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Magnetic moment of particles and nuclei

Particle with charge e and mass m:

el o

—g—S, S=-—

=5 2m 2

Pauli equation:
ihﬁw(x, ) =< L lo- (p - eA)]2 + e(D} Y(x,t)
ot 2m
= 0 (1 7

5 — ) (p— oA _ et

lhatgb(x, 1) = <\2m (p—eA) +ed . o B} W(x,t)

* Non-relativistic limit of Dirac equation: g =2

* Experimental measurement: g. = 2.0023193 ...
g, = 2.0023318...
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Anomalous magnetic moment

* Dirac value of g = 2 modified by quantum corrections

g=2(1+a) = a=3i(g-2)
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Anomalous magnetic moment

* Dirac value of g = 2 modified by quantum corrections

g=2(1+a) = a=3i(g-2)

a,’ = 0.001159652181643(764)
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Anomalous magnetic moment

* Dirac value of g = 2 modified by quantum corrections

g=2(1+a) = a=3i(g-2)

a,’ =0.001159 652181 643(764)

* First-order QED correction:

a® =L ~000116140...
27T

[J. Schwinger, Phys Rev 73 (1948) 416]
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Anomalous magnetic moment

* Dirac value of g = 2 modified by quantum corrections

g=2(1+a) = a=131(g-2)

a,’ = 0.001159652181643(764)

* First-order QED correction:

a® =L 2000116140...
27T

[J. Schwinger, Phys Rev 73 (1948) 416]
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Anomalous magnetic moment

* Dirac value of g = 2 modified by quantum corrections

g=2(1+a) = a=131(g-2)

a,’ = 0.001159652181643(764)

a,’ =0.0011659209(6)

* First-order QED correction:

a® =L 2000116140...
27T

[J. Schwinger, Phys Rev 73 (1948) 416]
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Higher-order corrections

% QED corrections:

NNV N
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Higher-order corrections

% QED corrections:

NNV N

* Weak corrections:

Lo b 2
|44 |44
LV N 7 "
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Higher-order corrections

% QED corrections:

NNV N

* Weak corrections:

N a) b) c)
|44 W
Y v, X 7 g

* Strong corrections:

u 7 1 1
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Higher-order corrections

% QED corrections:

A A AN

* Weak corrections:

V;i 99.994.9% of a, are due to QED!

A vy Z H

* Strong corrections:

u 7 1 1
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Why do we care?

* Standard Model estimate of a, deviates from experiment:

;" = 116592089 (54)su (33)syst - 107" E821 @ BNL

a™ =116591776 (44) - 107" Jegerlehner 2017
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Why do we care?

* Standard Model estimate of a, deviates from experiment:

e ;" = 116592089 (54)su (33)syst - 107" E821 @ BNL
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Why do we care?

* Standard Model estimate of a, deviates from experiment:

e ;" = 116592089 (54)su (33)syst - 107" E821 @ BNL
410

a™ =116591776 (44) - 107" Jegerlehner 2017

* Deviation may be signal for new physics

_ _QED weak strong NP?
a, = aﬂ + d,u + a, + a,u
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Why do we care?

* Standard Model estimate of a, deviates from experiment:

ll ;" = 116592089 (54)su (33)syst - 107" E821 @ BNL
410

a™ =116591776 (44) - 107" Jegerlehner 2017

* Deviation may be signal for new physics

~
_ _QED weak strong NP?
a,=a; " +a,  +a, “+a,
* New physics effects enhanced by
5615 oC le/lw2
ere
H H

= Muon is more sensitive by a factor
(m,/m,)* ~ 4.3 -10°
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Outline

Experimental determination of a,

7 —*
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Outline

Experimental determination of a,
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QED contribution to a,

;*
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Outline

Experimental determination of a,

QED contribution to a,

———

Hadronic contributions to ay
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Outline

Experimental determination of a,

QED contribution to a,

———

Hadronic contributions to ay

Hadronic contributions to a, from lattice QCD
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Measuring a, at storage rings

* Particle with charge e moving in a magnetic field:
e Momentum turns with cyclotron frequency wc

e Spin turns with ws

eB eB eB

we = , ws=—-g——(1-vy)—
C oy S 85 ( Y)my y

= Spin turns relative to the momentum
with frequency wq

e
_ _ 1
Wg = wWs —wWe =—5(8—2) T
~— Spin
a —

momentum

actual precession x 2

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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Measuring a, at storage rings

