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News

1 month ago

BNL g-2 | O— : 3.70

FNAL g-2 4 & : 330

‘\((\66 < 4.20 >

40‘\6

“'A Tiny Particle’s Wobble Could o -

Standard Model Experiment

Upend the Known Laws of Physics Average

175 180 185 19.0 195 200 205 21.0 215

Experiments with particles known as muons suggest that there o
are forms of matter and energy vital to the nature and evolution of a,X 10 —1165900

the cosmos that are not yet known to science.

auEXP = (116592089 + 63) x 10-11[0.54ppm] BNL E821
auEXP = (116592040 + 54) x 10-11 [0.46ppm] FNAL E989 Run 1
auEXP = (116592061 * 41) x 10-11 [0.35ppm] wa

e FNAL aims at 16 x 10~ "', First 3 runs completed, 4th in progress.
e Muon g — 2 proposal at J-PARC: Phase-1 with similar BNL precision.
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Theory (2009)

[-©-1

Preliminaries S
= = %‘3 | § +
(9-2) histo & sociology LI N
S = { =
 (g-2) is one of the most famous topics in physics: It is like the Monna %‘j\ - :
Lisa of Quantum Field Theory. ey
<: B el
* A lot of instant theory interest with about 100 papers on the arXiv in | LB
the last month. 1979 1997 1998

CERN BNL Running Year

 Disclaimer: | am not a g-2 expert! Consider this as an attempt to
trigger interesting questions and to motivate more in-depth analyses...

Citation Summary

Exclude self-citations ®

e Main references:

Papers

Citations

 [Fred Jegerlehner,Andreas Nyffeler, Phys. Rept. 477 (2009)] -index @
Citations/paper (avg)
* [Giudice, Paradisi, Passera, JHEP 11 (2012) 113] oo T Cleable — Publishec
« Many thanks to Paride Paradisi (PD) for material/slides and many . =
discussions. 10
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2001 Average

Citeable ® Published ®

1 290
1 240
1 190

+ 140


https://arxiv.org/abs/0902.3360
https://arxiv.org/abs/1208.6583

g-2 orienteering

Plan

 Basics and status of TH vs EXP
* New Physics Strategies
 Main lines of exploration and selected examples

e Discussion
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(g-2) : Introduction

The easy-peasy stuff
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g-2 : Basics

From the Dirac equation...

The Dirac equation implies:

2m

) L
(i) — m) => (D2 +m? + £F0m)y) = 0 => (H — eAp) b = (m I (p— eA)? )€ §-§>w

In general, the interactions of magnetic and electric dipole moments are

— — —

H=—ji,-B—d -E

= T4 1 Pv=-7v,Tv=" = P and/or T conservation = noZe
W Hom> &edl are axial vectors = Pa=a,.Ta=-a = Standard Model = d , is extremely small
4 B 0 e §=2
Uy = — , de = — with y, = —
fim = 9 @ po 5 nQ to 5 Ho = —— = =0
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g-2 : Basics

...to quantum field theory...

: qﬂ - : q'u T qlu — € ._ 1% Gord

q1 qz
p p '
. —+ _ e g _ ”
=—i IE(% 2 ) () uR(q) + =111 (o) 4,0 uR(qy) + h.c ] g =72

2m m 2
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g-2 : Basics

...to quantum field theory...

: qﬂ - : qlu_|_qlu — € ._ 1% Gord
iMp = /L\ = —ieu(g2)y"u(qr) = - |E< 12m 2 ) a(q2) u(qr) QmW(CIz)%U“ u(qr) d;’éor'}”posmon

q1 qz
p p '
. —+ _ e g _ ”
=—i |E<(h 2 ) () uR(q) + =111 (o) 4,0 uR(qy) + h.c ] g =72

2m m 2

p - . /J’V ) .
AH i\~ N u o, O 2 Lorentz Invariance.
1M //‘\\ = ( Z€>U(QQ)[ Fi(g) Y"+ 5 G F5(g7) |ulqr) Charge conservation = F;(0) = 1

d1 q2

Q{l + qg _ 9) ie — U 2 2
‘\ =, i1 (q,) ug(qF(g”) + %ML(%) q,0" ug(q)(F1(g°) + Fy(g) + h.c.

gz1+F2(o):>g:2+2%=2+21:2(0) = a, = F,(0)

|
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g-2 : Basics

...to quantum field theory...

: qﬂ . : q'u—i_qlu — € . _ 1% Gord
tMp = /I\\ = —tetu(g2)7y"u(q1) =~ E( 12m - ) wla2) ular) szu(qz) Guo ulq) dggorznposition

q1 qz
p p '
. —+ _ e g _ ”
=—i IE(% 2 ) () uR(q) + =111 (o) 4,0 uR(qy) + h.c ] g =72

2m m 2

p - . /J’l/ ) .
AH i\~ N u o, O 2 Lorentz Invariance.
iM /V‘\\ = (cigule)| F@) "+ B B@) ful) e mence,

d1 q2

. qfl + qél — 2 e — U 2 2
‘\ =, i1 (q) ug(q) k(g )+%ML(Q2) q,0" ur(q)(F1(q7) + F5(g7) + h.c.

|

g §=2
S =1+ R0) = g=2+2a,=2+2F(0) =>a,="——=F0)
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g-2 : Basics

...to the effective interaction in the SM...

Loop corrections from QED can therefore be parametrized by

= 0Ly = {Yr(@) 0" F(2) Yr(2) + ¥r(2) 0" Flu () Po(z)}

”4m

Considering generic loops in the SM and in BSM without the constraints of P, T invariance one obtains

FlV(O) — Qlfa
| Ouv pr.- \
FM(qQ) = —ie < Yy [Flv(q2) + FlA(qQ)%] | 2:1fq [ZFQV(QQ) - FQA(QQ)%] > Foy(0) =arQy,
) ’ 2m
Fo4(0) = f
which can be obtained from ([cf] =M1
= s Ty g e Ty
5 Yo U uWR - f = Y om; f
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g-2 : Basics

...to the effective interaction in the BSM...

