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The role of (lattice) QCD @ RPF

» look for torbidden (in the SM) processes:
* proton decay
* Charged Lepton flavor violating processes, for
example:u — ey, B > tyu,...
*DM
x ...,
Observation ™ discovery of new physics
» study rare processes — loop-suppressed in the SM:
* neutral meson mixing

* flavor changing neutral current decays

* MDMs and EDMs
* . ...

» check lepton flavor universality: ©/u, u/e

* (over)determine SM parameters with high precision

* test unitarity of CKM matrix (quark-W couplings)
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The role of (lattice) QCD @ RPF

» look for torbidden (in the SM) processes:
* proton decay

* Charged Lepton flavor violating processes, for

example: y — ey, B — ty,... Desired information on
* DM
SO (short-distance physics) or (SM parameters)
Observation ™ discovery of new physics (BSM parameters) (CKM, my, as, ...)

» study rare processes — loop-suppressed in the SM:
* neutral meson mixing is hidden by hadronic/nuclear effects

* flavor changing neutral current decays (nonperturbative QCD).

* MDMs and EDMs

... w» need precise QCD calculations to complement

« check lepton flavor universality: ©/u, ule experimental measurements: Lattice QCD

* (over)determine SM parameters with high precision

* test unitarity of CKM matrix (quark-W couplings)
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Flavor “Anomalies”

Patrick Koppenburg [http://www.scholarpedia.org/article/Rare_decays of b _hadrons, Cherry—picked selection
https://www.nikhef.nl/~pkoppenb/anomalies.html]

RK [11,6 ] ®
Ry [1.1,6] - o

Ry [0.045,1.1] — o

theoretical SM Ry [1.1,6] .
R+ [0.045,6.0] — o

predictions Ry [0.1,6] |

P5/ I47 6 ] ®
B(B] — ¢ptp~) [1.1,6] 4 o —_
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| experimental

B(B® — p™p™) —4-
Muon g — 2 — —Oo—

common source of theory R(D) - .

error: QCD effects R(D") °
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I A. El-Khadra RPF Spring meeting, 16-19 May 2022


http://www.scholarpedia.org/article/Rare_decays_of_b_hadrons

The role of lattice QCD in quark flavor physics

example: B - D* putuy,

Experiment vs. SM theory:

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

7

I (K+ — €+Vg(7))
dl(B° — D* " u*v,),...
B(Bs = pp), - -

Amgis) =+

I A ElKhadre
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Lattice QCD

parameterize t

ne MEs In

terms of form -
constants, bag

actors, decay
parameters, ...




The role of lattice QCD in quark flavor physics

Vb :
W /f
o

example: B - D* putuy, . s

)

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 CKM 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) Integrals 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=> o0, T > L Q
)

& quark masses (my):  MHujat = My exp

tune using hadron masses N => Mfphys
extrapolations/interpolations
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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)

MILC ny=2+1+1 ¢ ' 74
® adjustable parameters
< <
300 1
' ¢ & lattice spacing: a=>0 é'?) y @ (fm)
>
? O ® ‘ & finite volume, time: L=> oo, T > L 6:)
200 1
& quark masses (my):  Mpuat = MHexp é'?) @ 6’3 6'\3
: ‘ tune using hadron masses g => Mfph
135 ,phys
® ._ extrapolations/interpolations Mud M Mc mp
Q§QL’§§ Qg QIQ\% x;’% x"ﬁ
S ¢ S N N
~a’ (fm?)

