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Plan of the Talk

|. Status of the muon g-2 as of mid 2022 [exp + SM theory review:
see talks by E. Barlas Yucel + M. Golterman]

2. New physics & the “old” muon g-2 puzzle

around for ~ 20 years: one observable and many BSM possibilities

3. New physics & the “new’ muon g-2 puzzle

Assuming that the BMW lattice determination of HVP contribution is correct,
what's going on with ete™ data ?
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-NAL confirms BNL

WP20 = White Paper WP20 BNLg-2 | — o 376
of the Muon g-2
Theory Initiative: FNALG2 +——@ : 330
arXiv:2006.04822

<< 4.20 >>

® : ® : 420

Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
ap><10 -1165900

aEXP= (116592089 * 63) x 10-11[0.54ppm] BNL Es21
auEXP = (116592040 * 54) x 10-11 [0.46ppm] FNAL E989 Run 1
aEXP= (116592061 * 41) x 10-11[0.35ppm] wa

e FNAL aims at 16 X 10711 First 4 runs completed, 5th in progress
* Muon g-2 proposal at J-PARC: Phase-| with similar BNL precision
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Breakdown of SM contributions

e a, fromWP20 (w/o BMVV lattice result)

[updated from 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)

HVP LO (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: Aa,, := aj,"® — aSM 251(59)

u

ey HVP LO is the bottle-neck of the SM prediction
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Breakdown of SM contributions

e a, fromWP20 (w/o BMVV lattice result)

Aa, = a, " — a5 = a)" =251(59) x 10~ (4.20 discrepancy!)

(0.1)qep, (Mew, (18)urprL, (40)uve, (41)szmxp.
- e

(6a;*" ~ 16 x 107" by the E989 Muon g-2 exp.in a few years)

ey HVP LO is the bottle-neck of the SM prediction
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Hac

* Hadron Vacuum Polarization (HVP)

Hadrons

ImMV‘/M ~ ‘\/\A/\<

(VP

1 o0
- 4—71-3 sz dS K(S) Uhad(s)

T

ete~

a HLO = 6895 (33) x 10-11
= 6939 (40) x 10-11
= 6928 (24) x 10-1

ronic LO

= 6931 (40) x 10-11(0.6%)

contribution

(error)2
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e
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Keshavarzi, Nomura, Teubner 2018

2
~  o(ete” — +* — hadrons)

K(s) ~ mﬁ/3s for \/E > m,

F. Jegerlehner, arXiv:1711.06089

Davier, Hoecker, Malaescu, Zhang, arXiv:1908.00921

Keshavarzi, Nomura, Teubner, arXiv:1911.00367

WP20 value
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old” muon g-2 puzzle

HVP _ _EXP _ _SM,rest
(aﬂ JEXP = a, a, ete™ EXP avP

(ay """ = 6931(40) x 107"

ete~

«— 420 >
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old”

HVP EXP SM, rest NP
( )EXP a —d U —d U

(ay """ = 6931(40) x 107"

ete~

+— 420 >

‘old puzzle™: a direct NP contribution to a,, is required in order to match the EXP value

2

m
_ H —11
Aa = qBEXP — gSM = NP  (SM ~ ~ 200 x 10
i H H H ( 2 JEwW 167212

» 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 < 1 GeV) and feebly coupled to SM particles.
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A =~ v :SUSY

* Motivated by hierarchy problem and WIMP DM but disfavoured by LHC bounds

[Endo, Hamaguchi, Iwamoto, Kitahara 2104.03217]

2021 Sprin,
7/ T

=

ﬁ 60049

2

s
400
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poop
o o 200 400 600 800 1000
a°vsY ~ g-mjtanf ~2x107° m( %) [GeV]
a 322 m? ——— —— 1

m="500GeV & tan 8=40 Orange (yellow) regions satisfy the muon g-2

anomaly at the |0 (20) level
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A > v :SM

e The correct language is that of the SM EFT [Buttazzo, Paradisi 2012.02769
Aebischer et al 2102.08954]

Cév (7 v cy - —
L= Z Aezv (EL(T“ GR) HV,.. + Z A—Z(fLG,WGR)(QLO'“ qn) + h.c.

