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What is "g-2"? .

- e = o . o
Uy = —9p WS * gp: proportionality between spin and
p magnetic moment for particle P
gp — 2 * dp: magnetic anomaly
a, = > * ap=0 at tree level (purely Dirac particle)

* Using modern language, the term (g-2)/2 reflects the
magnitude of the Feynmann diagrams beyond leading order

a = 0 + a/2r +

Schwinger
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Contributions to a, .

Y. Y. 14 Y.
7 H + 7
- .z_ - &
QED  Weak HLO HLbL  New Physics.
Known Known Data Models/Lattice ?

HLbL = Hadronic Light by Light = Hadronic higher order

VALUE (x 10~'%) uUNITS

QED (y+¥¢) 11658471.8951 4 0.0009 + 0.0019 4 0.0007 £ 0.0077
HVP(lo) Davierl7 686 ppt 111 692.6 + 3.33
HLbL Glasgow 10.5 + 2.6
EW 15.4 +£0.1
Total SM Davierl7 11659181.7 £ 4.2

Theory initiative White Paper (arXiv 2006:08443)
a, = (1116591810 +43)x10~* = 370 ppb
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2024(?)

Fermilab g =2(""+ C(a/n)® + Cy(o/n)*+ Had + Weak + ??7? )

)

BNL - g = 2( " + Cy(o/m)’ + Co(a/m)+ Had + Weak + ? )
-
[ -
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£ cernm g =2(""+ C3(a/m)? + Had)
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A rich history of g-2 Theory and measurements

History of muon anomaly measurements and predictions
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k1 theory prediction
10 is 20 25 30 35 20
a,* 10° — 1165900
Tension between theory and experiment
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ppm] 1979, CERN Ill u* data 1974-1976
ppm] 1979, theory

ppm] 1985, Kinoshita et al.

ppm] 1999, BNL u* data 1997
0.66 ppm] 1999, theory

5.1 ppm] 2000, BNL u* data 1998
0.69 ppm] 2000, theory

1.3 ppm] 2001, BNL u* data 1999
0.57 ppm] 2001, theory

0.73 ppm] 2002, BNL u* data 2000
0.70 ppm] 2002, theory

0.72 ppm] 2004, BNL u~ data 2001
0.70 ppm] 2004, theory

0.54 ppm] 2006, BNL u* data 1999-2000
0.63 ppm] 2006, theory

0.30 ppm] 2017, Jegerlehner 2017
0.41 ppm] 2020, DHMZ 2019
0.32 ppm] 2020, KNT 2019

0.37 ppm] 2020, Muon g-2 theory initiative

Istitsto Nazionale & Fisica Nucleare



HIGH ENERGY: systematic search

HIGH PRECISION: la

VOYAGER 1

unching probes

VOYAGER 2

3 VOYAGER 1
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The Fundamental Experimental Principle

« Difference between spin precession and cyclotron revolution

for a muon (charged particle with spin) in a magnetic field™:
B B eB eB_g—ZeB_ eB
Wa =@ = Qe =I5 " m" T 2 m- Ym

*s and p are assumed to be in a plane perpendicular to B
* simple classical calculation

* the relativistic approach provides the same result

// —» \:‘ /1' —» \
H " b .
W= 5 W
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From particle to beam >

 Itis not possible to follow the spin of a single muon, we can
only have an information of the spin direction when the muon
is produced and when it decays (see next slide)

« Need a beam of muons >
— focusing elements: using electrostatic quadrupoles
— betatron oscillations around ideal trajectory

« Additional terms in the muon precession complex

w, = ——[aMB — (aﬂ _)/21_ I)EXE —ay (#) (ﬁﬁ)ﬁ]

Term due to ElectroStatic  Term due to beam vertical
Quadrupoles (ESQ) oscillations: pitch correction

Becomes ~0 at magic y~29.3
or p~3.1 GeV/c
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How do we measure the spin direction?

« Use V-A structure of weak decays to build a polarized beam...

