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A circumstantial case for new physics coupling to leptons

1. The measurement of mass-driven neutrino oscillations
2. Discrepancy between prediction and measurement of (g — 2),
3. Hints for violations of LFU in Ry and Ry

4. Anomalous angular observables and branching ratios in b — supu



Neutrino masses



Neutrino masses

- Dirac vs. Majorana neutrinos

= Majorana mass generated by Weinberg operator LHLH
suppressed by a scale A > (H) ~100GeV > m,

- Can be generated via seesaw mechanisms

T1:Minkowski; Yanagida; Glashow;Gell-Mann, Ramond, Slansky; Mohapatra, Senjanovic T3: Foot, Lew, He, Joshi

T2: Mohapatra, Senjanovic; Magg, Wetterich; Lazarides, Shafi, Wetterich; Schechter, Valle


http://www.arxiv.org/abs/hep-ph/0601225

Neutrino masses

Dirac vs. Majorana neutrinos

= Majorana mass generated by Weinberg operator LHLH
suppressed by a scale A > (H) ~100GeV > m,
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However not the only possibility to generate neutrino mass
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Why should | be interested in anything beyond the seesaw mechanisms?


http://www.arxiv.org/abs/hep-ph/0601225

Connections to other physics

- Dark matter (e.g. scotogenic model waneppioons)

- Anomalous magnetic moment (g —2),

- Recent B-physics anomalies

- New bosons help with stability of electroweak vacuum

- New scalars can induce strong electroweak phase transition

- baryogenesis, leptogenesis


http://www.arxiv.org/abs/hep-ph/0601225

Connections to other physics

- Dark matter (e.g. scotogenic model waneppioons)

- Anomalous magnetic moment (g —2),

- Recent B-physics anomalies

- New bosons help with stability of electroweak vacuum
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Interesting phenomenology testable in current/future experiments


http://www.arxiv.org/abs/hep-ph/0601225

Papers on radiative neutrino mass generation
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A systematic approach: generalized Weinberg operator

Consider operators of type dimension-7 operator at tree-level
LLHH(HTH)” ; elvectrovveak'
: triplet fermion
A ik S
possibly with multiple Higgs fields : quadruplet scalar
' Babu, Nandi, Tavartkiladze 0905.2710

Bonnet, Hernandez, Ota, Winter 09073143

Construct all possible topologies:

- tree-level tOPOLOZIeS some remances ot winter 007515

- 1-loop topologies of Weinberg operator aome. sis, o winter mousesa

- 2-loop topologies of Weinberg 0perator asizsea sirms, veses, sorame, irech 1oz
- 1-loop topologies of dimension-7 OPerator cpeeto s et nosoues

The dashed lines always denote scalars and solid lines are either fermions or scalars.
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Neutrinoless double beta decay implies Majorana neutrinos

Schechter, Valle Phys. Rev. D25 (1982) 2951

Every AL = 2 operator leads to neutrino mass

- Consider all possible AL = 2 0perators s s e sniomess ge souea senkins 1051544
5 7 9 11

1 6 21 101
2 22 368 6632

dimension

ﬁ e ld Strl ng51 Babu,Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344
Lorentz Structures? weminstsetammans s0ss

"no gauge fields, no Lorentz structure, no products of SM singlets (e.g. LHLHHTH)

%includes hermitean conjugates

neutrinoless double beta decay, LNV processes at a collider

- Indication of quantum numbers of new particles

- UV completions ae, ros velias e


http://www.arxiv.org/abs/hep-ph/0106054
http://www.arxiv.org/abs/0708.1344
http://www.arxiv.org/abs/hep-ph/0106054
http://www.arxiv.org/abs/0708.1344
http://www.arxiv.org/abs/1512.03433
http://www.arxiv.org/abs/1212.6111
http://www.arxiv.org/abs/1208.2732
http://www.arxiv.org/abs/1303.6384
http://www.arxiv.org/abs/15010.08726
http://www.arxiv.org/abs/1604.07894

Neutrinoless double beta decay implies Majorana neutrinos

Schechter, Valle Phys. Rev. D25 (1982) 2951

Every AL = 2 operator leads to neutrino mass

- Consider all possible AL = 2 0perators s s e sniomess ge souea senkins 1051544
5 7 9 11

