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1. Summary of the flavour anomalies



‘A) Hints for p vs e universality violation in b—s transitions
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Belle 1904.02440 on Rk«
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Belle EPS HEP July 2019, talk by S. Choudhury

Rk, Rk+ and Rko results from Belle [New]

o R+, Rko and Rk are measured for [0.1, 4.0], [4.0, 8.12], [1.0, 6.0], > 14.18 and > 0.1 q? bins.

o Ry is taken as weighted average of Rx+ and Ryo.
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@ The measurements are found to be consistent with SM prediction as well as LHCb result.

“udhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle



Slide from David Straub’s talk at Moriond 2019:
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» Including new ATLAS measurement Talk by 0. Igonkina

» BR(Bs — ™) roughly 20 below the SM prediction



‘ B) Hint of non-standard angular observable in B—K*u*u-
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Slide from Moriond talk of David Straub
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‘ C) Hints for t vs p/e universality violation in b—c transitions
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2. Systematic survey of radiative neutrino
mass models

See recent long review article: Cai+ (2017) “From the trees to the forest ...”



A connection with radiative neutrino mass models
can be made through scalar leptoquarks whose
interactions with b,s,c,t,u could resolve the anomalies

and also generate neutrino masses.

Radiative neutrino mass models are interesting in their
own right, even if the anomalies go away.

Restrict to Majorana models with no RH neutrinos.

Early models by Zee and Zee&Babu are quite well known, but there
are actually many, many models ...

Systematic classification and model-construction schemes are
needed. There are two complementary approaches based on
opening-up AL=2 effective operators systematically.



One approach is based on opening-up the AL=2 Weinberg operator and
higher mass dimension generalisations:

1 1 1
— LLHH, — LLHH(H'H), —LLHH(H'H)?, ...
M ) MS ( )7 M5 ( ) ?
01 011 01"
O, at tree-level = the Type-l,ll,lll seesaw models (next slide).

O, at 1-loop: Ma (1998); Bonnet, Hirsch, Ota, Winter (2012).
O, at 2-loops: Aristizabal Sierra, Degee, Dorame, Hirsch (2015).

O,' at 1-loop: Cepedello, Hirsch, Helo (2017).

See back-up slide for some diagram topologies.



Type-1,2,3 seesaw models:

= Type 1 7
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tree-level ways: get all the minimal vr~ (L))
seesaw models systematically.
+ Type 2

o\ FH

N
+ + :
|
'
|

L L /\<

The advantage of this approach to ® Type 3 7
constructing models is that you X <
don’t miss any (within the constraints of ; fr~ fr /
your assumptions about the general nature fr ~ (1,3)(0)

of the new physics).



Another approach is based on opening-up the AL=2 non-Weinberg ops.

Babu & Leung wrote down the operators constructed from
SM fermions (no RH neutrinos) and a single Higgs doublet for mass
dimensions 7,9 and 11. (Higher-d operators don’t work.)

Babu, Leung (2001)

See also: de Gouvéa, Jenkins (2008)

With gauge fields: Bhattacharya, Wudka (2016)
Henning+ (2015)

Famous example: Zee-Babu model

Singly-charged
Doubly-charged scalar h

scalar k
T/
N

X
\
\
\
- - L < N — =
L L | e e L L
. . A A
X X
Effective op Opening it up 2-loop nu mass
Oy = LLLe Le® at tree-level diagram

The exotics (k, h in this case) can be searched for at the LHC.



In Cai+ (2015), we finished the job of constructing all minimal models
from d =7 ops:

O, =LLHHHH
O, = LLLéH, Os=LLQdH, O,=LLQ"a'H, Og= Ldé'a'H

Scalar-only extension: > P _<

(1 9291/2) (1’1’1) O2,3,4 Zee
(3,2,1/6) (3,1,-1/3) Oz Babu, Leung, Julio
(3,2,1/6) (3,3,-1/3) 0,

The LQ scalars highlighted in red are well-known candidates for
explaining the flavour anomalies! (Note: they are not the only ones -
see back-up slide for a list of other proposals.)




