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B-meson anomalies and
new physics



Energy/Intensity interplay
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® No direct evidence for new physics at LHC.

== |ittle hierarchy between weak scale and new physics?

® New particles are very weakly coupled and/or light.

== Testable with precision and intensity experiments?



Flavors and new physics

® “Charged currents” induce flavor violating processes
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” and lepton universality are sensitive
probes of new physics.
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B-anomalies at LHCDb
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B-anomalies at LHCDb
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® Ry 2.2-2.40 deviation and 2.4-2.50 deviation.

» Hints for lepton flavor non-universality?



Summary of B-anomalies
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Muon less SM than electron _
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e Differential branching fractions & angular distribution are
consistently lower than the SM values in muon channels.



Global fits

[Altmannshofer, Stangl, 2021] [Cornella et al, 2021]
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Best fit:  ~6.10 from SM  (Consistent with B; — p )

CoHH ~ —().82 Z’ models

Cot# = —Cli* ~ —0.43 Leptoquark models



B—=D®ry

Rp- = B(B — D*rv)/B(B — D*lv)
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[Belle-Il,1808.10567]
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RIM =0.299 + 0.003,
RN = 0.257 £ 0.003.

exp .
Rp" =
exp
Rp. =

0.403 = 0.040 = 0.024,
0.310 = 0.015 £ 0.008.
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Rp = B(B — Drv)/B(B —Dlv)

® 3.80 anomalies in B—=D®rv.

== 3.|0 after Belle (Moriond 2019)



R(D*)

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



Lepton g-2, LFV, EDM

® [epton g-2 and lepton flavor violation are important
precision tests of the SM.

Muon g-2:  a,(F821) = 116592089(63) x 10~

u f a, (FNAL) = 116 592 040(54) x 10~ , )
. a,(Exp) = 116 592 061(41) x 107"

Muon g-2

a, (Exp) —da, (SM)

(251 +59) x 107! 4.20 from SM

Electron g-2: Aac =ag™ — a2 = —-89(36) x 107 [Cs] -2.40
Aa. = a®P — ¢®™ = 48(30) x 107* [Rb] |.60

Fine structure constant differs by 5.40.

Bounds on LFV: BR(u—ey) <42x1071%  [MEG]

BR(T — ev) < 3.3 x 1078 BR(T — py) <44 x107°

EDM: d.<11x10*ecm [ACMEII] d, <1.5x 107 ecm



Summary for All

PULLS OF FLAVOUR ANOMALIES
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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.
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“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



New physics for B-anomalies

_’|2_
New physics for Rk» anomalies:

\ / Z Ieptoquarks loops, etc.
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V== Anp ~30TeV.
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New physics for Rpo anomalies: "T

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

E Lo, w' »Ceff —

; /\ ) map> Anp ~ 3.5TeV.
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Minimal flavored Z°

[Bian, Choi, Kang, HML, 2017]
Anomaly-free U(l)’ for Rk» anomalies: U(1).(B,—r145)+y(L,—L.)
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CKM is the only source for flavor violation.
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B-anomalies & Z’ mass
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[Bian, Choi, Kang, HML, 2017]

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



Flavored Z’-2HDM .

anp =05 [L. Bian, HML, C.B. Park, 2017, 2020]
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Extra Higgs VEV is needed for CKM mixing for 3rd generation quarks.

New production (H*) : Flavor-violation for bottom quark
New decays: dijet (b-jet) or di-Higgs

pp — H*b —=|W=*h + b | "“3b’s: smoking gun signal”




Leptoquarks for
B-mesons and g-2



Scalar leptoquarks

_‘I6_
Singlet leptoquark for Rp® Triplet leptoquark for Rk®

A23 \ /
' S Y=+3 | -_.5:3__
: /Y =43 \

b A33 T o

U,
Ls, = —Xij(Q°)%; (i0°)ap S1 LY ; — Nj;(u€)LiS1€jr + h.c. Ls, = —£KijQ:PaL]; +h.c.

Leptoquark couplings are constrained by proton decay:

Singlet LQ: gl or u%d% mustbe forbidden.

Triplet LQ: ¢l or qq  must be forbidden.

» Extra symmetry!?



Other 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.



R(D™) 18-

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




Leptoquark from SUSY
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Rpo 333 Veb Singlet leptoquark
= Sbottom with RPV
: E* Y = +é.
0 Wrpv = A333L3Q3D3 Sotr o
; /)\333\ > Lrpy = _)\éggyTLbLB}i‘g — )\éggTLtLBE + h.c.,
T
RPV safe from proton decay: N
sbottom- ux dz forbidden sonl  fow
CKM mixing induces charm coupling: o= 2 o
tL — ‘/tth -+ VCbCLI -+ VubuL' T 03 24 05 06

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



Composite leptoquarks

Rp® R
S, \53 / @

b vy
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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



Runting leptoquarks
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Lepton g-2 from top loops

A32 —/\23— : /\33 = _22_
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Minimal flavor:| Top + Singlet leptoquark loops

[Choi, Kang, HML, Ro, 2018] w4, O



BR(u—ey)

Strong constraint from @ — €7

Leptonic signatures

[HML, 2021]
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wel»>  Small electron g-2

But, electron EDM is detectable for a sizable CP phase.
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Electron g-2 specific flavor: (g 2) C ﬁ[HML, 2021]
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Neutrino masses

_25_
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]
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LQ portal dark matter

5 N 5 N St Dark matter annihilation into a LQ
v N7 NIRAY: 5,7
X e pair makes Higgs-portal consistent.
o’ ‘S* g’ ‘SZQ [Choi, Kang, HML, Ro, 2018; Zhu, HML, Song, Kim, 2021 ]
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. 5 : L. Predictive BRs from LQ decays



Conclusions

may call for new
forces or extra colored particles, opening a window

for complementary tests between energy and
intensity frontiers.

Existing anomalies in muon g-2 and leptonic

signatures such as LFV decays/EDM might be related
to B-meson anomalies.

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



