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1) Introduction : what 1s the anomalous magnetic
moment (a,,) of the muon?

2) How 1s 1t determined (so accurately) in experiment?

3) Theory calculations 1n the Standard Model: QED/EW
calculations

4) Pinning down QCD effects, using experimental data
and using Lattice QCD calculations.

5) Conclusions and prospects



e, L, T have electric charge and spin

/ Interaction with an external em field
has a magnetic component:
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qg— 0
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Electric field interaction (charge consvn): F3(0) =1
Magnetic field intn, equiv. to scattering from potential :
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Anomalous magnetic moment

ae,,uﬂ- - - FQ(O)

b

L L ¥ LO contribn is lepton mass independent
Schwinger 1948

Wy & 0.00116. ..
27

many higher order pieces .....

New physics could appear in loops
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5anew physics ~ m@
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flavour,CP-conserving Motivates study of {f) _r?ther thalioe— N

chirality flipping



CURRENT STATUS

aS*P = 11659209.1(6.3) x 10~
a," = 11659182.2(4.3) x 101

tantalising discrepancy! details to follow ...
a®*Pt = 11596521.807(3) x 1010
a>M = 11596521.816(8) x 1010

higher accuracy small-scale experiments possible
(Penning trap) but discrepancies will be tiny ...

T  very hard since decays 1n 0.3picoseconds ....
dar =5 x 1072 (LEP) ete™ —ete rtr™



Accurate experimental results + theory calculations needed
spin 0
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need uniform dlI’GCtly g1ves a [ ,
stable B, measure - : possible

T electric field term vanishes  EpM
to sub-ppm with y : fum’ - .
NMR_ probes at ‘magic momentum x 3 x B

p = 3.094GeV /c

calibrated using g

measure spin direction from e
produced 1n weak decay

',/\ ,u+%e++ue+ﬁu
o @  direction of highest energy e

- {1 correlated with (1 spin so [V,
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Status of experiment emesl Muon g-2 E989

2013: E821 ring moved
to Fermilab

woiran B0 E821 - 0.7ppm

CERN Il jEZ4

d=\IN 1968

1975
o
(&

0,, (x 10717)

UK groups:
Cockcroft,
Lancaster,
Liverpool,
UCL

Aim: Much higher statistics with cleaner injection to ring, more
uniform B field + temp. control : 0.15ppm 1.e da, =2 X 10~ 19

becomes |
E989



Muon g-2 now running at Fermilab, optimising beam
Aim: run summer 2018 for 1-3 x E&21, first results 2019
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Commissioning Run, June 2017
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commissioning run:
0.001% of final stats

N, (t) = Nge /7t x
11+ Acos(wgt + @)]

J-PARC future plan:
slow p in Im ring - no
need for ‘magic
momentum’



Accurate experimental results + theory calculations needed

QED corrections dominate - calculate in Perturbation theory
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higher orders depe

nd on ratios
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=) +24.05050996(32) (=)
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QED _ % | (1765857 425(17 (
U 27’('—'_ ' (17) T

a4 o\ D
+130.8796(63) (=) +7533(1.0) (£) +---
T s
Hoecker
+Marciano
RPP 2017

a;?*P = 0.00116 +0.00000413 ... + 0.000000301
+0.00000000381 + 0.0000000000509 + ...

using Rb o
=11,658,471.895(8) x 1019 5

AN

uncertainty from error in o
but missing a® (light-by-
light) also this size



Gnendiger
et al,
1306.5546

Electroweak contributions from Z, W, H

S AN WAk

S

aW is small - suppressed by powers of mu

: m,2 H piece tiny
Grm? [5 1 1 W _ at 1-loop;

aEW(l) — M . _I_ _(1 . 48‘2/[/)2 / 2-100ps

g h \/587‘-2 _3 3 _ / ;Lv

—=19.480(1) x 10~
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a,"V?) = —4.12(10) x 1071
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a," =15.36(10) x 1077 *
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QCD contributions to a,, start at o , nonpert. in QCD