* Storage rings require vertical focussing — apply electric quadrupole field
e{ ( | )ﬁxE}
w, = ——yauB —\a, — =
m v-—1 C

* Tune y such that term « (f x E) vanishes

[Bargmann, Michel & Telegdi 1959]

momentum

actual precession x 2

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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Measuring a, at storage rings

* Storage rings require vertical focussing — apply electric quadrupole field
e{ ( | )ﬁxE}
w, = ——yauB —\a, — =
m v-—1 C

* Tune y such that term « (f x E) vanishes

[Bargmann, Michel & Telegdi 1959]

“magic” y:

Ymagic = 29.3 S Pmagic = 3.09GeV/c

momentum

actual precession x 2

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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Measuring a, at storage rings

* Storage rings require vertical focussing — apply electric quadrupole field

* Tune y such that term « (f x E) vanishes

“magic” y:

Ymagic = 29.3 S Pmagic = 3.09GeV/c

momentum

actual precession x 2

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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Measuring a, at storage rings

* Storage rings require vertical focussing — apply electric quadrupole field

* Tune y such that term « (f x E) vanishes

“magic” y:

Ymagic = 29.3 S Pmagic = 3.09GeV/c

* Measure two quantities: w,, B —

momentum

actual precession x 2

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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BNL experiment E821

Protons Pions Polarized Muons
from AGS p=3.1 GeV Inflector /—Injection Point
. ] + + # I ———
Birth: 77 - u +v .
H T
arget
Injection Orbit
Storage Ring Orbit
+ + y Kicker -
Death: — e +V,+V | ;
eat M H € In Pion Rest Frame Modules ;
. Storage Q N
= <~ spin . .
momentum Ring
vy it

“Forward” Decay Muons
are highly polarized

[Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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BNL experiment E821

Protons Pions Polarized Muons
from AGS p=3.1 GeV Inflector /—Injection Point
. ] + + # I ———
Birth: 77 - u +v .
H T
arget
Injection Orbit
Storage Ring Orbit
+ + y Kicker -
Death: — e +V,+V | ;
eat H H € In Pion Rest Frame Modules ;
. Storage Q N
= <~ spin . .
momentum Ring L
v, it

“Forward” Decay Muons
are highly polarized

e Highest energy positrons emitted
along muon spin axis

e Select positron above threshold
energy

Wave Form
Digitizer 50F Hm n
|-| |-|I'|

0 10 20 30 40 50 60 70 80

Time (ns) [Jegerlehner & Nyffeler, Phys Rep 477 (2009) 1]
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BNL experiment E821

* Count rate and wiggle plot:

N(f) = Ny(E) exp (—L){l + A(E) sin (w,t + (p(E))}
YTu

72) —
e — A
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o
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= auu

N
o

Time modulo 100 s [B. Lee Roberts]
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BNL experiment E821

* Count rate and wiggle plot:

N(f) = Ny(E) exp (—L){l + A(E) sin (w,t + (p(E))}

YTu

72] =
- I
2 o A
~ 10
g YTu
o [
g 5
310 |
O

4

10

I I I
40 60 80 10C

= auu

N
o

Time modulo 100 s [B. Lee Roberts]
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BNL experiment E821

* Count rate and wiggle plot:

N(f) = Ny(E) exp (—#){1 + A(E) sin (w,t + (p(E))}
u

-]

ts per 150 ns
=

Il‘l

a,’ = 116592089 (545t (33)syst - 107"

37

10 £ [Bennet et al., Phys Rev D73 (2006) 072003] | ,V

: | I | | | I 1 | | I 1 1 1 I | | 1
0 20 40 60 80 10C
Time modulo 100 s [B. Lee Roberts]
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From BNL E821 to Fermilab E989

a,’ = 116592089 (54)star (33)syse - 107"

* Total precision of 0.54 ppm, dominated by statistics
* Use hotter beam of Fermilab proton booster: 8 GeV/c

* Suppress pion background — longer pion decay channel

BNL: 80m —> Fermilab: 2 km

* Aim for 100 ppb statistical and 100 ppb systematic error

—> 0.14 ppm total error

* Transport BNL storage ring to Fermilab

Hartmut Wittig g-2 as a probe for new physics 11



. v wvgon oy

AN R ge TR W S T A
N

. ¥ A e ""d:.\ “

:

Yy I Tk A A -,‘

WA L IR e 5T et & P
y oy u--‘UoJ".‘, b e SN TR

v
- 't-:, Loy
. » N
4 *, YN N
o v E
. s A >
N ”~d
PP OW, N
v e o




1 LB e
L = Preasi Wy

1770 . .