Going beyond the SM and allowing for flavor violation one can parametrize the contributions to g-2

my

NP
geff — 97

(ZRO-MVAEE’K/L - Z/LO-MVAEE’KR) Fr f, 0" = e, u, T (1Al = M_z)

BR(¢ — ¢'v)  48rm3a
] BR(E — E’I/gﬂg/) - GIZ_-

which describes dipole transitions (£ — £y) in the leptonic sector (ex (\Awlz + \AM\Z)) and gives

d
Aay = 2m§ Re(Agg), gﬁ = My Im(Agg) :
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g-2 : Basics

...to the effective interaction in the BSM...

Going beyond the SM and allowing for flavor violation one can parametrize the contributions to g-2

my

NP
geff — e?

(zRO-MVAEE’K/L + Z/LO-MI/AZ@’KR) F* 67 Z/ — e, U, T ([Aff] — M_z)

BR(¢ — ¢'v)  48rm3a
] BR(E — ﬁ/l/gljg/) - G,z_-

which describes dipole transitions (£ — £’y) in the leptonic sector (ex (1Aeer? + 1Ac4?)) and gives

d
Aay = 2m§ Re(Agg), EE = My Im(Agg) :

| Note 1:

' The connection with lepton flavor violation arises because this is the first term in the effective lagrangian that
| allows for an EM transitions between fermions with different masses. No dim=4 FCNC currents among fermions of }
i different masses are allowed in an unbroken gauge theory. :

Fabio Maltoni - 7th of May 2021 - Bologna



g-2 : Basics

...to the effective interaction in the BSM...

Going beyond the SM and allowing for flavor violation one can parametrize the contributions to g-2

my

gle\lf? — e? (zRO-MVAEE’K/L + Z/LO-MVAEE’KR) FH" 67 gl = e, u, T ([Aze] = M_z)

BR(¢ — ¢'v)  48rm3a
"BR( — lvyvyr) N G,z_-

which describes dipole transitions (£ — £y) in the leptonic sector (ex (\Awlz + !Am\"')) and gives

dy

Aay = 2m§ Re(Agg), — =My Im(Agg) :

] Note 2.
,' The form above is not manifestly SU(2) x U(1) symmetric. The corresponding SMEFT operators are /

C.p - Cow —
Pipole /igLG””e;QCDBW | ZZVLG'MUG eRCIDWI +h.c.

SMEFT

which glve rise to the same term as in SZNP upon the nggs field ac;qumng a vev (and accountlng for (B,W) mlxmg)

Fablo Maltom 7th of May 2021 Bologna



g-2 : The theory budget

QED

QED corrections

Contribution Value x10'!

Experiment (E321) 116592035(63) Long history of contributions also from Bologna (Remiddi e Laporta).

Experiment (E989 — Run 1) 116592040(54) Key result of 4 loops as it is order 300 - 10~!!. 5-loops is relevant for the electron...
QED 116584 718.931(104) §
Electroweak 153.6(1.0) atb — (1/2) (a/7)

HVP (¢*e”, LO + NLO + NNLO) 6845(40) g

HLbL (phenomenology + lattice + NLO) 92(18)

+0.765857426 (16) (o /7)?

Total SM Value 116591 810(43)
Difference: Ag, := a," - aEM 279(76) g v

+ 24.05050988 (28) (a/7)>

-
x@w/

+ 130.8780 (60) (a/7)*

+ 750.86 (88) (a/7)°

a,QEb =116584718.931 (19)(100)(23) x 10-11

mainly from 4-loop coeff. unc. 6-loop from a(Cs)

a = 1/137.035999046(27) [0.2ppb] Parker et al 2018 WP20 value
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g-2 : The theory budget
EW

Contribution Value x10'!
Experiment (ES21) 116592 089(63)
Experiment (E989 — RunI) 116592040(54)
QED 116584718.931(104)
* Electroweak 153.6(1.0)
HVP (e"e”, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43)
Difference: Aa, = a,” — a;" 279(76)

Fabio Maltoni - 7th of May 2021 - Bologna

s V), X 7

EW corrections
At one loop

| 2G ,m* 10 N |
a2 EWV () = V26, — ~ 4388.70(0) x 1011 |

s 1672
| \/§Gl,77?2,, (—1 + 4 g2 ')2 — 5 RN B
O VAR 16;2 L 3W ~ —193.89(2) x 10~

Order of magnitude ~ to the discrepancy. Cancellations take place.

Template for New Physics at the EW scale.

2

m
Te2yz ~ 200 X107

Two-loop known and also other leading terms beyond.



g-2 : The theory budget

Two tidbits

1 1
Q a 1 1 « a 1
—— [ dz (1 — = — = 22— — [ dx (1 — —— — _
w/ {1 -2) T 2 27T/ (1 =2) T 2
0 0
p/o \p TYANT
a a
— + =0

Exact SUSY = no anomalous magnetic moment

[S. Ferrara and E. Remiddi, Phys. Lett. B53 (1974) 347.]

Fabio Maltoni - 7th of May 2021 - Bologna

T T N

iy 4 N [y 4

fo\f’cfQ?af =0 Anomaly cancellation condition

Cancellation of anomalies = no log M%/mf2 enhanced terms!