I A. El-Khadra RPF Spring meeting, 16-19 May 2022



L eptonic decays of K, z mesons

example: KT — u' v,

[ (K+ — £ ug(y)) = (known) x (1 + ><>< 2,

experimental average [PDQ]:

* Needed to relate pure QCD decay constant to experiment

I'K — pv(y))

CEYTE 1.3367(28)

e ChPT + pheno estimate: —1.12 (21)% ‘VUS|fK+ — 0 27600(37)
Cirigliano et al, arXiv:1107.6001, RMP 2012] V4l f o

e First LQCD result: -1.26 (14)%  |Vus|[Ex+
[Di Carlo et al, arXiv:1904.08731] Vol for 0.27683 (29) exp(20) tn
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Semileptonic kaon decay

example: KY — = 4Ty,

phase

FKgg — (kIlOWIl) X ( space

experimenta\ average IPDQG] Needed to include charged kaon

decay in the experimental average.
|V, 1£.(0) = 0.21635 (39),p (3)pens

Needed to relate pure QCD form factor to
[Ch.Y. Seng et al, arXiv:2107.14708] experiment. Mode dependent.

I A. El-Khadra RPF Spring meeting, 16-19 May 2022



K/r decay constants and K3 form tactor results

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

FIAG 2021 fo /T FIAG2021 f(0)
FLAG average for N, =2+1+1 " FLAG average for Nec241 41
+ Call at 20 T X =
) alLa +
" e 0.18% ENAT/MILC 17 | N 0.18%) i t®
h . FNAL/MILC 14A z H FNAL/MILC 13E
z 1 HPOCH 13A
M:tg ﬁ,p(\ ot ) FLAG average for N,=2+1
stat. err. on
—] ETM 10E (stat. err. onYy) JPLAQCED1?7
FLAG average for Ne=2+1 ‘_T_ L RBC/UKQCD 15A
. ’_'_E. ] QEDAHAIKQLD 16 » T RBC/UKQCD 13
' Hmml RBC/UKQCD 14B = _ HilH FNAL/MILC 12|
— RBC/UKQCD 12 H LI l JLQCD 12
— H II\_/IaII_rE:OllOl | i JLQCD 11
c_: I . LQCD/TWQCD 10 —— |+ RBC/UKQCD 10
I L
I ' — ! BC/UKQC% 10A H—HII—H RBC/UKQCD 07
= H—H BMW 10
: :9:', %:tbg 8§: ~ — FLAG average for N¢=2
' : = B ' R%CI/TJKQCD 08 = D i ETM 10D (stat. err. only)
—{ HPQCD/UKQCD 07 L ETM 09A
—H H— MILC 04
—l— FLAG average for Ny=2 v | “ E?r?;rl‘i;g%s
H_H ETM 14D (stat. err. only) s ' , :
Y s ALPHA 13A Y © O | Jamin 04
= i . E¥M (]58D (stat. err. only) < O Bijnens 03
: : ﬁ QCDSF/UKQCD 07 c : ‘ Leutwyler 84
1.14 1.18 1.22 1.26 0.95 0.97 0.99 1.01

small errors due to physical light quark masses,
improved light-quark actions, NPR or no renormalization
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http://arxiv.org/abs/arXiv:2111.09849

First row CKM unitarity

Ay = Vaal® + Vusl? + [Vip|* =1 Vi ~ 0

FLAG 2021
A, = =0.0021 )exp 0+ Qe GIne Dexp x Dk
[C.Y. Seng et al, arXiv:2107.14708] 3 26 tension
0.226 -
02244 -~ : -
S Ay = —0.00151 (39) £, (0)(36) fx / £, (36)exp (27) B
0222 |l ' IFNAL/MILC, arXiv:18.09.02827]
1 latti Its for f, (0), N;=2 + 1 +1 y AIAIV. 10.U7. I
o |otice results for (00 Nem 2 Lt 20 tension
0.220 - lattice results for £, (0), Nr =2 +1
' 0 lattice results for fe+/fr=, N, =2+ 1
1 lattice results for N, =2+ 1+ 1 combined
1 latti lts for N,=2 + 1 bined .
0918 - == nuclear B decay, PDG 20 (163 Structure dependent EM corrections
' nuclear 8 decay, Hardy 20 [255] .
| | | . are now an iImportant source of error
0.955 0.960 0.965 0.970 0.975 0.980

