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Muon g-2 anomalies



Standard Model in precmon era

35.9-137 fb (13 TeV)

>| Il] T »1711<]

E > 1'_ t P
iz | CMS wZ .-
— - v”

5 m,, = 125.38 GeV .°
(I 10—1 3 o,
£1]>""  p-value = 44%
& f
[ b, .
10_2? T.“‘ E
s | ¢ Vector bosons
107¢ E/" + 3" generation fermions
. ¢+ Muons ]
104 e SM Higgs boson i
Fol ol . Ll
?) 1,5:Ill 1] 1 | III.TI T 171l I
"3 1;-+ -------------- 0--. ----------------- %---‘--w
§ 0.5'111 A 1 1111-11 LAALL } l
10 1 10 10°

0.7 T T T - _1 —_
0.6 3 SK Summer 19 _—:
05 —
ol -
(Bxcd, -
04 —
0.3 ¢2 .E
0.2 —
0.1 —
b .
o.o l A ' I -
-0.4 0.6 0.8 1.0
—— T304 R, R, (1_(1) o .i ) L
<<<<< Z pole asymmetries (10) .
s500| === My (19) P
« = . = direct m, (1o) 1
300 direct M,, . 1o
I all except direct M, (90%) | ot
Lo ]
[J.Erler(2021)]

m, [GeV]

® SM gauge/flavor structures are well-tested.

® No clues for origins of Higgs mass, flavors, dark matter, etc.

»

Interplay of HL LHC, future colliders, precision and

intensity experiments are much more important.



Testing flavors and new physics

® “Charged currents” induce flavor violating processes -2~
at tree level, while FCNCs are induced at loop level.
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® | epton universality is well tested within the SM.
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® “FCNC processes”, g-2, EDM, and lepton universality, etc,
are sensitive probes of new physics.
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Lepton g-2

® Dirac predicted the gyromagnetic ratio of fermion
spin to orbital magnetic dipole moments to unity.

L =iy (9, +ieA,) —m)y

+ Hint:_ﬁ'éy E:g.
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“Magnetic dipole moment”
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Spin precession frequency

= orbital frequency Q

cf. Tidal locking for Moon




Electron g-2 at loops

_4_
® | oop corrections with virtual particles modify
charge/mass as well as g-2, so called anomalous mdm.

® |uilan Schwinger(1948): one-loop corrections in QED.

1
% ae = = (g —2)e = — = 0.00116
Z///V\M}W\z 2 o7

® Kusch & Foley(1948): first evidence for nonzero g-2.

1
aEXp — i(g — 2)6 = (0.00119 £ 0.00005

® QED up to 5-loops agree at |2 digits:

th —14 [Aoyama, Kinoshita,
= 115965218160.6(11)(12)(229) x 10
(11)(12)(229) Nio(2019)]

a® = 115965218073(28) x 1014 [Harvard(2008)]



Muon g-2 anomalies

® Muon g-2 is composed of QED, hadronic and

electroweak contributions.

Contribution Value x 10"

Experiment (E821) 116592 089(63)

HVP LO (¢*¢") 6931(40) Y ¥
HVP NLO (e*e) —98.3(7)

HVP NNLO (e*e™) 12.4(1)

HVP LO (lattice, udsc) 7116(184) 7

HLbL (phenomenology) 92(19)

HLbL NLO (phenomenology) 2(1) 7

HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)
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)

BNL E821 (2000) + White Paper (2020)

3.70 from SM




Muon g-2 update N

® ¢-) measurement at Fermilab E989 reinforces the case.

ot (MP) = 116591810(43) x 10~

H a,,(BNL) = 116592080(63) x 10~
a,(FNAL) = 116592 040(54) x 10~
a,(Exp) = 116 592061(41) x 107"

a,(Exp) — a,(SM) = (251 £59) x 107"
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Hadronic corrections

FIiVFI’ frcl>m;

I'I'I'Il' N
|
I

LM20
BMW20

ETM18/19 |

Mainz/CLS19 ?
FHM19 I L :

O O

connected light
633.7(2.1)(4 2)

53.393(89)(68)

Isospin symmetric

connected strange ocon

O OX@)

disconnected
-13.36(1.18)(1.26)

nected charm

14.6(0)(1)

Strong isospin-breaking

® QED
@

isospin-breaking:
valence

Oa®)

D O

O

OO

PACS19
RBC/UKQCD18

disconnacted
4 67(54)(69)

cornected

6.60(63)53)

connected -1.23(40)(31)  disconnected -0.55(15)(10)