The Pion Rest Frame

— <«—— spin

- : 2 momentum

... and to measure the muon polarization looking for energetic

ositrons
P The Muon Rest Frame

- Vy
e+ momentuim

ﬁ
a

spin
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Measuring the spin precession ,@

« The number of observed positrons above a threshold energy
oscillates with the w27 frequency due to spin precession

e exponential decay
modulated by spin
precession

* note that the x-axis
"wraps up" every 100
usec for a total of
~700 us =2 ~11 muon

—N(1)= Noe""/’[l + A cos(w t+¢)]—

—
]
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Counts per 150 ns
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Extracting a (simplified)

w, =a,(e/m)B 2 a, =w,(m/eB)
by expressing B in terms of the (shielded) proton precession
frequency (B = hw,/2uy):

!/
_ Wg HpMy ge

/
Hp My Ge
— ~7 o

Wy He My 2

— R’
He M 2

U

Ay

What we External (precise) data
measure

Wq

ratio of muon to proton precession in the
~ same magnetic dipole field

W p

R}, =

!

@'y, = (shielded) Proton Larmor angular velocity weighted
for the muon distribution
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Extracting a,(more precise) >

T, Known to 22 ppb from

Measured to 10.5 ppb accurac
Fe (H) PP y muonium hyperfine splitting

at reference temp. T, = 34.7°C m

l’l’;) (T) Metrologia 13, 179 (1977) € Phys. Rev. Lett. 82, 711 (1999)
Fe Bound-state QED (exact) Je Measured to 0.28 ppt
He ( H ) Rev. Mod. Phys. 88 035009 (2016) 2 Phys. Rev. A 83, 052122 (2011)

Wy ’u;?(TT) :ue(H) mu Ye

a p—
v ~/
wp(Tr) pe(H)  pe  m, 2
;. (Ua Total uncertainty of 25 ppb
RI'L - a,
p

<
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The key ingredients >

®,=Muon spin precession respect to

momentum (in B field) VY MAMAAAAAANAA A

N/149.2 ns
3 3
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@y = wy(x,y,¢) - M(x,y, )

®,=proton precession frequency M=muon spatial distribution
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Muon g-2

FIELD

b

3 DETECTORS

and electronics located all around the ring \ f, -




Problems related to Storage Ring in Run1 @

« Two main problems observed in Run-1, fixed in Run-2:
— bad resistors (QUADRUPOLES)
— low current (KICKER)

HV's from measured plates (13.1/18.3kV) 101

05 || ERRUR— = observed
@ 2] S : ; = shape
+ ... " P, P PP PP PP PP RIS b — 30us ~ 6‘
O o ' : : 0 QILT measured >
i S| S W ] o llBmesse =
o]4) : —  QILT nominal c 4 4
T o [ SPTRS S— eereer]- - QILB nominal _8 expected

s 4 [fit'start time ' £

i P e 2 ) Sha pe

© T T T T | T |

0 50 100 150 200 250 300 350 0 , ' ' ' ’ '
Time (HS) 7060 7080 7100 7120 7140 7160
r-coordinate (mm)

Two resistors providing HV to the vertical plates of a Beam radial profile: ring acceptance Ap = £0.5%
QUADRUPOLE had a slow recovery time Asymmetry due to not perfect KICK
The beam slowly moved vertically during fill.

F
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Additional (important) corrections @

« On top of the key ingredients additional corrections due to
beam dynamics and transient fields have to be included

Corrections due to beam dynamics

R/ — ( fclock | wzlneas | (1 Ce Cp le Cpa) )
o \Seaun - wp (6,y,0) - M(x,y,9) - (1 + By + By)

Corrections due to transient magnetic fields

F
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Four articles on arXiv for details

Beam dynamics corrections to the Run-1 measurement of the muon anomalous

T. Albahri,*® A. Anastasi®,'” K. Badgley,” S. BaeSller,*®:* 1. Bailey,'™" V. A. Baranov,'® E. Barlas-Yucel,?®

magnetic moment at Fermilab
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A. Chapelain,® S. Charit
J. D. Crnkovic,*" S. Daba