Vud

Via| = 0.97373 (11) (9) (27) from nuclear f-decay
Hardy & Towner, PRC 102, 045501, 2020]

I A. El-Khadra RPF Spring meeting, 16-19 May 2022


https://arxiv.org/abs/2107.14708
https://arxiv.org/abs/18.09.02827
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Finding Beauty

m, 2 al>A m» leading discretization errors ~ (amb)2
(using same action as for light quarks)

use EFT (HQET, NRQCD) m A/m, expansion
" NRQCD: use EFT to construct lattice action

o [attice HQE"

complicatec

continuum limit

nontrivial matching and renormalization

* relativistic heavy quark approach (Fermilab)

m (few-5)% errors

matching relativistic lattice action via HQET to continuum

nontrivial matching and renormalization

a~l'>m, > A + highlyi

s sgme action for all quarks
w simple renormalization (Ward identities)

RPF Spring meeting, 16-19 May 2022

e (1-3)% errors

mproved light quark action

m < 1% errors
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g Rare |leptonic decay B, ; —

SM prediction for rare leptonic decay rate 'Beneke et al. arXiv:1908.07011]

error?

_ o 5
BB, = p~pu~) = 3.660(38) X 10 Bs * includes structure-dependent QED corrections

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

w CKM uncertainty

FIAG2021 fg [MeV] FIAG2021 fs, [MeV]
n H (— O 70/0 our average for N, =2+4+1+1 S. AOki et al E u é— 0.60/0 our average for N,=2+1+1
+ FNAL/MILC 17 : & FNAL/MILC 17
I H—— HPQCD 17A [FLAG review, I — HPQCD 17A
= H——H ETM 16B z I ETM 16B
41— ETM 13E . T ETM 13E
Il HPQCD 13 arX|V.21 1 1 09849] — HPOCD 13
our average for N=2+1 —lH our average for Ne=2+1
H—t—-—— RBC/UKQCD 14 1 —— RBC/UKQCD 14
_ —-—— RBC/UKQCD 14 2 : . - RBE/KAD T4a
+ I T T 1
o~ H 1+ RBC/UKQCD 13A (stat. err. only) I HH RBC/UKQCD 13A (stat. err. only)
I = | - HPQCD 12
s 1 HPQCD 12
< H HPQCD 11A
HIlHH HPQCD 12 /11A - | FNAL/MILC 11
- FNAL/MILC 11 HH— oeh 05
—— 1 ——— HPQCD 09
a our average for N¢=2 H our average for Ny=2
i ALPHA 14 ——H— Balasubramamian 19
m ~ | : ALPHA 14
] ALPHA 13 I
i ETM 13B, 13C > 11— ALPHA 13
2\ CH—— ALPHA 12A - ETM 13B, 13C
= [ ] ! ETM 12B | [] | ALPHA 12A
(] ALPHA 11 1 ETM 12B
1 : ETM 11A —] ETM 11A
1 ETM 09D N ETM 09D

J 160 175 190 205 220 235 250 RPF Spring meeting, 16-19 May 2022 210 230 250 270 290



Semileptonic B-meson decay form factors

example: BY — 7T_,u+uu

Tl 1
dr(i; ) _ (known) ><>< \f+(q2)\

* calculate the form factors in the low recoil (high ¢2) range.

* use model-independent parameterization of g2 dependence.
* calculate the complete set of form factors, f+(q2),fo(q2) and £(q°) .
* for f,(g*) compare shape between experiment and lattice.