IZHEe M=y

[ P S GO O T M )
[ [N R G W WE R g

{ ]\’}-u I e ' EngngE e
W

A Tl (G T IREReMER Y ey

. -
O S b e
Sl b L ST et e

Ll g ot »
Henge

13



Re-assembly of the storage ring
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[OB. Lee Roberts]
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QED contribution to ay

* QED contribution has been worked out in perturbation theory to
S5thorderin

* Ordera (1-loop)

~
~

* Order a? (2-loop)

NN
A
A A
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QED contribution to ay,

116 591 776.000 100% #diagrams
116 584 718.951 99,9939%

116 140 973.318 99,6133% 1
413 217.629  0,3544% 9
30 141.902  0,0259% 72
"""""""""""""""""""""""""""" 381.008  0,0003% 891
""""""""""""""""""""""""""""""""" 5.0904  4-10-6 % 12672
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QED contribution to ay,

116 591 776.000 100% #diagrams
116 584 718.951 99,9939%

116 140 973.318 99,6133% 1
413 217.629  0,3544% 9
30 141.902  0,0259% 72
"""""""""""""""""""""""""""" 381.008  0,0003% 891
""""""""""""""""""""""""""""""""" 5.0904  4-10-6 % 12672
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Complete Tenth-Order QED Contribution to the Muon g — 2
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QED contribution to ay

g 70 P 8

I(a) I(b) I(c) I(d) I(e)
II(a) II(b) II(C) II(d) II(e)
TR /720y /BN ST N
11(f) IT1(a) I11(b) II1(c) 1\
\4 Vi(a) VI(b) VI~ VI{@J~e VI(@

VI Vi@ VI(h) VIG) VIG) VIK)
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QED contribution to ay

Physics Letters B 772 (2017) 232-238

High-precision calculation of the 4-loop contribution to the electron
g-2 1n QED

Stefano Laporta

Dipartimento di Fisica, Universita di Bologna, Istituto Nazionale Fisica Nucleare, Sezione di Bologna, Via Irnerio 46, [-40126 Bologna, Italy

ABSTRACT

I have evaluated up to 1100 digits of precision the contribution of the 891 4-loop Feynman diagrams
contributing to the electron g-2 in QED. The total mass-independent 4-loop contribution is

4
ae = —1.912245764926445574152647167439830054060873390658725345.. (%) :
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QED contribution to ay

Physics Letters B 772 (2017) 232-238

High-precision calculation of the 4-loop contribution to the electron
g-2 1n QED

Stefano Laporta

Dipartimento di Fisica, Universita di Bologna, Istituto Nazionale Fisica Nucleare, Sezione di Bologna, Via Irnerio 46, [-40126 Bologna, Italy

ABSTRACT

I have evaluated up to 1100 digits of precision the contribution of the 891 4-loop Feynman diagrams
contributing to the electron g-2 in QED. The total mass-independent 4-loop contribution is

4
ae = —1.912245764926445574152647167439830054060873390658725345.. (g) :

T
[Marquard,Smirnov,Smirnov, [Laporta’17] [Aoyama,Hayakawa,
Steinhauser,Wellmann] [Kinoshita,Nio’12]
—2.161 £ 0.065 —2.1755 4+ 0.0020
—2.176866027739540077443259355895893938670
0.077 4 0.031 0.05596 + 0.0001

0.05611089989782836483146927/441890884223
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Theory confronts experiment

Contribution Value Error Reference

QED incl. 4-loops+5-loops 11658471.8851 0.036 Remiddi, Kinoshita et al.
Leading hadronic vac. pol. 688 .77 3.38 data-driven e"e” + 1
Subleading hadronic vac. pol. -9.927 0.072 2016 update
NNLO hadronic vac. pol. 1.224 0.010 [31]

Hadronic light-by-light 10 .34 2 .88 [46, 69]

Weak incl. 2-loops 15.36 0.11 [11, 70]

Theory 11659177 .6 4.4 —
Experiment 11659209 .1 6.3 [2] updated

Exp.- The. 4.1 standard deviations 31.3 7.7 —

[Jegerlehner, arXiv:1705.00263]
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Theory confronts experiment

FNAL BNL CERN III CERN II CERN I [Jegerlehner, arXiv:1705.00263]
2017 2004 1976 1968 1961

LO
4th
QED 6th

8th

10th

hadronic VP LO
NLO

NNLO

hadronic LbL ‘edictipns
1certainty

weak LO
HO

New Physics ?