8 m?2 2M?2 m? 5 M?Z Mz 8
GOEW I b= — Ko |=ln—t — 22 (|p—L + = In —£ + 3] Z _ _
i ) ? '3 N Mz 9 m3 N M? i 3 o ms e m2 3 i

~ —Ky x 30.3(3) ~ —8.21(10) x 1011



-2 : The theory budget

9
HVP

Vacuum polarization

Contribution Value x10'!
Experiment (E821) 116592 089(63)
Experiment (E989 — Run ) 116592040(54) Hadrons value (error)
QED 116584718.931(104)
Electroweak 153.6(1.0) g
* HVP (e*e~, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116 591 8 10(43) , Keshavarzi, Nomura, Teubner 2018
Difference: Aa, = a," — a" 279(76) . W N ‘ AM< ~ olete A - hadrons)
o’ ds o(ete™ — had)
aI:LO T 32 4m2. B K(s) Als) Als) = olete —putu—)

100

10 |

0.001

=3 =<

0.0001

1e-05

0.4 0.6 0.8 1 1.2 14 1.6 1.8
s [GeV]

altO  —6931(40) x 107 11(0.6%)

p,ete
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»

g-2 : The theory budget
HV

Vacuum polarization

Contribution Value x10'!
Experiment (E821) 116592 089(63) o o _
. e Can Aa,, be due to missing contributions in oc(e*e~ — had)?

Experiment (E989 — RunI) 116592040(54)

An upward shift of o(s) also induces an increase of Aag 4(Mz) defined by:
QED 116584718.931(104) a1 (M) = a=1[1 = Aa(M>) — Aa® (M) — Acion (M )
Electroweak 153.6(1.0) (W) [ (W) naa (M2) rop{ Mz ]
HVP (e"e”, LO + NLO + NNLO) 6845(40) : oo 2 oo (s
HLbL (phenomenology + lattice + NLO) 902(18) 35 bO = 43 ) dsK(s) o(s), Aafa)ld — wéz , ds 2 (_) S
Total SM Value 116591 810(43) A e z
Difference: Aa, :=a," —a;" 279(76)

Fabio Maltoni - 7th of May 2021 - Bologna

2
~  o(eTe” — ~* — hadrons)

YVY YOV Ve

e Achangein o(ete” — had) is strongly disfavoured by:

EW-fit for /s > 1 GeV
. A shift of o(eT e~ — had) to accomodate the
Aa,, anomaly would necessarely require new physics to show up in the EW-fit!

Experimental data on ete—— T~ for v/s < 1GeV

e A check of the BMW results by other lattice QCD (LQCD) coll. is worth.

 LQCD coll. should provide AarSC to be compared with Aaf.S .



-2 : The theory budget

9
HVP

Vacuum polarization

Contribution Value x10'
Experiment (E821) 116592 089(63)
. e Great progress in lattice QCD results. The BMW collaboration reached 0.8%

E t (E989 — Run I 116592040(54 .

xperiment ( un ) 6592040(54) precision: a7 3cp = 7075(23)stat (50)syst X 107"
QED 116584718.931(104)
Electroweak 153.6(1.0) —— Lattice +——&— R-ratio
HVP (e*e”, LO + NLO + NNLO) 6845(40) This work F —
HLbL (phenomenology + lattice + NLO) 92(18) Gorardin et al.%2 | : -
Total SM Value 116591 810(43) o N
Difference: Aa, :=a," —a;" 279(76) Davies etal. =y . )

Giusti et al.34 |

[

Blum et al.1® |

11

Borsanyi et al.’*

1

Davier et al.3 |

——
Keshavarzi et al.4 | HOH
—o—

Colangelo et al.>, |

No newiphysics
Hoferichter et al.b '

660 680 700 720 740
gL O-HVP ( %1 010)
u

e BMW results weakens the long-standing muon g — 2 discrepancy but it shows

a tension with dispersive evaluations of a™'%? _ = 6931(40) x 10~ "".
K, e
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g-2 : The theory budget
HV

Vacuum polarization

Contribution Value x10'!
Experiment (E821) 116592 089(63)
. ® The leading hadronic contribution a,Ht® computed via
EXperlment (E989 — Run I) 1 16592040(54) the timelike formula:
Hadrons 1 >
QED 116584 718.931(104) ag S = o= ds K (s) opaq(5)
Electroweak 153.6(1.0) dmz
HVP (e"e™, LO + NLO + NNLO) 68435(40) 1 22 (1 — )
HLDbL (phenomenology + lattice + NLO) 92(18) K(s) = / dx — 1 5
Total SM Value 116591 810(43) o @+ -2) (s/mi)
Difference: Aa, = a,” — a;" 279(76)
e Alternatively, simply exchanging the x and s integrations:
o 1
a, ° = —/ dr (1 — ) Aapaq[t(z)]
T Jo
Hadrons
mei
t(x) = — <0

Fabio Maltoni - 7th of May 2021 - Bologna

Lautrup, Peterman, de Rafael, 1972

Adnad(t) is the hadronic contribution to the running of ain the
spacelike region: a,HLO can be extracted from scattering data!



-2 : The theory budget

9
HVP

Vacuum polarization

Contribution Value x10'!
Experiment (E821) 116592 089(63)
Experiment (E989 — Run ) 116592040(54) MUonE: Muon-electron scattering @ CERN
QED 116584718.931(104) ® Adnad(t) can be measured via the elastic scatteringpue — pe.
Electroweak 153.6(1.0) e We propose to scatter a 150 GeV muon beam, available at CERN’s
HVP (e"e”, LO + NLO + NNLO) 6845(40) North Area, on a fixed electron target (Beryllium). Modular
HLbL (phenomenology + lattice + NLO) 92(18) apparatus: each station has one layer of Beryllium (target) followed
Total SM Value 116591 810(43) by several thin Silicon strip detectors.
Difference: Aa, :=a," —a;" 279(76) Si Si Si
W i
N A s I A I : ) P N I R e I
-

Be
ECAL

Abbiendi, Carloni Calame, Marconi, Matteuzzi, Montagna,
Nicrosini, MP, Piccinini, Tenchini, Trentadue, Venanzoni
EPJC 2017 - arXiv:1609.08987
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g-2 : The theory budget

