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Introduction

The Standard Model (SM) is a remarkably successful theory of subatomic
world but is not a complete description

A partial list of deficiencies of the SM includes:
Neutrino oscillations
Matter-antimatter Asymmetry
Dark Matter candidate

Many theoretical motivations...



Introduction

The Standard Model (SM) is a remarkably successful theory of subatomic
world but is not a complete description

A partial list of deficiencies of the SM includes:
Neutrino oscillations

Matter-antimatter Asymmetry Need to look for

beyond the SM Physics

Dark Matter candidate

Many theoretical motivations...

No direct evidence of new particle at LHC so far

Several intriguing signs of NP in semileptonic B decays!



LFU violation in B decays ?

In the SM, couplings of gauge bosons to leptons are independent of
lepton tavour

BR(B - KWu*tu)

Define lepton flavor universal observable: Ry =
SIe e 7 SO K77 BR(B - KMeter)



LFU violation in B decays ?

In the SM, couplings of gauge bosons to leptons are independent of
lepton tavour

BR(B - KWu*tu)
BR(B — K®ete™)

Define lepton flavor universal observable:  Rxe =

~ 2.5 sigma tension in lepton flavour universality ratio in

Ry-11.6) = 0.6977 5 £ 0.05,

Rk 11_¢) Gev2 = 0.745% 023 £ 0.036

Ric+(0.045.1.1] = 0.6670 57 £ 0.03

LHCb PRL 113 (2014) 151601 LHCb, JHEP 1708, 055 (2017)
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Hints of New Physics ?

Claims of NP are further strengthened by other dataon b — su™ ™

B — K*u*u~ : Measurement of form factor free observables

e LHCbdata o ATLAS data
= Belledata © CMS data
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InBRof B — ¢utp~, adeviation of 3.5 sigma with respect to SM
LHCb, JHEP 09 (2015) 179



LFU violation in B decays ?

~4 sigma deviation from the SM in the ratio

BR(B — DWrw)
BR(B — D™)/p)’

Rpcy = C=e,

N B | T T T | T T T T | | | _]

= 05F BaBar, PRL109,101802(2012) 5 —

a) - Belle, PRD92,072014(2015) Ay =10 contours .

Y - LHCb, PRL115,111803(2015) o

045 —— 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 ]
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About 26 above the SM
PRL 120, 121801 (2018)

(Heavy Flavor Averaging group, HFLAV)



The Model

Field SU(3)CXSU(2)LXU(1)Y Z2

Fermions | Qr, = (u,d)] (3,2,1/6) 1
UR (3,1,2/3) 1

dr (3,1,—1/3) 1

by, = (v, e)t (1,2,-1/2) 1

ER (1,1,-1) 1

TR (1,3,0) -1

Scalars H (1,2,1/2) 1
hq (3,3,—-1/3) 1

ho (3,3,—1/3) ~1

Forbids T 111 .
Reinforced by a Z> symmetry : oroidas lype lll seesaw,

provides DM candidate
5> ST e
L= yl] €(T hl)LJ + yl](f Z)R le(z. hy)e'] “d;{

scalar

1 —i .
—EZC M;¥ - V" +h.c.



Neutrino mass generation
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vy, d? dp 0 drp dj vy Krauss, Nasri, Trodden, PRD 2003 (with ordinary scalars

+ additional diagrams with singlet DM in the loop )



Neutrino mass generation

A
/l ‘\
/ ;o\ \
/
——3() h e j 1 o
/3, I \ 1/3 \ (mv)aﬂ o 3 yaz D; yz] 2 m2 y]k D, Ykp
h \ hy N (4722) my, \ P h2)

> >—)(—»C’ | W VNG W =
vy, d(If dp 0 dp dj vy Krauss, Nasri, Trodden, PRD 2003 (with ordinary scalars

+ additional diagrams with singlet DM in the loop )

Modified Casas-Ibarra parametrisation to write y in terms of y :
Casas, Ibarra Nucl. Phys. B 618, 171 (2001)

diag T . T ~T ~
m, 5=Uy mp y° F(4,, my, mhl’z)ymDy U U : PMNS matrix

_1 _1 G : Complex Orthogonal matrix

(fmy ™8 UT YT my 5T F 5 my y Unfm™8 ) = 1 = A" %

—1/2 di
y=F"'""% 28 Uy Timy]

In agreement with Cheung at al, PRD 2017



A Viable Dark Matter Candidate

Recall: ¥, is odd under Z2 symmetry

EW radiative corrections : s+ — myo ~ 166 MeV

This renders X, the lightest stable particle among new states

>, coannihilation primarily
via gauge interactions

Freeze-out temperature x;( = my/Ty) o4}

is calculated using

X — 1 [ 2938 Bett Mpy s {0t | V1) §
f=1m gli2x1/2
=

0.3}

1.07 X 107 x;
th —

B gayz MPI(GQV) Ia 0.0p

a

(S9]
I, = fo x 2 ag dx
Y

Cirelli, Fornengo, Strumia
Nucl.Phys.B753, 2006
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b —> s~ : R and Rg.