1 6 21 101
2 22 368 6632

dimension

ﬁ e ld Strl ng51 Babu,Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344
Lorentz Structures? weminstsetammans s0ss

"no gauge fields, no Lorentz structure, no products of SM singlets (e.g. LHLHHTH)

%includes hermitean conjugates
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- Indication of quantum numbers of new particles
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Other criteria: topology, complexity, flavour, common features, ...
7

Farzan, Pascoli, Schmidt 1208.2732; Law, McDonald 1303.6384; Kanemura, Sugiyama 15010.08726; Ho, Toma, Tsumura1604.07894;
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Minimal UV completions of the dimension-7 operators

Y. Cai, ). Clarke, MS, R. Volkas 1410.0689

Any AL = 2 operator induces Majorana mass term for neutrinos
Effective AL = 2 operators of dimension 7

O} = LLHHHH O, = LLLeH

O3 = LLQdH O, = LLQTatH Og = Lde'utH


http://www.arxiv.org/abs/1410.0689
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Any AL = 2 operator induces Majorana mass term for neutrinos

Effective AL = 2 operators of dimension 7

O} = LLHHHH O, = LLLeH
05 = LLQdH 0O, = LLQTTtH Og = LdeTutH
Scalar Scalar Operator
- - - -'- - - - -
(1,2,3)  (1L,,7) O34
: 32,8 (1,-3) O3
' (3,2,3) (3,3,-3) 03

Scalars: leptoquarks, singly charged !
scalars, EW doublets and quartets * Leptoquarks (3,2, ¢) and (3,1, —1) used
to explain Rk (and Rp)

Pés, Schumacher 1510.08757 Deppisch, Kulkarni, Pds, Schumacher 1603.07672

Fermions: vector-like quarks/charged
leptons mixing with third generation
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Different classifications
Introduction
Discussion

Survey of models
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Anomalies in LFU ratios in B physics



B physics anomalies

Hints for violations of LFU in Ry and Ry
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B physics anomalies

Hints for violations of LFU in Ry and Ry
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The protagonist

One leptoquark model postulated as explanation of b — ¢ anomalies
at tree level and b — s through one-loop box diagrams sae: sesser oo

The scalar leptoquarks transforms like dg: ¢ ~ (3,1, —%)
£¢, D )?,‘j[iéj(ﬁ + yuéllfllqb + h.c.
= X,'jlj,'djgbt — [XV}L],'je,'Uj(Jﬁ]L + y,-)-é,-D)-ng + h.c.
= X,-jﬁ,'dqu — z,-,-e,-u,-qﬁ* + y,'jé,'t_qu/) + h.c.



http://www.arxiv.org/abs/1511.01900

Phenomenological analysis



Signals and constraints

LQ Yukawa couplings: Ly D xividid" — zjeju;o" + yiéiljé + h.c.

Data-driven ansatz for the couplings x; and y; [z = xV1t]in weak
interaction basis with values dictated by constraints and anomalies

K¥ — mwy Rpe Rkeo (9-2)u
uN — eN

T —=dm,lp d s b

= first generation couplings = 0 0 0 0\ e
B — Kvv X=10 xn x3| v
Bs — Bs mixing 0 X» X/ vr
Precision EW measurements

D% — pp u c t

D+ st 0 0 0\e
P — P'fy, T — Pv + LFU ratios Y=10 ynu vya|w
T — U 0 v 0/ 7

T = Wy
1
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Charged current processes: Ry and Rp- (1)

Contributions b — c7v; parameterized by v
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P 1 Z3Xi3 .
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Charged current processes: Ry and Rp- (2)

Implemented the calculation of Bardhan, Byakti, Ghosh and
validated against Tanaka, Watanabe s sy srosh 11003058 7ansks watanabe rzrers

Lattice QCD form factors for Rp wcsowos

Form factors extracted from B — D*(u, e)v measurement for Rp-
= calculation becomes unreliable for large x,;, y»i
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Perform x? fit to operators Cy s r
with Cs/Cy relation dictated by
running

Four interesting regions, we only
study region A
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Charged current processes: Ry and Rp- (3)

o
05 a0
I A
00 \ 0
‘ -0.5 2.0
-
~1.0 15
00 01 02 03 04 05
o 1.0
0.60
0.55} m Z(l exclusion |4
0.50
0.45
S 040 ]
0.35¢ J
0.30 1
0.25F

