), 137 f" (13 TeV)

;r | A H_>}/7/ [:] H_)ZZ*%4I QCD SCa|e UnCertaInty /-5 6 _l_l I I T | I | T I I | I I T I I | T I 11 E

E]ectroweak b% | ¢ Combined data mm Total uncertainty (scale ® PDF+at,) g - CMS 3
80~ © Systematic uncertainty ] 2 - ¥ LHC Run 1 data (stat @ syst) . QC D @N 3 LO

CorreCtlonS at 2 - © S B ¢ LHC Run 2 data (stat ® syst) ]

60 I ] - == Systematic uncertainty -

lOOpS - +E:32<- 4 [ esReRe Standard model (minloHJ, m, = 125.00 GeV) ]

- ] [ weanen Standard model (NNLOPS, m_=125.38 GeV)

40 N ) N

20 \s=7TeV, 4510 _ - S -

I \s=8TeV, 20.3fb" : o= _

i Vs=13TeV, 139 b’ | - ]

ob—L v v v v e e e 1 B _

7/ 8 9 10 11 12 13 1 -

Tllllllllllllllllll|IIII|lllllllllllllllllllllll

6 7 8 9 10 11 12 13 14
/s (TeV)

-

PDFs@NNLO

Precision

o extraction of as
determination of quark

massSeEsS

Future lattice
QCD inputs

I A ElKhadre LHCP 2023, 22-26 May 2023 11

Lattice QCD inputs



https://indico.slac.stanford.edu/event/7992/contributions/5885/attachments/2686/7697/Boughezal-P5-SLAC-2023.pdf

quark masses and a;

* Inputs to the (lattice) QCD lagrangian
e bare quark masses, m, 4, m, m., my,: tixed with exp. measured hadron masses, e.g., M, M, MDS, MBS

e [attice spacing in physical units (scale setting): f. (or Mg or...) = a_

2500

2000

1500

(MeV)

1000

500

O”B V- O?SOSﬁs Bc Bc
| | | | | |
o ° |
O - 7
— . ]
— B mesons offset by —4000 MeV -
%ia
Ay
o= T é ; s .
— =Oim il
s -+ﬂ i
—iy
= L —
. s e |
;hi —i— i
o & l
oodn —
A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204, updated) -
ono i
| | | | | | | | | | | | | | | |
Tt P K g n n’ W 0) N A > = A > o2t Q

I A ElKhadre
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* all other quantities are pre/post dictions
that can be compared to experiment.

e determinations of renormalized o, from
many different observables/methods:
Wilson loops, current correlators, HQ
potential, step scaling,...

o -
"y | | o
different intermediate renormalization

schemes (honperturbative or
perturbative) before matching to MS

12



FLAG2023

L FLAG average for N,=2+1+1

ETM 21A
FNAL/MILC/TUMQCD 18
ETM 14

Ne=2+1+1

FLAG average for Ny=2+1

ALPHA 19
RBC/UKQCD 14B
H RBC/UKQCD 12
PACS-CS 12
— Laiho 11
Hil BMW 10A, 10B
1 | PACS-CS 10
MILC 10A
HPQCD 10
RBC/UKQCD 10A
—+ Blum 10
PACS-CS 09
| HPQCD 09A
MILC 09A
MILC 09
Kl PACS-CS 08
(1 | RBC/UKQCD 08
' ' CP-PACS/JLQCD 07
HPQCD 05
MILC 04, HPQCD/MILC/UKQCD 04

Ne=2+1

[1

Dominguez 09
Narison 06
Maltman 01

pheno.
o

MeV

S. Aoki et al [FLAG 2021 review,
arXiv:2111.09849, EPJC 2022]

Note: PDG quark mass
listings still need to be
adjusted.

I A ElKhadre

Ne=24+14+1

Ne=24+1

Ne=24+14+1

Ne=24+1

quark masses

FLAG2023

mu/md

FLAG average for N, =2+ 1+1

MILC 18
MILC 17
RM123 17
ETM 14

FLAG average for Ny=2+1

BMW 16A
MILC 16
QCDSF/UKQCD 15

I PACS-CS 12

Laiho 11

BMW 10A, 10B

Blum 10

MILC 09A

MILC 09

MILC 04, HPQCD/MILC/UKQCD 04

PDG

FLAG average for N,=2+1+1

ETM 21A

HPQCD 20A

HPQCD 18
FNAL/MILC/TUMQCD 18
HPQCD 14A

ETM 14A

ETM 14

oL,
1

FLAG average for N,=2+1

ALPHA 21
Petreczky 19
Maezawa 16
JLQCD 16
yQCD 14
HPQCD 10
HPQCD 08B

——

PDG

125 1.30 1.35

1.40

GeV

Ne=24+1+1

Ni=2+1

FLAG2023 Mg
— FLAG average for N, =2+1+1
+ 0
— . (1) H— —— ETM 21A
X HPQCD 18
I [ ] FNAL/MILC/TUMQCD 18
pd HPQCD 14A
H [} H ETM 14
Il FLAG average for N, =2+1
— ALPHA 19
HCH Maezawa 16
Hll RBC/UKQCD 14B
— HH HH RBC/UKQCD 12
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http://arxiv.org/abs/arXiv:2111.09849
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BDP 2008-16 e —e—
- : : Boito 2018 — T.decays
S. Aoki et al [FLAG 2021 review, arXiv:2111.09849, EPJC 2022] i 5 &
: ‘; ] low
Boito 2021 —io— 2
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http://arxiv.org/abs/arXiv:2111.09849
https://pdg.lbl.gov/2022/reviews/rpp2022-rev-qcd.pdf
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@ Puzzles: two examples
® hadronic corrections to muon g-2

LHCP 2023, 22-26 May 2023
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Muon g-2: experiment vs theory

[aiM =a?"P +a,** +a;, " " +a;, """ = 116591810 (43) x 10—11]

[B. Abi et al (Muon g-2 Collaboration), Phys. Rev. Lett. 124, 141801 (2021)]

Muon g-2 Theory .| WP 2020
INitiative BNLg-2 ——m——+
FNAL g-2 - —O0—+
< 4.20 >
» +—@—
Standard Model Experiment
Average

175 18.0 185 19.0 195 200 205 210 215

9
a,*x10 -1165900
I A ElKhadre LHCP 2023, 22-26 May 2023


https://doi.org/10.1103/PhysRevLett.126.141801

I A ElKhadre

Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

LHCP 2023, 22-26 May 2023
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

QED +... (5loops) 116 584 718.9 (1) x 10~ 0.001 ppm

EW +... (2 1oops) 153.6 (1.0) x 10~ 0.01 ppm

6845 (40) x 10~
[0.6%]

92 (18) x 10~
[120%]

I A ElKhadre LHCP 2023, 22-26 May 2023

Hadronic
corrections

17



Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

contribution errors 116584 718.9 (1) x 10~ 0.001 ppm

® QED 4@
O EW

HVP
® HLbL

153.6 (1.0) x 10~ 0.01 ppm

6845 (40) x 10~
[0.6%]

92 (18) x 10~
[120%]

I A ElKhadre LHCP 2023, 22-26 May 2023

Hadronic
corrections
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Hadronic Corrections: Comparisons

SM | pgvp QED |, Weak , HLbLJ |
aHLbL CLM Ay T [au +a," tay }

HVP from:
I I I I I I I I | | T 1T 1 | T 1T 1 | T 1T 1 1T 1 | I 1T 1T 1 | L fl.Ll 1 | T 1T 1 | I 1T 1 | 1
LM20 I O |

ETM18/19 | _ |

Mainz/CLS19 | ®
FHM19 | ®

PACS19 | o
Mainz21 (+ charm-loop) | | Lattice QCD + QED SII\BA%?;QCDW , |
'T‘ not used in WP20
--------------------------------------------------------------------------------- RBC/UKQCD E A
RBC/UKQCD19 | o | data/lattice
(+ charm-loop) BDJ19 HH
. | . . : : J17 —L
WP20 data-driven | - | dispersive/data driven | |~ A not used in WP20

dispersive
DHMZ19
WP20 | _ | KNT19
] | ] | ] | ] | ] | ] | ] | ] | ]