SM prediction

1073 101 10! 103 10° 107 109
a, in units 1074

* Experimental sensitivity of E989 exceeds total theory uncertainty by far!
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Hadronic contributions to ay

Hadronic vacuum polarisation: Hadronic light-by-light scattering:
Y Y
RN
M M M M
Dispersion theory: Model estimates:
a,® = (6888 +34) - 107"! a,” = (105+26)- 107"
(combined ete-and T data) “Glasgow consensus”
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Hadronic vacuum polarisation

* Hadronic electromagnetic current:

JH(x) =

Wi

uy'u — %c?y”d — %Ey“s -+ %Ey“c o

4 a(s)

(35)

i )2 f“’ - Ruua(s) R(s)

oy 2 3 . Riaa(s) = o(e"e” — hadrons) /
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Hadronic vacuum polarisation

* Hadronic electromagnetic current: /g\

JH(x) = suy"u —

Wi

(@"q" — ¢*g")T(q*) = ie” f d*xe'?* (0T J*(x)J”(0)| 0)

2 M Rua(s)K 4
AP (%) f ds D KES) - p O etem — hadrons) | ES)
) g Gs)
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Hadronic vacuum polarisation

* Hadronic electromagnetic current: }\
7 2

JH(x) = suyr'u — zdy"d — %SYF‘S + 557“0 + ... /4@%\

(@"q" — ¢*g")T(q*) = ie” f d*xe'?* (0T J*(x)J”(0)| 0)

Wi

* Optical theorem:

@ - [Em @ m @ =Y [w]-G
-

2 [  Rpa(s)K . 4
4’ = (52 ) fm ds hd(g ) Rua(s) = e — hadrons) / gz()s)

2

2
o« o(eTe” — hadrons)
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HVP contribution from dispersion relations

* Knowledge of Rhad(s) required down to pion threshold

g = (2] [ [0 BEORO | RO RO
H 37T m2 52 E2 52

) cut

= Use experimental data for cross section ratio Rhad(s)

s e I o o ,
: N S Initial state radiation (ISR) vs. beam energy tuning:
~v hard
>\NV<X . Do m hadrons
S—M2, s'=s( E. | Eveam
[BESIII Collaboration, 2016] [Jegerlehner, arXiv:1705.00263]
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HVP contribution from dispersion relations

* Knowledge of Rnhad(s) required down to pion threshold

g = (2] [ [0 BEORO | RO RO
H 37T m2 52 E2 52

) cut

= Use experimental data for cross section ratio Rhad(s)

LIS N B S s B B B s e LA B T 6 PN SR SN NN SN SUN SN SN T SN SN SN SO NN ST ST SO S NN S N N T [T WY TN SN W e b b
45— — u \ ‘
: — BESHIfit - 1i: ¢ e'e” -> hadrons s Y
-+ BESIN - 51 % ;; —z— pQCh | i
441 ) —— average

[BESIII Collaboration, 2016] [Jegerlehner, arXiv:1705.00263]
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HVP contribution from dispersion relations

* Knowledge of Rnhad(s) required down to pion threshold

g = (2] [ [0 BEORO | RO RO
H 37T m2 52 E2 52

) cut

= Use experimental data for hadronic cross section Rphad(s)

0.0 GeV, oo
3.1 GeV

2.0 GeV

1.0 GeV

contribution error?

* Low-energy region dominates
[Jegerlehner, arXiv:1705.00263]
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HVP contribution from dispersion relations

—————————— incl. ISR —————————- . .