0'28.0 0.5 1.0 1.5 20 25 3.0 3.5

|33/

Constraints involving LH couplings
sufficient to impede this scenario:

- B— Kvv
- Bs — Bs mixing

- Precision EW measurements: Z — 71

d/u sjc bjt
0 0 0\ wfe
X=1 0  x» x3|v/u
0  xn Xxu/ v/t
NP _ 1 X33(X3 Ves + X35 Vis)
b 4ﬂGFVcb mgp

X33 implies large z3,
and thus large correctionto Z — 77

14



Charged current processes:

Rp and Rp- (3)
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Charged current processes: R and Rp- (4)

Orange points
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Anomalous magnetic moment of the muon: (g — 2),,

With y,, = 0 tension in (g — 2),, requires

m
Tei)/) Re(y»z3) =

Can be accommodated with Ry for yo3 ~ 1072
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Neutral current processes: R¢ and Ry- (1)

Leptoquark generates the operators
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Neutral current processes: Ry and Ry« (2)

Do — e = |Zzz‘ <
0.48mg/TeV fory; =0,
model prefers large |z23|

m LFU observables
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A combined explanation: Ry and Ry
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x=|0 015 -3
0 012 03
00 0
y=|0 0 0.005
03 0
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Connection to neutrino mass



B-physics anomalies and neutrino mass: Angelic model

based on dimension-9 operator Oy = LLQA QA aneet v cai i roci, s, valkas v0aes
Two LQs ¢ ~ (3,1,—1/3) and Majorana fermion £ ~ (8,1,0)
= new Yukawa coupling w;,dipq

¢ \\ ~ 4m5mb Za b(Xi3aW3a)lab(Xj3pW3b)

v ----- v
ba b
2m - Casas-lbarra parameter § € C

Xiza = 2 ( ) ij [MV2] jkRkb [l 1/25} . P €

W3aMpy/M fixes ratio of Xi3 cass i nep shroroaoss

- Minimal scenario: only

0 0 0 0 X3 necessary to consider

R=]cos® —sinf| x=|0 xpn xn non-negligible ws, (scale
sinf  cosf 0 X;p X3 factor)

20


http://www.arxiv.org/abs/1308.0463
http://www.arxiv.org/abs/hep-ph/0103065

Neutrino mass and R

- X3 X23 X33

4

Important points:

- Divorce ¢, and £ from anomalies by //
taking me,, me > my, /

- Extra loop and additional vertex factors

S

|
[S)

(%]
keep neutrino mass small '§,4 Kormal mass ordering
E‘ 0 I 2 3 4 5 6
- X3 cannot be turned off ad libitum o
= uN — eN serious constraint B 4
<C

- No major difference to explanation of 0
Rp, inconsistent with hierarchy =2

|X23| > [x33] needed for Ry 9

Inverted mass owﬁm
0 1 23 4 5 6
0
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Conclusions



Summary and conclusions

One leptoquark solution with S; leptoquark (3,1, —1)

- can seperately explain Ry or Rpw) to 1o along with (g —2),
- provides fit to Ry inconsistent with vanishing RH coupling ys;
* Ry requires large b — p coupling xp3 and LQ mass ~ 3 TeV

- Sy can accommodate Ry-) and Ry together to 20

Radiative neutrino mass generation interesting possibility,
particularly in connection to other new physics

- S, leptoquark naturally part of radiative neutrino mass models

- two-loop scenario considered can explain Ry and (g — 2),, well
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Summary and conclusions

One leptoquark solution with S; leptoquark (3,1, —1)

- can seperately explain Ry or Rpw) to 1o along with (g —2),

- provides fit to Ry inconsistent with vanishing RH coupling ys;
* Ry requires large b — p coupling xp3 and LQ mass ~ 3 TeV

- Sy can accommodate Ry-) and Ry together to 20

Radiative neutrino mass generation interesting possibility,
particularly in connection to other new physics

- S, leptoquark naturally part of radiative neutrino mass models

- two-loop scenario considered can explain Ry and (g — 2),, well

Thank you;
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Searches and mass limits

