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Plan of the talk

© “Old muon g-2 puzzle” (pre BMW 2021)

> Possible new physics interpretations
> Leptonic g-2, EDMs & LFV interrelationship

® “New muon g-2 puzzle” (post BMW 2021)

> Possible new physics interpretations

® Conclusions and future prospects
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Experimental status

e April 7¢* 2021: Muon g — 2 experiment at FNAL confirms BNL!
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* FNAL aims at 16 x 10~'". First 4 runs completed, 5th in progress.

® Muon g — 2 proposal at J-PARC: Phase-1 with similar BNL precision.
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“Old muon g-2 puzzle”

New Physics for the muon g — 2: at which scale?

* Aa, discrepancy at ~ 4.2 o level:
EXP _

Da, = a**— a™ = a))" = (2.51 +0.59) x 10~°

2
m —9
Aa, = a," ~ (a," )weak ~ 16”7‘2*‘/2 ~2x10

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

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).

[For a through compilation of models, see Athron, Balazs, Jacob, Kotlarski, Stockinger, Stockinger-Kim, '21.]
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Figure: LHC Run 2 bounds on SUSY scenario for the muon g — 2 anomaly for tan 8 = 40.
Orange (yellow) regions satisfy the muon g — 2 anomaly at the 1o (20) level [Endo et al., 20].
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A < 1 GeV: Axion-like Particles and the muon (g — 2)

Axion-like Particle effective Lagrangian

L=

0 2P

Cup
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Figure: Contributions of a scalar ‘s’ and a
pseudoscalar ‘a’ ALP to the (g — 2),.

[Marciano, Masiero, PP, Passera '16]

[Cornella, P.P., Sumensari "19]
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Figure: Aa,, regions favoured at 68% (red), 95% (orange)
and 99% (yellow) CL. Gray regions are excluded by the BaBar
search ete™ — p =+t ™ [Baver, Neubert, Thamm, '17]
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A > v: the muon g-2 in the Standard Model EFT

* SMEFT Lagrangian relevant for Aa,

L q
L= Z Cev (bLo™ er) HV,u + Z (eLU,uVeR)(QLO' “gr) + h.c.

V=B,W g=c,t
lr 15
Ciz
c
Y Z
lp lr

Aa, ~ 4m2 V (Ce 3a C2W SWC

|
eN2 m T 21 swow ¥

|Aa| ., 250TV
3><10‘:9N( . ) ‘C |

[Aay| . (100 TeV
3><10“—9~( /\C ) ‘C |

> Strongly coupled NP: C%. , C‘“ ~ g%p/1672 < 1implying A < few x 100 TeV,
beyond the direct production reach of any foreseen collider.

[Buttazzo and P.P., '20 ]
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Connecting (g — 2),, with high-energy processes

* SMEFT Lagrangian relevant for Aa,
Z

L= Z (eLa “er)HV,u + Z —L(€Louver)(Quo™ gr) + h.c.

v=B,W g=c,t

l lr AU
v CfZ

g
Cr

\‘h (g q
Figure: Connection between the Feynman diagrams for leptonic g-2 (upper row) and
high-energy scattering processes (lower row) within the SMEFT: H = v 4+ h//2

myv s —
Aa, ~ TP;CeV,T <~ O pp—rf ™~ F|Cev,r|2 (f =ev,eZ,qq)

¢ At high energy o,,,_.; can compete with Aa, to test the very same NP!
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The muon g-2 at a Muon Collider
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Figure: 95% C.L. reach on Aa,,, as well as on the muon EDM d,, as a function of 1/s from
various processes for the reference integrated luminosity £ = (1/s/10 TeV)2 x 10ab~".
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On leptonic dipoles: ¢ — 'y

* NP effects are encoded in the effective Lagrangian

L= 74 (PRoyuw Avr b + UL AiplR) F*™ 0,0 = e, p,T

> Branching ratios of £ — £/~

BR({ — 'y) _ 48na
BR([ — gll/eI;g/) N G,z_-

(1Acer 2+ 1Agrel?) -

> Aay and leptonic EDMs

Aay = 2m§ Re(A(gg), % =my Im(Au) .

> “Naive scaling”: a broad class of NP theories contributes to Aa, and d; as

Na, —m? d o my
Aag/ m2,’ dgl o My '
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Model-independent predictions

* BR(%i — £jv) vs. (9 — 2),
- Aa 270 2
BR(z —ey) ~ 3x10 ‘3(3X1g_9> (1;5‘5)

~ of DNa, \°( 0., \°
BR(r = uy) =~ 4x10 (3><1O—9) 10-2

® EDMs vs. (g — 2),

AR Ve
o = <W)10 <10*5 e cm,

- Aa, —22 ,cPV
d, =~ (73><10—9)2X10 ¢, ecm,

* Main messages:

» Aa, ~ (3 £ 1) x 10~° requires a nearly flavor and CP conserving NP
> Large effects in the muon EDM d,, ~ 10—22 e cm are still allowed!