BMW17 *

OO0 e OOOO|,  Fe
O

N bottamy; higher arder,
e isospin-breaking:

O O @ perturbative
0.11(4)

RBC/UKQCD L sea T
. o connected 0.37(21)(24) dsconnected -004XE3K
data/lattice A R — * F =
0 QED Inite-size effects
BDJ19 S isospin-breaking: O—O O Sospi-Symmetric
I X 18.7(2.5)
J17 i '[ § mixed i ek
——_——— [ I c __mt used in sz(_)___ connected -0.0093(86)(95) disconnected  0.011(24)(14) 0.0(0.1)
ks | 10"xa, 0 = 707.5(2.3),101(5.0)ysl5. 5ot
DHMZ19 - s
KNT19 HEH E,
WP20 i
IR N NN I (U N i ) IO Y B LQ C D
-60 -50 -40 -30 -20 -10 0 10 20 30
SM exp 10
(@0 ) x 10 BMW
TR
s | R-ratio
o BaBar o L S o
-~ + KLOE 12 d ‘\
= 1.20- s KLOE 10 (W P) . A
? A :" “
T 1.10; 4 \
w s 1
E ‘ « ' :
1
= 1.00- ' !
L . 4
LL: A 4
= 0.90; y K
. 4
s~ "'

300 400 500

600 700 800 900 1000 1100
E (MeV)

[F. Jegerlehner, 2021 ]

_7_



My [GeV]

Hadronic corrections
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Keshavarzi, Marciano, Passera, Sirlin, 2020/2021] Ao(s) = eo(s)

BMW HVP results would imply just 1.50 from SM.
But, there are issues such as electroweak data at high E
(through O running) or R-ratio data at low E.
=> independent LQCD needed. (See talks on Friday)




EFT for muon g-2

Effective operator for magnetic dipole moment:

1

r—
Auv

&LO'MV@DRF’W/ + h.c.

- Aa, = 251070 [E821+E989]
eAuv

wl- Apy ~ 5.6 x 108 GeV

Sensitive probe of new physics beyond SM.

In reality, the effective operator is suppressed by
loop factor, chirality-flip and extra small couplings:

1 . e v A\ 5 0.1 * AUV 5 2TeV

AUV / 167’(’2/\%\/ 7



Muon g-2 from new physics
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Prospects for g-2

Muon g-2 (FNAL) it
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[Graziano Venanzoni, CERN Seminar, April 8, 2021]
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Run| data is just 6%. Final goal in 2022 is 20 x BNL data.



B-meson anomalies



B-anomalies at LHCDb
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RK(*) ~ 1 (SM)
Ry = 0.84675 532 (stat)

~3.10

0 0ra (syst)

Universality
LHCb Preliminary low-g? central-g?
R xcw0 0.660 © 0:030 +0.024 | 0.685 * 04t 4 0.047
95% CL [0.517-0.891] [0.530-0.935]
99.7% CL [0.454-1.042 | [0.462-1.100]

~2.2-2.50



New physics from muon

BNLCSR Lattce —e—Data
Ll L) L) L) Ll L) Ll Ll l Ll L) Ll Ll l Ll L
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e Differential branching fractions & angular distribution in
muon channels are consistently lower than the SM values.



B—=D®ry

‘- -14-
Rp- = B(B = D*r1)/B(B — D*lv)
b Oy c
LI L B B B L B B L B L B L B L L L B L - ~
B Belle 2015 4+ Belle 2017
- mwm BaBar 2012 4 LHCb2015 - B H
L6F  mmm Belle 2020 # LHCb2018
| [ Average (pp-)
o~ 14 7 2500
S ] o
S L . i o~
s 1.2 = v
Q = 1500
- I : e
& | ] -
L 4 - < 1000
1.0 e 2
r ) \/ 1 § Sm
" [Bernlochrer et al, 2101.08326] E
platv vt v b b b 1 o 00 5 10
57050 075 100 125 150 1.75 GeViIeM
R(D) / R(D)sx al

Rp = B(B — Drv)/B(B — Dlv)
RIM =0.299 + 0.003,

SM __
Rp. = 0.257 4 0.003. ~3.10 with Belle data (2019).

RYP = 0.403 4 0.040 £+ 0.024,
P = 0.310 4+ 0.015 & 0.008.