DHMZ10 (") . 3.6 0] * Stable deviation of 3-4 standard

DITMIZL0 (cTem+T) e [24 0] deviations between SM and

JS11 (ete +7) —e— [3.4 o] .
179.7+6.0 experiment

H11é12\/181\ir41; (eTe) I—e—I| [3.3 0]

DHMZ10/JS11 (¢"e~+7) ot 3.6 o] * QOverall precision of HVP
181.14+4.6

S e estimate: ~ 0.5%

BDDJ15* (ete +7) I—e— [4.2 o]

DIMZL (et ) o 56 o] * Theory estimate subject to
181.74+4.2 . . .

FJ16 (" 47 . [4.1 o] experimental uncertainties
h“])_lr;lég_o;s:;_ 5((;+ee}§d' BT [3.5 o] hvp .
BDDJ12* (ete +7) —e—l [4.1 o] Cl,u — (6880.7 + 41.4) * 10

17544+ 5.3
—————————— experiment ---------- * HLS global fit
BNL-E821 (world average) e .
ooises ] TrESvetst (combined e* e~ data)
| | | | 150 | 200 250

a,x10'°-11659000

[Jegerlehner, arXiv:1705.00263]
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Hadronic Light-by-Light scattering

* No simple dispersive framework v

* |dentify dominant sub-processes, e.g.

v

™ nn, ... H H

A BN
p 17

* |ndividual contributions estimated using model calculations
* Dispersive formalism set up for various subprocesses [Colangelo et al., 2014 ff]

* Lattice QCD calculations
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Hadronic Light-by-Light scattering

* Dominant hadronic contributions to a, [Nyffeler, arXiv:1710.09742]
Q
T, Exchanges of :
.+ ’ + ...+ other resonances -+ +...
(a1, fo,--.) b
Contribution: pion-loop pseudoscalar quark-loop
(dressed) exchanges (dressed)
Chiral counting: p? p° p P’
N, counting: 1 N, N. N,
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Hadronic Light-by-Light scattering

: : . hibl ..
* Dominant hadronic contributions to a, [Nyffeler, arXiv:1710.09742]
Q
7, Exchanges of
.+ ’ + ...+ other resonances -+ +...
(a1, fo,--) b
Contribution: pion-loop pseudoscalar quark-loop
(dressed) exchanges (dressed)
Chiral counting: p? pe e %
N, counting: 1 N, N. N,
Contribution BPP HKS, HK KN MV BP, MdRR PdRV N, JN
7r0, n, 77’ 85413 82.71+6.4 83+12 114410 — 114413 99 + 16
axial vectors 2.54+1.0 1.74+1.7 — 22+5 — 15 + 10 22 + 5
scalars —6.8+2.0 — — — — — 747 —7+2
7, K loops —19+13 —4.548.1 — — — —19+19 —19+13
7t ,K loops . . . . . .
+subl. N 010
quark loops 2143 9.7411.1 — — — 2.3 (c-quark) 21+3
Total 83432 89.61+15.4 80440 136425 110140 105 + 26 116 + 39

BPP = Bijnens, Pallante, Prades '95, '96, '02; HKS = Hayakawa, Kinoshita, Sanda '95, '96; HK = Hayakawa, Kinoshita '98, '02; KN =
Knecht, AN '02; MV = Melnikov, Vainshtein '04; BP = Bijnens, Prades '07; MdRR = Miller, de Rafael, Roberts '07; PdRV = Prades, de
Rafael, Vainshtein '09; N = AN '09, JN = Jegerlehner, AN '09
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Hadronic Light-by-Light scattering

* Dominant hadronic contributions to a, [Nyffeler, arXiv:1710.09742]
Q
7, Exchanges of
.+ ’ + ...+ other resonances —+ +...
(a17f07"') \
Contribution: pion-loop pseudoscalar quark-loop
(dressed) exchanges (dressed)
Chiral counting: p? pe ¢ )
. “ ”
N counting: ! N Glasgow consensus
Contribution BPP HKS, HK KN MV BP, MdRR PdRV N, JN
7r0, n, 77’ 85413 82.7+6.4 83112 114410 — 114+13 99 + 16
axial vectors 2.5+1.0 1.74+1.7 — 2245 — 15 £+ 10 22 + 5
scalars —6.84+2.0 — — — — —7+7 —712
7, K loops —19+13 —4.548.1 — — — —19+19 —19+13
7t ,K loops . . . . . .
+subl. N 010
quark loops 21+3 9.74+11.1 — — — 2.3 (c-quark) 21+3
Total 83132 89.61+15.4 80440 136425 110440 105 + 26 116 £ 39