AG
Herr = — FAtZCequLZATNPONP

7

O o (S.7"br)(Eyub),

In this model, we obtain

2
TV Yb¢' y::f
% 2
A, th Vts Wlh1

e _ et
Gy - Cly =

Neutral current anomalies can be
explained by satisfying:

e
Ce5pl S—0.8
@lo
Hiller et al 1707.05444, Matias et al 1704.05340

—14 < 2 Re[Cg‘*&P

Ofp & (5p9"br)(Lyust)

In SM
Cg ~ _010 ~ —4.]
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b - ctv: Rp and Ry

4 G 2 . ) _
K ot = \/5 Vik \| Ui — RY; > OO (Vy™)je <uj}’”PLdk> <?/ﬂ7ﬂPL”i) +h.c.
cb h1
Define
RD(*) 1 -2Re ( Xer yb’c) with

— 2
Roos 1= 2Re (v, ) = (Vyo)(v2/AV )

After taking all the relevant flavor constraints
into account in our model

b — ctv is SM-like

We Satley muon to electron LFU ratio Belle Collab: Glattauer 2015, Abdesselam 2017

ule.exp __
R - 2Re (x,, vy, RSP = 0.995 + 0,022 + 0.039
ule o
Rhbsu 1 — 2Re (xeeye) REMEP = 1,04 + 0.05 % 0.01

A way out if anomalies persist : add another scalar LQ (3,2, 7/6) ?
See Becirevic et al, 1806.05689



Identifying textures of scalar triplet LQ Yukawa

We take phenomenological approach
enll €n12 €n13

n..

Parametrize JVjj = 4jj o €7 Y ~ €21 gn22 N3

n n n
631 632 633

L e———

Requirement of saturating the B -meson anomalies [Rk»] at 16 for m, = 1.5 TeV

Voo Y35 & 2.1555 X 1072 ~ ™2t - ¢* ~ 21555% 1077 & € =~ 0.215



Identifying textures of scalar triplet LQ Yukawa

We take phenomenological approach
enll €n12 €n13

n..

Parametrize JVjj = 4jj o €7 Y ~ €21 gn22 N3

n n n
631 632 633

L — R

Requirement of saturating the B -meson anomalies [Rk»] at 16 for m, = 1.5 TeV

Voo Y35 & 2.1555 X 1072 ~ ™2t - ¢* ~ 21555% 1077 & € =~ 0.215

We find the following allowed textures consistent with flavor violation processes

Type | Type 11 Type 111
X X X X X X X X X
y X € X X € X X € X
X € X X €2 X X € X
[ : . = [
a . . | 64 62) 622 Eh 624 62‘ € 62) 624
reneric allowec . . . ,
23 8 24 €2 2 29 el e €22
textures , . ,
2t ¢ 21 2% ¢4 21 2t & 21




Contributions to various flavor violating processes
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Constraints on LQ masses from flavor violation

Type I texture

10—8 |
B BR[u-e y] B BR[u—eee] B CR[u-e,Au]
B BRK > vv]
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Constraints from neutrino oscillation data

~ _ =11 d
y=F""% S8 Uty~im !

Msi123 ~ 245, 35, 4.5 TeV
m, ~ 1.5 TeV my, ~ 2.6 TeV
1 2

Lightest neutrino mass ~ 0.001 eV
Global best fit values for other parameters

Scan for j complying with flavor constraints



Constraints from neutrino oscillation data

5= F 2% /mi yfy- Im !
Myi123 ~ 245, 35, 4.5 TeV

m, ~ 1.5 TeV my, ~ 2.6 TeV
1 2

Lightest neutrino mass ~ 0.001 eV
Global best fit values for other parameters

Scan for j complying with flavor constraints

Type II texture
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Conclusions

The SM extension via (2) scalar LQ + (3) Triplet Majorana fermions
v/ Addresses neutrino mass generation
v/ Explains anomalies in R, and Ry
v/ Has a viable dark matter candidate accounting for correct relic density

Satisty all relevant flavor constraints : meson decays, meson-antimeson
oscillations, cLFV decays