Blum et al
q ,y g 1301.2607
S i 2 S Rt I 2
/ SO
Higher order Hadronic
L O Hadronic vacuum vacuum polarisation

polarisation (HVP) Hadronic light- (HOHVP)
dominates uncertainty

0 OM result by-light, not well

known but small

Since QED, EW known accurately, subtract from expt and
compare QCD calculations to remainder

a8 = 11659209.1(6.3) x 10~ 1°
a@FP = 11658471.895(8) x 10710 a;" = 15.36(10) x 107



Hadronic (and other) contributions = EXPT - QED - EW

aszl — af‘?ED — aEW = 721.9(6.3) x 10"

UJEVP —I—CLEOHVP +aHLBL +anewphyszcs

/

Focus on lowest order hadronic vacuum polarisation (HVP),
so take:

aHLbL _ 105(26) < 10—10 /WIH return to this

L
NLO+NNLO
a[OMVP = —8.85(9) x 10710+ curz et al,
1403.6400
aEVP,nonewphyszcs _ 7202(68) > 10—10

EW

Note: much larger than a p



How to calculate aEVP_ Two approaches:

1) O'(€+6_ — hadrons) + dispersion relations.

2) lattice QCD

Analyticity+optical theorem
2
= s

1) o(eTe” — hadrons)

1 0O o . VDN
= dsoqa(s) K (s)

a — T a9 a
H 47‘(’3 m2 e
0. / \
n Te~ = ~* = had
thI’CShOld € c v aarons

K(s) kernel emphasises low s - integral
dominated by p, 7t . Use pert. QCD

o

at high s. Ryt = —
oV 1is ‘bare’, with running o effects removed . Opt
Final state em radiation IS included - y inside hadron bubble



Need to combine multiple sets of experimental data from
many hadronic channels (+ inclusive) inc. correlations

New data sets from KLOE BESIII, SND(Novosibirsk) ..

a
=) o TOF o KLOE12 :
_ + OLYA * BES KNT17
-_,(_.—) = CMD * SND E e *7” Fit (preliminary) ——e—
3 -CMD206 * DM1 .
g o CMD2 03 v DM2 _ | » | Direct Scan Only ——*—
A » KLOEOS ° BABAR 3
5 » KLOE10 Combined MLOR @8 e
— — e KLOE (10) =
A ll : - KLOE (12) =
I »;T f.; "i”i*i' — — s BaBar (09) +——&—
i .l’ - BESIII (15) —&—
-,
10-1E_ee%nn 'i* +-{:}‘
ol - “LW '{” ~§ ...............................
0.4 0-6/6'8 11 2 1 4 16 1 8 2 2, 2 2. 4 360 365 370 375 380 385 390 395
) \s [GeV] ™ (0.6 = Vs = 0.9 GeV)
pavier et al 0625 < 0.0GeV
1706.09436 New results
value (error)?
Keshavarzi, Nomura, Teubner +/s -,

Liverpool-Kyoto 17 : .
70% redn 1n uncty since 2011.
New data, more channels, correlations




KNT17 @, =692.2(2.5) x 10717 agree well -
Davieret L HVP __ 1n—10 0.4% uncty
al, 2017 Dy o 693'1(3°4) < 10 3.50 from no

Jegerlehner ¢ V" = 688.8(3.4) x 107" new physics.
1705.00263

2) Lattice QCD Blum, hep-lat/0212018
.oa [T .
VP =2 [ e () e
0 T

. . . q
‘connected’ contribution for flavouri —=

Integrate over Euclidean g2 — f(q?) diverges at small g* with
scale set by m, so q2 ~ () dominates

Renormalised vacuum polarisation function I I
I1(¢*) = II(¢®) — I1(0) vanishes at g>=0 y