BPP = Bijnens, Pallante, Prades '95, '96, '02; HKS = Hayakawa, Kinoshita, Sanda '95, '96; HK = Hayakawa, Kinoshita '98, '02; KN =
Knecht, AN '02; MV = Melnikov, Vainshtein '04; BP = Bijnens, Prades '07; MdRR = Miller, de Rafael, Roberts '07; PdRV = Prades, de
Rafael, Vainshtein '09; N = AN '09, JN = Jegerlehner, AN '09
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The muon g - 2 in lattice QCD

Motivation for first-principles approach:

* No reliance on experimental data

— except for simple hadronic quantities to fix bare parameters

* No model dependence

— except for chiral extrapolation and constraining the IR regime
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The muon g - 2 in lattice QCD

Motivation for first-principles approach:

* No reliance on experimental data

— except for simple hadronic quantities to fix bare parameters

* No model dependence

— except for chiral extrapolation and constraining the IR regime

* Can lattice QCD deliver estimates with sufficient accuracy in the
coming years?

sa,lay® < 0.5%,  8at™/d"™ < 10%
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The Mainz (g - 2). project

Collaborators:

N. Asmussen, A. Gérardin, O. Gryniuk, G. von Hippel, B. Horz, H. Horch,
H.B. Meyer, A. Nyffeler, V. Pascalutsa, A. Risch, HW

M. Della Morte, A. Francis, J. Green, V. Gulpers, B. Jager, G. Herdoiza

Y Y

% ¥ b 2
e Direct determinations e Exact QED kernel e Transition form factor
of LO aEVp e Forward scattering for 1° — y*y*
amplitude
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

a,” = 4a’ f d0* (0P (T1(Q?) - 11(0)

0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

Jy = %ﬁyuu — %Eyﬂd — %Eyus + ... W@”M '
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]
h 0
a,” = 4a’ f dQ* f(Q*) {TI(Q?) - T1(0)}
0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

Jy = %ﬁyuu — %Eyﬂd — %Eyus + ... W@M '

* Determine VPF II(Q?) and additive renormalisation II(0)

* Integrand peaked near Q° ~ (\/§ — Z)mft
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]
h 0
a,” = 4a’ f dQ* f(Q*) {TI(Q?) - T1(0)}
0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

Jy = %ﬁyuu — %E’yﬂd — %Eyus + ... WQM '

* Determine VPF II(Q?) and additive renormalisation II(0)

* Integrand peaked near Q° ~ (\/§ — Z)mft

. 2
* Lattice momenta are quantised: Q, = —

L,
* Statistical accuracy of I1(Q?) deterioratesas Q — 0
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]
h 0
a,” = 4a’ f dQ* f(Q*) {TI(Q?) - T1(0)}
0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

e —

0.08

0.06

0.04 |

0.02

0 0.01 0.02 0.03 0.04 0.05 0.06
Q* [GeV?]
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]
h 0
a,” = 4a’ f dQ* f(Q*) {TI(Q?) - T1(0)}
0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

L =20fm mfb 10 fm 5 fm
ol T 11 e —

0.08

0.06

0.04

0.02 |

0 0.01 0.02 0.03 0.04 0.05 0.06
Q* [GeV?]
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

a,” = 4a’ f d0* (0P (T1(Q?) - 11(0)

0

IL,,(Q) = f e'C <J,u(x)]V(y)> = (Q,uQv - 5,qu2) [1(Q%)

L =20fm mfb 10 fm 5 fm
ol T 11 e —

oos [N | ] Accurate determination

fffffffff requires large statistics
| on large volumes!

0.06

0.04

0.02 |

0 0.01 0.02 0.03 0.04 0.05 0.06
Q* [GeV?]
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Lattice QCD approach to HVP

Main issues:

* Statistical accuracy at the sub-percent level required

* Reduce systematic uncertainty associated with region of small Q2
& accurate determination of I1(0)

* Perform comprehensive study of finite-volume effects

* |nclude quark-disconnected diagrams

O

* |nclude isospin breaking: my # mg, QED corrections

Hartmut Wittig g-2 as a probe for new physics



Results in two-flavour QCD

— (654 + 32 stat T + 17 syst — 1Oscale 7FV ~10 dlSC) 10_10

R e * Compare different methods
' - — ' to constrain infrared regime
500 550 600 650 700