A. Driutti,?®2? V. N. Dugin

Magnetic Field Measurement and Analysis for the Muon g—2 Experiment at Fermilab

T. Albahri,*® A. Anastasi,'"* K. Badgley,” S. Baeler,*™ " 1. Bailey,'? ¢ V. A. Baranov,'” E. Barlas-Yucel >
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Muon g — 2 experiment
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®, principle of measurement >

u* Center of Mass

wt
=2 @i) et Max E: e* parallel to p spin
=

v
%

vi@i V. Min E: e* antiparallel to p spin

+ €
&<

N(t)= Noe't/’ (1 + A cos(w t+ (p))

e positron emission correlated
with muon spin direction

« correlation depends on positron
energy : the Asymmetry A(E)
can be positive, null or negative

3 ~2 GeV
/ ~1 GeV

~ 0.5 GeV

rate [a.u.]

IIIIIIIIIIIII]

. . 0 11!10'111201111301111401111510111160
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Optimizing the statistical sensitivity @

* T-method = counting positrons

19

N(t)= N t/t(1+A cos(w, t+(p)

vvvvvvvvvvvvvvvvvvvv

N—

A- method

—
(M)
T

above Ey,, vs time

— by decreasing the threshold the

normalize sensitivity
—h

asymmetry decreases but the 0.8f

number of events increases 2 o6 _

max sensitivity for E, ~1.7 GeV 04l ]
A-method = each positron is 0ol -
weighted by the value of its N P A

- A E 0 0.2 0.4 0.6 0.8
asymme ry ( ) y E/EMAX ythreshold
— optimize statistical sensitivity (Emax = 3.1GeV)

In theory the A-method can use all decay positrons, in practice,
due to calorimeter acceptance and to low A(E) value at low
energies, only positrons with E;,,>1.1 GeV (y>0.3) are used

INFN
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Measuring w, : 5 parameters fit function G
» Fit with simple positron oscillation:

N;jeq(t) = N, exp(— t/T u) [1+ Acos(w,t + ¢@)]

« This simple fit is clearly not sufficient and well defined
resonances are observed in the residuals

%2 ndf 8791/ 3814

Prob 0 muon lifetime: yt,, = 64.35 usec
"""""" N 3.511e+06 + 2.039e+02 / Tty H
lo? T 64.33 +0.
A 0.3832 + 0.0000 CBO = Coherent Betatron Ocillations
-50. +1. . . . .

10°} : f‘:_:: 1«1 271800000 VW = Vertical Waist (oscillations)

i _ ™ o)
10°) £ 8 3= 8

; Z o0 {0 w5 - - o
|04 E_ E uooooo-_% Em 1 ’1 +

- = < 3 - Q I Q
10°} g w015 g S i S

8 l.!" - } - @ 2 m“ Y qiu )‘ \ —

- «w 800000 {E y— — E e 1 / \
|02 E 2 7 + M/’\WM WW

g . O 600000 ®) s T e P

- 5-parameter fit = °a 3 e
10} 8 o) 2|2 S

- - w

1E 1 . . 1 l o
0 100 200 300 400 500 600 o o freq [MH2]

time [us
[us] RESIDUALS (in frequency space)
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Beam oscillations

 Beam oscillations are accurately measured by the tracker
and folded into the fit function

Time since injection: 5.0 us

D
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H
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The complete 22 parameters fit function >

wy, wyy vertical oscillations
Wcpo, Wocpo radial oscillations

.-'\'b 6_'-‘#’ (1 + A - Ago(t) COS(wa t+ d> . (f)Bo(t) ) ) . NCBO(t) . va(t) . Ny(t) . NQCBO(t) . J(t)