Light-by-light scattering

Contribution Value x10'! nght-by-llght
Experiment (E821) 116592 089(63)
. e Hadronic light-by-light at O (a?®
Experiment (E989 — RunI) 116592040(54) 'c TIght=by=19 (@)
Significant improvements thanks to data-driven dispersive approach
QED 116584718.931(104)
Electroweak 153.6(1.0) Lattice: RBC: 82(35) x 10~ Mainz: 110(15) x 10—
HVP (e"e™, LO + NLO + NNLO) 68435(40)
* HLbL (phenomenology + lattice + NLO) 92(18) OB = 80 (40) x 1041 o ’ ’
Total SM Value 116591 810(43) Aokl = o i%; e
. ex - X - Melnikov & Vainshtein 03
Difterence: Aa, := a, - aEM 279(76) = 105 (26) x 1011 Prades, de Rafael, Vainshtein 09
= 100 (29) x 10-11  yegerlehner, arXiv:1705.00263 C Hadrons
= 92 (1 9) X 10-11 wp20 (phenomenology) 7

e Hadronic light-by-light at O(a*)
a HNNLO(Ibl) =2 (1) x 10-11 | yﬁ

Fabio Maltoni - 7th of May 2021 - Bologna



g-2 : The theory budget
Aa

H
Difference

Contribution Value x10!!
Experiment (ES21) 116 592039(63) * Status of the muon a,, = 222 as of April 7*"
Experiment (E989 — RunI) 116592040(54)
QED 116584 718.931(104) g " = 116592061(41) x 10~
Electroweak 153.6(1.0) aiM = 116591810(43) x 10~
HVP (e"e”, LO + NLO + NNLO) 6845(40)
HLDbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43) Aa, = a.,*" —aM = a," =251(59) x 10~""  (4.20 discrepancy!)
Difference: Aa, :=a," — a;™ 279(76)

(0.1)qep, (Mew, (18)uLbL, (40)uve, (41)5agxp.

J/

(43;;?H

Hadronic uncertainties (HLbL & HVP) are very hard to improve.

sa*F ~ 16x 10~ by the E989 Muon g—2 exp. in a few years.

Fabio Maltoni - 7th of May 2021 - Bologna



g-2 : New Physics

Strategies & general features
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Strategies

Scales

.+ a, Is a loop effect and just ... one number:

EXP S M

Aa, = a, — a,

a, =(251+59)x 10"

 Two main strategies: top-down and bottom-up. In both cases need
to correlate it with other searches/measurements/observations/
constraints/anomalies.

Fabio Maltoni - 7th of May 2021 - Bologna



Strategies

Scales
.+ a, Is a loop effect and just ... one number: WIMP miracle:
Aa, = aEXP — aiM e aEP = (251 £ 59) X 10— ! Obtaining the correct abundance of dark matter today via
thermal production requires a self-annihilation cross
» Two main strategies: top-down and bottom-up. In both cases need section of
to correlate it with other searches/measurements/observations/
constraints/anomalies. qg* C 1.7-107°
Oyy V) R =
< XX > ].67ng< GeVQ
 For example:
Aa“ — au ~ (au )Weak ~ 167‘&'2 V2 ~ 200 x 10 * X ~ 23 10 <UXX U>

which 1s roughly what 1s expected for a new particle in
the 100 GeV mass range that interacts via the electroweak
force.

WIMP-(g-2) miracle squared!

Fabio Maltoni - 7th of May 2021 - Bologna


https://en.wikipedia.org/w/index.php?title=Thermal_production&action=edit&redlink=1
https://en.wikipedia.org/wiki/Annihilation
https://en.wikipedia.org/wiki/Cross_section_(physics)
https://en.wikipedia.org/wiki/Cross_section_(physics)
https://en.wikipedia.org/wiki/GeV
https://en.wikipedia.org/wiki/Electroweak_force
https://en.wikipedia.org/wiki/Electroweak_force

Strategies

Scales

- a, Is a loop effect and just ... one number:

EXP S M

Aa, = a,"—a," =a," =(251+59) x 10~"

 Two main strategies: top-down and bottom-up. In both cases need
to correlate it with other searches/measurements/observations/
constraints/anomalies. R

e For example:

2
m,

S NP SM
Aa“ p— a“ ~ (a“ )Weak ~ 167-‘-2V2

~ 200 x 10— "

 More in general

> NP is at the weak scale (A ~ v) and weakly coupled to SM particles.
> NP is very heavy (A > v) and strongly coupled to SM particles.
> NP is very light (A S 1 GeV) and feebly coupled to SM particles.

Fabio Maltoni - 7th of May 2021 - Bologna



General features

Cancellations L

A -
20_;;‘ ________________ _
b) . Fo _
O T = - _ ]
X O4 - ""~--- R -
%mi ’ - -
) 20 // > 20 o
-201 PoT ~207 S+P T
Mo [VvA] —— — —  V-A
- AT ] —-- V+A |
-40 (g-2) constraint [ 407 & (g-2) constraint |
0. | 06 | o8 | 10 | 12 0.4 0.6 0.8 1.0 1.2
C) g d) Mo (TeV) Mo (TeV)
_ _ (a) Case: my,, = M < My (b) Case: my < Mo =M
H HT X Xt
s X° X XY ) ,
o) Syﬁb s Yr S _ 3 P
(c) Case Mo=0 => a, = Tk a, = — =5 = a, = — Ja, [Perez, 2021]

Very simple 1-loop formulas exist that can be used to estimate effects of any NP model.

