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» Motivations and approach Beyond the Standard Model

» Neutrino mass models crash review: tree & loop

» Lepton Flavour Universality Violation (LFUV) in B decays?
» A minimal model connecting these with Dark Matter (DM)

» Parameters and pheno constraints:

Neutrino masses
DM relic density
Charged Lepton Flavour Violation (cLFV)
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Introduction

The Standard Model (SM): Highly successful but incomplete ...

Hundreds of theoretical models with various th./aesthetical motivations :
» Flavour puzzle

» Unification of interactions
» Hierarchy Problem

» Matter-antimatter asymmetry
» 777

Strategy:

» Start from solid BSM evidence:
Neutrino Oscillations!!!
=>> neutrino masses
=> New physics beyond the SM

(SM neutrinos are strictly massless)

» If possible, help the Dark Matter (DM) problem

» Seek further guidance from (prelim.) experimental anomalies: B-decays, (g-2)y , .-
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Neutrino mass models
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Simplest implementation of observed neutrino kinematical mass:

Lp = Ypiivrid'L; + h.c.

» requires 3 new fields vR,i

» However nothing, except (anomalous) L-number, then forbids
Ly = MUDI%JVRJ + h.c.

lifting Dirac degeneracy: in terms of Majorana spinors N = vg + Ciig

tutLo=5 7 ) (i W0) ()

» In the limit of large M = MN , see-saw formula :

1
T _ < P>
m,~—mp—mp; mp= Yp(op) i
M |
Y
GUT: YD~ 1 — M ~ 1015GeV o

VMSM: M < EEW — YD « 10-8 (??) Y5
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Neutrino Mass Models: See-Saw = tree inside Weinberg

Step back: without new fields, need

» Weinberg operator m,,

[,W — V_( IO'ng) (qb IO'QL)

3 possible renormalisable «blow-up» by tree-level

_ _1(2) < ?> < ?>
single field exchange, giving m, ~ m,.,~’ : : :
—( j—
< Q5>
/

\ /

\* )/

)

Lw

v_ Y

- y
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Neutrino Mass Models: See-Saw = tree inside Weinberg

Step back: without new fields, need

» Weinberg operator m,,

Ly = 7(LTiang)C(quiazL)

3 possible renormalisable «blow-up» by tree-level

- _1(2) < ?> < ?>
single field exchange, giving m, ~ m,.,~’ : : :
. . f f
» Type I: SU(2)-singlet fermion N ] o o
(see above) R * b
< P> < P>
\*\ ')/
( )
Lw
v_ Y
\ y
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Neutrino Mass Models: See-Saw = tree inside Weinberg

Step back: without new fields, need

» Weinberg operator m,,

Ly = 7(LTiang)C(quiazL)

3 possible renormalisable «blow-up» by tree-level

| ~1(2) <P o
single field exchange, giving m, ~ m,.,~’ : | |
| | { {

» Type I: SU(2)-singlet fermion N LN N
(see above) % - %

» Type Ill: SU(2)-triplet fermion X <@> < P>
(replace N by X, also Majorana) N R
neutral component ~ Type | (+ extra cLFV) - ol

Lw
v -V
q Y
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Step back: without new fields, need

» Weinberg operator m,,

Ly = 7(LTiang)C(quiazL)

3 possible renormalisable «blow-up» by tree-level

single field exchange, giving m,, ~ mn_e}f) :
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Neutrino Mass Models : radiative = loop(s) inside Weinberg
review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:

H/®
;
i H
Lw
L j‘_ L
A
H/®
a )
Lw
L —>—¥ J—<— L
* A
H H
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Neutrino Mass Models : radiative = loop(s) inside Weinberg
review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:

H/®
Zee'80: 1 loop ;
» 2 new scalars: singlet h*and doublet ® N
L ———<—+— ‘l «— ]
L | e
n
H/®
e ~
Lw
A A
H i
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Neutrino Mass Models : radiative = loop(s) inside Weinberg
review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:
H/®
Zee'80: 1 loop '