WP20 C‘h
0 20 40 60 80 100 120 140 160

O

Fermilab uncertainty goal

AX

HLDbL 11 |||||||||||||||||||||||||||||| |||||||||||||||
aﬂ X 10 -60 -50 -40 -30 -20 -10 0 10 20 30

SM  ex 10
(@ -a_ ") x10
TR

I A ElKhadre LHCP 2023, 22-26 May 2023



A\“ HVP data‘d riveh See appendix

In 2020 WP: New: from CMD-3 [F. Ignatov et al, arXiv:2302.08834]

Conservative merging procedure to obtain a realistic E 5 5 5
: . — : -— . before CMD2
assessment of the underlying uncertainties: :  cmD2
. — e : : : ;
e account for tensions between data sets s  SHD
- s - : :
e account for differences in methodologies for compilation E  KLOE comb
of experimental inputs = e . BABAR |
* include correlations between systematic errors RN . BES
e cross checks from unitarity & analyticity constraints = . . CLEO
[Colangelo et al, 2018; Anantharayan et al, 2018; Davier et al, 2019; = _ SNDZk
Hoferichter et al, 2019] = o C
— . — ' ' = CMD3
* Full NLO radiative corrections [Campanario et al, 2019] : ; ; ; | |

e b v v v by v v by v v by v v b v v v by v v v by vy
aHVP,LO — 693.1 (28)exp (0'7)DCV+pQCD (2'8)BaBar—KLOE X 10—10 360 365 370 375 380 385 390

s : a™™ (0.6 <(s <0.88 GeV),10™°
—693.1(4.0)x 100 ° [ o (06<is< )
- = SND20 A | |
409.8+4.1 new puzzie:
T o » discrepancies between experiments now 2 (3 —5) ¢
[M. Davier @ 3 4136:30 this needs to be understood/resolved
KEK workshop] =T
: —.— KLOE-KT e (virtual) scientific seminar + discussion panel on CMD-3 measurement
L 403.4+2.6 i
2 March 27 (8:00 -=11:00 am US CDT)
i Py SND . . . .
: e Discussions are continuing!
L e 6th Muon g-2 Theory Initiative workshop (4-8 Sep 2023, Bern)
- . NU-CLEOc
[ 413.146.9
0390 | e U W 14([)0 DR E e Y 14:01 N O O 14501 Y o 14301 PP LT 1440

I A ElKhadre 2, (05250883 GeV) (10" LHCP 2023, 22-26 May 2023



https://arxiv.org/abs/2302.08834
https://indico.fnal.gov/event/59052/
https://indico.cern.ch/event/1258310/
https://kds.kek.jp/event/26780/overview

W/@\N HVP: data-driven

In 2020 WP: Ongoing work on experimental inputs:
Conservative merging procedure to obtain a realistic e BaBar: new analysis of large data set in zx channel, also zzz, other

assessment of the underlying uncertainties: channels, other channels

e account for tensions between data sets o KLOE: new analysis of large data in zr channel, other channels

» account for differences in methodologies for compilation | * SND: new results for zz channel, other channels in progress

of experimental inputs e BESIII: new results in 2021 for zzw channel, continued analysis also for
* include correlations between systematic errors rnrw, other channels
e cross checks from unitarity & analyticity constraints e Belle Il: arXiv:2207.06307 (Snowmass WP)
[Colangelo et al, 2018; Anantharayan et al, 2018; Davier et al, 2019; Better statistics than BaBar or KLOE; similar or better systematics for low-

Hoferichter et al, 2019] .
energy Cross sections

* Full NLO radiative corrections [Campanario et al, 2019] . . . .
* Most collaborations proceeding with blind analyses

=693.1(4.0)x 100 [ Ongoing work on theoretical aspects:

i —— SND20 .
‘ 4008241 * Developing NNLO Monte Carlo generators (STRONG 2020 workshop https://
_ . agenda.infn.it/event/28089/) [ appendix]

M. Davier @ : D * radiative corrections using FsQED (scalar QED + pion form factor)

KEK workshop] = o .
: e KLOEKT e charge asymmetry (CMD-3 measurement) vs radiative corrections [Ignatov +

L g Lee, arXiv:2204.12235]
; SND » development of new dispersive treatment of radiative corrections in zzx

405.7454

N channel [Colangelo at al, arXiv2207.03495]

, NU-CLEOc

: = * including 7 decay data: requires nonperturbative evaluation of IB correction
T . [M. Bruno et al, arXiv:1811.00508]

L A El-Khadra 2, (0.525-0.883 GeV) (10 LHCP 2023, 22-26 May 2023 20



https://arxiv.org/abs/2207.06307
https://kds.kek.jp/event/26780/overview
https://agenda.infn.it/event/28089/
https://agenda.infn.it/event/28089/

In 2020 WP:

¢ Lattice HVP average at 2.6 % total uncertainty:
a VPO =1711.6 (18.4) x 10™

©

m

U

BMW 20 (published in 2021)

HVP: |lattice  |see appendix ]

first LQCD calculation with sub-percent (0.8 %) error

In tension with data-driven HVP (2.10)
Further tensions for intermediate window

214 = ,
- | | |
212 fe I e o oo o :
210 |- o B
g 208 9_3?3+ + """""""" éRHo'\mpfoVe """""""" &
= =0 !
£5206 [ S@ SoRIE -
2“;: 3 s @ =
=204 [ R
: %
202+ | L+ 7 Dy, B
/.OI/@
200 {' rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr e
198 : :
0.000  0.005 0.010
a2[fm?]

-3.”70 tension wit
-2.20 tension wit

I A ElKhadre

0.020

N data-driven evaluation
n RBC/UKQCD18

©

©

T

aHVPLO — (9)2 /O Tt O

Use windows in Euclidean time to consider the different time regions
separately. [T. Blum et al, arXiv:1801.07224, 2018 PRL]

H. Wittig @ Lattice 2021

Short Distance (SD)  ¢:0 — 1, )
Intermediate (W) tity— ) \ [ Laticedata
Long Distance (LD) t:t; = oo 04 |

0=04fm 1 =10fm

N
disentangle systematics/statistics from long distance/FV and
discretization effects

intermediate window: easy to compute in lattice QCD

Euclidean windows are also straightforward to evaluate in disperse
approach

Internal cross check: compute each window separately (in continuum,
infinite volume limits,...) and combine: a, = aiD + aXV + alI;D

LHCP 2023, 22-26 May 2023 2



In 2020 WP:
¢ Lattice HVP average at 2.6 % total uncertainty:

a0 =1711.6(18.4) x 10"

BMW 20 (published in 2021)

©

HVP: lattice :

first LQCD calculation with sub-percent (0.8 %) error

In tension with data-driven HVP (2.10)
Further tensions for intermediate window

©

| ! | ! |
compiled by M. Hoferichter

—o— RBC/UKQCD 2022
—@&— ETMC 2022
F———-®—-————- — ETMC 2021
@ I BMW 2020

® I RBC/UKQCD 2018

o R-ratio data [Colangelo et al, arXiv:2205:12963]
| ! | ! | ! |
230 235 240 245

HVP, win v 1()10

Ay

I A ElKhadre

©

©

T

aHVPLO — (9)2 /O Tt O

Use windows in Euclidean time to consider the different time regions
separately. [T. Blum et al, arXiv:1801.07224, 2018 PRL]

H. Wittig @ Lattice 2021

Short Distance (SD)  ¢:0 — 1, )
Intermediate (W) tity— ) \ [ Laticedata
Long Distance (LD) t:t; = oo 04 |

0=04fm 1 =10fm

0 0.5 1 t%ffn] 2 2.5 3
disentangle systematics/statistics from long distance/FV and
discretization effects

intermediate window: easy to compute in lattice QCD

Euclidean windows are also straightforward to evaluate in disperse
approach

¢ Internal cross check: compute each window separately (in continuum,
infinite volume limits,...) and combine: a, = aiD 4 aXV 4 aED
LHCP 2023, 22-26 May 2023 22



In 2020 WP:

CZ/EIVP’LO

first LQCD calculation with sub-percent (0.8 %) error

¢ Lattice HVP average at 2.6 % total uncertainty:

=711.6(18.4) x 10'°
¢ BMW 20 (published April 2021)

In tension with data-driven HVP (2.10)
¢ Further tensions for intermediate window:

| ! | |
compiled by M. Hoferichter
—o— RBC/UKQCD 2022
—@&— ETMC 2022
F———-®—-————- — ETMC 2021
O BMW 2020
® RBC/UKQCD 2018
o R-ratio data [Colangelo et al, arXiv:2205:12963]
! | ! |

|
230

I A ElKhadre

|
235

Ay

HVP, win v 1()10

240 245

HVP: lattice

©

lattice groups.