[Giudice, P.P,, & Passera, '12, Isidori et al., '22]
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Breakdown of SM contributions

* g, from WP20 (W/o BMWe lattice result)
[Colangelo EPS-HEP202| proceeding]

Contribution Value x10!!  References
Experiment (E821) 116592089(63)  Ref. [3]
Experiment (FNAL) 116592040(54)  Ref. [1]
Experiment (World-Average) 116592061(41)

HVPLO (e*e”) 6931(40)  Refs. [6-11]
HVP NLO (e*e”) —98.3(7) Ref.[11]
HVP NNLO (e*e”) 12.4(1)  Ref. [12]
HVP LO (lattice, udsc) 7116(184)  Refs. [13-21]
HLbL (phenomenology) 92(19)  Refs. [22-34]
HLbL NLO (phenomenology) 2(1) Ref. [35]
HLbL (lattice, uds) 79(35) Ref. [36]
HLbL (phenomenology + lattice) 90(17)

QED 116584718.931(104)  Refs. [37, 38]
Electroweak 153.6(1.0)  Refs. [39, 40]
HVP (e*e”, LO + NLO + NNLO) 6845(40)

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

Total SM Value 116591 810(43)

Difference: Aay, = ap” — a5™ 251(59)

=~ HVP LO is the bottle-neck of the SM prediction
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HLO contribution ete~ — hadrons

¢ dominated by e*e™ — ztx™ channel (70% of the full hadronic) fadrons

(@), = %Lﬂ % K(s)Im Tl,(s) = FJ- ds K(5)pu(s)

/5 S T 2
l 0 l = \
kernel function
dispersion relations optical theorem K(s) m,f/3s for \/; >m,
2
Im J\/V\,./V\/V ~ ‘ M\<‘ ~  o(eTe” — v* — hadrons)
10% 7 T Fuhadonc R rao
2
value (error) 10! —
—
rad, g™ 100 G —
. i g
- : pr—
0.6 @10 2 R, —
102

—
v —

107

107

Keshavarzi, Nomura, Teubner 2018 10°°
04 06 08 1 12 14 16 18
s [GeV]
HLO _ -1 0,
a, o0, = 6931(40) x 107""(0.6%) wrz0)
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HLO contribution from lattice QCD

¢ Great progress also in lattice QCD, where spacetime is modeled as a discrete
grid of points. The BMW collaboration reached a 0.8% precision!

ayHLo = 7075(23)stat(50)syst [55]tot X 10-11 i

¢ 2-2.50 tension with the “data-driven” evaluations.

—fF— Lattice —E&— R-ratio

This work [ ——
Gérardin et al.32 | —
Davies et al.® | —_—
Giustietal®}  — g :
Blumetal.o} —_—
Borsanyi etal.™ L —
Davier et al.3 | —— E
Keshavarzi et al.4 | - g
Colangelo et al., | o No new:physics
Hoferichter et al.% L . . i L
660 680 700 720 740

aOHVP (x1019)

Borsanyi et al (BMWCc), Nature 2021
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“New muon g-2 puzzle”

(@™Pypxp = afXF — gMorest etem BMW  EXP arr
1 1 3
(a;{VP)ZZ};_ZO = 6931(40) x 101 L} ' 4 Ly A}
<+—1.66 —
(@1VP)gpy = 7075(55) x 10711 420

“new puzzle”: if BMW is correct, the “old” g-2 discrepancy (4.20) would be basically gone

== however, this brings in a new tension with e*e™ data (2.20)

Here, NP in 6;,4(¢e*e™ — hadrons) such that [LDL, Masiero, Paradisi, Passera 2112.08312]

L (@"OWVEE ~ (@ P)pxp
2. the approximate agreement between BMW and EXP is not spoiled

3. w/o a direct contribution a)* (i.e. NP not in muons)
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Consequences of the BMW result

e Can Aa, be due to missing contributions in o(e*e~ — had)?

> An upward shift of o(s) also induces an increase of Aafa)d(Mz) defined by:

«
1 — Aa(Mz) — 80 (Mz) — Acvop(Mz)

a(Mz) =

2 [e°s) 2 oo
HLO |, My a(s) & _ M o(s)
T . 4m2"d3 s 0 D% = g dsMQ—s

Im a(efe™ = v* — hadrons)

* Achangein o(ete~ — had) is strongly disfavoured by:

> EW-fit for \/§ 2 1 GeV [Marciano, Passera, Sirlin, ‘08, Keshavarzi, Marciano, Passera, Sirlin, '20,
Crivellin, Hoferichter, Manzari, Montull, '20]. A shift of o(eTe™ — had) to accomodate the
Aa,, anomaly would necessarely require new physics to show up in the EW-fit!