This 1s (fourier transform of) vector meson correlators




Lattice QCD - perform QCD Feynman PI by

averaging correlators on lattice gluon fields that
include the effect of sea quarks. NOW: realistic
sea quarks, multiple values of lattice spacing

A

Test cc 0(e+e_-—%hadronszng? v
correlator i —T=
. 1.4 -r—"" 1 4t Bz Xzz.
time-moments N 4 “eeties
- . Supt
VS. CXpt TA 12 1? :1%5],3(02006)—
> e @e--- 0.(5) s
'agreeto 15% @10. e ’ n=3_8 2 3 4 5 6 7 8 910
~ \/S_'(GeV)
Lattice QCD: < * - DIRAC
= soeme o n==6
HVP,c __ : 061 I
(ZN' — 2
10 ’55/ 0.4 -
14.4(4) x 10 e -
0.2} t n=4
a,HVP’b — N _—— 7 7]
L 00 = 7 ]
—10 0.0 0.1 0.2 0.3 0.4 0.5
0.27(4) >< 10 (amc)z

HPQCD,1208.2855,1403.1778



‘connected’ s quark contribution to a,,

HISQ quarks on configs 22V

with u, d, s and ¢ sea.
Local Jy - nonpert. Zy.
mul@ple a (fixed b1y wo), ey
my (inc. phys.),~velumes. <
Tune s from 7,

aHVP,S _ 534(4) < 10—10 52.5

H4.5

% 54.0
X

53.0

Chakraborty et al,
HPQCD 1403.1778

‘-‘l!illill'll

I I I

L\

0.005

0.010 0.015 0.020 0.025

a? (fm?)

HPQCD 1403.1778
ETMC 1411.0705
BMW 1711.04980

RBC/UKQCD 1606.01767

L4
allowing for missing QED
@
Uncertainty in lattice spacing (wo, r1): 0.4% . 2
Uncertainty in Zy: 0.4%
Monte Carlo statistics: 0.1% =
a® — 0 extrapolation: 0.1% @
QED corrections: 0.1% wds.c sea
Quark mass tuning: 0.4% oo
Finite lattice volume: < 0.1%
Padé approximants: < 0.1%
Total:  0.7% s sea

50 51 52 53 54 55 56 57 58

ay " x 1010

R +.— <~ 55 x 10710



UP/DOWN contribution, largest and most difficult

- signal/noise worse and results 107"+
sensitive to u/d mass m, = mg =m; 1
HPQCD (1601.03071): 64,000 S ]

correlators per point, use fit to data at

1077 4

N_—— ]
= ~ / / |

large t. Correct for lattice effect 10-5 - G
on 7T+7T_| /finite vol using chiral p.th. L . .
10 20 30
l t/a
corrected
3 600 - g-.i ======= SRR Rescale Hj by
— f latt expt\27
X 550 - — (mp /mp )
P s very little dependence
. physical T on my, a2, volume -
3 RSN TN .
1501 M, / d e simple to fit.
. Errors from missing

0.00 0.05 0.10 0.15 QED, m'u, % md

omy /ms


http://p.th

2

BMW(1711.04980): ~Imillion  es0 —

N;

Ni= 2+1+1

correlators per point, constrain e mi phy S
+ T - n.x
a T from data. Large a/ L2 550
dependence (handled by e
extrapolation). o
©  10.0 [l
aog . 10" ‘;g 75
| | A | ::I | IMainz17 _I(Fi >0
(TMR+FV) 25 : : :
0.000 0.005 0.010 0.015 0.020
V20 - HPQCD 16 a’[fm’]
tension e BMWI7 Also calculate small -ve
550 575 600 625 650 675 ‘disconnected contribn’
\ 4GP 101
‘disc’hasu,d,son - — ———
each side, suppressed L - . — RBOIUKQCD 15
by q masses since *
& *—— BMW17
f p 7 Yy Qf = 1