V=B,W g=c,t
EL eL
CZ
J4 eZ
cL,
Y Z Y
R lr

4m§ |74 v 3a CW SW A 4m§ Mg Cg—q I\
Al = ope m, (C‘” 2w SweCw Cez log m_z) _CZ: Y Iogﬁq
|Aa,| (250 TeV c X strongly-coupled NP:
3x10—9 7 ( ) |Cer | —$ upper limit set by partial-wave unitarity \/E <900 TeV

[Allwicher, LDL, Fedele, Mescia, Nardecchia 2 105.13981]
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m, < 1 GeV :axion-like particles

[Marciano, Masiero, Paradisi, Passera 1607.01022
Bauer, Neubert, Thamm 1704.08207 ...]

d

* Axion-like particle EFT

>~ A, g Cup 0”@ _ 10 —————
L: =€ nynyFp,uF'uV I 2 A M7U75“ m, = 1 Ge\/
5|
B — [
>
l a,s l E 0_
— < |
U‘t I
a,s _5-
C 2 i
I I BT '
— > > 1070 -5 0 5
Cuu/ A [TeV™']
Aa, — mf‘ 120° C2 |n‘?/\_2_Mh1 @ _2_0‘0 C InA—2
H N2 T A 2 1672 m?, o T m2
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L O HVP from lattice QCD

Great progress in lattice QCD results. The BMW collaboration reached 0.8% precision:
ayHLo = 7075(23)stat(50)syst x10-11,

p—
55
Isospin symmetric

O O O O O

connected strange connected charm disconnected
53.393(89)(68) 14.6(0)(1) -13.36(1.18)(1.36)

connected light
633.7(2.1)(4.2)

Strong isospin-breaking

connected 0.37(21)(24)

m |sosp|n;t;r:ak|ng. Im

disconnected -0.040(33)(21)

G am &

isospin-breaking: O O O

@ Valence connected disconnected

connected -1.23(40)(31)  disconnected -0.55(15)(10) 6.60(63)(53) -4.67(54)(69)
Etc.

bottom; higher order;
perturbative

0.11(4)

QED

isospin-breaking:

OO0 0O

Finite-size effects

isospin-symmetric

' 18.7(2.5)
mixed isospin-breaking
connected -0.0093(86)(95) disconnected 0.011(24)(14) 0.0(0.1)
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L O HVP from lattice QCD

Great progress in lattice QCD results. The BMW collaboration reached 0.8% precision:

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

55

p—fg— Lattice —E— R-ratio
This work | —il—

Gérardin et al.3?2

-

1

Davies et al.®® }

Giusti et al.34 }

11

Blum et al.1®

il

[ —— .-........-...ﬂ.---.

1

Borsanyi et al.’

Davier et al.3 }

Keshavarzi et al.4

—E5—
HoH .
Colangelo et al.>, | S No new!physics

Hoferichter et al.®

1 1 1 i 1
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aLO-HVP (x1010)
u

Borsanyi et al (BMWc), Nature 2021

L. Di Luzio (U. of Padova & INFN) - Review of BSM models for muon g-2



‘new’ muon g-2 puzzle

HVP _ _EXP SM, rest
(aﬂ JEXP = a,  —a,

(ay """ = 6931(40) x 107"

ete~

(@ )pamw = 7075(55) x 107"

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

m-v-} however, this brings in a new tension with eTe™ data (2.20)
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‘new’ muon g-2 puzzle

HVP _ _EXP SM, rest
(aﬂ JEXP = a,  —a,

(ay """ = 6931(40) x 107"

ete~

(@ )pamw = 7075(55) x 107"

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

m} however, this brings in a new tension with eTe™ data (2.20)

K\ItP in oy.4(eTe” — hadrons) such that [LDL, Masiero, Paradisi, Passera 2 | |2.083|2]\

HVP\WP20 - HVP
. (a,u Joros N (a'u JEXP

2. the approximate agreement between BMWV and EXP is not spoiled

Q. w/o a direct contribution a; " (i.e. NP not in muons) J
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Muon g-2 2 Aa connection

H 4 Keshavarzi, Marciano, Passera, Sirlin 2006.12666]

m.-} an upward shift of oy,,4 induces an increase of Aa(S)(MZ)

a
1 = Aoye,(Mz) — Aoy, 3(Mz) — Aoy, (M)
ZHLO mi U(S) Aa®  — Mz [ d o(s)
K 1273 s ’ had 42 am M2 — S

e disfavoured by the EWV fit (at about 20), if the shift happens at \/E > 1GeV

ety selects light NP inducing a sub-GeV modification of oy,,4 (basically, ete™ — a*x™ channel)

[See also Crivellin, Hoferichter, Manzari, Montull 2003.04886; Malaescu, Schott 2008.08 107/;
Colangelo, Hoferichter, Stoffer 2010.07943]
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Light NP in 6,