* |attice results available for B - 7n,B, - K,B - K,B — D, B, —» D_form factors

I A. El-Khadra RPF Spring meeting, 16-19 May 2022
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example: B —» z form factors

_LlA(T;2|O|2]|- T T 1 T T 1 T T 1 — T T T 1 1 T T 1
10 [ g o —
i fi HPQCD 06 & ]
I f+ FNAL/MILC 15 +—e—
I f1 RBC/UKQCD 15 +—4— -
08 fo FNAL/MILC 15 F—e—
i } fo RBC/UKQCD 15 F&— |
0.6 [ .
L e { E i
= ‘ -
0.4 % g -
0.2 | -
OO i L L L L | L L L L | L L L L | L L L L | L L L L | L L L L |
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Z(q27topt)

w shape of f; agrees with experiment
w fit lattice form factors together with experimental

data to determine |V ,| and obtain form factors
(., fo) with improved precision

v recent new result by JLQCD in good agreement
[B. Colquhoun, et al, arXiv:2203.04938]

B(q*) f777(q)

.O
(@)
L I L I L I L I L I L

FIAG2021
| | | | I | | | | | | | | | | | | | | | | I |
fo BCL fit

f+ BCL fit

f+ HPQCD 06

f+ FNAL/MILC 15

f+ RBC/UKQCD 15

fo FNAL/MILC 15

fo RBC/UKQCD 15

} BaBar untagged 12bin

1.0

FSH

BaBar untagged 6bin
Belle tagged 13bin
Belle untagged 13bin

% Belle tagged 7bin

iy %ﬁ

-0.1 0.0
Z(q27t0pt)

1111112111

0.4

T
v

0.2

|
o
(O
|
o
N
O
w

¢ LQCD form factors enable determinations of

|V, | from exp. measurements of exclusive
(difterential) decay rates with commensurate
contributions to total errors from lattice (~3%)
and experiment

RPF Spring meeting, 16-19 May 2022



Form factors for B - D*#v,and |V, |

al

dw

— (known) X 77]%]\7\/’(1 5E1\/I) X

*x First LOCD result for B = D* form factors at non-zero recoil: FNAL/MILC [arXiv:2105.14019]

0.0014 0.0014
Latticex|Vy| Joint Fit
Belle untagged ¢ LatticexVy
I Babar \ 4 Belle untagged, e~
0.0012 b Lotiice 0.0012 + Belle untagged. -
4- Belle untagged e~ ¢ BaBar synthetic |
<4 Belle untagged p~ * expeCt 2nC LQCD reSU t
0.0010 ¢ BaBar synthetic 0.0010
. > from JLQCD very soon
B Y :
"2 0.0008 % 0.0008 * alSO ongoing work by
N
= ~
= N
= E FNAL/MILC, HPQCD, ...
0.0006 S ~0.0006
0.0004 0.0004
0.0002 0.0002
1.0 1.3 1.4 1.0 1.3 1.4
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Implications: |V, |, | V.,|, LFU ratios

LA *
] G 2021 R(D(*)) B B(B — D( )TVT)
f \ B(B — D™)/{v)
4.5 1 B—-D
- B-D Inclusive
9/: . I I I I I I I I I I I I I I I I ]
o B Ay* =10 contours ]
X 04— ]
_ LHCbl5 _
L BaBarl2 i
035— | 30 ... —
C LHCb18 J
03 =
0.25 ._= ,;\BeHeAQ_ =~ Bellel5 =_
- Bellel7 HFLAYV World Average .
02 _ R(D)=0339 £0.026 £0014 ]
“ L 4 Exp+LQCD+HQET R(_D>‘(<)) 3:80.295 +0010 £0010 |
—  -$Lattice QCD | 1‘3(;(2_) —28% 7]
I ] ] ] ] I ] ] ] ] ] ] ] ] ]
0.2 0.3 04 0.5
R(D)

36 38 40 42 44
|Vcb|><:|-o3

~ 4o tension between SM and

| 1]
X
O

Uncertainties from LOCD form factors are
commensurate with experiment.
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Snowmass 2013 " present

https://www.usgcd.org/documents/13flavor.pdf and [J. Butler et al, arXiv:1311.1076]