Fabio Maltoni - 7th of May 2021 - Bologna



General features

Naive vs. enhanced

Let us consider now some new particles with typical mass Ayxp and couplings geL and gf to
left- and right-handed leptons /¢, respectively. The one-loop new-physics contribution to the
amplitude Ay is then of the form

1 L Lv , R Rs U L R |
Aw = 73 [(gﬁk 9ok + 9 9ok) Fr(@e) + — (92 9o) fo (k)| N normal” -> naive
(47 Axp) U L
and therefore
2m? v
Aay = £ L2+ g8 1(rg) + —Re L gl 2T
(47 A )2 (lgex|” + 1gei|”) fu(zw) - (9019017) f2 (k)
) ) 5 “enhanced”
BR({ — 0'v) 481G v R L
F L Lx R _ Rx L Rx /
— = 9. 9oz + 9. 9oz ) J1(xk) + —9gp1. gprr fo(x)| + 41
BR<€ N f’l/gl/g/) (47TANP)4 ( Ck Ik lk Ek) ( ) my Ck Uk ( ) )
dg v I I, R« PN With f12 we indicate loop functions which depend on ratios (xj) of unknown masses of the
z - (47.‘- ANP)Q 11 (gﬁk 9k ) f2 (Zlfk> ) new particles contributing to the amplitude ¢ — (', and k is a lepton flavor index. In the
term proportional to f1, the chiral flip required by the dipole transition occurs through a mass
On genera.l grounds, one would expect tha.t-, in concrete NP scenarios, Aa_g, dy and BR([ — f”“/), insertion in the external lepton line. In the term proportional to f, the mass insertion is in

. . . he i 1 1i f icle. th laini h ic f . Although
are correlated. In practice, their correlations depend on the unknown flavor and CP structure the internal line of some new particle, thus explaining the parametric factor v/m,. Althoug

I R fo must be proportional to the lepton Yukawa coupling, as a consequence of chiral symmetry,
of the couplings g~ and ¢g'*, and thus we cannot draw any firm conclusion. In the following, in practice this term can become very sizeable whenever a new large coupling leads to s, chiral
we will point out the general conditions that have to be fulfilled by any NP theory in order to enhancement.

account for large effects in Aa, while satisfying the constraints from dy, and BR (¢ — ¢/~).
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General features

Naive scaling

In a broad class of theories beyond the SM, gEL A and fi1 are flavor universal (i.e. are the

same for any /) and fo vanishes, such that

2
Aap _ m; ay _ mg NAIVE SCALING
Aaﬁ’ m%, dg/ My
) 2
m m
©=25-100° «— pu— = =28-10°
m2 mg
u K
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General features
LFC and LFV

Two classes of models, Flavor conserving and flavor violating. For example in SUSY:

1. Lepton flavor conserving (LFC) case. The charged slepton mass matrix violates the global
non-abelian flavor symmetry, but preserves U(1)?. This case is characterized by non-
degenerate sleptons (mg # mj; # msz) but vanishing mixing angles because of an exact
alignment, which ensures that Yukawa couplings and the slepton mass matrix can be

simultaneously diagonalized in the same basis.

2. Lepton flavor violating (LFV) case. The slepton mass matrix fully breaks flavor symmetry
up to U(1) lepton number, generating mixing angles that allow for flavor transitions.
Lepton flavor violating processes, such as pu — ev, provide stringent constraints on this
case. However, because of flavor transitions, a. and a, can receive new large contributions
proportional to m; (from a chiral flip in the internal line of the loop diagram), giving a

new source of non-naive scaling.
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g-2 : New Physics

Examples
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SUSY

LFC and LFV

AatFY ~ 5 x 1013 my
e 8 (m 30

Fabio Maltoni -

tan (3

) (o) (75) (3) (5%)

7th of May 2021 - Bologna
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Figure 15: The theoretical maximum MSSM contribution aﬁUSY’M“ for tan 3 = 40 in the plane of the heaviest chargino
and the lightest smuon mass. (For each point in the plane, the actual value of the MSSM contribution can take any value
between 0 and :l:a,SIjUSY’Max, depending on the signs of parameters and details such as other masses and mixings.) The

yellow /green coloured regions show where aEUSY’MaX (for tan 8 = 40) is within the 1o bands corresponding to the BNL
and new deviations AaE‘NL and Aaiom, see Egs. (6,7), and their overlap. The red dashed contour lines can be interpreted

in two ways. Firstly, they directly correspond to certain values of aEUSY’M“ for tan 8 = 40, as indicated in the left axis of
the legend plot. Secondly, thanks to the approximate linearity in tan 3, each contour can be used to estimate the required
tan 8 value for which aﬁUSY’M“ agrees with the deviation Aaﬁo21 (keeping other input parameters fixed). These tan 3
values can be read off from the right axis of the legend plot (the values are approximate since the linearity is not exact).

As an example of the reinterpretation we take the point m_x+ = 1750 GeV and mj, = 700 GeV. For tan 3 = 40 we get
X2

aSUSY:Max — 1() 5 10710, The required tan 3 value to get Aaﬁo21 would be around 100, as read off from the right axis.

I
The results for aﬁUSY’Max were obtained from a scan using GM2Calc [45] in which all relevant SUSY masses are varied
independently between 100 GeV and 4 TeV. The black lines indicate the maximum LHC reach for charginos and sleptons

of 1100 and 700 GeV reported in Refs. [473,476], respectively.
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Figure 17: (a) (Wl)-scenario. (b) (Hl)-scenario. For parameter values see the plots and the text. The red dashed
contours correspond to values of aﬁUSY as indicated in the legend on the right; the yellow/green coloured regions correspond
to the 10 bands corresponding to the BNL deviation (6) and the new deviation including FNAL (7), and their overlap.
For the tan B-reinterpretation see caption of Fig. 15. The red shaded region is excluded by dark matter direct detection
if the LSP is assumed stable; the blue shaded regions correspond to the limits from the LHC recasting, see Fig. 20 for
details. The cyan shaded region corresponds to the additional LHC limits implemented in a simplified way; in both plots
the slepton search (59), Ref. [476] excludes a narrow strip at small g and My, where the slepton-LSP mass splitting is
largest. In the the right plot the compressed-mass searches of Ref. [514] exclude another small region at large Mo, which
enters the LSP mass via mixing. The thin solid gray line corresponds to the vacuum stability constraint of Ref. [176]; it
applies in case the left- and right-handed stau-masses are set equal to the smuon/selectron masses and excludes the points

to its right, i.e. with larger pu.