» 2 new scalars: singlet h* and doublet ® TN

Krauss,Nasri, Trodden(KNT)'03: 3 loops with DM H/®

» S1, So: 2 charged, SU; singlet, scalars RNy
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Neutrino Mass Models : radiative = loop(s) inside Weinberg
review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:

H/®
/Zee'80: 1 loop .
» 2 new scalars: singlet h* and doublet ® nt ,/’*"‘\\ >/H
L ———<—+— ‘l «— ]
L ' e
Krauss,Nasri, Trodden(KNT)'03: 3 loops with DM H/

» S1, So: 2 charged, SU» singlet, scalars

» N and S; are odd under a Z
*N is stable (=> DM candidate)

* forbids Dirac mass term (and type | seesaw) H H
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Neutrino Mass Models : radiative = loop(s) inside Weinberg
review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:

H/®
Zee'80: 1 loop ;
» 2 new scalars: singlet h* and doublet ® n VAN °/H
L ———<—— l -— ],
L | e
n
Krauss,Nasri, Trodden(KNT)'03: 3 loops with DM H/®
» S1, So: 2 charged, SU; singlet, scalars LA
S a” Sd NS wS
» N and S; are odd under a Z oty A G
L—»—o”—;—?—»_—ll % \¥—_<—?—>\—\o—<—L
*N is stable (=> DM candidate) L. e N ¢ L
* forbids Dirac mass term (and type | seesaw) H H

» Allows an interesting link between neutrino mass, and DM
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review: Cai'1706.08524

Loop(s) allow to lower the new physics scale for O(1) couplings:

H/®
Zee'80: 1 loop ;
» 2 new scalars: singlet h* and doublet ® n VAN °/H
L — — > l -— ],
L . e
n
Krauss,Nasri, Trodden(KNT)'03: 3 loops with DM H)®
» S1, So: 2 charged, SU; singlet, scalars LA
S . Sd NS a8
» N and S, are odd under a Z5 Dty A G
_ _ L—»—o’;<—?—>_—ll % \3—_4—7—>;‘0—4—L
*N is stable (=> DM candidate) L. e N ¢ L
* forbids Dirac mass term (and type | seesaw) H H

» Allows an interesting link between neutrino mass, and DM

» Somewhat artificial: why S1, S27 Why no seesaw?
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Beyond the Standard Model: hints at LFUV?

~2.50 deviations from the SM Lepton Flavour Universality in B meson decays New physics ?

--LHCb -m-BaBar -a—Belle

Br(B — K®Wputp=)| & °F LHCb [PRL 113 (2014) 151601] ' | 1 ryeve ]
Ry = Br(B — K®ete-) - Babar [PRD 86 (2012) 032012] LHCb .
1.5]- Belle [PRL 103 (2009) 171801] .
exp SM *
o=
o s 10 15 20
g? [GeV?/c4]
2.0 [T
L [ LHCb: JHEP08(2017)055 -
= L5 ]
- | s |
— o ————S— S .
N ® LHCDH ]
B Il BaBar -
i LHCD A Belle 7
OO | | | | | ] ] ] ] | ] ] ] ] | ] ] ] ]
0 5 10 15 20

¢ [GeV?/ct]

« Too few muons » ?
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Beyond the Standard Model: hints at LFUV?

~2.50 deviations from the SM Lepton Flavour Universality in B meson decays New physics ?

2.0
Br(B — K®utu)| & F
R *) — I
KO = BB 5 KOere) o LHCb (Moriond 2019 update)
2.50 | i I
exp SM ' ."1.0__ .................................................... EEEEEEETC RREIT i
RK(*) < RK(*) w - II : | I
i = BaBar
05__ 1 A Belle
- e LHCb Run 1 + 2015 + 2016
0 " 15w
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20—
L [ LHCb: JHEP08(2017)055
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Beyond the Standard Model: hints at LFUV?

~2.50 deviations from the SM Lepton Flavour Universality in B meson decays New physics ?