ABO(t) =1+ A4 COS(wCBO (t) + 04 )e- ~GBO

dpo(t) =1+ Aycos(wepo(t) + ¢y)e” 7TEO

NCBo(t) =1+ ACBoCOS(wCB()(t) -+ @CBO)C— TCBO

Nocro(t) = 1+ Ascrocos(2wcepo(t) + ¢ocro)e FEEo
Nyw(t) =1+ Ayweos(wyw (t)t + dyw)e VW

Ny(t) =1+ Aycos(wy(t)t + ¢y )e ™

Red = free parameters ‘ itti
ree p J(t) = 1-— km:/ A(t)de Lostmuons (u hitting
Blue= fixed parameters L collimators)

wCBo(t) = wot + Ae—ﬁ + Be_%

wy(t) = Fwepo(t)V 2we/Fwepo(t) — 1
wyw (t) = we — 2wy(t)

| | INFN
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Final fit AN

L T [ r T
3 B ! (2] ! T T T T T T T r T T
< 3 £ 10 y2In.d f. = 4167/4132
@ R 2 10° .
§ .0 = 10 PV TSN
2 1of 5 17 KCCIOOCCC0anmnanne
L | po) 4 -
5 1 5 10" U0 OOO e OO AN
4] i . = ‘
— - >
& — E ; 102 | | | | |
o5L . 0 20 40 60 80 100
' "T“’E »f Time after injection modulo 102.5 [us]
- 2
- O B89 e No CBO or y*loss -
- . ¥ — Fullfitfunction -
'L E J )':. i :: N 5 - 7
0.0 I I: | | I | 1 II | I | | | | I | | 1 I I | | I' | I | | | 1 I | | I
0 0.5 1 1.5 2 2.5 3
Frequency [MHZz]

ﬁ
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We also need B to determine a,

Wy = Wy — W, = ¢ Q « Use NMR to find B-field in terms of proton
" e precession frequency o, (comagnetometer)

NMR trolley maps Trolley cross-calibrated

field every 3 days to absolute probes

macor support

PT1000 cor support  aluminum shield

378 fixed probes —
monitor 24/7 A - .

RF coil support RF coil  water sample plastic support

254 mm

Absolute probes all cross-
calibrated at ANL test magnet

| ¢
b= . ',' 2%\
[ | \V &
> _204 ) \
/,“ ) o7 2% A
-304
-40 -30 -20 -10 0 10 20 30 40
horizontal position [mm])

Istitsto Nazionale & Fisica Nucleare
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/ ~ . i |
w, = @, . muon weighted average >

* Need field experienced by muons | Muon’s view of a tracker

'

e Use tracker to recostruct e+ track
and muon vertex in storage ring

 Use beam dynamics models, tuned
to the tracker data, to extrapolate
the distribution all around the ring

e Systematic uncertainties mostly
due to Beam Dynamics models
used for extrapolation, to field
map and to tracker alignment

o
s
Relative muon intensity [arb. u.]

6%~56 ppb

©
v
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Final uncertainties from Run 1

Quantity Correction Terms Uncertainty .
(ppb) (ppb) 462 ppb overall error
wq' (statistical) - 434 +— .y
wy' (systematic) . 56 434 ppb statistical
Ce 489 53 i
Cp 180 13 157 ppb systematic
Conl -11 ) )
Cha -158 75 25 ppb external inputs
featib(wp(z,y, ¢) X M(z,y,9)) - 56
B 27 37 +/ Results for Run 1 are vastly
B -17 92 . -
— dominated by statistical error
pp(34.7%) / pre - 10
;”*/‘ém‘f ) 23 « At 157 ppb systematic error
Tbtal systematic - 157 _
Total fundamental factors - 25 Nearly half Of BNL
Totals 544 462

— Not quite to 100 ppb goal

. | INFN
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Final uncertainties from Run 1

Quantity Correction Terms Uncertainty
(ppb) (ppb)
wq' (statistical) - 434
wg' (systematic) - 56
Ce 489 5
C, 180
Cini -11 5
Cpa -158 75
fcalib(wp(xayv ¢) X ]\/[(.’E,y,¢)> - 56
By =27 37
By -17 92
Hp(34.7°) /e - 10
My /Me - 22
ge /2 — 0
Total systematic - 157
Total fundamental factors = 25
Totals 544 462
-l o e
Ya me | “u y2—1 B