Very extensive review of the SUSY scenarios available: [Athron et al, 2021]
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https://arxiv.org/abs/2104.03691

g-2 of the electron

Naive scaling

e Status of Aa. as of 2012
Aae = a5 —a™ =-9.2(8.1) x 107",

bae x 10" : (0.6)qepa, (0.4)qeps, (0.2)nap, (7.6)sa, (2.8),.mxe.

The errors from QED4 and QED5 will be reduced soon to 0.1 x 10— 13
We expect a reduction of §ab*F to a partin 10~'3 (or better).

* Testing the muon g — 2 anomaly through the electron g — 2 g |
Work is also in progress for a significant reduction of dc.

Aae mg Aau _13 ] .
= — — Age = 0.7 x 10 e Status of Aa. as of 2018: 2.40 discrepancy
Aa, mg 3 x 1079
Aae = a5*" — a3 (aBerkeley) = —8.8(3.6) x 107"
: : SM —_— AEXP
ae has never played a role in testing NP effects. From az™ (a) = a5, Sa. x 10" - (0.1)qeDs, (0.1)uap, (2.3)s4, (2,8)5ag)xp.

we extract o which was is the most precise value of o up to 2018!
The situation has now changed thanks to th. and exp. progresses.

o can be extracted from atomic physics and ae used to perform NP tests! * Status of Aa. as of 2020: 1.6 discrepancy

Na, = agXP — azM(OéLKBQ(mo) — 4.8 (30) X 10_13

bae x 10" : (0.1)qeps, (0.1)uap, (0.9)s50, (2.8)smxe.

e Aa. < 10~ is not too far! This will bring a. to play a pivotal role in

Y

probing new physics in the leptonic sector.
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g-2 of the tau

Naive vs enhancement with taus

The present experimental sensitivity of the 7 lepton g—2 is only 107%. In fact, while the SM

prediction for a, is precisely known [38],

M = 117721 (5) x 107, (33)

the very short lifetime of this lepton (2.9 x 10713 s) makes it very difficult to determine its
anomalous magnetic moment by measuring its spin precession in a magnetic field, like in the
electron and muon g—2 experiments. Instead, experiments focused on high-precision measure-
ments of 7 pair production in various high-energy processes and comparison of the measured

cross sections with the SM predictions.

If an NP contribution were of the same order of magnitude as that of the EW,

from a purely theoretical point of view, the g — 2 of the 7 would provide a much cleaner 10 10 10 10 10~ 107"

test of the presence (or absence) of such NP effects than the muon one. | Aa |

The present PDG limit on the 7 g—2 was derived by the DELPHI collaboration from eTe™ —
ete 77T~ total cross section measurements at LEP2: —0.052 < a2** < 0.013 at 95% confidence
level [39].
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Naive scaling at work
LFV decays and EDMs

¢ BR(EI ? e] '7) VS. (g — 2) Lt LFV contributions to Aa, can be particularly important as they are typically chirally enhanced
by m,/my, as we will discuss in the case of supersymmetry. Such a chiral enhancement is not

Comments:

_13 Aa ” 2 (9 eu 2 effective in 7 LFV processes and therefore, in this case, it might be possible to keep BR(7 — )
BR( 9’ — e’}/) ~ 3 X 1 O 3 % 1 0_9 10—_5 under control, while generating large effects especially for Aae.
2 2
BR(T — :ufy) ~ 4 X 1 O 3 % 1 0_9 1 0_2 From eq. (31) we learn that an explanation of the Aqa,, anomaly implies, for a natural CPV

phase ¢, ~ O(1), a model-independent upper bound on d, < 3 X 1022 e cm which is still
far from the current bound d, < 10~ 8 ¢ cm, but well within the expected future sensitivity
d,, < 107* e cm [37]. Therefore, any experimental effort to improve the resolution on d,, would

® EDMS VS. (g — 2)“ be valuable.

On the other hand, the electron EDM imposes a bound on the corresponding CPV phase

A a,u Yo g'D 4 b at the level of 1073, if NS is at work. Such a condition could be realized for instance if ¢, is
de ~ 1 9 O : e cm ] generated radiatively while ¢, arises already at the tree level. Going beyond NS, one could also
3 X O 1()—5 envisage scenarios WISere the electronic dipoles are suppressed compared to the muonic dipoles
A 3 oo because of hierarchical couplings geL <« gﬁ ’R, as it happens for instance in a multi-Higgs doublet
d,u ~ H 3 2 X 1 O_ ZPV e cm. model where geL " are related to Yukawa couplings. In general, as shown by eq. (30), the EDMs
3 x 10— (but not Aa,,) vanish if g* = g’ as it could arise in a left-right symmetric theory.
® Maln messages: The tilt gives rise to an oscillating vertical component of the muon polarization and may be detected

by recording separately the electrons which strike the counters above and below the mid-plane of the
ring. This measurement has been performed in the last CERN experiment on g — 2. The result d, =

Aa“, ~ (3 i 1) X 10_9 I‘equil‘es d nearly flaVOI‘ and CP ConserVing NP (3.7 £ 3.4) x 1071%¢ - cm showed that it is negligibly small. The present experimental bound is d, <

2.7 x 1071 ¢ - cm while the SM estimate is dy ~ 3.2 1072°¢ - cm. One thus may safely assume d, to be

Large effects in the muon EDM d“’ Y 10_22 e cm are still allowed! too small to be able to affect the extraction of ay.
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Feeble and light

ALPS

Let us consider an axion-like particle:

74
_ A2 a e 1% Crp 0”a _ |
L= C’Y’YKF/“/F " T A HYv Ys |
5 5
. . . . . . = ~ :
A pseudo-scalar in the vertex correction A) gives a negative contributions < <
to Aa,. However, the B) and two loop contributions can be positive: F A
-5} -5}
' [ m, = 500 MeV
B |
I o
> > >
5
=
a,s <
C ’ &E\i
@)
I !
> > > >
cih /A [TeV™']
Figure: Aa,, regions favoured at 68% (red), 95% (orange)
2 3 2 2 2 2 o :
m- [ 12« A C m 200 A and 99% (yellow) CL. Gray regions are excluded by the BaBar
N2 - Yy mﬁ 1672 mﬁ - mﬁ searche'e —u'n +p'w
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Feeble and light

Hidden photons

1 af €y a3 - X v« M?( Qv

L = »CSM — ZXagX — 7 QBX — Jx ], X7 — TXQX
.5_7— — I_/Q’YCXLQ + URYabR — I_/?)’YCXL?) — TRYaTR ;

ja — EQVQLQ + ﬁR”Ya,UR =+ Z QME%JD ’

(e

- €Gur My _Ypr

Epr ~ 6702 10g (mT> 70 2y 1 U2(1 —U)
e - Aa, = Q) 7/0 du 2y 0w

~ L F N — S z2

€y R = log (MNP> Log g, , "

0
f / N f

[Amaral & al, 2021]
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https://inspirehep.net/literature/1856600

LD ESM — —XILWX“V —

Lz/—mass — §Vf

Feeble and light

Hidden photons & miniBooNE anomaly

1 sin 'y

1 X, B" (1)

+(Du®)' (DF®) = V() = Aorr [H|” @]
= . A~ = . ~ 5 T7 ~C ]-A— ~C
+UNIQUN +DpilpxUp — [(LH)YVN + §VNMNI/N

+ 0N (YD), @+ YRUD,®*) + DpMxVp + h.c.] ,

(0 Mp O 0\
1| ML My Ap Ag
AL 0 My

0 /V\f—l— h.C.,
\ 0 AL ML o )

BP

MB Aa, BB Acc| ap

B(Z" — N;N)/% ct? /em
44 45 46 55 56 66 Ny Ns Ng

ms |ma ms me ||Vas|?® |Vss]® |Ves|?
/eV /MeV /1078

>

v v v (v)]0.39] 005 |35 120 185 0 222 0O
v v v v |0.32]005 |74 146 220| 13.6 26.5 123 [0.15 11 0.48 1.6 86 0.59| 1.1 x 107 2.2 0.14

0 54 0 0 95 0 [1.6x 10" 3.0 0.26
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Pseudo-monophotons at BaBar — The dominant pro-
duction of dark particles in e*e™ colliders is s-channel
pair production of HNLs due to the large values of ape?.

In particular, the process

ete” — Z"™(or T(nS)) = Ny(Ns — Nyete™), (4)

[Abdullahi, Hostert, Pascoli 2021]

my =74 MeV, ms5 =146 MeV, mg =220 MeV

150
coh N5 — N4 (178 events)
125 - B incoh N5 — Ny (334 events)
coh Ng — Ny (26.90 events)
» 100 7 -]— incoh Ng — N4 (53.14 events)
h|
) 1
: m
S 50 - /
" 7
e %
25 = Y =t
01+ Ba==s e
1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2

Eyis/GeV

MiniBooNE excess — MiniBooNE is a mineral oil
Cherenkov detector in a predominantly v, beam with
(F,) ~ 800 MeV. Recent results with improved back-
ground analysis and larger statistics |78| report an excess
of 560.6 +£119.6 (77.4+28.5) e-like events in v () mode.

We propose that the MiniBooNE excess arises from
the decay products of HNLs produced in v, upscattering
inside the detector,

Ve +H — (Nes - Ny + e +e7)+H, (6


https://inspirehep.net/literature/1856600

EFT approach

SMEFT

Aay ~ e
e/\? my K 27 SwCw mz o e my N2 Mg
[Aay,| (250 TeV \2 | Ap |Aa,| (50 TeV\2 | ~u
3><10—9N( A ) Ce’v 3><10—9N( A ) ‘CeZ
|Aa,| /100 TeV \2 wt
3x10—9 N( A ) CT ‘

Strongly coupled NP: C%. , C&' ~ g2, /167% < 1 implying A < few x 100 TeV,
beyond the direct production reach of any foreseen collider.

Weakly coupled NP: CL. C‘T‘t < 1/1672 implying A < 20 TeV maybe within the
direct production reach of a very high-energy Muon Collider
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EFT : top down

Chirally enhanced UV model AT .

There are two classes of models that display chiral en- |
hancement for a,: (I) two scalars ®;, g and one fermion ! br

¥ and (II) two fermions ¥y g and one scalar ®.2 We w - M
define the Lagrangians in these two cases as -

L1=N 00D, + )\ 0oy + ADT 0,

L= N0 0+ N eUpd+ 50,050, (3) Luv(Psm, PBSM) # LsmerT (Psm, b = A)

4

[Crivellin, Hoferichter, 2021]
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M2

- z
Qe = ¢ 0 leg, Qpe = O1iD Pey,e,
_ A S
Qep =loep B™, Q) = oliD ¢yt

—Toerlowt™. QP = otiD 6 rl,
QeW Ouv€T ¢ I Q¢£ ¢7’ I¢ T Yut,

RGE

The effective operators in the SMEFT Lagrangian that

directly generate (g —2),, h — up, Z — pp,vv, and
W — pv (after EW symmetry breaking) are [77]


https://arxiv.org/abs/2104.03202

EFT : bottom up

(9-2)u vs muon collider

[Buttazzo & Paradisi, 2020]
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Aa, ~

S —
Cev,r <= Oppsi ™ Flcev,rl2 (f = ev,eZ,qq)

At high energy o,,,_.s can compete with Ag, to test the very same NP!