EFT for B-decays

Effective Hamiltonian for b—suu:

4G e
e = = VsV 5 (CEO5 + CloOl + CJ*OF' + CHiOf) + he
2 4T
Of = (57" Ppb)(yup), O = (59 Prb) (. y° 1), CEM(my) = —C1%M(my) = 4.27
Of = (59" Prb)(firy,pt) Oy = (3v*Prd) (v, 1) CFSM (my) = —C1M (1my,) = 0.

?

b W~ 8

~, ZO _

“Penguins”™

Ri[1,6] = 1+024 (C}7* + Cy ), Ric-[1,6] = 1+0.24 (C2L" — Chy) +0.07Chy

CrLt =0t — O, Ckrp=C —Cig
. . . %*
Effective Hamiltonian for b—ctV: “Tree”
Hef = 4GT2FVC(, lCV (E’y“PLb) (f’y“PLVT)—l—CS ((_ZPLb)(fPLI/T)+CT((—30”VPLb) ('fU“VPLI/T)] +h.c.

Cy =1and Cg = Cp =0 in the SM



Global fits

[Cornella et al, 2021]

[Altmannshofer, Stangl, 202 1]
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Co# ~ —(.82
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New physics for B-anomalies

_‘I7_
New physics for Rk» anomalies:

\ / Z Ieptoquarks loops, etc.

\\
AN

V== Anp ~30TeV.

-:a“’;«é 7

New physics for Rpo anomalies: "T

\/ Leptoquarks,W’, charged Higgs, etc.

E Lo, w' »Ceff —

; /\ ) map> Anp ~ 3.5TeV.

b




Prospects for B-anomalies
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[P. Koppenburg, LHCb
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® Starting in 2019, Belle Il and LHCb can test LFUV in B-
meson decays to few % accuracy with data of 5 ab-!.



Models for muon g-2
& B-meson anomalies
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Flavor-dependent Z°

Anomaly-free U(l)’ for Rk» anomalies: U(1),(By—r14)+y(L,—L.)

* e PR
RK( ) Lz = g7, (§I tyHt —i{g:r b’r“% {y[rﬂ‘;}# y Y PLvy — (z +y) 70T

—(z + y) vr" PLvr + yiopy" Prinr — (z + y) isry" Prisr .

CKM is the only source for flavor wolatlon.[Bian’ Choi, Kang, HML, 2017:

Bian, HML, Park, 2017,2020]

1 1 - 1 - =
Ly = gz'ZL(gﬂf it 4{59? dy" ngLPLd;]*‘ 32 b PRt ) »
b HT | uo
00 0 Vial? VigVis ViV g A
r = VC]:KM 0 0 0 ) Vokm= VieVia Vi ° ViV | - ‘\_‘
001 VitV Vo ?

AGp ., Qem NP NP 8rymiaz: (v \?
AH@H,Z)—)§#+#_ - = \/5 ‘/t,thb 497’: Cg Og ’ C'g - ( )

30’9m mzr




B-anomalies & Z’ bounds

a(pp~>Z"xBR(Z'-»u* u™)(fb), m»=500GeV

Lepton couplings

1- v-trident

1fb

dimuon

001 002

10.03

gzX

Quark couplings

004

0.05

X
N
)

_20_
a(pp->Z)xBR(Z'-» ™ u™)(tb), gzy=1
0.10 pomemmmpp——gr
’ i dimuon
0.08 V=1 dé:nt
0.06
* 10fb/ 56
7 WY/ /
0.04- : J
i CHq
0.02-
0.1fb
OOO e e—— ! ‘ ‘ ‘ \ ‘ ‘ ‘ 1]
200 400 600 800 1000
mz (GeV)

[Bian, Choi, Kang, HML, 2017]

® | HC dimuon and tau decay/neutrino trident
searches are complementary to probe Rkoregion.



Scalar leptoquarks

Singlet leptoquark for Ron Triplet leptoquark for Rko 2
A23 \ /
S, Y=+; g2 ome :313_ e
b A33 " p v\

iy o Ls, = —kiyQL:PaL]; +h.c.
Ls, = =Xij(QF)%; (i0%)ap S1 Ly ; — Xij(uC)LiS1€jR + hoc. 53 §QLiPavLr

[Crivellin, Mueller, Ota, 2017; Choi, Kang, HML, Ro, 201 8]

Scalar LQ couplings: renormalizable but constrained by proton decay.