Br(B — D" r0)

Br(B — K" utpu)

R — = R —
D () — (%)
Br(B — DMIp) K Br(B — K®ete™)
REP > poM RSP < R°M
D) D(*) K () K ()
% - ! ' B;Barl PR'LlOI9 10I1802I(201.2)| ! '
e, 0.5 - ——— Belle, PRD92,072014(2015) Ay’ = 1.0 contours 5
Y, [ LHCb, PRL115,111803(2015) . .
0.45 - Belle, PRD94.072007(2016) ———= Average of SM predictions =
""" =——— Belle, PRL118,211801(2017) R(D) = 0.299 = 0.003 .
~  =——— LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 -
04 | [[) Average —
035 " -
2. 60 u l l -
(R - ;:‘_\:;\.Q*\\ .
02 |
02
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Phenomenological bottom-up approach to LFUV

Simplest working solutions for LFUV anomalies :
Scalar leptoquark triplet: (3, 3, 1/3); Vector leptoquark singlet: (3, 1, 2/3); ..

SM+ Scalar LQ triplet + @S/Predictioné

P— Pvo, P— Vvp

—

P— 00

e

Neutral meson mixings

Neutrino masses i
& oscillation data
dndd
Dark matter L=
(— 00y

Unification? " ¥

Baryogenesis? Collider .
[I—e conversion

EDM? — e
Jean Orloff GARV'190CENBG 0




Triplet Majorana fermions

Our model: SM + 2 Scalar LQ
Field SU(3)C X SU(Q)L X U(l)y ZQ
Fermions | Q; = (u,d)? (3,2, 1/6) 1
(3 gen.) Up (3,1, 2/3) 1
dr (3,1, —1/3) 1
lr = (v, e)t (1,2, —1/2) 1
€R 1
B =)
Scalars H
o
ho 1

Zo symmetry makes lightest X stable, and forbids type Ill seesaw

— V masses « feel » B anomalies

Couplings:

LD

Jean Orloff GARV'190CENBG

A role for each BSM field:

{ — contains DM candidate
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Radiative neutrino masses and parametrisation

N
/I \\
/ I\ \

/ \

h1—1/3/ f * N h1—1/3
// ! \ \\
_1/3 _1/3
v, df o df 30 dr dr vy

di T T ~T ~

m,*® = U" y" mqy" F(Ap,ms,mp,,) gmqy U

A parameterisation a la Casas-lbarra

-1 —1
(\/m,‘fmg U" y" mg 4" VE)YVE §may U \/ me® )=1=RTR.

R is a complex orthogonal

g _ F_1/2R \/mlcfiag U‘l'y—lmgl

matrix determining y

Using this parametrisation allows to fit oscillation data...
Jean Orloff GARV'190CENBG 11
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Radiative neutrino masses and parametrisation

R is a complex orthogonal

matrix determining y

Using this parametrisation allows to fit oscillation data...
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A viable dark matter candidate

Electroweak radiative corrections: m(x+) — m(x0) ~ 166 MeV  Cirelli, Fornengo, Strumia'06

/2 symmetry => 2 p is odd =>

5V (the lightest "exotic" stable state) = dark matter candidate

2 R co-annihilate via gauge interactions

0.5F e
[ 0.120}
= 04F .
YO¥E 5 WE 5 WEWO WHH, S I [ & o.118}
YY" - WO S WHW -, WOH, ff 0-3:' e

2400 2420 2440 2460 2480
Ms (GeV)

QQh2

-channel

ON0 — WHEW S 50%E 5 WEWO oaf

ST = WOWO(WHI ) ool
Ej: Zj: W:I: W:t ' 40.00 50.06
%
— Ms (GeV) ~ 2500 rs

Jean Orloff GARV'190CENBG 12



Neutral current anomalies:

4G
Hex O == Vi >

\/_ z_7,8,9,10,P,S,...

Relevant operators for: b — sf— ¢’
2

o € _ c
09 — (47’(’)2 (S’YUJPLb) (gfylig ) )
2
O = —— (37" Pub) (Lust)
10 (47T)2 H

Taking ngl CM

the 10 best fit to Rk and Rk* data

S

see e.g. Hiller, Nisandzic 2017, Capdevila et al. 2018
Hurth et al. 2016, Becirevi¢ et al. 2015, ..