Scalar + fermion extension:

(1,2,-3/2) (1,1,1) O,

(3,2,-5/6) (1,1,1) O3

(3,1,2/3) (1,1,1) O3

(3,1,2/3) (3,2,1/6) O; Babu, Julio
(3,2,-5/6) (3,1,-1/3) O35 Cai, Clarke, Schmidt, RV
(3,2,-5/6) (3,3,-1/3) O3

(3,3,2/3) (3,2,1/6) O3

(3,2,7/6) (1,1,1) O,

(3,1,-1/3) (1,1,1) O4

(3,2,7/6) (3,2,1/6) Osg

(1,2,-1/2) (3,2,1/6) Osg

The LQ scalars highlighted in red are well-known candidates for
explaining the flavour anomalies!




3. Brief review of the minimal Bauer-Neubert
proposal

Cai, Gargalionis, Schmidt, RV (2017) - the plots to follow have been updated post Moriond



The ©~(3,1,-1/3) scalar leptoquark

Proposed by Bauer & Neubert (2016) to explain Rp+ at tree-level and
Rk at 1-loop.

\ASS
=

S ———--

We performed a detailed phenomenological S e
study of the BN model per se, and then vy A
examined one rad. nu mass model

containing (3,1,-1/3) LQ to see if it could b—t— -4

simultaneously explain anomalies & generate
neutrino masses correctly.



The (3,1,-1/3) LQ for Rp+ without nu mass connection:
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later.
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Overall: This very simple model improves agreement with
the data, but isn’t perfect.



Case study for adding a neutrino mass connection:

Chose existing model that has 2 copies of ®~(3,1,-1/3) and a
Majorana fermion £~(8,1,0). Generates dim-9 op. 011 = LLQdQd°

Angel+ (2013)
— X13 X23 —— X33
normal
R hierarchy
\‘490 case
\
\
v < > <
$a b
2-loop nu mass diagram R

Casas-lbarra-type parameter

0 ~ 3*n7 req. due to uN—eN constraint.
Resulting x-ratios OK for Rp+ but not for Ry



4. A next-to-minimal model

Bigaran, Gargalionis, RV: 1906.01870



Adding the ¢~(3,3,-1/3) scalar leptoquark

Recall from d=7 operator models:

(3,2,1/6) (3,1,-1/3) Oss
(3,2,1/6) (3,3,-1/3) 0;
(3,2,-5/6) (3,1,-1/3) O3
(3,2,-5/6) (3,3,-1/3) 0;

The simultaneous presence of the two LQs is not required
at d=7 for nu mass, but you can put them together.

Are there models where they are required? Yes!! (See in
a moment.)



New particles: X + Xg ~ (3,2,-5/6)

vector-like fermion doublet ~ (

X;: Q = —1/3)
X,: Q = —4/3

®~(3,1,-1/3) and ¢ ~ (3,3,-1/3)

leptoquark scalars

/_l+ l_/_] l/.j T
_ _ — Vi
b ——~<_ i b ——< = b——=< T b ——=< 3
\\\ \\ \\\ \\\
~ ; S~ e N )
w3 RS d’/\,’/\? S w2 % ¥1 RN

< o ol <

ot /ot w/d
P P
vi b/x1 Ve . b/xt vy’

b—s,c both at tree-level. 1-loop neutrino mass.



Yukawa couplings:

Gauge basis: Lint = moXx + YodrH X1+ (/\¢L¢’r — )‘chcpf) LsQr
+ AreGurd + (M\o® — M) XRELL + hec

Charged-fermion Lint = (v¥xzmve +22efdL) o} + (¥Rimer — y™7Gur) ¢}
i : 1 ~ v 1 - ' 3
mass basis; + v (umin —Xazer) e+ (v5#eGur + 2 7ZdL ) o}

neutrino flavour basis:

+ ($L¢%(2L — quSguL + yR¢e%1LR) (]51 + yx¢ ()21,317[, + XQ,RGL) ¢ + h.c.