(.)=0fory = Ymagic

27 28/04/21  Marco Incagli - INFN Pisa

Arbitrary Units

Correction terms larger
than total error

Dominated by Electric
Field corrections Cp

Related to non-centered
radial distribution

Fixed in Run-2

1111|111|1111111111
-40 30 -20 10 O 10 20 30 40

Equilibrium Radius [mm]




Final uncertainties from Run 1

Quantity Correction Terms Uncertainty )
(ppb) eeb) ¢ Two largest systematics:

wg' (statistical) - 434

wy' (systematic) — 56 _

- " = phase acceptance

C 180 13 .

o 11 5 — quadrupole field

Cha 158 75

fcalib(wp(a?,y, ¢) X ]\/I(xvya(b)) - 56

By -27 37

B, 17 92

1, (34.7°) /e - 10

My /Me — 22

ge /2 - 0

Total systematic - 157

Total fundamental factors — 25

Totals 544 462

INFN
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Cpa — Phase acceptance error

f(t) ~ Noe=M[1 + A cos(wat + ¢)]
« But if the phase of the muon population changes in time :
cos(wgt + c,b(t)) ~ cos(wyt + 't + ¢py) = cos((wg+d)t + ¢g)
* The extracted w, is shifted by ¢’ !

- ._: The decay positrons we detect carry a
: particular phase

Decay y [mm]

-30

That phase depends on muon decay
position (x,y) and energy E

-40

-50

- Not a big issue if the muon distribution

-60

4020 0 20 40 remains stable in the gap

Decay x [mm]

INFN
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Cpa— Phase acceptance error

« HYV resistors failed - changing E-
field - beam vertical mean and
width changed 1

e Cp, = —158 ppb, 8p, = 75 ppb oif |

|
I Nominal 1-Step
I
Nominal 2-Step
| --------- Beam Injection
| — — - Fit Start Time
| . Damaged 1-Step
| Damaged 2-Step
I
I
I
I

« Faulty resistors fixed before Run-2 2
O 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1
0 50 100 150 200 250 300
Time [us]
T 2: T | T | T ] = 15: T I I L
E - ] E - .
S 1.5 :_ -] 5 14.5 — -]
= e e oo 7] = - .
O r ALK + 4 o - -
S T W+“*+*++++”++++++++ *IMI% Y E
g r 1 3 :
£ 05F ] o 1351 ]
> - . > n .
C . N ‘5 - -
§ of 4 o 13F -
= - . = - .
05 :T _: 125 :_ ..................... COLIR R IR ...,.,.‘...o0.000‘“0,‘90”’;“.mm*m&
—1 :-_ 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I__ 1 2 __ 1 I 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 __
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [us] Time [us]
CINF
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ElectroStatic Quadrupoles transient field B, >

* The ESQ are charged/discharged

 The electric pulse induces

31

every muon fill (700ms)

mechanical vibrations in the plates = |
which generate magnetic R
perturbations

Special NMR probes measured B,

Run-2 by more measurements

at several positions Quad Plates inside Vacuum Chamber
B,~20 ppb, 6Bq~90 ppb 5 F E
= 200}
Uncertainty dominated by limited number% N
of measurements in Run-1, reduced in - i “\/J

'400£ | T~ Muon fills
0 20 40 60 80 100
Time [ms]
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The blinding AN
fclock I wzlneas ) (1 + Ce + Cp + le + Cpa)
o \Seaip - wp (6,y,9) - M(x,y,0) - (1 + By + By)

* Clock frequency f,;,cr uncalibrated by Joe Lykken and
Greg Bock (FNAL Directorate) Feb 22 2018

— stop in each week to check clock and sealing

* Secret envelopes kept until physics analysis complete
and ready to be revealed Feb 25 2021
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a,: Unblinding AN