Quantity CKM Present 2007 forecast Present 2018 2021 FLAG
element expt. error lattice error  lattice error  lattice error Average
i/ I Vil 0.2% 0.5% 0.4% 0.15% 0.18 %
K (0) Viis | 0.2% — 0.4% 0.2% 0.18 %
A V., 4.3% 5% 2% < 1% 03 %
ID. Vs 2.1% 5% 2% < 1% 0.2 %
D — wly V.4 2.6% — 4.4% 2% 4.4 %
D — Klv Ves 1.1% — 2.5% 1% 0.6 %
B — D*lv Vep 1.3% - 1.8% < 1% 1.7 % [from FNAL/MILC, 2105.14019]
B — wlv Vs | 4.1% — 8.7% 2% ~3 Y%
B Vs 9% —~ 2.5% < 1% 0.7 % (0.6 % for fy)
§ Vis/Vidl 0.4% 2-4% 4% < 1% 1.3 % |
Amg Vis Vin|? 0.24% 7-12% 11% 5% 4.5 %
By Im(V?2) 0.5% 3.5-6% 1.3% < 1% 1.3 %
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https://www.usgcd.org/documents/13flavor.pdf and [J. Butler et al, arXiv:1311.1076]

Quantity CKM Present 2007 forecast Present 2018
element expt. error  lattice error  lattice error  lattice error

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

D V.d 4.3% 5% 2% < 1%

Ip. Ves 2.1% 5% 2% < 1%
D — mwly V.d 2.6% — 4.4% 2%
D — K/lv Vies 1.1% - 2.5% 1%

B — D*lv Veb 1.3% - 1.8% < 1%
B — mlv V| 4.1% - 8.7% 2%

/B Vo 9% - 2.5% < 1%

& Vis/Vidl 0.4% 2—-4% A% < 1%
Am, Vis Vin |2 0.24% 7-12% 11% 5%

Bk Im(V?2) 0.5% 3.5-6% 1.3% < 1%

I A ElKhadre

RPF Spring meeting, 16-19 May 2022

Snowmass 2013 " present

2021 FLAG
Average

( A
0.18 %
0.18 %
0.3 %
0.2 %
4.4 %
(0.6 %)

1.7 % [tfrom FNAL/MILC, 2105.14019]

~3 %

QED

corrections

Important

(0.7 % (0.6 % for f;) )

1.3 %
4.5 %

1.3 %
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Semileptonic B decays to vector mesons: B - K*£¢

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, ...]

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

Limitations:

® 42 reach: small recoll
* invariant mass of two-hadron system: <3 mpg

e recent work to extend formalism to 3 hadrons
[M. Hansen et al, arXiv:2101.10246]

[Figure by R. Briceno]
studies of Krx scattering

[G. Rendon et al, arXiv:1811.10750; D. Wilson et al, arXiv:1904.03188]

dedicated effort requires significant
computational resources

I A. El-Khadra RPF Spring meeting, 16-19 May 2022



Inclusive decay rates with lattice QCD

For example: B = X.Cv,

Target: dI" ~ ‘Vcb‘szWﬂy

— 4. —igx T
B W= Sor Jd xe "B | J](x)J,(0) | B)
Start with Euclidean four-point function:
Sum over final states: C _ igx 1 Bl 0)| B
(g, 1) = ) e V=== (BIJi(0)],(0)| B)
X.= D, D* Dn, Drr, D**, ... X B
Use OPE + pert. QCD to write dI" as a double * new methods to perform inverse Laplace transtorm
expansion: [Liu & Dong (PRL 1994),;Liu (PRD 200);Jian et al (1710.11145);

<0 > Hansen, Meyer, Robaina (1703.01881, PRD 2017); M. Hansen et al,
dl’ ~ E C ke arXiv:1903.06476; P. Gambino & S. Hashimoto, arXiv:2005.13730;
n
m;
b

J. Bulava et al, arXiv:2111.12774]

n

» ¢, are calculated in perturbation theory 6 cat B X7/
* Tirstapplicationto b —» X .2V

good agreement with OPE
OperatOrS [P. Gambino et al, arXiv:2203.11762]