2 *
o — e — Y Z‘/bf’yse
e Vip to mh

YouYspu

0.006
0.005:-
0.004:-
0.003:-
0.002:-

0.001

Rk and Rk*

(Cw)O: + Cl(p)0;)

Ry and Re-@Qlo

Myg= 1.5 TeV

0.20

0.15f

0.00 0.05 0.10 0.15 0.20

Ysu

0

0.00002

0.00004 _ 0.00006 _ 0.00008
YbelYse
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Charged current anomalies: Rpand Rp-

4GF 112

Heff(dk — ’U,Jgpz) p— W cb UEz’ _ 4‘/-61) m,%l (yU)kz(Vy*)]g (’L_Lj’)/'uPLdk) (Z'V,LLPLVi)

Using Tjp = (2)2/4‘/0577?/%1) (Vy*)jf

Rp Rp~ _ 1 —2Re (3767 be) ~ SM like after taking into account
RD,SM RD*,SM 1 —2Re (CIZCM ybu) the constraints from flavour changing process

Belle Collaboration:
1= 2Re (£, yn) R“P = 0.995 % 0.022 = 0.039
D) 1 — 2Re (Zce Yue) RSP = 1.04 + 0.05 + 0.01

If this signal is confirmed, this minimal model needs to be extended!

) 2 See for example: Becirevic et al. 18

Jean Orloff GARV' 190CENBG Crivellin et al. 17, ,




Details: flavour structure of scalar triplet LQ

How to implement a flavour structure for y ?

€Nl gni2 i3 Hierarchy parameter € inspired by

Y ~ €n21 gn22 (N2 Froggatt-Nielsen /flavour symmetry/..

To select a benchmark € , we parametrise Rk(x)data best fit value as (my, ~ 1.5 TeV)

64 ~ UY22Y39 "~ 2.1555 X 10_3 Ngo + N3o = 4 = € ~ ~ Sinﬁ(; ~ (.22

Textures consistent with all the constraints from flavour violation:

Textur I Textur I1 Textur 111
CR(s — e,N), K — 7wi exture type exture type exture type
X X X X X X X X X
amongst the most N Y % €2 x % ¢ X
stringent constraints X € X ¥ €2 x X €3 %
Generic allowed € e e € e e S
Textures e & e e € e S N
N = =3 2 =l et e =l

Jean Orloff GARV'190CENBG



Prospects for flavour violating (LFV) processes

Texture type I

Texture type 11

Texture type I11

N
e €2 €3
e €2 ¢
2_ > > o
> > . 3 = X P £ o o o
()] 3 o) o S I K K Ay 3 3
S S N = TS
3 o i 3 . O X X X o
1078} ¢ U v U ]I;
107 A JE: ik -
L t -
o
E 10-12} _ E - U i
o U U
£ X
§ 4 =
c e
S 107" - -
@ A
1078} J: il
1078} J: i
D
o 3 ® 3 = - o 3 3
f lll\» -/'~\ A A 2\) k & RS T T,
> 3 S 3 g TE < Q
= % \
@]
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Current upper bound

& <

Future sensitivity

1l Current lower bound

A Texture |
Texture Il

Texture |l

+ SM prediction
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Prospects for flavour violating (LFV) processes

Texture type I

Texture type 11

Texture type I11

e et 3
e 2 €3
e €2 ¢
2_ > > o
> S~ s § % 9'\’ +E oE © G:i )
= 3
R R S S S~ SR S )
3 U i 3 . O e X o X q
1078} U U ]]:
A i, % +
2 /\ T
E 12 _ TR |
i
£
S g
& 1074 o A f
@ A
1078} \fi/ |
10—18 | " ":"' _
> > > o 3 > > > =) o o
¢ 3 % ¢ F 5 £ £ 2 3 3
| | i A A A K K = T T,
2 = 4 U 3 T T & X Q
5 < %
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Current upper bound

< <l

Future sensitivity

1l Current lower bound

A Texture |
Texture Il

Texture |l

+ SM prediction

e

Exciting possibilities to probe leptoquark coupling textures at experiments!
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Connection between LFUV and charged LFV