= A i“-’ Bl Pl | O 23 § W 3 % L m.—'ﬂr

g @ MR ¢ b "*ﬁ“ﬂ‘ ¢ 1A ~;|V/.'F?|ﬂ|"

B STEEPA AP AT PR T AN o FAEE 5 _
w;m ﬁm‘ -rgq ."ﬂg l I. 1'[ n.-r ‘~".‘“ ",‘ ”{., 'r = "'l ,
maﬂ N FH 7 TR P oy ,nrv TR

£ L [T R, TN e pat o fis | Qg 0 LAl ® TS
ENEAFY N A A — EReg- yn-mr anm,m“
"lMﬂ B ""l'“l?\! R - - B
I Nk EANNFYEALN - ¢ 2 lraiha B

On February 25 the collaboration met

for the unblinding:

1) The box (envelope) was opened

2) The number was plugged into two
independent programs

3) And the result was....

Secret offset

| | INFN
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Are we ready to unblind?
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a,: Unblinding and result

BNL g-2 =
FNAL g-2 + L
330
< 420 >
@ @
Standard Model Experiment 420
Average

175 180 185 190 195 200
a,x10° - 1165900
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205 210 215

3.70

<
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The future of E989 Muon g-2 (Fnal) >

* RUN-1is only 6% of the Muon g-2 (FNAL) TORGoal
final dataset 0201 i /! 20
6 e Run-2 [~ /,
e Analysis of RUN-2/3in =& et ,/ RUN5
~ S 151 —— Rundp’] ’ - 15
progress (factor ~2 2| —o s ~
. . . @™ /
in precision) 5 10 / RUN4 10
e RUN-4 (Novembgr ; N /UN3 .
2020-July 2021) is _/‘
_ ___J RuUN2
expected to bring the 0 /UNl — B 0
. N : Yy A 2
statistics to ~10 times W‘Q\ 0«?*" WO Q\@Q\ s ;‘\D\" P@" N

the Run-1 dataset

* RUN-5in 2021-2022 should allow to achieve the project goal
which will allow to reduce by a factor ~4 current total error

INFN
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1.

A new prediction based on lattice >

a recent (published April 7!) result has reduced the
uncertainty of the lattice calculation from 2-3% to 0.8%!

« breakthrough which requires further scrutiny
* uncertainty similar to the result obtained with the dispersion

L] o . - . . . o . . :
re I atlo n (O . 6 /O) ¢ Great progress in lattice QCD results. The BMW collaboration reached 0.8% precision

a o = 7075(23)stat(50)syst x10-11. Some tension with dispersive evaluations. BMWc 2021
M— ——

* the lattice result is 55

. = |attice —E— R-ratio
much more n - ;
agreement Wlth the Gérardin et al.32 |} ﬂ'
experimental result Davies etal.

Giusti et al.3* |

-

|

1]

Blum et al.’® | =

Borsanyi et al.’ | ' =
Davier et al.® |

—E—
Keshavarzi et al.4 } o
-

Colangelo et al.5, |
Hoferichter et al.®

No neprhysics

660 680 700 720 740
aLO-HVP ( x1 010)

37 28/04/21 Marco Incagli - INFN P
Borsanyi et al (BMWc), Nature 2021
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« The theoretical error is dominated by the Hadronic Vacuum

Polarization (HVP) diagram

Contribution ap, X 101! Aa, X 101!
QED 116584718.931 0.104
Electroweak 153.6 1.0
HVP(White Paper) 6845 40
HLbL(White Paper) 92 18
I
SM(White Paper) 116591810 43
Experiment 116592061 41
Experiment—SM(White Paper) 251 59

* Result of the “theory initiative”: ~130 theoriticians, had
several meetings over 4 years, produced in June 2020, a
White Paper which is our benchmark (ArXiv 2006.04822)

38
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The Theory Initiative

« ~130 physicists collaborated for 3 years [June 2017 — June
2020] in seven workshops to produce a reference number for
am to be used by FNAL g-2 experiment as a benchmark

Muon g-2 Theory Initiative defines SM benchmark value that our collaboration will use
for comparison. We don’t “pick and choose” other individual results.