¢ Most recently announced unblinded results by RBC/UKQCD and

Fermilab/HPQCD/MILC
lattice-only comparison ot light-quark connected contribution to

iIntermediate window:

Fermilab/HPQCD/MILC 23 -
RBC/UKQCD 23 -

ETMC 22 -

Mainz/CLS 22

Aubin et al. 22 -

YQCD OV/HISQ 22 -
YQCD OV/DWF 22 -

BMW 21 -

Lehner & Meyer 20 -
Aubin et al. 19
RBC/UKQCD 18

200 202

LHCP 2023, 22-26 May 2023

204

206

208

210

212

& Fermilab/HPQCD/MILC:
arXiv:2301.08274
¢ RBC/UKQCD 23: arXiv:2301.08696

& ETM: arXiv:2206.15084
& Mainz: arXiv:2206.06582
& Aubin et al: arXiv:2204.12256

¢ yQCD: arXiv:2204.01280

¢ BMW 21: arXiv:2002.12347
¢ L&M: arXiv:2003.04177

& Aubin et al: arXiv:2204.12256
¢ RBC/UKQCD 18: arXiv:1801.07224

new results in 2022/23 for intermediate window, ay from six different

23


https://arxiv.org/abs/2301.08274
https://arxiv.org/abs/2301.08696
https://arxiv.org/abs/2206.15084
https://arxiv.org/abs/2206.06582
https://arxiv.org/abs/2204.12256
https://arxiv.org/abs/2204.01280
https://arxiv.org/abs/2002.12347
https://arxiv.org/abs/2003.0417
https://arxiv.org/abs/2204.12256
https://arxiv.org/abs/1801.07224

In 2020 WP:

¢ Lattice HVP average at 2.6 % total uncertainty:

a0 =711.6 (18.4) x 10'7

¢ BMW 20 (published April 2021)
first LQCD calculation with sub-percent (0.8 %) error
In tension with data-driven HVP (2.10)

¢ Further tensions for intermediate window:

| ' | ' | ' |
compiled by M. Hoferichter
—e—i RBC/UKQCD 2022
—e— ETMC 2022
e ® - . ETMC 2021
&—i  BMW 2020
*— RBC/UKQCD 2018

R-ratio data [Colanaelo et al, arXiv:2205.12963]
| g | g | g ]

230 235 240 245

/I;IVR win v 1010

a

Note: int window ~ 1/3 of a/fWP’LO

I A ElKhadre

HVP: lattice :

Ongoing work:

Evaluations of short-distance windows [ETMC, RBC/UKQCD]
Proposals for computing more windows:
¢ Use linear combinations of finer windows to locate the tension (if it

oersists) in \/E [Colangelo et al, arXiv:2205.12963]

¢ Use larger windows, excluding the long-distance region t 2 21m to

maximize the significance of any tension [Davies at at, arXiv:2207.04765]

For total HVP:
¢ Still need independent, precise lattice results for the crucial long-

distance contribution (~2/3 of a/fWP’LO) m  coming soon!

¢ Including zzr states for refined long-distance computation
[Mainz, RBC/UKQCD, FNAL/MILC]

all groups plan to include smaller lattice spacings to test continuum
extrapolations

If results are consistent, Lattice HVP (average) with ~ 0.5 % errors
feasible by ~2025

LHCP 2023, 22-26 May 2023 24



Lattice QCD+QED: Two independent and complete direct calculations of a

Hadronic Light-by-light i

HLbL
H

& 09 98 999 9995

+ RBC/UKQCD

[T. Blum et al, arXiv:1610.04603, 2016 PRL; arXiv:19211.08123, 2020 PRL]

+ Mainz group
[E. Chao et al, arXiv:2104.02632]

+ QCD + QED, (finite volume) + QCD + QED (infinite volume & continuum)

DWEF ensembles at/near phys mass,

CLS (2+1 Wilson-clover) ensembles

a~008—02fm,L~45—93fm m_~ 200 — 430 MeV, a = 0.05-0.1fm, m_L > 4

4+ Cross checks between RBC/UKQCD & Mainz approaches in White Paper at unphysical pion mass
4+ Both groups are continuing to improve their calculations, adding more statistics, lattice spacings, physical mass

ensemble (Mainz)

+ update from RBC/UKQCD [T. Blum et al, arXiv:2304.04423] using QCD+QED (inf).

I A ElKhadre

Lattice HLbL results with 10 % total uncertainty feasible by ~2025

LHCP 2023, 22-26 May 2023
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http://arxiv.org/abs/arXiv:1911.08123
https://arxiv.org/abs/2104.02632

dI'(B — D*{v)

dw
dI'(B — D{v)

dw

I A ElKhadre

Form factors for B - DY ¢y, and |V, |

— nown) ¢ ry(1-+ Sean) AVl (e ~ 1172 ¢ y(o)| Fu)
= (known) X n]%w(l + M) w X (w2 — 1)3/2 X 7“3(1 + T)Q\Q(w)\Q

LHCP 2023, 22-26 May 2023
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Form factors for B — DY #v,and |V, |

dI'(B — D*{v)

* shape of LQCD form factor agrees with experiment

e fit LQCD form factors together with experimental data
to determine |V,

dw
dI'(B — D/tv
( o ) = (known) X 77%\2\7(1 + dpMm ) W X (w2 — 1)3/2 X r3(1 + T)Q\g(w)\Z
].3 ITAIGIZIOIZIJ-I I | | | I | | | | I | | I | | | |
T B — Dl 72 BeL fi
1.2 & | * f+ HPQCD 15 8 —
i } f+ FNAL/MILC 15C +o—
- -+ fo HPQCD 15 +—&—
1.1 F | oL fo FNAL/MILC 15C Fe— —
1 BaBar 2009 F—%— _
T i ¥ Belle 2016 +—— T

HPQCD [arXiv:1505.03925, PRD 2015] %

FNAL/MILC [arXiv:1503.07237, PRD 2015]

0_6:|||||||||||||||||||||||||||||||

1

-0.03 -0.02 -0.01 0.00 0.01 0.02
Z(qza topt)

0.03

* The form tfactors obtained from the combined exp/
lattice fit are well determined over entire recoil range.

e Can be used for an improved SM prediction of R(D).

I A ElKhadre LHCP 2023, 22-26 May 2023
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Form factors for B — D*¢v,and |V, |

dl'(B — D*/
( ZU V) — (knOWIl) X 77]%)\7\7(1 - 5EM) >< (w2 . 1)1/2 > X(w)\]—“(w)\Q W =Vp - Vp=

A. Vaquero CERN Flavour@TH 2023

0.0014 |

1 Fermilab/MILCx |V JLQCD x|V
JLQCD x|V, ¢ HPQCDx|Vy : :
\ = HPQCDX |V, 4  Belle untagged e - * mild tensions between LQCD form factors from
0.0012 QNN Belle untagged +  Belle untagged i~ Fermilab/MILC, HPQCD, JLQCD
'\ ) ] Babar ¢ BaBar synthetic
— ¢

Fermilab/MILC x|V * shapes of Fermilab/MILC & HPQCD form factors in
~ 20 tension with experimental data

0.0010

* new determinations ot |V_, | and R(D*) consistent with
previous ones.