* (O, ) are matrix elements of local

I A. El-Khadra RPF Spring meeting, 16-19 May 2022 19



Muon g-2: experiment vs theory

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

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

BNLg-2 ———@——+—

FNAL g-2 - @
< 4.20 >
O +—@—
Standard Model Experiment
Average

175 18.0 185 19.0 195 200 205 210 215

9
a,x10 - 1165900
I A. El-Khadra RPF Spring meeting, 16-19 May 2022


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

Muon g-2: SM contributions

[au W(QED) +a, (EW) + au(hadromc)]

OED /&\ +... (5loops) 116584 718.9 (1) x 10~ 0.001 ppm
EW A +... (2loops) 153.6 (1.0) x 107" 0.01 ppm
Hadronic

corrections

2

avp @ +... (NNLO) 6845 (40) x 107! 0.34 ppm
’ “ [0.6%]
3 e
HLbL & «
: 5%%» +... (NLO) 92 (18) x 1071 0.15 ppm
[20%]
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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
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4

©

a/EIVP,LO

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

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

-3.70 tension with data-driven evaluation

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

=711.6(18.4) x 10'°
BMW 20 (published in 2021)
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-2.20 tension with RBC/UKQCD18
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HVP: lattice

JHVP.LO _ (2)2 /OOO dt i (t) C(t)

H T

¢ 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) [ty — 1 0s | o
Long Distance (LD) [:t — o0 06 |

t, = 0.4fm, #, = 1.0 fm 02|

0 0.5 1 t Effn] 2 2.5 3
¢ disentangle systematics/statistics from long distance/FV

and discretization effects
¢ intermediate window: easy to compute in lattice QCD &

using disperse approach:
¢ Internal cross check:
Compute each window separately (in continuum, infinite

volume limits,...) and combine:
a, = aiD -+ aXV —+ aED

23



HVP: lattice

u u
Ongoing work:
In 2020 WP: .
| . | ¢ Expect new results from RBC/UKQCD and FNAL/MILC (and likely other
¢ Lattice HVP average at 2.6 % total uncertainty: . . . .
HVPLO 0 lattice groups) in the coming months: S
a,u Y ="711.6 (184) X 10 R e Preliminary i
o : : = 2 blindea
¢ BMW 20 (published April 2021) Slanet m
first LQCD calculation with sub-percent (0.8 %) error (FNALMILC) T - g
in tension with data-driven HVP (2.10) NN .
¢ Further tensions for intermediate window: .
a?[fm?
oy I need blind analyses (already being done in FNAL/MILC and RBC/UKQCD)
22y 5% *************** ***************** ***************** **************** ' Including zz states for retined long-distance computation
ol + a0 v (Mainz, RBC/UKQCD, FNAL/MILC)
2208 g@@ | .ouoimpove™e™ g , ,
%200 | B + RARSONTS ¢ Developing method average for lattice HVP — started at KEK workshop
= 204 *§+ ************ e B (June 2021), based on detailed comparisons
202 [ & o P . . A
ol L o, SO g - list of sub quantities (and their definitions)
198 T - common prescription for separating QCD & QED
i - quality criteria for inclusion

¢ Most groups plan to include smaller lattice spacings to test continuum

extrapolations (needs adequate computational resources)
It results are consistent, Lattice HVP (average) with

< 0.5 % errors teasible by 2025

-3.70 tension with data-driven evaluation
-2.20 tension with RBC/UKQCD18
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Lattice QCD+QED: Two independent and complete direct calculations of a,

Hadronic Light-by-light

HLbL

& 09 98 999 9995

+ RBC/UKQCD + Mainz group

[T. Blum et al, arXiv:1610.04603, 2016 PRL; arXiv:1211.08123, 2020 PRL]
+ QCD + QED, (finite volume)

DWEF ensembles at/near phys mass,
a~008—-02fm,L~45—-93fm

I A ElKhadre

[E. Chao et al, arXiv:2104.02632]
+ QCD + QED (infinite volume & continuum)