The textures give direct correlations between LFUV data with charged LFV

Texture type I B BR[u—e y] B BR[u—~eee] B CR[u-e,Au]
64 65 E2
e & 107}
64 € €

10—11 B

B BRIK >t vy]

e

’

10713 "( L |

10—15 a a L a a a L a a a L a a a L a a a L
2000 4000 6000 8000 10000

mp, (GeV)

Current upper bounds (solid colors) on Charged LFV processes translates into

Jean Orloff GARV'190CENBG 17



Impose neutrino oscillation data

g = F 2R A/ m& Uly=™tm;?

4

Three generations m; : 2.5, 3.5, 4.5 TeV
Mp, ~ 3 TeV mp, ~ 1.5 TeV

Lightest neutrino mass 0.001 eV

Global best fit values for
other oscillation parameters

Scan for y,R consistent with
Y,y S AT

perturbativity: ~
Y,y 2 Am

CR(u-e,Au)

Texture type I
X X X
X € X

X € X

10—10

10—11

10—12 |

10—-13 -

10—14 |

10—15

1.x10710 2.x10-10 5.x 1010
BR(K* =" vv)

1.% 10-11 L

1.x10° 12}

=S
<
Texture type I1 5
X X X < 1.x10-13}
2 14
X € X ©
X 62 X 1.x10- 14}

1.% 10—15 5

1.5x10710 2.x1071° 25x1071% 3.x1071°
BR(K*-»rt* vv)

Jean Orloff GARV'190CENBG

Texture type 111

)

X X X qla“

=3

X € X E

3 (&)
X € X

1073

1075

1077

107°

10—11 .

10—13

-15
10 1011

10710 107° 1078 1077 1076 1075

BR(K* >t vv)
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We considered a simple scalar leptoquark extension
[SM + 2 Scalar LQ + Triplet Majorana fermion (3 gen)] allowing to:

. Accommodate the latest data on neutrino oscillation parameters
. Explain the Rk(x) anomalies

. Account for a correct relic abundance for dark matter

~ W N

. Consistent with the bounds on the leptoquark couplings from the relevant leptonic
and semi-leptonic meson decays, neutral meson anti-meson oscillations, and CLFV
processes

5. Exciting prospects for probing the model in future CLFV experiments:

u—e conversion in nuclei and radiative decays u — ey, T — uy, ey, u — 3e and T — 3u

» Open issues:

Consistent UV completion ?

Implementing a mechanism for baryogenesis

Computation of EDMs (two-loop)

Jean Orloff GARV'190CENBG
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Backup I: Full Lagrangian

)Y H.h
L = Llnt + Lmt + LIII&SS o Vscalar

B - : . - : ———C'1,ab - .
L = 4 QT e (F) L + 2 Q¢ e (h) Q) + i (FE)p e (Tha) €T dl, + Hec.,

LE = ;EC MZEJ

mass

1
V(H.hyho) =piH'H + oA |HUH? + g Te(hiha] + pij, Tr[h3ho] +

1
~ A, Tr((hhho)]?

1
— Xy Tr[(RThi)]? + ;

1 1
+ A [Te(hihn)2 + 2, [Tr(hyha)? +

8

1 1
+ SAHn, (H'H) Tx[hlhi] + SN, Z(H’r 7 H) Tr[h] 73 b +

3
1 1
+ §AHh2 (HYH) Tr[hhsy] + §A;,h2 § :(HT 7 H) Tr[hd 7; ho] +
1=1

1
+ 4/\hTr[h‘L ho)? + ,\ [Tr (R he)]? + X' Tr[hl hy) Te[hd hy) + Hee. .