’/, , ',/
K . NP NP ,-
1 7’
[ s ’\
\\ 1 ‘\
. Ny
ST N -

|.NP coupled only to electrons =@ severe bounds [See however
Darmé, Grilli di Cortona, Nardi 2112.09139
NP in Bhabha scattering can affect extraction
of KLOE luminosity ! = backup slides]
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Light NP in ahad

'/, , ,,/
,' . NP NP .-
1 7’
Y .\
\\ 1 \\
\\\ _ ‘ _ \\\ _
~ 7“' e s ﬂ-

2. NP coupled only to hadrons

FSR effects due to NP should be included into o6y,4(s), not easy to be accounted for...
(depend on exp. cuts and mass of NP)

mw} however, we know that in the QED case

@VPFSR 505 101 1@ Dpww = (@, & 150X 1071

moreover, we expect an extra (gxp/ e)? < 1 suppression
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Light NP in 6,

’.' NP NP,
B D .k o
| \\
‘0
_ .

€
-\ _J
3. NP coupled both to hadrons and electrons
HVP a (% ds I _
(@) ") pre- = 3 2 - K(s) ImII 4(s) = =y 2 ds K(5)0y,,4(5) Ohad = O'had + Aahad
ms, l m l
optical theorem experimental x-section

o(ete”™ — v* — hadrons)
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Light NP in 6,4

’.’ NP NP,
B D .k o
| \\
‘0
_ -

AN J
3. NP coupled both to hadrons and electrons
HVP a [T ds e _
(@, " )re- = ; - K(s) ImII 4(s) = =y ds K(5)0y,,4(5) Ohad = O'had + Aahad

mio m,%o l
NP
( Ohad — A"h@

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)

HVP)

a positive sift on (a, _ requires Aahad < 0 (negative interference)

ete
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Basically, a unigue scenario

* Requirements:

» sub-GeV mediator

|. o}, Modified at \/E < 1 GeV (mostly 777~ channel)

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

v .
couples via a vector current

tree-level mediator

=ty a light spin-1 mediator with vector couplings to first generation SM fermions

Lz D (gverte+ gy ar'a)Z, q=u,d mz S 1 GeV
aratN | gy (9v — gv) s i
oM e s —m7zy +imzgl z
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/’ constraints

mz = 0.1 GeV mz = 0.5 GeV
\ N Aa,(exp) + 1o
1t Aa,(exp) £ 1o 1t
- (2. > - (g-2). -
0.50+ - 050"
> >
¥ k3
3> >
(@] ()]
BaBar (e*e”) -
0.10+ - 0.10-
: Iso—spin breaking T \ : : Iso—spin breaking T
0.05| \ \\ - 0.05 ' \
1074 0.001 0.010 0.100 10~4 0.001 0.010 0.100
g5 -gv

iy at least two independent bounds preventing to solve the “new muon g-2 puzzle”

[LDL, Masiero, Paradisi, Passera 21 12.08312]
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Conclusions

e Fermilab’s Muon g-2 experiment confirms BNL's result
iy muon g-2 is the longstanding hint of NP growing up to 4.20

e The BMW lattice result weakens the exp-SM discrepancy, but brings in a tension with e¥e™ data

m.-._b “new muon g-2 puzzle”

<+«—].60 —

+«—420 >

e Can this be due to NP (not in muons) that modifies 6,4 !

=y strongly disfavoured in explicit BSM scenarios by a number of exp. constraints

e Alternative determinations of HVP contribution will be crucial (lattice, MUonE, ...)
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Backup slides

Thank you for your attention !
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Opaq data

IWP20, 2006.04822]

LI I LI I LI I UL I L I L I L I LI

CLEO = ¥

376.9 + 6.3

SND

371.7+5.0

BESIII
368.2 = 4.2

<>

>

CMD-2 ——O—
372.4+3.0

BABAR —0—
376.7 + 2.7

KLOE ——
366.9 = 2.1

lIIlllllIlllllllllllIllIlIIlIlllIIlll

355 360 365 370 375 380 385

HVP, LO [, + - 10
A [va] I[o.cs, 0.9] GeV [x107]

SM predictions

Figure 15: Comparison of results for al},IVP’ LO71), evaluated between 0.6 GeV and 0.9 GeV for the various experiments.
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Figure 13: The n* n~ cross section from the KLOE combination compared to the BABAR, CMD-2, SND, and BESIII data points in the 0.6-0.9 GeV
range [82]. The KLOE combination is represented by the yellow band. The uncertainties shown are the diagonal statistical and systematic
uncertainties summed in quadrature. Reprinted from Ref. [82].
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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 2112.091397