2l = 419V, and 28? = 4oV, V = CKM



Parameter dependence of neutrino mass matrix:

3y, My
(my)ij = 62 Mx X
In(72) In(2X1)
2(1,L3¢yx¢ _I_yx¢* L¢*) mg -+ (13 yxso + yw* L‘P*) My
¢ m% , —my v m?( L 'm.?P

It turns out that having the isotriplet LQ dominate neutrino mass
generation provides significantly larger parameter space that
passes all constraints and permits anomalies to be addressed.

Rank-2 mass matrix at this level of approximation.

Casas-lbarra-like parameterisation:

m, = Uldiag(m1, mg, m3)U* = mQu;u; + mkuf(ul’;- u; are columns of PMNS t_natrix, including phases.
Choose k=3 for normal hierarchy.

3mp, mpmy,

T T
mo | (XL XL XL XL _ Ly _ . XP —
m = (rot) (e rot) - (o-ob) (o) | mem ot v mn mem g w(3
n=v

__¢ .y .
{ = Casas-lbarra free complex parameter ™~ \/—(\/’" 2uz” + iy/m3ug”),

Important for pheno. o=t \/_(\/mu — iy/mgug”).




Relevant parameters for fitting the anomalies:

00 2L 00 0 0 0 i
<L =100 a;g'g’ oy =10 0 y%d’ and xX =10 .1:5’2"0 a‘é’é’o
00 zk¢ 0 ys’ 0 0 0 a3y

With ¢ solely driving neutrino mass generation: xff, xéj’ =0

Flavour symmetry connection? Explain these textures?
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Br(x1—Zb)

Collider bounds:

1.0
Our model
0.91 ATLAS limit
0.8 Excluded My > 700 GeV
0.7 A
0.6 A
My, > 1350 GeV
0.5 A
0.4 A
0.3 A
0.2 A
01 T T T
500 600 700 800 900 1000
M,(GeV)
In our model LQs must couple ttuy searches > m>1.3TeV

3rd gen. quarks to muons:

@ must couple s to u:

dimuon+dijet searches > m> 1.5 TeV



List of all constraints we imposed:

ProcEss LIMITS
Br(u —ey) | <42x10713
Br(p —3e) | <1.0x 10712

ety | 79101
Br(r —ey) | <33x1078
Br(r — py) | <4.4x107%
Br(r —3u) | <2.1x1078
Br(t —3¢) | <2.7x1078

Process Quantity Requirement
88 — pupL |a*]2“é'(J < 0.41my/ TeV [69]
bb — |255| < 0.58m,/ TeV [69]
88 =TT |a‘§f | < 0.54m,/ TeV [69]
bb — 1T |rg’§‘a | < 0.80m,,/ TeV [69]
bb — ee |a’f§f < 0.44m,/ TeV [104]
Z — bb c, € [—0.38,0.03] [107]
T = 7ne Br <9.2.1078
T — Te Br <80-1078
T — o Br <84-1078
7 — e p¥ Br <7.5-1077
7 — e Br <9.8-1076
7 — prr¥ Br <12-107°
Z — Ul gL € [-8.5,12]-10~*
Z — Uil gR €[-5.4,6.7-1074
7 — v N, within 2.9840 + 0.0164
D% — up Br < 7.6-1079 [115]
Bt - Ktetu ¥ Br <9.1-1078
BY — KO%e*,¥F Br <1.8-1077
By — pte¥ Br <54-107°
B— Dty | RY* =382 | within 0.995 +0.000 [119]
B— D'y | Ryl =gE=Eeld | within 1.04 4 0.10 [120]
By~ B, mixing Cp, € [0.942,1.288] [118]
B — Kvv Y = % < 3.9 [116]
B — K*vv TK* = Bran < 2.7 [116]
b— sy Br € [—0.17,0.24] [121]
B. —= 1v Br < 30% [122]
K — lv ple _ BrlE—er) | Githin (2.488 + 0.018) - 1075

"TK = Br(K=mw)



Rp

Simultaneous fit to anomalies and nu mass/mixing while obeying ali

the preceding constraints:

Rp fit same as for minimal model.
Tree level isosinglet LQ.
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u—>e conversion most important constraint.