()" — Hybrid

P TMR * Finite-volume corrections
15 50 55 60 65 sizeable
(azvp)c A . Hybrid
- PR * Quark-disconnected diagrams

11 12 13 14 15 16 17 18 19 20 Contrlbute < 2%

ahvp
H ' = ' Hybrid
» 3 TMR
550 600 650 700 750

[Della Morte et al., JHEP 10 (2017) 020]
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Compilation & comparison

* Lattice QCD vs. dispersion theory:

+ i NNP
<+ —+ BMW 17
N il HPQCD 16
ﬁ - | — ETM 15
< - — ETM 13
+ o NNP
‘ﬁ‘ A — RBC/UKQCD 11
o = A i Aubin+Blum 07
< —A— Aubin+Blum 07
i? - NNP
Z"* ——— Mainz/CLS 17
A = Mainz/CLS 11
) - NNP
@)
_GC) ol Jegerlehner 17
— m KNT 17
ol u DHMZ 16
wn " DHMZ 12
) » HLMNT 11
550 600 650 700 750 ath . 1010

u
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Compilation & comparison

* Lattice QCD vs. dispersion theory:

Hartmut Wittig

“no new physics”

+ NNP
<+ —lH- BMW 17
N il HPQCD 16
ﬁ - ETM 15
< - ETM 13
4 NNP
‘ﬁ‘ A RBC/UKQCD 11
o = A i Aubin+Blum 07
< ] Aubin+Blum 07
ﬁ? NNP
Z‘“ | Mainz/CLS 17
Mainz/CLS 11
) NNP
@)
_GC) o Jegerlehner 17
= I KNT 17
o u DHMZ 16
wn » DHMZ 12
) - HLMNT 11
550 600 650 700 750 hvp 1010
Chl .

g-2 as a probe for new physics



Compilation & comparison

* Lattice QCD vs. dispersion theory: r\
. , . . “no new physics”

+ i NNP
- —+ BMW 17
N il HPQCD 16
ﬁ - | — ETM 15
< - — ETM 13
+ o NNP
‘ﬁ‘ A o RBC/UKQCD 11
o = A i Aubin+Blum 07
< —A— Aubin+Blum 07
ﬂ? o NNP
Z- B | - Mainz/CLS 17
A i Mainz/CLS 11
) - NNP
@)
.GC) ol Jegerlehner 17
— ™ KNT 17
ol u DHMZ 16
wn " DHMZ 12
) » HLMNT 11
550 600 650 700 750 ath . 1010

u
* |ncrease overall precision of lattice QCD calculations
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Lattice QCD approaches to HLbL

% Matrix element of e.m. current between muon initial and final states:

., F>(0?
(u(p’, 5')[4,(0)] (p, s)) =—eu(p’,s )(F Q) + 22(5 )%Qv) u(p, s)
ap® = F2(0)
RBC/UKQCD:
% QCD + QED simulations [Hayakawa et al. 2005; Blum et al. 2015]
* QCD + stochastic QED [Blum et al. 2016, 2017]

Mainz group:

* Exact QED kernel in position space [Asmussen et al. 2015, 2016, and in prep.]
* Transition form factors of sub-processes [Gérardin, Meyer, Nyffeler 2016]
* Forward scattering amplitude [Green et al. 2015, 2017]
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QCD + Stochastic QED

* Stochastic treatment of QED contribution:
= insertion of three exact Feynman gauge photon propagators

1 pik-(x=y)
Gu(x,y) = ﬁéﬂv Z P [Blum et al., Phys Rev D93 (2016) 014503]

k. |k|£0

* Connected contribution:

(@™ eon = (116.0 + 9.6) - 107"

* Leading disconnected contribution:

(azlbl)disc = (—625 + 80) . 10—11

* Compute sub-leading disconnected diagrams

[Blum et al., Phys Rev Lett 118 (2017) 022005]
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Exact QED kernel in position space

* Determine QED part perturbatively in the continuum in infinite volume

= no power-law volume effects

n1€6 - .
azlbl — F2(O) — T fd4yfd4x L[p,()‘];,uv/l(xa Y) al;,uV/l(J'(xa y)

* QCD four-point function: 1, (x,y) = — f d*z Zp (Jﬂ(x)Jv(y)Ja(z)Jﬂ(O)>

* QED kernel function: L[p,(r] ;,uwl(xa y) [Asmussen, Green, Meyer, Nyffeler, in prep.]