SM NBhpa \ SM Usflf\4
. L e
£e+e_ . SM m-_* £e+e— - £e+e—
Ueﬁ Oeff

Ooff = afév[(l + 0R)

Ohad X Nhad/£e+e‘ m———} Ohad — Uhad(l + 53)

LO,HVP

LOHVP _, qLOHVP (1 | 5p)

a
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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]

21
- BNL + FNAL
o
(@)
3
© 20
— ' BMW - lattice
|
(o))
ST
x:. [ | G\Oba‘ + KLOE NP 1
e _ |
i e ]
18 e SM-TH initiative
-10 -5 0 5 10

(@"VP(KLOE)- a"VP(BaBar)) x 10"

Figure 1. Theoretical prediction for a, obtained by modifying the KLOE result in the

data driven global fit to a,IjO’HVP (oblique violet band). The blue band corresponds to the

combined BNL and FNAL experimental results, the red band to the prediction obtained
with the BMW lattice estimate of a,I;O’HVP, and the orange band to the one obtained from
0had Without modifications of the KLOE results. The width of the bands represents 1o

uncertainties.
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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]

0.05

0.02

w ~ LHC EW fit - 300fb~% |

0.01-
0.005

| "~ 20 BaBar/KLOE

Il Excl. fit data
M,, =0.95My, ap = 0.5 EPE Excl. Arg KLOE
1.0 1.02 1.04
Mv [GeV]

Figure 3. Parameter range compatible at 20 with the experimental measurement of
Aa,, (green region) resulting from a redetermination of the KLOE luminosity, for ap =
0.5, my, = 0.95my and m,, = 25 MeV. In the blue region the KLOE and BaBar results for
Ohad are brought into agreement at 20. The red region corresponds to a shift of the KLOE
measurement in tension with BaBar (and with the other experiments) at more than 2.
The limit from the electroweak fit at LEP (gray band), the projection for LHC run-3 [73]
(violet dashed line), and the recasting of the BaBar limit [51] (orange band) are also shown
(see text). The hatched magenta region corresponds to the conservative 20 exclusion from
AArpp, while the magenta dashed line corresponds to the more aggressive exclusion limit
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NP In Bhabha scattering !

[Darmé, Grilli di Cortona,

. . ' T ?
What if the measurement of the KLOE luminosity Is affected by NP Nardi 21 12.09139]
| |  m,=25Mev /| &
’ m,,=097GeV /| | &
21 my=1019GeV | |
BNL + FNAL - NP ap=0.5 ..'
3 20 | - S
co | - .'
= | BMW - lattice
I | .'
2 |
x 19
o
_ / A Excluded
 Global + KLOE NP ol
18/ - | |
0001 0002 0005 0010 0020 0050

€

Figure 4. Theoretical prediction (purple) for a, as a function of € for a dark photon
model with m,, = 25 MeV, m,, = 0.9 GeV, my = 1.019 GeV and ap = 0.5. The dashed
purple curve denotes the region where the KLOE and BaBar results are more than 20 away.
The blue band corresponds to the combined BNL and FNAL experimental results after
subtracting the direct NP contribution from the dark photon. The red band shows the
prediction obtained with the BMW lattice estimate of a};O’HVP. The width of the bands

represents 1o uncertainties. The grey region is excluded by LEP.
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A closer look at HVP LO

Hadrons

e dominated by eTe™ — z7z™ channel (70% of the full hadronic)

(aiwp) phom = %[ ﬁ K(s) ImII 4(s) = L“ ds K(5)06y,,4(5)

3
) T 2
m- mo \
kernel function
dispersion relations optical theorem K(s) ~ m5/3s for \/E > m,

102 [ I I ' = ' ' ' ' Full hadronic R ratio
2 T —
value (error) 10" R —
r ntnaln’  —
2 %0, rad. | 10° n"%:"ﬁt —
0.6 10—1 KK —
2 0 6 a | (n'n nnnono),lon I
! E 1:1”:"1:'1:1:” I
0.9 1.4 1072 I ( )3;:3 —
0.9 -3 All other statTel.Z I
10 (1t+1t'1|:°7t:°1|:o)m3 I
L onn-
4 . no_) I
10 L (n*n‘nononono)m“  E—

Keshavarzi, Nomura, Teubner 2018 1070 ' ‘
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
s [GeV]
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A closer look at HVP LO