/ /

Singlet LQ: either ¢! or ugdjy q q

. . U ; dr(q
Triplet LQ: either ¢l or ¢gq P w(a) : 51(.S5) o
B-meson anomalies: ¢! q ; [

» Extra symmetry!? cf. Vector LQ: not renormalizable



Origin of leptoquarks |

%
Ro®) Vi SUSY with RPV:
S| = bottom squark

EE Y =41

WRrpv = A333L3Q3D5

/ 7 % / 7 %
)\{333 LRPV — _)\333V7LbLbR — )\3337_LtLbR -+ h.C.,

b Vr
RPV safe from proton decay: 0
sbottom- uy d% is forbidden. sa
CKM mixing induces charm coupling: o= .,_ e
tr, — Vilr + VchLI + Vupur - C 03 u 03 z

LHC direct searches: [Altmannshoefer et al,2017]

b—tr, m;_ 2 680GeV. Large RPV couplings in tension
b— by, m; > 1.22TeV. » with perturbative unification.
T° R N

Rk»: one-loop suppressed, so small. cf. SU(5) GUT, Becirecic et al, 2018



Origin of leptoquarks |l

Rp® R
S, \53 / @

b vy

_23_

:.ul—-

Scalar leptoquarks = pseudo Nambu-Goldstone bosons

Rpw —— Singlet leptoquark [B. Gripaios, 2010]
Coset space: SU(4)psxSO(5)/[(SU(3)cxU(1)p-L)x(SU(2)xSU(2)r)]
Rk — Triplet leptoquark [B. Gripaios et al, 2014]
Coset space: SO(9)xSO(5)/[(SU(4)psxSU(2)La)x(SU(2)HxSU(2)R)]

m=»>  Naturally light SM Higgs + LQ scalars
U(1)3g+L = Keep only ¢! :Safe from rapid proton decay



R(D™) -24-

Minimal flavor for leptoquarks
‘) ‘ R(K®)

10,
s S
= 1071k w .
——— R(D\*)) 20)
R(D*)) (10)
10721 T
10° 10°
ms, (GeV)
[Choi, Kang, HML, Ro, 2018] leptons R
0 0 0 0 0 0

Minimal flavor: Xx=1{ 0 0 (Ays)]. &=/ 0 (k) K quarks
0 Asz |Aas 0 |Ka2| Kaa

K3gkos| _ |Kiokes|  ME,

. ~ QY
A has|  [Ngphas| | m3, for B — K®vw




Hadronic constraints

B, s pplo ey

B — B mixing : loop-suppressed, | = m
unlike Z’ case. N

Bs — pFu” : constrains only triplet

leptoquark couplings.

2 >

y
[

B — K%vp : exists by SU(2) symmetry.

T T T T T
20 15 1.0 0.5 0.0 0.5 1.0

(b
B(B - I{VD)‘SM = (3.98+£0.43%0.19) x 1076, B(B—K'wp)| = (919%0.86+0.50) x 10-°
B(B — Kvi) <16 x107°, [Belle] B(B — K*ui) < 2.7 x 1077

» Cancellation between singlet and triplet leptoquarks.

Belle-2 at 10% level

» strong constraints on leptoquark models.



Leptoquark for muon g-2

A3 =Az3=1, A33=0 -20-

Ri ) \{\23

10

Ty

| @ &

10—4’:’ 1 Lo aal L 1111111:
]O- 104 ]Oy

m q (GeV) H Aa2 O A2 K
0 00 .
Minimal flavor] ¥=| 0 o o Top + Singlet leptoquark loops
A31 Agp 0 | "
[Choi, Kang, HML, Ro, 2018] Ay~ s A2y —

S1



Leptonic constraints

_27_

® FElectron g-2, Lepton flavor violation and Electric
dipole moment are also cross checks of the SM.

Electron g-2: Aa. = a2 —ag™ = —89(36) x 107" [Cs] -2.40
Aa, = aZP — aSM = 48(30) x 107** [Rb] |.60

Fine structure constant differs by 5.40.

Bounds on LFV: BR(p — ey) <4.2x 1071 [MEG]
BR(T — ey) < 3.3 x 10~°
BR(T — py) < 4.4 x 107°

EDM: d. < 1.1 x107% ecm [ACMEII]

d, < 1.5 X 10" eem



Leptonic sighatures

[HML, 2021]
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Strong constraint from ( — ey === Small electron g-2

But, electron EDM is detectable for a sizable CP phase.



g-2 and muon

/ *

My A32 39
Aa,, ms, ’
~ m
P\25x1072 /\ 1TeV

For mgs, > 1TeV,

Y

tuning is required for muon mass;

Higgs decay into muon pair is modified.