Group photo from the Seattle workshop in September 2019, https://indico.fnal.gov/event/21626/

Contribution Section Equation Value x10'""  References
Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]
HVPLO (e*¢") Sec. 2.3.7 Eq.(2.33) 6931(40) Refs. [2-7]
HVP NLO (¢*e”) Sec.2.3.8 Eq.(2.34) -98.3(7) Ref. [7]
HVP NNLO (e*e”) Sec.2.3.8  Eq.(2.35) 12.4(1)  Ref. [8]
Organizers: HVP LO (lattice, udsc) Sec. 3.5.1 Eq.(3.49) 7116(184) Refs. [9-17]

. HLbL (phenomenology) Sec. 494 Eq.(4.92) 92(19) Refs. [18-30]
Aida E|-Khad ra HLbL NLO (phenomenology) Sec. 4.8 Eq. (4.91) 2(1) Ref. [31]
Marti n fe | hte HLDbL (lattice, uds) Sec. 5.7 Eq. (5.49) 79(35) Ref. [32]
DWH Hoteric r HLbL (phenomenology + lattice) Sec. 8 Eq. (8.10) 90(17)  Refs. [18-30, 32]

QED Sec. 6.5 Eq.(6.30) 116584718.931(104) Refs. [33, 34]

Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0) Refs. [35, 36]

HVP (e*e ", LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40)  Refs. [2-8]

HLbL (phenomenology + lattice + NLO)  Sec. 8 Eq. (8.11) 92(18) Refs. [18-32]
m Total SM Value Sec. 8 Eq. (8.12) 116591810(43)] Refs. [2-8, 18-24, 31-36]

Difference: Aa, := a;,* — a™ Sec. 8 Eq. (8.14) 279(76)
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The result >

HVP QED Weak HLbL
V¥ 4 [adEP 4 a4 affl0L]

 From the White Paper:

Vv
.. . M
For HVP, the current uncertainties in ai
. . HVP from:
lattice calculations are too large to P S L W LN
. BMW20 —O—
perform a similar average and the future |emiens - . ;
. Mainz/CLS19 : \
confrontation of phenomenology and FHM1S |
_ : PACS19 : o 0
lattice QCD crucially depends on the nBGAKacDis
outcome of forthcoming lattice studies. |daaatcs 2 g
A :
For thi dopt [the data- W o “
or this reason, we adopt [the data R
driven evaluations of HVP] as our final |orzre o g
il
estimate WP20 - E
-610 l -510 l -4IO I -.':0 ‘ -2|0 l -l|0 ] (l) " 110 ‘ 2I0 l 3|0
‘SM_ exp) 1010
3. Lattice QCD calculations of HVP "

T. Blum, M. Bruno, M. Ce, C. T. H. Davies, M. Della Morte, A. X. El-Khadra, D. Giusti, Steven Gottlieb, V. Giilpers,
G. Herdoiza, T. Izubuchi, C. Lehner, L. Lellouch, M. K. Marinkovié, A. S. Meyer, K. Miura, A. Portelli, S. Simula,
R. Van de Water, G. von Hippel, H. Wittig

(Section 3 of the White Paper)

INFN
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HLO . H; I 1
a,"-? : dispersion integral

00

1
Agp J 4m

HLO

a,

e —hadr

,O.
JU

_ (s)K(s)ds

« Kernel function: K(s) o« 1/
e Duetothe 1/s term, the low
energies most important

(error)2

value

5 o m
1.4

had,LO VP
0

ay

41 28/04/21

Marco Incagli - INFN Pisa

e'e” -> hadrops

gk MFDAM-

il %j

mean
O KLOE
e BaBar O Crystal Ball
A (CMD2,SND APLUTO
+MEA & BESI|
® yy2

X MD-1
OBES Il v DM2, BABAR * DHHM

A DASPII, CLEO, CUSB,MAC, CELLO,MARK J i
o.........pOCO ]
57.= 47 .37". 0.57.= 0.1% : 5.4% 0.1%
syst. errors
2 4 6 g8 10 12
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Hadronic cross section and a(My) >