Final states of interest: £¢j, jj + k£ and jj + &£ where £ € {u, 7}

19.7 fb1 (8 TeV)

oF cus:
3 CMS13TeV @ 26 b1 [8 =1]
0'6? é eejj: MLQ > 1130 GeV wsesexoreos
@Q 05k =
0‘4? Ts;!::;f‘ﬁgg E ,u,ujj MLQ > 1165 GeVewsems-exors00
0.3k - e CMS ppj + wij €xp)
Y Soe™ )
E 7 72&2::“:::)) ] TT)): MLQ Z 900 GeV wsmseosos
0.1 ATLAS, 7Tev, 103" [
0 TSI IR R MR CMSJT&V‘EDMI T E

400 600 800 1000 1200
MLQ [Ge\/] CMS 1500.03744

Explanation of Rp) = m, > [400, 640] GeV.

Current search strategies can be too restrictive: e.g. preclude the
search for LQs in radiative neutrino mass models

Cai, Clarke, MS, Volkas 1410.0689; Sierra, Hirsch, Kovalenko 0710.5699; Dumont, Nishiwaki, Watanbe 1603.05248


http://www.arxiv.org/abs/1509.03744
http://www.arxiv.org/abs/1410.0689
http://www.arxiv.org/abs/0710.5699
http://www.arxiv.org/abs/1603.05248

The full Lagrangian

Introduces the scalar leptoquark ¢ ~ (3,1, —-1/3)
Ly = (D) (D*¢) + miote — kHTHG ¢ + £5LiQiet + §€i0;0 + hec.

Rotate into the mass basis (except for neutrinos)

0 = (Lu)ju; di = (La)y Ui = (Ru)yTj
él = (Le)uej 1’)[ = (Lu)u’;) éi = (Re)ijej

E¢ D X,'jlj,'djgbj[ — [XV]L],'je,UngS]L + y;jéiquS + h.c.
= X,jl?,‘djdﬂL — z,,-eiu,-qﬁT + )/,'jé,'t_ljgf) + h.c.



Anomalous magnetic moment of the muon

Measured values of a, = (9 — 2),,/2 in 2 30 tension with hte SM

(28«7 :t 8-0) X 10710 Davier et al 10104180
Aa, =
(261 + 80) X 10_10 Hagiwara et al 1105.3149

Same-chirality contribution from leptoquark ¢ suppressed by mi =
dominant contribution from top loop

02 =5 e (7 ) ez - T S [l +
no : 47T2m(2b 4 n mz € yZ) 2i 3271_2“,’31s I 2i y21

Ui



http://www.arxiv.org/abs/1010.4180
http://www.arxiv.org/abs/1105.3149

Comments on RA/S

L

1.04: ‘
1.02
1.007
0.98!

0.96

0.7

0.8

0.8

my [ TeV ]

RE/€ = 0.995 + 0.022 + 0.039
RU/® = 1,04 + 0.05 % 0.01

Belle 1510.03657 1702.01521
Xl'
‘m2
me
Rz/z’ X2
o) ™~ iz
¢
¢

= (/| constant for my — my as

long as x — /Bx
= Csy,7 suppressed by 1/3


http://www.arxiv.org/abs/1510.03657
http://www.arxiv.org/abs/1702.01521

Comments on B, — v

1.0
m Cs only
0.8¢ m Cs and Cy
T 06!
T
S 04/
M

0.2}

0.0

026 028 030 032 034 036
Rp



Numerical scans

Scan . 6-10° points sampled from the region

- B Kuw:—0.05 5 Kz <09

-y € [0.6,5], ’

© x| < Ve fori,j #1,

* |Vaal, Iyas| < Vo,

- All other couplings are set to zero.

— ~5.103 pass all of the constraints.

Scan Il. 6-10° points sampled from the region

- B— Kuw: —0.05 5 Kz <09

. r?}¢ S [06,5],
© x| < Ve forij #1,
* lys| £0.05, |ys| < Vi,

- All other couplings, including y,, are set to zero.
— ~ 4-10% pass all of the constraints.



Angelic model: Oy = L'/Q*d“Q'd ke

P. Angel, Y. Cai, N. Rodd, MS, R. Volkas 1308.0463

Scalar: ¢; = G Y)

1
Fermion:f = (8,1,8)

- Interaction
AL =m}, 66t 5 meFF +NQT

& Uj o + ASS Qi Q da + NLT; df ¢ + h.c.