Mass

Ay = 0.1

_29_
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0.3

AQL
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0.1

1000 2000 3000 4000
M S1 [C;(‘\]

[Athron et al, 2014.03691]

137 ' (13 TeV)
I T | T T

Combined i = 1.19
— Combinad best At
R+ 8 == == SM expeciation
VBF-cal et ‘y"(.:“ expaciation

B ca3c CL
95% CL
my, = 125.38 GeV
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g-2 and other couplings

_30_
h 1 m2
h-}.l-}J. Ayy ~ — A2 A%
" 1672 mg,
Aa
~ 4 x 107" a
. . : <2.5 < 10—9>
Y o : corrections at | % level.
Z- |- |4 Dipole operator for Z:
Z r g M¢ _ L0
eft 2 2 :LLO_ /LZ,ul/
1672 mg,
—Pp——— - mmmmmmmmmmnn —> B mZ
U As2 51 pV 7 Al'z ~ Tz (pit) - <m—u Aau>
my = (91.1876 + 0.0021) GeV ~ 107" MeV

BRz(uji) = (3.3662 4 0.0066)% : negligibly small for Z width.
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Leptoquark for electron g-2

mg1=2TeV
1078 ,f 7
1 / :I
T-SUy |
ay 107
: R=01/ | !
/ : ! !
Re(AQIAQ*l) L ! ”l ,'I
1 0
Re(A32A35) | foL
R=1/ !
, !
-10 1 ! N

1016I1015H1814I”1”013 1012I1011I 010

S (g

Electron g-2 specific:

[HML, 2021]

Safe from U — €7

1

Charm loops =il Adc ~ T
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Neutrino masses

_32_
Majorana neutrino masses violate lepton humber by two units.
‘Cdim—S P —%(EZTQH)(IJZTQH) -+ h.C‘..
2
L= +1 41
Scalar leptoquark couplings respect lepton number.
Ls, = —Xij(Q°)%; (i0%)ap S1 L}; — Ni;(uC) i S1€jr + hec. Ls, = —kKijQ7;PasL]; + hec.
L= —1 +1 1 41 -1+l
Lo = —AnH'®HST +he.  leptoquark mixing

|= -1 +1

Extra doublet leptoquarks >2 generate realistic neutrino masses.

ESQ = —/iij(ZRileSQ — [ gSQSI + h.c. [HML, 202 I]

%\:’;1 2 v TN U —>
(771,,),;]' = A ()\3la /\BQa /\33) )‘32 o 8\/571'2777,2 1%
% ) i

m 2
my, < 0.1eV * max(|)\3i;\§i|) <1077 (%) (IT?V) cf. RPV SUSY




Runting leptoquarks
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vo@ev)  [Choi, Kang, HML, Ro, 201 8]
LQs BRs MLQ,min BRs ML,Q, min “Deca)’ BRS”
S1 B(t7 /bvr) = 58 | 1.22TeV(bv;) [32] || B(é7/svr) = %(1 —B) | 950GeV(vrj) [33]
Ss(¢1) | B(R) =7 LATeV [34] B(sj) =1 - LO8TeV () BS] | B = A2y/(A25+ \2)
Sa(¢2) | B/b7,) = 37 | TA5TeV (ij0) [36] || B(é/57,) = %(1 —7) | 850GV (arej) (37 s o
S3(33) | B(tn) =~ 112 TeV [38] B(cr,) =1 — 050 GeV (7,7) [33] V= K3o/ (K39 + K39)




Leptoquark portals 34

S
5 N 5 N 514 Dark matter annihilation into a LQ
 A3,7 AL As L7
% ;r—,-l—«: pair makes Higgs-portal consistent.
o’ ‘S* g’ ‘SZQ [Choi, Kang, HML, Ro, 2018; Zhu, HML, Song, Kim, 2021 ]
0 Ay = 10A4 As =1, mLQ - 1 TeV 0. A=10A4, A5=1, mg=1TeV
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. 5 : L. Predictive BRs from LQ decays



Conclusions

® Existing anomalies in muon g-2 and leptonic
signatures such as LFV decays/EDM might be related
to B-meson anomalies.

° may call for new
forces or extra colored particles, opening a window
for complementary tests between energy and
intensity frontiers.

® | eptoquark option is well motivated in SUSY or
composite Higgs models, testable by B-meson decays,
muon g-2 and direct searches at Belle-ll, LHC, etc.