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

* LQCD coll. should provide Aar-SCP to be compared with Aag.S .
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Light New Physics in ohad

¢ Light new physics inducing a sub-GeV modification of onaq is the only possibility

e+>wﬁ ’
e/ NP\ o

I.NP coupled only to electrons == severe bounds  [See however

Darmé, Grilli di Cortona, Nardi 2112.09139
€+>WNN%‘V: ) e+>Wv:f’/ W
e Cvam e Ne®

NP in Bhabha scattering ? = backup slides]
2. NP coupled only to hadrons

+

FSR effects due to NP should be included into oy,4(s), not easy to be accounted for. ..
(depend on exp. cuts and mass of NP)

- however, we know that in the QED case

@R v 50x 101 1@ mw — @ DR ~ 1501071
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Light New Physics in ohaa

Py

3. NP coupled both to hadrons and electrons

a [® ds L[
- K(s)Im Iyp4(s) = — [ ds K(5)0paa(s) Ohad = Opag + Mg
m m l

HVP —
@, ere-= 2
+ - HVP
e’e BMW EXP a, NP
B k had =~ A0y

+—1.60 — should be “subtracted” by NP,
since NP does not contribute to HVP at the LO
(but it contributes at the LO to the x-section)

= a positive sift on (a;'IV P) pie- requires Aahl‘i]; < 0 (negative interference)

18/29
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A new light Z’ vector boson

* Requirements:
sub-GeV mediator

I, 6y,q Mmodified at /s $1GeV (mostly 7tz channel)

2. A sizeable negative interference with the SM
couples to u, d quarks (and electrons)

couples via a vector current
tree-level mediator

= a light spin-| mediator with vector couplings to first generation SM fermions

q=u,d mz S1 GeV

Lz D (gv erte+ gy v'9)Z,

* [t can be shown that (neglecting iso-spin breaking corrections due to NP)

2

SM+NP d
o ™ _ |y, gvey —9v) s
J,srl;f e? S—m2zl +imz«1‘z«

19/29
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A new light Z’ vector boson

|. Semi-leptonic processes

ete™ — g has been measured with per-cent accuracy at LEP-Il

oSM+NP

e 9
nguz% —p lghgl| S46-1074Q,] (€ 533-107%)

2. Leptonic processes
* formy, 5 0.3GeV (Z' — ete” is the main decay mode)
ete” > yZ @BaBar ~——P g% $2-107%
3. Iso-spin breaking observables

i : 2_ 2 2
charged vs. neutral pion mass 2 difference Am* = m2, — m2,

u d \2
9y — 9
(Am?) 5 ~ Y = 90) V( 47r)2" ) A2 (Ay ~1GeV)

-—-+ |g"j - g$| < 0.06 [Rescaling lattice QCD calculation of Frezzotti et al 2112.01066]

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 20/29



A new light Z’ vector boson

mz =0.1 GeV
\
(g-2). =
1 Aay(exp) + 1o
LEPII
0.50
>
%
BaBar (¢*e”) »
0.10
Iso—{spin breaking T
0.05
1074 0.001 0.010 0.100

-q%

0.50

gv-gv

0.10

0.05

mz =0.5 GeV

Iso—spin breaking T

Aay(exp) = 1o,

\

107

0.001

-qv

0.010

0.100

At least two independent bounds prevent to solve the “new muon g-2 puzzie”!
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Outlook

® The muon g — 2 represents the most longstanding hint of New Physics now,
thanks to the E989 experiment at FNAL, growing to 4.20.

® L QCD results by the BMWc weaken the muon g — 2 discrepancy to 1.60 but
they are in tension with the EW-fit and et e~ — hadrons experimental data:

> The MUonE experiment can provide an independent measure of Aapaq Which
is not contaminated by new physics effects [vasiero, PP & Passera, 20].

® Both heavy New Physics (v < A < 100 TeV) and ligh New Physics (A < 1GeV)
scenarios have the potential to account for the muon g—2 anomaly.

> Different scenarios can be disentangled by dedicated searches at running or
future experiments such as Belle Il and a high-energy Muon Collider .

e |f the muon g — 2 anomaly will survive, we expect relevant enhancements in
leptonic EDMs (especially in the muon EDM) and LFV physics.

e Testing New Physics effects in the electron g — 2 at the 10~ "% is not too far! This
will bring ae to play a pivotal role in probing New Physics in the leptonic sector.