https://arxiv.org/abs/2012.02769

EFT : bottom up

(9-2)u vs muon collider

M2
e Connecting u* .~ — (hv, Zh, tt, cc) with Aa,, 10-7 10-20
cut o~ 05ab (B ) (2% ) N : —
Opp—hy ~ Y.0 2 (BOTeV) (3><10—9) @ =
~ 38 ab V'S ° Ady : =t - Q
Opup—2zh ~ & (1OTeV) (3><1o—9 (R e < =,
= 1078 {10-21
NG 2 Aay, 2 e e ] %:L
0, i ~ 98ab (10Tev) (3><1o9) = [ | Aa, from E821 o
| - E L AL ©
- % ] .G = | AN =
o d 10-°F \\ 10—22 —
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Ay | 2 \ Hop = Zh
a ~ (100 Te t 10"
3><10’u—9 ~ (TV) ‘C?L ’ 3w 10—9 A 10—10 LNy N R T 10—23
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e SM irreducible background
2 2 Vs [TeV]
ooy A 82ab (SO%V oo zn = 122 ab (10\%\/) Figure: 95% C.L. reach on Aa,,, as well as on the muon EDM d,,, as a function of /s from
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[ —stt

/S

[Buttazzo & Paradisi, 2020]

Fabio Maltoni - 7th of May 2021 - Bologna

various processes for the reference integrated luminosity £ = (1/s/10 TeV)2 x 10ab~ .

Aa, tan ¢,
O = 2m
7

e:3><1022(

Aa,

3x10—°

> tan ¢, ecm


https://arxiv.org/abs/2012.02769

Connecting with anomalies

B-Anomalies

"Why 1s 1t when something happens it 1s ALWAYS you, muons?" (Falkowski, blogger physicist)

* |s there a mounting evidence of violation of lepton flavor universality?
* |s (g-2), flavour violating?

* Are the (g-2), and flavor anomalies related?

"Coincidences mean you're on the right path." (Van Booy, writer)
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g-2 : 1M$ question

B-Anomalies

-
(%) )
R - B(B = K'Y & ROP  pSM
K) — B(B — K(*)(,(,) K (%) K (%)
92 €[ g0 in Imax]
L min’7max
6 LFU ratios in rare B—decays. March 2021
14} _ ¢
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I | - ®
= 10] ® 7
5 I ]
< 08l I L { |
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Marzocca4Moriond21 based on https://arxiv.org/abs/1903.10954

Ry "% = 0.847(42)M1 w5 R =1.00(1)%M

RV = 0.71(10)MHY  vs RILS = 1.00(1)5V
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g-2 : 1M$ question

B-Anomalies

G. Isidori — B-physics anomalies: facts, hopes, dreams, & worries Virtual Particle Physics in Paris — 27 Apr. 2021 G. Isidori — B-physics anomalies: facts, hopes, dreams, & worries Virtual Particle Physics in Paris — 27 Apr. 2021
» EET considerations G emoes g L[ 1) . (3)]598 » Worries
(Gl (Cug;) = B) [qu + O(;-q ] . . _
AR There are of course still several worries, and here the personal view becomes even
T T T T T . . ' .
. Pattern emerging from data in 2 <> 3 more relevant.... So, let me mention a few of them:
— other b su*yu- observables | sector:
e 1 (v ~10" for each 2 gen. ¢, or /, ) + Not casy to reconcile the (g-2), anomaly with both flavor anomalies and,
. —— i ] — |C23 ~ 1073 |C337] more generally, with models with a “natural” flavor structure (<> Y¢,,).
i = e S | 1 Is (g-2) suggesting something a different way?
) T.-.%AM.B.S.zD...l..for.-ABS.E..lTe.\l--,f ........... B = [Vl ~ 0.4x10 (8-2), suge s s Y "
g;j . .1 | v Nice consistency among the two L (H)
K '-----...f__i_ _____________ +l~ £ . Vot
3"““'-'-'-'-'-'-'-:';'-'-'-:'.:'.'.:'_'_'_'_'_'_'_'_'_'_'_'_'_'_:::::""""5' """"""" T& 1\ 5ets of anomalies %
[ 0.3 0.1 'é' ---------- I / L 102 [ \ “’R Y
0.000} 5 Add1t10n.al 10" (~loop) Maybe.... examples of recent “attempts”:
_ suppression for ' Grelio, Stanel
A _ * Four-quarks (AF=2) = a, ® Ry with special role of muons [ U(l)g 5, € G | rromeentar
i T
- : * Four-leptons (tT—uvv) . .
S 1 7 Y U B 1 S . . - a @® R, ® R, with 2 scalars [S,+¢"] and peculiar flavor struct. Marzocca,
0-000 0.005 0.010 0.015 00200 * Semi-leptonic O-3) (b—swv) u K D [Si+¢7] P Trifinopoulos 21
C%lzrv' \ /
ML
N.B.: with this sets of operators — tiny >@WW Aa << g SM-EW But... (g-2), 1s more “flexible” (no generation change, necessary loop-level)
Tt = (o- U ! . . . .
contribution to a, = (g-2),/2 g — could come from light NP: no obvious connection to the flavor anomalies
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https://arxiv.org/abs/2104.05730

g-2 : Conclusions

A few lessons

o Aaﬂ >0 at 40, confirmed by new FNAL experiment.

 Borderline control of hadronic uncertainties leaves open the
possibility that the deviation might be resolved with the SM.

* However, it Is stimulating to entertain the possibility that NP
might be responsible for the deviation.

« [wo main strategies: top-down and bottom-up. In both cases
need to correlate it with other searches/measurements/
observations/constraints/anomalies.

* Isthe (g-2), anomaly related to lepton flavor violation?

e What is next?
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g-2 : More questions
Please add to the list

Bologna experimental activities. Opportunities? Challenges? New ideas and proposals?
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