L Qjda + AT dif o7,

o )\eu

ijo

- Large hierarchy in the down quark sector
V2 m? Vo d d
(M) = 40T Z (A;L:a%/\ f) 5) (A/LBQﬁ)‘ f)

- N, > 2 to obtain rank-2 M,,


http://www.arxiv.org/abs/1308.0463

Angelic model: flavour physics

35y 2
Br(p — ey) =~ e F(tsm)

2 1Q Lo« My ’
X | Xin=t A;ﬂm)‘eBmmZ
Pm

Large hierarchy in eigenvalues of /.

(@m)
Ba 3 2
jok,B 2Mby/Mf

1 1
* 012 =5
x <VV)U (Ml,> kow (/ Zs)ﬂa
J

2
m(m
m2

AQ 5O _

with 1, = VI My vy, 7= sTisandt; =

Parameter Choice
Neutrino mass parameters at best-fit values

+ Parameter in Casas-Ibarra "orthogonal matrix” 6¢) = 0

. ngpzzoandxgazw

Brlp — evy) < 5.7-10 1 MEG 6.1 14

Flavour Constraints

Other

Top decay, meson mixing, b — s transition and

more

Mathematica package ANT http://ant.hepforge.org


http://ant.hepforge.org

Angelic model: flavour physics

2
3s
W_F(t3m)?
e e 1)
5\ 2
2 LQ yLlox My
X | Xin=t >‘M3m>‘63m m2
Pm

Br(p — evy) =~

2 2
m¢z/mf

107"

1
2 2
m¢w/mf

me = 10TeV

Large hierarchy in eigenvalues of /.
2 4
>‘/'L3Oa>‘gfa - en
jik g 2Mo /M5

1 1
=N (o 1
x <VV)U (Ml,> Ok (/ Zs)ﬂ
Jjk «

2
with B, = VI My, vy, 1= sTisand ¢; = ﬁ'
m

Parameter Choice
Neutrino mass parameters at best-fit values

Parameter in Casas-Ibarra "orthogonal matrix” 6¢) = 0

ngpzzoandxgazw

Brlp — evy) < 5.7-10 1 MEG .10~ 18
Other

Flavour Constraints
Top decay, meson mixing, b — s transition and

more
Mathematica package ANT http://ant.hepforge.org


http://ant.hepforge.org

Angelic model: flavour physics

Large hierarchy in eigenvalues of I.

d (27\-)
RS
Jo

IN: Zmb\/7

1 1
x (V). (M3 ) okg (1725
! jkr Ba

with By, = VI My vy, T=sTisand t; = —oL

Parameter Choice

Neutrino mass parameters at best-fit values

Parameter in Casas-Ibarra "orthogonal matrix” 0 =0

1 0 67¢2703nd/\df7
L. By — ey) < 5.7-10— 1 MEG 6.10— 14
Br(n — eee) < 10~ 12 SINDRUM 10— 16 Other

Flavour Constraints
Top decay, meson mixing, b — s transition and
107 102 107 1 100 100 10 more
m?2 /m}% Mathematica package ANT http://ant.hepforge.org
1

mg = 1TeV


http://ant.hepforge.org

Angelic model: flavour physics

10° . . A
Large hierarchy in eigenvalues of /.
102
4
~—_ 10 M XL3Q )\gf _ (2m)
it 1.
£ %% s 2o/
o~ & . :f 1 1
g o L x (v), (lf/l3> Opg (7’?5)
1072 b jk B
0 3 2 - ] 2 3 mZ
10700 L 0T et e with fty, = VDM, vy, T = STiSand t; = —5L
m
i

my, /m;

) Parameter Choice

me = 1TeV in Au
Neutrino mass parameters at best-fit values

Parameter in Casas-Ibarra "orthogonal matrix” 6¢) = 0

6:¢2:Oand)\g};:

Br(n — ey) < 5.7-10— 13 MEG .10 14
Br(p — eee) < 10712 SINDRUM 1010 Other
Br(uN — eN) < 7 - 10~ 3(au) SINDRUM 11 1018 (1i)

Flavour Constraints
Top decay, meson mixing, b — s transition and

more

A

11021

1
mfpw/m% Mathematica package ANT http://ant.hepforge.org

107+ 10 107"

me = 10TeV inTi


http://ant.hepforge.org
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