Message: an exciting Physics program is in progress at the Intensity Frontier!
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Backup slides

Backup slides
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3x 10-°

= BNL
™ Fermilab
J-PARC
PSI e

u ACME 2013
d. < 102" e cm (L>

 ACME 2018
10-3" ecm

[Crivellin, Hoferichter & Schmidt-Wellenburg, 18]

)2 x 1072 ¢ ecm,

[Giudice, PP & Passera, '12]
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Testing new physics with the electron g — 2

* Longstanding muon g — 2 anomaly

Da, = a;"—a}" = a)," = (2.51 +0.59) x 10~°
NP SM mi -9
Aa, =a, = (a, )WeaszzZXN

¢ Testing the muon g — 2 anomaly through the electron g — 2

Nae _ ms
Aa, m

_ Aau _13
<= Aae = (W) 0.7 x10

> a has never played a role in testing NP effects. From a$M(a) = af*F,
we extract o which was is the most precise value of « up to 2018!

> The situation has now changed thanks to th. and exp. progresses.
>« can be extracted from atomic physics and ae used to perform NP tests!

[Giudice, P.P, & Passera, '12]
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The Standard Model prediction of the electron g — 2

e Status of Aa. as of 2012
Age = a2 — a3 = -9.2(8.1) x 107",
dae x 10" (0.6)qens, (0.4)qeps, (0.2)uan, (7.6)sa, (2.8);5mxr.
> The errors from QED4 and QED5 will be reduced soon to 0.1 x 1013 [kinoshita]

> We expect a reduction of §a5%F to a partin 10~ '3 (or better). (Gabricise]
> Work is also in progress for a significant reduction of da. [Nez

¢ Status of Aa. as of 2018: 2.40 discrepancy [parker et al, Science, 18]

Aae = 25" — 33" (Berkeley) = —8.8(3.6) x 107 '°
dae x 10" (0.1)qeps, (0.-1)uap, (2.3)5a, (2.8)sumxr.

e Status of Aa. as of 2020: 1.60 discrepancy [vorel et al., Nature, 20]
Aae = a5*" — 8™ (arkBa020) = 4.8(3.0) x 107"
dae x 10" (0.1)qeps, (0.-1)nap, (0.9)5a, (2.8)s4mxr.

* Aa. < 107" is not too far! This will bring a. to play a pivotal role in
probing new physics in the leptonic sector. [Giudice, PP & Passera, 12

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 26/29



Pion matrix element

* Vector form factor (VFF) defined via

(T ()75 O) 7 (p)) = (' + P)*FY (¢°) T = FuyHu — 3dyid

Using iso-spin and C invariance

(M| Tl |7 = (¥ [y uln™) = —(a* |dy*d|m*)

we can cast the matrix element of the Z’ quark current in terms of the VFF

()| 75, (0)|7* (p)) = £ +p)"Fy (¢°) (9% —9¥) Ty = gbunu + gidyd
2
om ™ _ |y 9v(ey —gb) s
g e? s — mZZ, +imz Tz
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A new light Z’ vector boson

. ) ' .
* Typical benchmarks solving the g-2 discrepancy y=10
0.006 oo
— 0.004
'> =0.5GeV my; =09 GeV
é ’27:72.103 €=2-10"2
©
0.002
1 oo
= N 0.000+
Aoy =g | dsK(s)(~Aoily(s))
Sexp

04 05 06 07 08 09 10
l Vs [GeV]

2es(s — m%,) + €2s?
(s —m%,)?+ m%~?

\/Sexp & 0.3 GeV Aopri(s) = o (s) x
for ztm~ channel

e=g¢ (g% — gt)/€

Y= I"Z//mZ,
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NP in Bhabha scattering?

[Darmé, Grilli di Cortona,

* What if the measurement of the KLOE luminosity is affected by NP ? Nardi 2112.09139]
N SM
o - o —d Lore = L2
Ot Teft

Oot = 00 (14 85)

Ohad X Npaa/Lete- — Ohad — Ohaa(1 + R)

QUOMIVF _y LORVE (1 4 5,)

LHC EW fit - 300fb*

20 BaBar/KLOE
- el fit data
My, =0.95My, ap=0.5 W Excl. Ars KLOE
1.0 1.02
My [GeV]
Figure 3. Parameter range ible at 20 with the i of

Aay, (green region) resulting from a redetermination of the KLOE luminosity, for ap =
0.5,my, = 0.95my and my, = 25 MeV.. In the blue region the KLOE and BaBar results for
Opad are brought into agreement at 2. The red region corresponds to a shift of the KLOE
‘measurement in tension with BaBar (and with the other experiments) at more than 20.
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