COMET and Mu2e experiments will probe
much of the allowed parameter space!
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Populating theory space by exp/oding! operators

Gargalionis, RV: manuscript in preparation

My student John Gargalionis has automated the operator-opening
procedure: exotics are scalars, vector-like fermions, Majorana fermions.

The program generates all minimal tree-level openings at mass dim d,
then filters the models to eliminate those that also generate a
an operator of dimension <d that would thus dominate.

This has been completed for d=9,11.

Total number of models is in the thousands ...

Amongst the d=11 models, but not for d=9, there are ~60 candidates
that require (3,1,-1/13)s and (3,3,-1/3)s for neutrino mass generation!




(3,3,1/3), (3,1,1/3) + exotics leading operator(s) O;

(3,3,2/3)s 25,73
(3,4,1/6)s 25,73
(3,2,5/6)s  (1,1,1)s 21, 25, 30,31, 72,73
(6,3,1/3)s (6,3,2/3)s 47
(3,3,4/3)s  (3,2,5/6)s  (1,1,1)s 21, 31,72
(6,3,2/3)s (6,2,1/6)s (6,1,1/3)s 25,73
(6,3,2/3)s  (3,3,1/3)F 47
(3,3,1/3)r (1,4,1/2)r (3,4,5/6)¢ 47
(3,3,2/3)s  (3,3,1/3)r (3,2,1/6)¢ 25
(3,3,2/3)s  (3,3,1/3)r (3,1,1/3)¢ AT
(6,3,2/3)s  (3,3,1/3) (1,3,1)¢ 28, 69

A selection of scalar-only (upper) and scalar-plus-fermion (lower) models derived from
dimension-11 operators including both scalar leptoquarks (3,3,1/3) and (3,1,1/3).
There are ~ 60 such models in total.

Selection of generated operators. See Babu+Leung (2001) & de Gouvéa+Jdenkins (2008) for others.

O91 = LLLe“Qu°HH Oss = LLQd°Qu°HH Oy = LLQOQQQHH

030 — LLEE QEHH 031 = LLQ% QF HH 072 == LLLGCHQUCH



5. Final remarks

Radiative neutrino mass models are being studied
systematically by exp/oding! AL=2 effective operators.

The techniques being invented will be applicable in other
contexts such as SMEFT.

These models are readily connected with the flavour
anomlies. Let’s hope!

Spectrum of relevant experiments:
charged-lepton no. violation (COMET/MuZ2e especially),

quark-flavour, LHC, g-2, neutrino oscillation,
dark matter, ...



Back-up slides



Classification of Weinberg operator openings

(e) T4-2-i

() T4-3-i

—
(a) T2P (b) T2§ (c) T2§
(d) T2 (e) T2 (f) T2%

1- and 2-loop topologies for O,

1-loop topologies for O,’



Effective operators and constraints for Bauer-Neubert model

LD xmuLd ol

— xVCTKM

— zigebul o7 + i éZRﬂ%gb + H.c.

Mass-basis fields except nu which are flavour-basis.

The b—spuu box diagrams give the effective operators:
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Role of a,:
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Some proposed scalar leptoquark models for
resolving the flavour anomalies.

Scalar LQ models b—-c b—os Example References Notes
(3,3,1/3)s Tree level Treelevel  1408.1627,1412.1791
(3,1,1/3)s Tree level Loop level 1511.01900, 1704.05849
(3,2,7/6)s Tree level Loop level  1309.0301,1704.05835 b — s incompatible with b — ¢
(3,2,1/6)s + (1,1,0)F Tree level  Tree level 1608.08501 b — c requires complex couplings. Predicts R+ > 1
(3,3,1/3)s +(3,1,1/3)s Tree level Loop level 1803.10972, 1706.07808
(3,2,7/6)s + (3,1,5/3)y Tree level  Loop level 1805.04917
(3,3,1/3)s +(3,1,1/3)s + (3,2,7/6)s  Tree level Tree level 1703.03251

A selection of models from the literature containing scalar leptoquarks explaining the flavour anomalies. The references are an incomplete list

of works that utilise the given leptoquark(s).