1 _ 1
pi3 = v (n —in{)  n? = _\/5 (" + ), n® = n (=1,2);
1
>t = — (E(l) — i2(2)) YT = — (E(l) + 22(2)) »0 = »®) (for the 3 generations) .
V2 ’ V2

Jean Orloff GARV'190CENBG
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Backup ll: Relevant Lagrangian for neutrino masses

LD — y;dS ' h vl — V2yudS Thy e + 2y aS Pl — gl thy el
— 25, S0 B, — 2, 5 R, — 24,5 h4/3d§2+hc
N
V(H, hi,hs) D 22Tr(hlhohhsy) //"\
h;l/i( y * \ h'/?
,’;21/31 \h21/3 L

2 2
my- . my, _
(mV)Olﬂ — _30(47T2))‘1”>Lm yasz yz; G ( QJ ) m21> kakayk,B

m@9 =U y" mp g' Fgmpy U U is the PMNS mixing matrix

~1
( m,‘fzag UT yEma 4T VE)YVE gmgy U \/m,‘fiag )=1=R'R.

j=FPR A/ my™ Ulytm]" R is a complex orthogonal matrix

Jean Orloff GARV'190CENBG 21



Backup Ill: Dark matter co-annihilation channels

0.038 get mp1 My (Ceg|v]) A,, 3/2 A,
Lf = In 1/2 1/2 Jett = go + 29+ | 1 + = CXp\ — - X f
G« Ly m

1.07 x 109xf

Oh? =
gi/Q mp1(GeV) 1,

o0
I, = :z:f/ T 2auq dx

Lf

The thermally averaged effective cross section (o.g|v|) is given by

% 99 Ay \*? A
(eg|v]) = S-0(202%)|v| + 4 o (X0%F) |y (1 + mz) exp (— s mf)

2
eff Jett my my

2 3
+g7i[20(2+§]_)|’u| + 20 (2EXF)|v]] (1 + Amﬁ) exp (—QAmE :cf) .

Yett my my
DI IETNEN f v/ N WZI:WO,W:':H, ]Ff/ ZOZO S WHTW— ZOz:I:v_> W:I:wO
Y- 5 WO - WHW -, WOH, ff YEYE 5 WEWE

S WOWO(WHW )
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Backup IV:Some important constraints from the mesonic observables

d(u) / d(u) v
\\/ \/ b 43 (173 $
" s e — >
iz n
| & = ¢(v) A V()
4/3 (1/3)
g/ dl(ul) v’ d’(u’) S «t— - ——-—— - < b
Observables SM prediction Experimental data
17.37 152 x 1071 (E949
BR(K' — nvi) (8.4+£1.0) x 1071 (Buras et al.) —105 ( )
<11 x 1071 (Na62)
BR(K — 7lvi) (3.44£0.6) x 107! (Buras et al.) < 2.6 x107% (E391a)
RY, RY. R R < 3.9 (Belle)
(B — K®up) K vu < 2.7 (Belle)
BY — BY Ay = |Agle?s =1 Ay = 1. 01+8 10 (CKMfitter),
(mixing parameters) s =0 ¢s[°] = 1.3753  (CKMfitter)
K- K"
Ampg /(1071 GeV) 3.1(1.2) (Brod et al.) 3.484(6) (PDG)
BR(K} — pe) — < 4.7x 1072 (PDQG)
BR(Bs — pe) — <1.1x10"% (PDG)
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Backup V: LFV: current limits and future sensitivities

[ —> ey hy > 3e I
,/’(‘\\ q; ,’/‘\\l
qj I \ ——> 1
T TS A Rt P
hl'ks ,) hl J2 v, Z e e
g)’, e
cLF'V process | Current experimental bound Future sensitivity
BR(p — ev) 4.2 x 107 (MEG) 6 x 10~ (MEG II)
BR(7 — ev) 3.3 x 107° (BaBar) 109 (Super B)
BR(7 — py) 4.4 x 10~° (BaBar) 10~ (Super B)
BR(px — 3e) | 1.0 x 10712 (SINDRUM) 10~15(=16) (Mu3e)
BR (7 — 3e) 2.7 x 107% (Belle) 10~ (Super B)
BR(T — 3p) 3.3 x 107° (Belle) 1077 (Super B)
CR(p —e,N) | 7x 1071 (Au, SINDRUM) 10714 (SiC, DeeMe)
10~15(=17) (A1, COMET)
3 x 10717 (Al, Mu2e)
10~1% (Ti, PRISM /PRIME)
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