A

0.0008

SN—"

* new strategies for dealing with truncation effects in z-
expansion fits to LQCD form factors [Flynn et al,
arXiv:2303.11280]

e see talk by A. Juttner @ LHCP (Friday, Flavor Physics)

3
™
Ny
=
9
=

0.0006

0.0004
FNAL/MILC [arXiv:2105.14019, EPJC 2022]

HPQCD [arXiv:2304.03137]

0.0002 | JLQCD [arXiv:2112.13775, Lattice 2021] preliminary

new Belle analysis: arXiv:2301.07529 now In hepdata

1.0 1.1 1.2 1.3 1.4 1.5
L AE w 23, 22-26 May 2023



https://indico.cern.ch/event/1198609/contributions/5363365/attachments/2654187/4596246/LHCP2023_build.pdf
https://www.hepdata.net/record/ins1512299

FLAG 2023

Implications: |V, |, R(D™)

4.5-

B-Tv

B—D™{v
B-DJ/v

Inclusive

N A El-Khadra

38 40
|Vcb| X 103

42 44

‘ensions between inclusive and exclusive
V.| (and |V, ,|) determinations persist.

B(B — DY rv.)

R( D(*)) _
B(B — D) /)
%/-\ 0.4 _I | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | I_
S) B m Ay* =10 contours -
s i Prelim. 2023 _
_ BaBarl?2 —
0.35 _ Bellel5 o -
03[ .\ _'
= LHCBH23 LHCb22 -
0.25 [ \-I-I‘NB@EH .
L BellelT o World Average -
0.2 =  $HFLAV SM Prediction  JHEP 1712 2017) 060 ROD) 20633241 O'Oog?t?c;tal —
— _ . PLB 795 (2019) 386 *) = (). + (). otal -
L RS =037 -
B ] ] ] I ] ] ] ] I ] ] ] ] I PFDIIOSI (2922] 0’3I450I3 ] ] I ] ] ] 1)I()<I) T 2I5(7I0 ] I ] ] ] ] I ] ] ]
02 025 03 035 04 045 05 055

R(D)

~ 30 tension between SM and Exp.

New LQCD results not yet included
LHCP 2023, 22-26 May 2023 28
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Summary & Outlook

HVP LO aHLbL

L

Ab — (p7 A67 A) lv

nucleon form factors, ..
ga, gr, gs

Mad, mu/md7 ms 4 a
M, MM _ _
my (B0
Aprg\hts _
(D|OpC=3
By,...
By ...
l B—D
K_> f—|— 0,1 ( ) yuu
B—>7T 2
—|— OT !

J

LQCD flagship
results

I A ElKhadre

B— XZtu, other inclusive

decay rates,

d, MESs for light nucle1
PDFs, GPDs, TMDs,.. (NN| 0| NN)
Ds — Lvy B — nmmlv ...
KT =0T (y)
T — P

(77 (1=0)[H7HK?)

<7T7T(I:2) ’HAS:l ’KO>

First complete
LQCD results,
large(ish) errors

AMp, ek

A

T =00, K — vy

KT — gtete~

K™ — ntup

First results,

physical params,

incomplete

systematics

new methods, pilot
projects, unphysical
kinematics

LHCP 2023, 22-26 May 2023

Complexity

new ideas,

first studies




Summary & Outlook

au CLEVP LO CLELbL

d, MESs for light nucle1
— PDFs, GPDs, TMDs,.
1By) PUEE R o) )
D) Ay — (p, Ao, A) by Dy — Lvy g B — T EV
nucleon form factors, .. Kt —0vyy T B - X fz; ‘other inclusive
ga, 9t gs e *" decay rates,
= p T =00, K — vy
(T =0y [T K®)
- oy |HAYT KO AMg, € '
fa)T 2 ). (T (1=2)|H 1K) Ky tK Comp\exrty
LQCD flagship First complete First results, new methods, pilot new ideas,
results LQCD results, ohysical params, | |projects, unphysical first studies
large(ish) errors incomplete kinematics
systematics
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Topics not covered (incomplete list)

PDFEs: huge progress and much new theoretical work since 2013
X. Ji arXiv:1305.1535, PRL 2013]

not QCD
nadron spectroscopy, exotics, scattering phase shifts

inclusive decay rates (appendix)

¢ Semileptonic B-meson decay form factors (JUttner) + baryons ffs
B mixing (Tsang)

-irst and second row CKM unitarity

& QED corrections and radiative decay rates

kaon mixing, AMp, €’

nucleon matrix elements and charges
two and few nucleon systems

I A ElKhadre LHCP 2023, 22-26 May 2023
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. =+ Lattice QCD Introduction

discretization effects — continuum extrapolation

* typical momentum scale of quarks gluons inside hadrons: ~Aqcp

« make a small to separate the scales: Aqcp « 1/a

+ Symanzik EFT:  (O0)?* = (0)°" 1 O(al)™ | n>2

@ provides functional form for extrapolation (depends on the details of the lattice action)

@ can
@ can

oe used to build improved lattice actions

oe used to anticipate the size of discretization effects

LHCP 2023, 22-26 May 2023
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_’a

J 1 Lattice QCD Introduction: quark discretizations

Fermion doubling problem < chiral symmetry

« Staggered quarks (a.k.a Kogut-Susskind)

reduce the number of doublers (staggering) but keep some (a.k.a tastes)

dominant discretization effects due to taste-breaking effects (can be corrected analytically) ~O(a?)

various improved versions to reduce taste-breaking effects (HISQ,..)

computationally inexpensive

e (improved) Wilson quarks

no doublers, but chiral symmetry broken explicitly

requires improvement to remove O(a) effects (NP improved, twisted mass, ...)

moderate computational cost

» Domain wall quarks (live in 5 dimensions)

no doublers, chiral symmetry exponentials suppressea

small O(a?) discretization effects
high computational cost

I A ElKhadre

* new ideas:
workshop on novel fermion actions

https://indico.mitp.uni-mainz.de/event/314/

LHCP 2023, 22-26 May 2023
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B meson decay constants

A. Bazavov et al [FNAL/MILC, arXiv:1712.09262, 2018 PRD]

MILC 5= 2+1+1 °F | | 10 .
: <> &> omy=ml/S :
SE ® o m=m/10 - :
300} ‘ 1 é— ————— <> @ “@“‘ O  m;= physical ol | //a/_
e N O QN o | :
~ E 3E <> @ m@ |
= 200 | ‘ — 3 & @ E :
] OO Sl /I%/
135 ‘— N % ___________ i/i/ |
e B
. : 02@
gﬁ ob—o vy by S ~
© 0 0.03 0.06 0.09 0.12 0.15 0.18 5 ,
a (fm) S — a~0.09fm
— a~0.06fm ||
. — a ~ 0.042 fm
systematic error budget continuum
Error (%) feo  fB. S/ fB0 1 ' ' ' —— '
Statistics and EFT fit 0.39 0.36 0.24 1o 20 25 30 30 40
Two-point correlator fits 0.39 0.22 0.17 MHS/fpéls
Fit model 0.34 0.39 0.08
Scale-setting quantities and tuned quark masses 0.10 0.06 0.05 . o k
Finite-volume corrections 0.03 0.01 0.02 SMa ” errors due to phy5|ca| Ilght quar Masses
Electromagnetic corrections 0.02 0.02 0.01 . . . . . .
Tomolosical eharas distrilmtion Cor oo oor  [IMproved quark action with small discretization errors even for heavy quarks
fnPDG 014 011 0  Ino renormalization (Ward identity)
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Semileptonic B decays to vector mesons:

existing LQCD results for B = K*, B, = ¢ form factors assume stable K*, ¢ (narrow width approximation)
[R. Horgan et al, arXiv:1310.3887, 1310.3722, 1501.00367]

Formalism for multi-channel 1—= 2 transition amplitudes:
[Briceno, Hansen, Walker-Loud, arXiv:1406.5965, PRD 2015:1502.04314, PRD 2015, ...]

weak current

B N
ey |
)
i _ .. N
T )
- FF
-\
\
\¢ N
. )
’ y

pilot study [Agadjanov et al, arXiv:1605.03386, NPB 2076]

Limitations:
* 42 reach: small recoll

* invariant mass of two-hadron system: <3 mpg

L~ * recent work to extend formalism to 3 hadrons
[Figure by R. Briceno] [M. Hansen et al, arXiv:2101.10246]

oreliminary results for B — zafv form factor with m_ ~ 320 MeV

studies of K7 scattering L. Leskovec et al, arXiv:2212.08833]
[G. Rendon et al, arXiv:1811.10750;

D. Wilson et al, arXiv:1904.03188]

I A ElKhadre LHCP 2023, 22-26 May 2023



Inclusive decay rates with lattice QCD

Sum over final states:
X.= D, D* Dn, Drr, D**, ...