w,d,s 14 12 10 8 6 -4



Total LO HVP contribution - compare lattice QCD and e"¢

equivalent to testing aZth vs gSM  Most results show

— T " H ~3c discrepancy.
720(7) E____.___E apLHVP, no new physics
.................. s ————— s ——
Lattice QCD 711(19) & i BMW Lattice QCD
: " | 1711.04980 .
667(13) P ' future: better ntn
, ; HPQCD
. P 1601.03071  add QED
B . . E E ETMC 2
674(28) 1308.4327  TIlq, ?é M
"""""""""" """""""""" a small effect
: : KNT17 v
692(3) Fermilab 2017  RBC/UKQCD
a : : Davier et al 1706.05293,
: : 1706.09436 HPQCD/FNAL/MILC
—de Jegerlehner 1710.11212
R .. _ : : 1705.00263
eI eI ] ] ] ] ] E ] E ]

640 650 660 670 680 690 700 710 720 730 740

auHVP X 1010



Elephant 1n the room? hadronic light-by-light contribution

Not simply related to experiment, values obtained use
large N, chiral pert. th. etc.

‘Glasgow Consensus’ 2009: abeL =10.5(2.6) x 10~ *

§ : dominated by n” exchange :
there also OPE constraints

. ol 0, 77/
ff § % N fj ; 10% possible? with improved
: — s 5 dispersive approaches (with

7! imp. expt for e.g. T — y*y*
S F (g ) - Nyffeler, 1602.03398
) s Colangelo et al, 1702.07347
— 0.2
5 ol f {  Lattice QCD calcs of JF 0=~
- = - =| can test these approaches
. j = i{f Mainz ,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

6 [rad 1607.08174,1712.00421



LOL i1 1attice QCD

RBC 1610.04603

Direct computation of af

~

Note: gluons

Y NOT shown
‘connected’ leading ‘disconnected’

Calculate 4 quark propagators and combine with factors
from muon and photon propagators, sum over points.
Massless photon means that finite volume 1s an 1ssue.

First result: abeL — 5,4(1.4) x 10710 — Stat.

] lattice spacing | L eITors
physical connected: 11.6 ; disc. : -6.3 only

improving finite-volume systematics:
Mainz, 1711.02466; RBC 1705.01067



Beyond the Standard Model explanations for the

discrepancy in @y ?

SUSY still a viable explanation
- more constrained now by LHC

searches since need relatively light
smuon and more fine-tuning.

Missing Mass/Momentum Searches, Invisibly Decaying A’

1074+ PADME DarkLight p ,
@LNF @JLab - /
¢ ! BaBar
-5 _ I R g ;
10 (g 2)[1 > So ‘l‘ — I
-6 4 ,/l
10 ’,,/ = ,II
107 LT N
pP—3 ”’/’ \\\\\\\\\\\
107 = o MMAPS Belle II
.- @Cornell @SuperKEKB
62 10—9 ’’’’’’’
_________ NAG64
-10 @CERN
10 10'EOT
10—11
10~12 B \
-13 ’
10 = LDMX
_______ @SLAC
10714 10°°EOT
1 10 102 103
my [MeV

e.g. Belyaev et al,
MSSM with Pati-Salam at GUT
scale 1605.02072

simple ‘dark photon’
. mixing with ordinary

photon now disfavoured
dark-sectors WG - 1608.08632



Conclusion

. a,>?! =11659209.1(6.3) x 107"
W = 11659182.2(4.3) x 10710

disagreement ai"pt — aiM = 27(8) x 1071°

* SM uncertainty dominated by HVP.

Methods using /7_+ .- have improved to 0.4%; lattice
QCD results now at 2-3% - aim 1s <1% with QED and
1sospin-breaking included.

 HLbL determination will also improve - first direct
lattice QCD results now available. It seems clearly small.

* Muon g-2 @FNAL will report its first new exptl result
in 2019 - final aim 1s to reduce uncty by factor of 4.
If central value remains, this will be 5¢r evidence for BSM