CLS (2+1 Wilson-clover) ensembles
m_~ 200 —430 MeV, a = 0.05-0.1tm, m_L > 4

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

physical mass ensemble (Mainz)

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

RPF Spring meeting, 16-19 May 2022
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http://arxiv.org/abs/arXiv:1911.08123
https://arxiv.org/abs/2104.02632

Summary

L 3 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.
Scope of LQCD calculations is increasing due to continual development of new methods:

* nucleons and other baryons
® nonleptonic decays ( K — 7, ...)
® resonances, scattering, long-distance effects, ...

e structure: PDFs, GPDs, ...
e QED eftects
* radiative decay rates ...

I A. El-Khadra RPF Spring meeting, 16-19 May 2022



aHVP LO HLbL

L
(BYIOAP=2|BY)
(D°|OAC=2| DY)
B

ay

nucleon form factors, ..

fB(S) Ab —>p,AC,A gA,gT,gS

_II_(—MT ff’?D (qz), .« .

fx+ [P0 ...

LQCD flagship
results

I A ElKhadre

<7T7T(I:2) ’HASzl ’KO>

First complete
LQCD results,
large(ish) errors

Summary

dn,

Dy — lvry

K — lvy

AMp, ek

<7T7T(I=0)WASZ1\KO>

A

physical
Incom

First results,

narams,
nlete

systematics

MEs for light nuclei

B— K — Kntl ...

other inclusive

Kt = ttu(y) ... B - X.Zv, decay rates,

KT — atite

K™ = 1 ub

new methods,

pilot projects,
unphysical
kinematics

RPF Spring meeting, 16-19 May 2022

Complexity

new ideas,

first studies
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w Ongoing program to improve precision on “simple quantities”:
7, K, D, B, decay constants, semileptonic form factors (to pseudo scalars), mixing
matrix elements " towards the QED wal m talk by Andrew Lytle

w improved precision for semileptonic A,, . baryon decay form factors possible (with

broader participation)

w semileptonic form factors for e.g. B = (K* — Kn) ¢
i treating vector mesons as resonances

w developing methods to include (radiative) QED eftects w talk by Norman Christ

w studies of rare kaon processes with non-local effects, e.g. €'/€, Amg, e, K — ¢, ...

w dedicated, continued efforts to improve precision on lattice HVP and HLbL (and related
quantities) m talk by Ruth Van de Water

¢ nucleon matrix elements (and matrix elements of small nuclei)

w developing new methods for studies of inclusive B decay rates

may be adapted to non-local matrix elements (rare B decays, D mixing, ...)

w Continued work in Lattice QCD to maximize the discovery potential of experiments
within the Rare and Precision Measurements Frontier

oo
4 ' L "..q
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J ? | attice OCD Introduction

systematic error analysis

...of lattice spacing, chiral, heavy quark, and finite volume effects is based on
(Ettective Field Theory) descriptions ot QCD

EFT

—> ab initio MILC ny=2+1+1

* finite a: Symanzik EFT

300+

* |ight quark masses: Chiral Perturbation Theory

/N

® heavy quarks: HQET

M, (MeV

e finite L: finite volume

2001

135}

Q | ‘W)I Y | YV | 2
O PP & 3 2
@’Q. @. @. @.

~a? (fm?)

I A. El-Khadra RPF Spring meeting, 16-19 May 2022
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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

RPF Spring meeting, 16-19 May 2022
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J 1 Lattice QCD Introduction: quark discretizations

_’a

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. El-Khadra RPF Spring meeting, 16-19 May 2022
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B meson decay constant results

&
O
O

m,=m/5
m,=m/10
m, = physical

3001

M, (MeV)