e Infra-red finite; can be computed semi-analytically

e Admits a tensor decomposition in terms of six weight functions

which depend on x*, y*, x-y

= 3D integration instead of fd4xfd4y

* Weight functions computed and stored on disk
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Transition form factor w0 — y«y=

* Pseudoscalar meson pole expected to dominate
LbL scattering

* Compute transition form factor between
0 and two off-shell photons:

M,uv ~ C/S?/)(Ta tﬂ';ﬁa jla q)Z) —

Z < {] 0,7 + t:) (2 tr) P, 0)}> ip-Xo=igiZ

> >
X,Z

ﬂ-(ﬁ) Jl/vc_TQ

* Compute connected and disconnected contributions

g-2 as a probe for new physics
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Transition form factor w0 — y«y=

* Fit VMD, LMD, LMD-V models, e.g. aMy + B(q? + q3)

f77LNﬂD _
71'0 Kk
Y (MG - gD(MG, - g5

692|}2VWW*(__62270>| 622|}2VWW*<__6227__Q22)
T T T 01 T T T
o2t
________________ 0.08
0.15 L ’/,.—""—‘:,,,‘—"_’_':::::.========“‘°_'=::
>3 : . N 0.06 [
% % ‘:",_-__""_______\
S 01t S ol
,,,,, VMD ———
0.05 | 7 VMD — CELLO —«— | 002 | LMD ——
g LMD —— CLEO LMD+V ——
LMD+V —— BL —— OPE ——
0 L L 1 0 I ] |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Q* |GeV?] Q* |GeV?]

* Results for m0 contribution to hadronic light-by-light scattering:

(@) = (65.0+8.3)- 107" (LMD+V)  (stat. error only)

[Gérardin, Meyer, Nyffeler, Phys Rev D94 (2016) 074507]

Hartmut Wittig g-2 as a probe for new physics



£l

]

o,
iy
L
. '_ e

 Summary & Outlook |

ﬂ“l‘:.

o=
B

|
.

[y )

EE e =

[+

Ry
[ S G L g -

) T

I o e L IR g )
T i

DAy




. “t ‘i Summary & Outlook

Muon anomalous magnetic moment

e One of the most promising hints for new physics

e Beautiful interplay between theory and experiment
Numerous technical and computational challenges
New experiments will significantly increase sensitivity

Theory must keep pace
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¥ Summary & Outlook

Muon anomalous magnetic moment
e One of the most promising hints for new physics
e Beautiful interplay between theory and experiment
e Numerous technical and computational challenges
e New experiments will significantly increase sensitivity

e Theory must keep pace

S a4
' Lattice QCD

e Provides model-independent estimates for hadronic contributions

e HVP: difficult to reach sub-percent precision =

HLbL: 10-15% calculation will have great impact



First results from E989 expected in 2018

Stay tuned!




BSM manifestations in (g - 2)u

* SM extensions — larger symmetry groups: Ggy — Ggy X U(1)"

= Additional U(1) gauge bosons

* “Dark photons”: messenger particles to dark sector WW@MA’
g )
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BSM manifestations in (g - 2)u

* SM extensions — larger symmetry groups: Ggy — Ggy X U(1)"
= Additional U(1) gauge bosons

* “Dark photons”: messenger particles to dark sector

NA48/2
preliminary

|O-7 Ei141
[ | | | | | | | | |

2 e
10 10 m,, GeV/c®

[M. Pospelov @ PhiPsi2017]
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BSM manifestations in (g - 2)u

* SM extensions — larger symmetry groups: Ggy — Ggy X U(1)"

= Additional U(1) gauge bosons

* “Dark photons”: messenger particles to dark sector WW@WA’
g g

* Alternative: supersymmetric extensions

Leading SUSY contributions

[F. Jegerlehner, The Anomalous Magnetic Moment of the Muon, Springer Tracts Mod. Phys. 274 (2017) 1]
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Compilation & comparison
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Compilation & comparison

“no new physics”
h _
aIuVP/IO 10

+ a PDG
ci,' - BMW 17
I il HPQCD 16
< B ETM 15
L * ETM 13
u PDG

2+1

»
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Nr
>
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i PDG
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* |ncrease overall precision of lattice QCD calculations
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