« To cope with experimental data (with the BMW21 lattice data)
c(s) has to increase by 5-8% (3-6%)

« An upward shift of o(s) introduces an increase of Aay, (M)

« This increase has the side effect of modifying the outcome of
the global ElectroWeak fit, with consequences on the W and
Higgs masses

Su K

a,HL0 — | a = / ds f(s) o(s), f(s) = 4(§)asu<M§a
4m?2 @
Su M2

Aa, & — | b = d = £

s [, @960, 96 = G Ly

| | INFN
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\
« the "allowed region”,

even with some
tension, is /s < 1 GeV

* the cross section would
have to be increased by
5-6 % (blue line)

My [GeV]

Experimental world average - central value
— .= Global EW fit [Aa®(Mz) + Ab(y/Sg, 6 = 100 MeV)]
- =~ Global EW fit [Aa'®)(Mz) + Ab(y/Sq, 6 =210 MeV)]

40+
----- Global EW fit [Aa®)(Mz) + Ab(y/Sg, 6 = 400 MeV)]
—-= Mg [no sin?6 inputs] 7
Global EW fit [Aa‘®)(Mz) (KNT19)] — €(8a) [%]
20+ . . ——— £ (aBMW — gKNT19) [04]
Experimental world average - uncertainty H H

—— Integrated precision of aj2% V¥ [%]
o(e*e~ - hadrons) [nb]

mm Global EW fit [Aa®)(Mz) + Ab(V/So)] at =10
[ Global EW fit [Aa®®(Mz) + Ab(y/so)] at 95% CL

0.3 0.4 05 06 0.7 0.8 09 1.0 1.1 1.2 1.3 1.4 15 1.6 _
VSo [GeV]

Emin =4.1%

 typical error in the measurement of

31 Emin=2.8%

Percentage [%
F~Y
o(e*e~ - hadrons) [nb]

the nn cross section for /s <1 GeV
is ~0.5 %
43  28/04/21 Marco Incagli - INFN Pisa 06 o8 10 12 14 16 18 20

Upper energy bound [GeV]



a,"APfrom | +e > u+ e scattering

 NEW IDEA:
* measure a,"AP using e ue (t-channel) instead of ee> 7 |

i o
do dop | a(t) : (0)
t=q2<0 = a(t) =
dt dt |a(0) I-Aa,, (1)C Ay, (1)
1 2
a™o = & l1-x)Aa, (x)dx ¢ =2 " O=x<]1);
u T {( had x—1 T T

t=0 t=-c0

| | INFN
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Conclusions: experiment

1. FNAL Muon g-2 :
— a, measured at 0.46 ppm

— data available already to
reduce errore by x2

— collecting data in 2021 and
2022 to reduce error by x4

\$2/

BNL (3.70) + *—
RUN 1(3.30) 4 — o
RUN 1-3 (4.50) ——t
RUN 1-5 (5.00) +o—+

< 420 >

L t ®

Standard Model Experiment Average

175

2. A new type of experiment
projected at J-Parc using low
energy muons (p~300 MeV/c)

— new technique
— timing unclear

45 28/04/21 Marco Incagli - INFN Pisa

18.0 18.5 19.0 195 2.0 25 210
a,x10° - 1165900

215




Conclusions: theory ‘

1. close scrutiny of lattice calculations to establish its solidity

— how to reconcile it with dispersion approach and Standard
Model global EW fit?

2. Use the dispersive approach with t-channel data (electron-
muon scattering), instead of the standard s-channel

— new experiment proposed at CERN: Muone (mu-on-e
scattering)

t Hadrons

Lautrup, Peterman, de Rafael, 1972

Aanad(t) is the hadronic contribution to the running of a in the —
46 spacelike region: a,HLO can be extracted from scattering data! IFN
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