200}

135+

0.03

0.06 0.09 0.12 0.15

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

10 E—
|
|

9} | , :
| / :
=3 | |
C‘Q@ I
~— I
:5” |

- S
?E,,f””’if’ :

e B
=
ax ,
= — a~0.09 fm
— a~0.06fm ||
— a =~ 0.042 fm
continuum
41 | | | | |
15 20 25 30 39 40
MHs/fp4s

no renormalization (Ward identity)

small errors due to physical light quark masses

improved quark action with small discretization errors even for heavy quarks

RPF Spring meeting, 16-19 May 2022
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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]

I A. El-Khadra RPF Spring meeting, 16-19 May 2022
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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

I A. El-Khadra RPF Spring meeting, 16-19 May 2022 35
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polarization function, and can be written as an integral
over o(eTe” — hadrons), but weighted towards higher

energies.

©

H

[Passera, et al, 2008, Crivellin et al 2020, Keshavarsi et al 2020,

Malaescu & Scott 2020]

If the shiftin @ V¥ is in the low-energy region

H

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

small.

A shift in ¢V from low

U
w g(eTe” — nr)

must satisfy unitarity & analyticity constraints m FY(s)

Connections

o(ete™ — hadrons) = a'Y¥' o Ag, (M)

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

a shift in a,'* also changes Aay 4(M2): ™ EW fits

(< 2GeV) energies

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

U

Peter Stoffer @ Lattice HVP workshop

Constraints on the two-pion contribution to HVP arXiv:2010.07943 [hep-ph]

Modifying a7 | <1 gev

* “low-energy” scenario: local changes in cross section of
~ 8% around p

® “high-energy” scenario: impact on pion charge radius and
space-like VFF = chance for independent lattice-QCD

¢ Can new physics hide in the low-energy o(ete™ — rm) cross section? m No [Luzio, et al, arXiv:2112.08312]

I A ElKhadre

c h ec ks relative difference to fit result
h tote_ll lerror l BlaBar '—a;' pFlase shif’és changéd ------
* requires factor ~ 3 a5 || NSB KIOEI L. alpmamets changed -
improvement over - l | |
S 0o | g d ARy Ll i ul|"||| | |||' ||||
xQCD result: e ol i'i'ﬁ-‘""'iiﬂu" Ii"ﬂf%"i:"
0 *:'.: . ::::;‘::i;;:'_‘i“ ."IL: i3RI
(r2) = 0.433(9)(13) fm” o [T At R
— arXiv:2006.05431 [hep_ph] _0'106 065 0.7 075 0‘8 085 09  0.95 1
Vs [GeV]
RPF Spring meeting, 16-19 May 2022 36



Timeline

FNAL E989
Run 5

Run 6

Run 4

N v 0y \s O
v 3 v v &
1 WV 2 v S

Run 1 resu Result from Result from Final result
announced Runs 2&3 Run 4 from E98

uon g-2 Tl
P published

WP update

Physics Reports 887 (2020) 1-166

Contents lists available at ScienceDirect e \N |

Physics Reports

e = Theory Initiative:

journal www.elsevier.

The anomalous magnetic moment of the muon in the Standard

R SPF w ongoing activities: develop method average for Lattice HVP
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~Lattice HVP: Introduction

Target: ~ 0.2% total error

ight-quark connected contribution:
aEVP’LO(ud) ~90% of total

s,c,b-quark contributions
aVPLO ¢ by ~8%, 2%, 0.05% of total

u
disconnected contribution:

atYPLO 2% of total
u,disc

Efj@w
NONGY
@ + ...

5a/fIVP’LO ~1% of total

4HVPLO _

b aHVP,LO +5

HVP, ,HVP.LO

CZHVP’LO(M d) + CZIEVP’LO(S) + a/EIVP,LO(C) + b

U

RPF Spring meeting, 16-19 May 2022

V. Gulpers @ Lattice HVP workshop

Isospinbreaking (QED + my # ma) corrections:

au

Isospin Breaking

disconnected

charm
strange

Isospin
Breaking

strange

~ charm
disconnected
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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 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 .. i :
inz/ e | arge cancellations between individual contributions:
RBC/UKQCD 18 J
— @
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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