U —e and K — gy are the most constraining observables for this class
of models

Does not account for anomalies in charged current p — ¢ ; possibility of
accommodating these via extended the LQ sector



Conclusions

The SM extension via (2) scalar LQ + (3) Triplet Majorana fermions
v/ Addresses neutrino mass generation
v/ Explains anomalies in R, and Ry
v/ Has a viable dark matter candidate accounting for correct relic density

Satisty all relevant flavor constraints : meson decays, meson-antimeson
oscillations, cLFV decays

U —e and K — gy are the most constraining observables for this class
of models

Does not account for anomalies in charged current p — ¢ ; possibility of
accommodating these via extended the LQ sector

Thank you



Scalar potential : Backup

1
V(H, hi,he) =ufH H + S MH [HYH? + pi Te[hiha] + pf, Te[hSho)] +

1 1 1 1
b [T )P + S, [Te(hbha))? + X, Tr((R LRI + 0, Trl(hdha)J +

3
1 1
-+ 5)\th (HTH) TI’[hJ{hl] -+ 5)\}{;” Z(HT T3 H) TI'[hJ{ T3 hl]—|—
1 =1
1 i f Lo Sy i
+ SAmn, (H'H) Te[hjha] + SN, > (H'7; H) Te[h] 7; ha] +

2 :
1=1
1 1 1
+ A Tr[h! ho]? + §>\/h [T (h] ha)]? + ZAZ Tr[hl hy] Tr[hd ho] + Hec.

/1h /Ih — — — — —
Z Tr(th h2 th h2) — ? hl 173 h21/3 hl 1/3 h21/3 _ /lh hl 1/3 h2 2/3 hl 1/3 h;l/3

Interaction Lagrangian

Lhz o _ijd h /3 ' \/7ij dczh/ €L+fyz] Czh_Q/ yz] ugzhl/g L

int
—C1 _
— 2§, 50, h;/?’dg%—zgijz A 24,5 g h4/3d” +H.c.




Flavor constraints : Backup

Observables SM Prediction Experimental data

K* - ntvw | BR(K* = ntww) | (8.4£1.0) x 107 17.3%152 x 10~ [E949]
[Buras et.al. 2015] < 11 x 107'% [Na62]

K; — v | BR(K, — 7'vi) | (3.4£0.6) x 107 ["] < 2.6 x 107% [E391a]

B — K®vi w. Ry RY.,

=1 R} < 3.9 Belle]
. < 2.7 [Belle]

B - BY mixing Cp, =1 Cp, = 1.070 £ 0.088 [UTHfit]
oscillation parameters dp, =0 ¢p, = (0.054 £ 0.951)° [UTfit|

K; — pe Br(K; — ne) < 4.7 x 107" [PDG]

B, — pe Br(B, — pe) <1.1x107"

This list is not exhaustive



cLFV processes : Backup

LFV Process

Current experimental bound
bound (Experiment)

Future sensitivity
sensitivity (Experiment)

Br(p — ev)
Br(7 — pv)
Br(7 — e7)

<4.2x 107" (MEG)
< 4.4 x 107® (BaBar)
< 3.3 x 10~® (BaBar)

Ix 101 (MEG 1I)
1077 (Super B)
10~ (Super B)

Br(p — 3e)
Br(7 — 3u)

< 1.0 x 10-2 (SINDRUM)
< 4.4 x 10~® (BaBar)

10~ 06 (Mu3e)
10~? (Super B)

Cr(g —e.N)

<7 x 10 (Au) (SINDRUM)

10~ (DeeMe)
10~ 17 (COMET)
3 x 10717 (Mu2e)
10-'¥ (PRISM/PRIME)




Dark Matter : Backup

s-channel t-channel
S0TE - WE - WEWO, WEH, ff 250 - Wwrw- Z0EF - WEWY
YESE 5 WEWE

ZTET - WO WS WO ff ST - WOWOWTW)

Thermally averaged eff. cross section

2 3/2 A
Gelt]) = L o(£050) (0] + 4 LI% 5 (505%) g (1+ mz) exp (— ms a;f) 4

eff Getr my my
2 3
- (20750 20w ha] (14 5 ) o (-2
+ 20027270 + 20(27X) |0 1+ exp | —2 xT
2 [20( )|9] ( )|7]] . P o
Y = n 0.038 gogs Mpy my (0| V)
o~ 1/2+1/2
&+ W
Amz Amz
Sett = 80 T 28+ 1+m— eXp| —— =X
1.07 x 10° x; > :

Qh? =

g+”* Mp|(GeV) I,