For example: B = X.Cv,

Target: dI" ~ ‘Vcb‘szWﬂy

W =
oM,

Jd4xe_i‘1x(B | T5(0)J,(0) | B)

Start with Euclidean four-point function:

1
Cylg. )= ) e ad Ji(x)J,(0)| B)

X

Use OPE + pert. QCD to write dl" as a double e new methods to perform inverse Laplace transform

expansion:

e ¢, are calculated in perturbation theory

 (O,) are matrix elements of local
operators

I A ElKhadre

[Liu & Dong (PRL 1994);Liu (PRD 200);Jian et al (1710.11145); Hansen,
Meyer, Robaina (1703.01881, PRD 2017); M. Hansen et al,
arXiv:1903.06476: P. Gambino & S. Hashimoto, arXiv:2005.13730: J.

Bulava et al, arXiv:2111.12774]

e first applications to B = X .£v: good agreement with O

P. Gambino et al, arXiv:2203.11762; A. Barone et al, arXiv:2305.14092)]

LHCP 2023, 22-26 May 2023
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i Muon g-2 Theory Initiative

Steering Committee

Gilberto Colangelo (Bern)
Michel Davier (Orsay) co-chair
Aida El-Khadra (UIUC & Fermilab) chair
Martin Hoferichter (Bern)
Christoph Lehner (Regensburg
University) co-chair
Laurent Lellouch (Marseille)
Tsutomu Mibe (KEK)
J-PARC Muon g-2/EDM experiment
Lee Roberts (Boston)
Fermilab Muon g-2 experiment

Thomas Teubner (Liverpool)
Hartmut Wittig (Mainz)

https://muon-gm2-theory.illinois.edu

I A ElKhadre

Maximize the impact of the Fermilab and J-PARC experiments
w guantity and reduce the theoretical uncertainties on the hadronic
corrections

summarize the theory status and assess reliability of uncertainty estimates

organize workshops to bring the different communities together:

-irst plenary workshop @ Fermilab: 3-6 June 2017
VP workshop @ KEK: 12-14 February 2018

LblL workshop @ U Connecticut: 12-14 March 2018

Second plenary workshop @ HIM (Mainz): 18-22 June 2018

Third plenary workshop @ INT (Seattle): 9-13 September 2019

_attice HVP at high precision workshop (virtual): 16-20 November 2020
Fourth plenary workshop @ KEK (virtual): 28 June - 02 July 2021

Fifth plenary workshop @ Higgs Centre (Edinburgh): 5-9 September 2022
Sixth plenary workshop @ University of Bern: 4-8 September 2023
Seventh plenary workshop @ KEK (Japan): June 2024

LHCP 2023, 22-26 May 2023 38


https://indico.fnal.gov/event/13795/
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https://sites.google.com/uw.edu/int/programs/upcoming-programs
https://indico.cern.ch/event/956699/
https://www-conf.kek.jp/muong-2theory/
https://indico.ph.ed.ac.uk/event/112/
https://indico.cern.ch/event/1258310/
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Run 4

FNAL E989

Near-term Timeline

Run 6

Run 5

N
N
S

¥
Q)
Vv

Run 1 resu
announced

uon g-2 Tl

P published

Physics Reports 887 (2020) 1-166

Contents lists available at ScienceDirect

Physics Reports

journal www.elsevier.

The anomalous magnetic moment of the muon in the Standard
Model k

T. Aoyama "**, N. Asmussen *, M. Benayoun°, J. Bijnens®, T. Blum ",

M. Bruno?, I. Caprini ', C.M. Carloni Calame '’, M. C& %%, G. Colangelo '**,
F. Curciarello '>'°, H. Czyz 7, I. Danilkin '?, M. Davier '**, C.T.H. Davies '°,

M. Della Morte 2°, S.I. Eidelman 22, AX. El-Khadra **?**, A. Gérardin %°,

D. Giusti ***’, M. Golterman %, Steven Gottlieb*°, V. Giilpers *°, F. Hagelstein %,
M. Hayakawa °'?, G. Herdoiza *, D.W. Hertzog **, A. Hoecker **,

M. Hoferichter '“***, B.-L. Hoid *°, RJ. Hudspith '>'%, F. Ignatov ',

T. Izubuchi *#, F. Jegerlehner *, L. Jin 7%, A. Keshavarzi *°, T. Kinoshita ',

B. Kubis *°, A. Kupich %', A. Kups¢ ****, L. Laub ', C. Lehner ***"-*, L. Lellouch *°,
1. Logashenko ', B. Malaescu °, K. Maltman ***°, M.LK. Marinkovi¢ 7,

P. Masjuan “**’, A.S. Meyer *’, H.B. Meyer '>'*, T. Mibe ', K. Miura '>"**,

S.E. Miiller°°, M. Nio**!, D. Nomura °**, A. Nyffeler '>, V. Pascalutsa ',

M. Passera’*, E. Perez del Rio *°, S. Peris **°, A, Portelli *°, M. Procura °°,
C.F.Redmer %, B.L. Roberts P. Sdnchez-Puertas *°, S. Serednyakov !,

B. Shwartz?!, S. Simula?’, D. Stéckinger >, H. Stéckinger-Kim °¢, P. Stoffer *°,
T. Teubner °**, R. Van de Water 2%, M. Vanderhaeghen '>'°, G. Venanzoni °',
G. von Hippel %, H. Wittig '>'*, Z. Zhang '®, M.N. Achasov *!, A. Bashir %,

N. Cardoso ¥/, B. Chakraborty ®, E.-H. Chao '%, ]. Charles *°, A. Crivellin ®*°°,

0. Deineka ', A. Denig '>'°, C. DeTar °°, C.A. Dominguez ’, A.E. Dorokhov %,
V.P. Druzhinin?', G. Eichmann °**’, M. Fael ", C.S. Fischer’', E. Gamiz ",

Z. Gelzer ”*, J.R. Green?, S. Guellati-Khelifa ’?, D. Hatton '°,

N. Hermansson-Truedsson %, S. Holz *°, B. Hérz 4, M. Knecht *°, J. Koponen !,
AS. Kronfeld 4, J. Laiho ”°, S. Leupold *?, P.B. Mackenzie %, W.J. Marciano ¥/,
C. McNeile ’°, D. Mohler '>'%, J. Monnard ', E.T. Neil 7/, A.V. Nesterenko %,

K. Ottnad '?, V. Pauk '?, A.E. Radzhabov ’%, E. de Rafael **, K. Raya %, A. Risch 2,
A. Rodriguez-Sanchez°, P. Roig °, T. San José '>'*, E.P. Solodov %', R. Sugar ',
K. Yu. Todyshev?', A. Vainshtein **, A. Vaquero Avilés-Casco ®°, E. Weil /',

J. Wilhelm ', R. Williams ”', A.S. Zhevlakov ’®

nstitute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan

2 Nishina Center, RIKEN, Wako 351-0198, Japan

* Kobayashi-Maskawa Institute for the Origin of Particles and the Universe (KMI). Nagoya University, Nagoya 464-8602, Japan
4 school of Physics and Astronomy, University of Southampton, Southampton SO17 18], United Kingdom

5 LPNHE, Sorbonne Université, Université de Paris, CNRS/IN2P3, Pars, France

* Corresponding authors.
E-mail address: MUON-GM2-THEORY-SC@fnal.gov (G. Colangelo, M. Davier, S Eidelman, AX. El-Khadra, M. Hoferichter, C. Lehner, T. Mibe, A,
Nyffeler, B.L. Roberts, T. Teubner).

https:/[doi.org/10.1016/j.physrep.2020.07.006
0370-1573/© 2020 The Authors. Published by Elsevier B. This is an open access article under the CC BY-NC-ND license (https//creativecommons,
orgllicenses/by-nc-nd/4.0]).
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WP