Hadrons

e dominated by eTe™ — z7z™ channel (70% of the full hadronic)

(atVP) . “00 ﬁ K(s)ImIIL . (s) = L “°° ds K(s)o;,.,4(5)
U ete™ 7 _» had _ 3 had
T mz() S 471' m20

e what is o;,4(8) ?
had(S) Already included in a,HLO

- Includes Final State Radiation (FSR)

(afVPYFSR 50 x 107!

ete~
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A closer look at HVP LO

Hadrons

e dominated by eTe™ — z7z™ channel (70% of the full hadronic)

@vey =2 ro gs K(s)ImTI, (s) = 1 [oo ds K(5)... 1(s)
U ete™ 7 _» had _ 3 had
T mz() S 471' m20

e What iS Ghad(s) I

- Includes Final State Radiation (FSR)
- Inrtial State Radiation (ISR) and FSR/ISR interference are subtracted

-Vacuum polarization also subtracted (by rescaling exp. cross-section by |a/a(s)|*)

~f part of higher-order HVP
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Z' shift on (a, ")

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

ete~

2

SM+NP e (U d
Inr 114 9v(9v — 9v) s
oSM e2 s —m%, +imz Tz

* Hence, requiring that the shift in the x-section saturates the g-2 discrepancy

o [ asK(E)(-Ac(s)

Sexp

I

\ /Sexp ~ 0.3 GeV Aahad( ) frl;: (3) X

for 777~ channel

Aa, =

2es(s — m%,) + €25

(3 - mZ/)2 + le’)/z

= g% (9% — gi)/ €

¥ = FZ//mZ/
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Z' shift on (a, ")

ete~
. \ \ _ -2
* Typical benchmarks solving the g-2 discrepancy y=10"
0.006 - ﬁ Ton
— 0.004 .
% " my =05GeV m; =09 GeV
9 | €=_2_10—2 €=2'10_2
>
0.002
m, =0.1 GeV
1 oo ' e=-2-1072 |
Aay = —— | dsK(s)(—Aop,qy(s)) o000 )
4me )4
EXP e
04 0.5 0.6 0.7 0.8 0.9 1.0
l Vs [GeV]

2es(s —m%,) + €25

(s —mZ,)? +mz?

\/Sexp 0.3 GeV Aaﬁapd(s) ~ af’rl;f (s) X

for 2t~ channel
e = g% (9% — g7)/€’

¥ = FZ//mZ/
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ete—

Z' shift on (a, ")

* Typical benchmarks solving the g-2 discrepancy

Sy = 0.3 GeV
mz = 0.1 GeV exp mz = 0.5 GeV
10_8 - Aa,(exp) £ 1o / 10_8 - Aay(exp) £ 1o
107° y=10"1 107° “\ y=10""
g 100 § 10 y=10
10—11_ 10—11 7210_3
10270 1027710
10™4 0.001 0.010 0.100 1 1074 0.001 0.010 0.100 1
—€ —-€
le| 21072 le| 2 107% |y| 2107
— € u d 2
€ = QV(QV - QV)/e
2 e 2 u d \2 2\ 3/2
(9{3/) ~10( 9v (9v — 9v) V.2 \|2 4m
= ~ = 2.7 x 10 — = F (m7, 1—
8 FZ’/mZ' Yee 197 10-4 Vrm AST |y (mz))] m2,
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/’ constraints

|. Semi-leptonic processes

ete™ — qqg has been measured with per-cent accuracy at LEP-II

g SM+NP ge gq q 4 -3
(ZS?I‘ ~1+2 e‘zfQ‘; 9V 9| S 4.6-1077|Qq] (€$3.3-107°)
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/’ constraints

|. Semi-leptonic processes
2. Leptonic processes

e form, < 0.3GeV (Z' — eTe™ is the main decay mode)
ete” > yZ @BaBar By g% <2-1074
* for m, 2 MeV

electron g-2 ety g% ] S 1072 (mz/ /0.5 GeV)
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/’ constraints

|. Semi-leptonic processes
2. Leptonic processes
3. Iso-spin breaking observables

- AY i 2 _ 2 2
charged vs. neutral pion mass” 2 difference Am= = mz, —m7,

(Am?) 5 ~ GV = 9V)° 2 (A, ~1GeV)
Z' (47)? X x ™

”.»._} |g{‘, — g€,| < 0.06 [Rescaling lattice QCD calculation of Frezzotti et al 2112.01066]
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