BNL g-2 : O :

FNAL g-2

420

_._
Standard Model

+———

Experiment
Average

175

180 185 190 195

200 205 210 215

a,x10° - 1165900

$e
v
Vv

Vs
QU
$

Runs 2&3

Result from

Theory Initiative:

Result from
Run 4&5

Final result
from E989

WP update

w ongoing activities: develop method average for Lattice HV
v« CMD-3 seminar (virtual): 27 March 2023 at 8:00am US CD

w WP update with all available results ~ late 2023

Tl workshops:

Jun 2021 @ KEK (virtual
Sep 2022 @ Higgscentre

Sep 2023 @ Bern
Summer 2024 @ KEK
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https://arxiv.org/abs/2006.04822
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Updated WP Summary Table

Contribution Value x10'!  References
Experimental average (E989+Eg21) 116592061(41) Phys.Rev.Lett. 124, 141801
HVP LO (eTe™) 6931(40) Refs. [2-7]

HVP NLO (e"e™) —98.3(7) Ret. [7]

HVP NNLO (e"e™) 12.4(1) Ref. [8]

HVP LO (lattice, udsc) 7116(184) Refs. [9-17]

HLbL (phenomenology) 92(19) Refs. [18-30]

HLbL NLO (phenomenology) 2(1) Ref. [31]

HIbL (lattice, uds) 79(35) Ref. [32]

HLbL (phenomenology + lattice) 90(17) Refs. [18-30, 32]

QED 116584718.931(104) Refs. [33, 34]
Electroweak 153.6(1.0) Refs. [35, 36]

HVP (e"e”, LO + NLO + NNLO) 6845(40) Refs. [2-8]

HLbL (phenomenology + lattice + NLO) 92(18) Refs. [18-32]

Total SM Value 116591 810(43) Refs. [2-8, 18-24, 31-36]
Difference: Aa, :=a,’ —a" 251(59)

website: https://muon-gm2-theory.illinois.edu

LHCP 2023, 22-26 May 2023
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

LHCP 2023, 22-26 May 2023
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)j

QED

a: £
a,(QED) = Ay + A (ZM> + A (%) + A (Z“Z“) a2: LTV TN AN 2N /0N
=Y (5) ax 2 /@\mf%@ A
Mﬁm@@&mm

n # of diagrams Contribution x 101 o o o e e
1 1 116140973.32
mﬁ@ﬁ@m
2 7 41 3 21 763 III IV(a) IV(b) IV( ) IV(d)
3 71 30141.90
4 891 381.00 a gfmg — -
s o & B, &, b, s
I® 0
o0 e A 2N A
— B 1 1 II(a) 1I(b) II(c) I1(d) II(e)
[aM(Q_LD) = 116584718.9(1) x 10 j T T AN S m
TI(f) 1(a) TII(b) TII(c)
[T. Aoyama et al, arXiv:1205.5370, PRL; m Q Q Q q q
T. Aoyama, T. Kinoshita, M. Nio, Atoms 7 (1) (2019) 28] Vo Ve Vi®) VTG VA= V&0~
I PIE
VI(f) VI(gyr" VI(h) VIQG) VIG) VIk)
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T-loop

2-loop

Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)j

Electroweak

(contributions from W,Z,H bosons)

v v Y
/i 7 O 2 w7, O

v y
W 17
, W 7
H' v v
[T T T TR S TR e

v
[
]
7z
T TR T

%v %’y
H,'l /77Z Z ry
IS " i g1

LHCP 2023, 22-26 May 2023

Compared to QED,
suppressed by

2
M,

N —— NG

Mg,

1076

[ a,(EW) = 153.6 (1.0) x 107"}

[A. Czarnecki et al, hep-ph/0212229, PRD;
C. Gnendinger et al, arXiv:1306.5546, PRD]
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)j

leading hadronic

2 3 y §\
! S N
i p - - »

4+ The hadronic contributions are written as:

. HVP, LO HVP, NLO HVP, NNLO
a¢(hadronic) = a, " 77 4+ a, + a,
HLbL HLbL, NLO
+ ay + a,
a’ a’ a’
~ 107

LHCP 2023, 22-26 May 2023
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y&\u Muon g-2: hadronic corrections

1. Dispersive data-driven approach:

Use experimental data together with dispersion theory. For example:

€+

| \ S. Serednyakov (for SND)
HVP: WQM I 2 /’\/\/\/\/\/’ hadrons @ HVP KEK workshop
-

Many experiments (over 20+ years) have measured the eTe " cross

sections for the different channels over the needed energy range with g
increasing precision. The combined data + dispersion theory yielad e | KEDR
HVP with a current error ~ 0.6%. |
: BESTT '
HLbL: e =" o .

New dispersive approach now also allows for data-driven evaluations of HLbL, currently ~20% error
w theory error is (almost) completely quantitied. Replaces previous results obtained using simplified

models of QCD.

I A ElKhadre LHCP 2023, 22-26 May 2023
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y&\# Muon g-2: hadronic corrections

1. Dispersive data-driven approach:
Use experimental data together with dispersion theory. For example:

, .

. a\ 2 A L m,u K(S) S. Serednyakov (for SND)
HVP: WQW Il 2 aEVP’LO — (;) /dq2w(q2)ﬂ(q2) 19273 /ds s UGXP(S) | @ HVP KEK workshop
Many experiments (over 20+ years) have measured the eTe cross
sections for the different channels over the needed energy range with g
increasing precision. The combined data + dispersion theory yield seLLEN | KEDR]
HVP with a current error ~ 0.6%. |

: BESTT '

H Lb L: yg{\ \/.Z/é BES-II -

New dispersive approach now also allows for data-driven evaluations of HLbL, currently ~20% error
w theory error is (almost) completely quantitied. Replaces previous results obtained using simplified

models of QCD.

I A ElKhadre LHCP 2023, 22-26 May 2023
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y@ HVP: data-driven

value [A. Keshavarzi et al, arXiv:1802.02995]
[M. Davier et al, arXiv:1908.00921] @ @@ p ®"a 100 . . . . . . . . i hdronic R et

@ 6_ I I I I I I I I | I I I I |E| I IEI | I I I I | I I_ 1.4 0.6 i i +nin;

T pl oo Jyi y(28)! . 10 | o —
- : - a had,LO VP ! 700 m—
5 — T S —
- § 1r sr
4:_ _: — 0.1 __ (CORe A AP On:EEE I
B N (error)2 % e ;y)t*n' I
- ’ 0.01 F o P—
3_— — i ny ——
- . 0.001 | Ry —
2}~ - o o —
E [ (eH"VeF;T%l hadr_cIJn_s)data E 0.0001 N ( 7tojto:ttonoj;::n —
11— ¢ BES — 1e-05
- }  KEDR N 04 06 08 1 12 14 16 1.8
B —— pQCD (massless) 5 \/S [GeV]

{s [GeV]
¢ total hadronic cross section 6,4 from > 100 data sets in Tensions between BaBar and KLOE data sets:
more than 35 channels summed up to ~ 2GeV ¢ Cross checks using analyticity and unitarity relating
¢ For > 2 GeV: inclusive data + pQCD + narrow resonances pion form factor to zz scattering
: . , & - : :

. . . . i conservative merging procedure
¢ direct integration method: no need to specify resonances gihg p

(p, 0, ...)
¢ two independent compilations (DHMZ, KNT)
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A\“ HVP: data-driven

Conservative merging procedure to obtain a realistic assessment of the underlying uncertainties:
[B. Malaescu @ INT g-2 workshop]

Detailed comparisons by-channel and energy range between direct integration results:

DHMZ.19 KNT19 Difference Energy range ACD18 CHS18 DHMZ19 DHMZ19’ KNT19
v 507.85(0.83)(3.23)(0.55)  504.23(1.90) 3.62 < 0.6 GeV 110.1(9) 110.4(4)(5) 110.3(4) 108.7(9)
ap ey s 46.21(0.40)(1.10)(0.86) 46.63(94) ~0.42 < 0.7 GeV 214.8(1.7)  214.7(0.8)(1.1)  214.8(8) 213.1(1.2)
ot 13.68(0.03)(0.27)(0.14) 13.99(19) ~0.31 < 0.8GeV 413.2(2.3) 414.4(1.5)(2.3) 414.2(1.5)  412.0(1.7)
A 18.03(0.06)(0.48)(0.26) 18.15(74) ~0.12 < 0.9GeV 479.8(2.6) 481.9(1.8)(2.9) 481.4(1.8) 478.5(1.8)
K*K~ 23.08(0.20)(0.33)(0.21) 23.00(22) 0.08 < 1.0GeV 495.0(2.6) 497.4(1.8)(3.1) 496.8(1.9)  493.8(1.9)
KsK; 1421'2?(8-82)(8'(1)2)(8'(1)? li-gg(ig) ‘8-? 0.6, 0.7] GeV 104.7(7)  104.2(5)(5) 104.5(5) 104.4(5)
Y 41(0.06)(0.04)©0.07) ~8(10) 0. 0.7, 0.8] GeV 198.3(9)  199.8(0.9)(1.2) 199.3(9) 198.9(7)
Sum of the above 626.08(0.95)(3.48)(1.47)  623.62(2.27) 2.46 0.8, 0.9] GeV 66.6(4) 67.5(4)(6) 67.2(4) 66.6(3)
[1.8,3.7] GeV (without c?) 33.45(71) 34.45(56) ~1.00 0.9, 1.0] GeV 15.3(1) 15.5(1)(2) 15.5(1) 15.3(1)
T, w(28) 7.76(12) 7.84(19) ~0.08 < 0.63GeV 132.9(8) 132.8(1.1) 132.9(5)(6) 132.9(5) 131.2(1.0)
[3.7, 0) GeV 17.15(31) 16.95(19) 0.20 [0.6, 0.9] GeV 369.6(1.7) 371.5(1. 5)( ) 371.0(1.6)  369.8(1.3)

Include constraints using unitarity & analyticity for zzx and zzz channels
[CHS 2018, Colangelo et al, arXiv:1810.00007; HHKS19, Hoferichter et al, arXiv:1207.01556]

w g, VD = 693.1(2.8) ¢y (2.8)5y5 (0.7)pypocp X 10719 = 693.1 (4.0) x 10719
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Efforts on Radiative Corrections for low energy ete~ — hadrons

SIR

Workstop+Conference in Zurich 5-9 June 2023 (LOC: A. Signer, G. Stagnitto, Y. Ulrich)

NG Radiative corrections and Monte Carlo tools for low-energy hadronic

cross sections in et e~ collisions

5-9 Jun 2023 Q
University of Zurich
Europe/Zurich timezone
Prendew In this workstop, we will discuss radiative corrections and Monte Carlo tools for
Timetable low-energy hadronic cross sections in et e~ collisions. This is to be seen as part of the Strong 2020
Three-day in-person (Workstop) + S effort. We will cover
a three half day hybrid conference ol ol Coraut e |eptonic processes at NNLO and beyond

e processes with hadrons

e parton shower

5 Working Groups:

*\WP1: Leptonic processes at NNLO
\WWP2: Form factor contributions at N3LO
*\WP3: Processes with hadrons

\WP4: Parton showers

e WP5: Experimental input

B4 yannick.ulrich@durham.... Each area will be given at least half a day, starting with an open Th seminar followed by a lengthy

discussion.

Just like previous workstops, we try to gather a small number of theorists who actively work on this
topic to make very concrete progress. It should not just be about giving talks, but to actually learn
from each other and put together the jigsaw pieces.

Additionally to the workstop that is only by-invite only, there is a broader conference directly following
the workstop.

Final goal: full NNLO MC. Aim to write a report by Autumn 2023

I A ElKhadre
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%&‘ HVP: higher order (NLO, NNLO)

Figures by T. Teubner

CZ/EIVP’NLO = — 983(7) X 10_10 [based on KNT 2019] EEE ; Z ; Z

a/fIVP’NNLO = 1.24(1) X 1071 [kurz et al, arxiv:1403.6400, PLB 2014 é ﬁi é 354}@
VY “&

space-like NLO and NNLO HVP kernels for LQCD

evaluations and MUonE

[Balsani et al, arXiv:2112.05704; Nesterenko, arXiv:2209.03217, arXiv: 2112.05009]

mixed leptonic, hadronic (double bubble) contributions to g, are < 10~
[Hoferichter + Teubner, arXiv:2112.06929]
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~Lattice HVP: Introduction {

[B. Lautrup, A. Peterman, E. de Rafael, Phys. Rep 1972;

A E. de Rafael, Phys. Let. B 1994; T. Blum, PRL 2002]
I1(q°)
q

2 5
Leading order HVP correction: a VPO = (g) /dqzw(QZ) [(q*)

e Calculate af'VPLO in Lattice QCD

Compute correlation function:  (C(t) = % z:@'i(x7 £)5:(0,0))
and ﬁ(QQ) _ 47T2/ At O(t) 42 Q42 qin2 (@) [E[;.Jiegg?ﬁlier and H. Meyer, arXiv:1107.4388,
0 _

Obtain alfIVP’LO from an integral over Euclidean time:

aHVPLO (9)2 /O Tt O
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~Lattice HVP: Introduction

Target: ~ 0.2% total error

ight-quark connected contribution:

V. Gulpers @ Lattice

VP workshop

s,c,b-quark contributions

Z @\/ aEVP’LO(ud) ~90% of total
f

aVPLO ¢ by ~8%, 2%, 0.05% of total

U

@ @ disconnected contribution:

atYPLO 2% of total
u,disc

@ N Isospinbreaking (QED + my # ma) corrections:
5aVPLO ~1% of total

a;{VP,Lo _

I A ElKhadre

a/fIVP,LO

U

HVP,LO HVP,LO HVP,LO HVP,LO
(ud) + a, (s) +a, (c) + A, ise +da,

LHCP 2023, 22-26 May 2023

au

Isospin Breaking

disconnected

charm
strange

strange

~ charm
disconnected

Isospin
Breaking
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Lattice HVP: comparisons

V. Gllpers @ Lattice HVP workshop

H. Wittig @ Lattice HVP workshop ) @
f

T - - Overview of published results - contributions to a, x 1019
® Charm, strange | L . BMW 20 .
COﬂtI’IbL.JtIOHS already well | b o 1 16 > O DO
determined. 1. . Maing/CLS 19 BMW —1.27(40)(33) —0.55(15)(11) BMW
—@ alnz
e Mild tensions for |ight RBC/UKQCD  5.9(5.7)(1.7) —6.9(2.1)(2.0) RBC/UKQCD
T -~ - O FHM 19 ETM 1.1(1.0)
contribution
® @ e PACS 19 . -
RS O~ RS OO
e R —e— RBC,/UKQCD 18 : !
—0.0095(86)(99 0.42(20)(19 BMW 0.011(24)(14 —0.047(33)(23 BMW
b . BMW 17 (86)(99) (20)(19) (24)(14) (33)(23)
Ongoing efforts by 10 11 12 13 14 15 50 52 54 56 600 650 700 E ® ®
FNAL-HPQCD-MILC (azvp)c.l()lo (agvp)s . 1010 (aﬁvp)lcon'lolo <> | <> O Q O Q
RBC/UKQCD, Mainz '
6.59(63)(53) BMW
— — 10.6(4.3)(6.8) RBC/UKQCD
/\/@ @\/ 60(23) ETM BMW [arXiv:2002.12347]
7.7(3.7) 9.0(2.3) FHM RBC/UKQCD [Phys.Rev.Lett. 121 (2018) 2, 022003]
| | | T T T T | ETM [Phys. Rev. D 99, 114502 (2019)]
. . FHM 20 o . (preliminary) 9-0(0-8)(1.2) LM FHM [Phis.Rev.Lett. 120 (2018) 15, 152001]
Consistent resu |tS Wlth LM [Phys.Rev.D 101 (2020) 074515
: : . Mainz/CLS 20 o (preliminary)
increasing precision
BMW 20 @+ ) ) ) .. ) )
e Some tensions between lattice results for individual contributions.
o Mai CLS 19 X X .. i :
inz/ e | arge cancellations between individual contributions:
RBC/UKQCD 18 J
o
ba,” S 1%
BMW 17 —t-——
230 -27.5 -25 -22.5 -20 -17.5 -15 -12.5 -10 -7.5 -5 -25 0
(agvl))disc ’ 1010
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In 2020 WP:

&

©

©

©

I A ElKhadre

Lattice HVP average at 2.6 % total uncertainty:
a VPO =1711.6(18.4) x 10"

,u
BMW 20 (published in 2021)
first LQCD calculation with sub-percent (0.8 %) error

In tension with data-driven HVP (2.10)

HVP: lattice :

¢ Kalman Szabo (BMW) @ Lattice 2021

Taste improvement |l
m a,(a) — a.a) — QERHO(a) 4 a/P}HO

m reduces lattice artefact, also makes a® dependence linear

0/ 1 e o | el - - -
total error in BMW calculation is dominated by light- 540 s® °
quark connected contribution. ol Y L ° s g R
i | 2 RN
Large taste-breaking effects with BMW set-up e i =il I - —— - = %m ffffffff bogo
w uncorrected data not easily fit to power series, i.e. 0 s e ® ® 50 -
ss0| | ; ;
- SRHO(>0.4fm) —&—
540 | S SRHO(>1.3fm) —HB—
o o 2 ' ' ' ; : : o SRHQ(O.4-1.3fm)-|I-NNLO(>1.31I‘m)
Aoy + Aq [a ] + Ao [a ] 200k 150k 100k 50k 0 0.0056 001 0015  0.02 200k150k 100k 50k 0 0.005 001 0015  0.02
#its a“[fm?] #its a2[fm?]

B A+ A [azoﬁ( )] + A, [aza3(1)]2

SRHO improvement gives central value. Systematic errors by:

change starting point of improvement t = 0.4 — 1.3 fm
skip coarse lattices

changel =0and [l =3

replace SRHO by NNLO SXPT above 1.3 fm

LHCP 2023, 22-26 May 2023
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Connections

c(eTe” — hadrons) « a//IfVP = Ay, (M2)

Aay,4(M?2) also depends on the hadronic vacuum

©

polarization function, and can be written as an integral

over o(eTe™ — hadrons), but weighted towards higher
energies.

a shift in a/fWP also changes Ay, (M3): = EW fits

[Passera, et al, 2008, Crivellin et al 2020, Keshavarsi et al 2020,
Malaescu & Scott 2020]

If the shift in a/IfVP is in the low-energy region

(S 1GeV), the impact on Aqy,4(M2) and EW fits is
small.

A shift in a;IVP from low ( < 2 GeV) energies

w g(eTe” — nr)

©

must satisfy unitarity & analyticity constraints m FY(s)

can be tested with lattice calculations
[Colangelo, Hoferichter, Stoffer, arXiv:2010.07943]
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Connections

c(eTe” — hadrons) « a//IfVP = Ay, (M2)

Martin Hoferichter @ Lattice HVP workshop

¢ A, (M2) also depends on the hadronic vacuum

o | | | Hadronic running of o and global EW fit
polarization function, and can be written as an integral

over o(eTe™ — hadrons), but weighted towards higher

ete~ KNT,DHMZ  EW fit HEPFit  EW fit GFitter  guess based on BMwc

energies.
a shift in a/EIVP also changes Aahad(Mé); b E\WV fits Aaﬁ?d(Mé) x 10% 276.1(1.1) 270.2(3.0)  271.6(3.9) 277.8(1.3)
[Passera, et al, 2008, Crivellin et al 2020, Keshavarsi et al 2020, difference to et e~ —1.80 —110 +1.00

Malaescu & Scott 2020]
If the shiftin @ V¥ is in the low-energy region

H @ Time-like formulation: o . KNTiB+had e S —
( < 1GeV), the impact on Aahad(Mg) and EW fits is ~ R R . . - T
aM?2 R <ol - ol e e =
(3) (ap2y Z had(S) X 40 -
el . Z B O S e e |
A shift in a;IVP from low ( < 2 GeV) energies Sthr 0 . .
o 20
IS U(€+€_ RN ]z']z') o Space'like formulation: 5,21-5 I é _______ g A +[Crivel|in:20;_02ul] |
$10 } o) oo
. . . . . V 3 - - - Proj(eo) -~
I 2 5 Q- Q- A ' 05 | - proj(1.94 GeV) - ¥- |
must satisfy unitarity & analyticity constraints m F 7 (s) Aa® (M2) = ;n(—M§)+;(n(M§)—n(—M§)) il § % _____ : )
can be tested with lattice calculations o Global EW fit 0 110 10.100 1001000 1000..ME
[Colangelo, Hoferichter, Stoffer, arXiv:2010.07943] [GeV] BMWe 2020

@ Difference between HEPFit and GFitter

implementation mainly treatment of M,y More in talks by M. Passera, B. Malaescu (phenomenology)

: - - . and K. Miura, T. San José (lattice)
@ Pull goes into opposite direction
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Connections

o(eTe” — hadrons) < a//IfVP = Ay, (M2)

Peter Stoffer @ Lattice HVP workshop

¢ A, (M2) also depends on the hadronic vacuum _
L : : : Constraints on the two-pion contribution to HVP arXiv:2010.07943 [hep-ph]
polarization function, and can be written as an integral
_I_ — . .
over o(e"e~ — hadrons), but weighted towards higher
.( ) S S Modifying a7;"| <1 gev
energies.
¢ ashiftin a,'"" also changes Aay,q(My): m EW fits * “low-energy” scenario: local changes in cross section of
[Passera, et al, 2008, Crivellin et al 2020, Keshavarsi et al 2020, ~ 8% around p
Malaescu & Scott 2020] | o _ _
f the shift in a;wp s in the low-energy region ® “high-energy” scenario: impact on pion charge radius and
(< 1GeV), the impact on Ady M%) and EW fits is space-like VFF = chance for independent lattice-QCD
Sma”. CheCks y | | relati\Tedifferelncetofitlresult | |
A shift in @,""" from low ( < 2 GeV) energies e requires factor ~ 3 wof| PEET R RNl
w c(eTe” — nm) improvement over - FIl
: : : . : " Vv el A O S P A LU gl ||||| ||| |
must satisfy unitarity & analyticity constraints m F 7 (s) vQCD result: o !,. ﬁl';'-.‘i-llr."!"iaﬁmh M ﬂlf'a":"
can be tested with lattice calculations (r2) = 0.433(9)(13) fm? EE R
[Colangelo, Hoferichter, Stoffer, arXiv:2010.07943] s arXiv:2006.05431 [hep-ph] N |

Can new physics hide in the low-energy o(e*e™ — 7zx) cross section? " No [Luzio, et al, arXiv:2112.08312]
Neutral, long-lived hadrons, heretofore undetected? [Farrar, arXiv:2206.13460]
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Dispersive approach:

[Colangelo at al, 2014; Pauk & Vanderhaegen 2014; ...]

4+ model independent

+ significantly more complicated than for HVP

4+ provides a framework for data-driven evaluations
4+ can also use lattice results as inputs

Dominant contributions ( &~ 75 % of total):

+ Well quantified with ~ 6 % uncertainty
+ 11,1’ pole contributions: Canterbury approximants only

+ Ongoing work: consolidation of 7, " pole contributions
using disp. relations and LQCD

Hadronic Light-by-light

Exchanges of
+ ...+ other resonances —+ + ...

(f07a17f27"')

Subleading contributiaons ( & 25 % of total):

q

Exchanges of
other resonances -+ +...

(f07a17f27"'>

% )_

+ Not yet well known
m dominant contribution to total uncertainty

+ Ongoing work:
- Implementation of short-distance constraints (now at 2-loop)
- DR implementation for axial vector contributions
- new g, = 0 DR program for higher spin intermediate states
[Luedtke @ Higgscentre workshop with Procura and Stoffer, in progress]

- Mainz and BESIII ramping up y")y* programs
[A. Denig and C. Redmer @ Higgscentre workshop]

Dispersive, data-driven evaluation of HLbL with
< 10 % total uncertainty feasible by ~2025.
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