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v mass generation

@ In Standard Model M,, = 0. But, v flavor mix. v, <> vpL
va) = Z Uailvi) = M, # 0 = New physics beyond SM

@ Simplest possibility: Introduce v to the SM allowing
Ly : v, brdvg + h.c.
e m, ~ 0.leV, this means yukawa coupling y, ~ 107 '2!!
e Yukawa coupling likely to be same order as of quark and charged leptons.
But observation shows m,, << m, or ny
@ Schemes for neutrino masses and mixings:
o Tree-level Seesaw mechanism

e Radiative schemes
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Seesaw Paradigm

LL
@ Light neutrino mass is induced via Weingberg’s dim-5 operator, ik

2
o Large Majorana mass scale A to suppress the neutrino mass via @
e Different schemes:
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Type I/ Type III: Type II:
v-mass induced from fermion exchange:

v-mass induced from scalar boson
exchange A~ (1,3,1)

@ The scale of new physics can be rather high

N' ~ (1,1,0) N3~ (1,3,0)
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Radiative ~ mass generation

Neutrino masses are zero at tree level as SM: vz may be absent.
Small, finite Majorana masses are generated at the quantum level.

Typically new heavy scalar fields introduced violates lepton number,
gives rise to neutrino flavor transitions, and lepton flavor violation.

Simple realization is the Zee Model, which has a second Higgs doublet
and a charged singlet.
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Smallness of neutrino mass is explained via loop and chiral suppression.

New physics in this framework may lie at the TeV scale.
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Type I radiative mechanism

@ Obtained from effective d =7, 9, 11... operators with AL = 2 selection
rule

o If the loop diagram has at least one Standard Model particle, this can be
cut to generate such effective operators

. . -~ X{:l/ii
L s 1 S h™ - € o
{ Y -, ~
/ Y k= \\
1 I \
) [ 1 €L 1 ¢
vy, . €R €ER . vy,
1 1
X X
(H) (H)
Oy = LiL/LkeCLleCeUekl Os = Lie‘u‘d°Hye"
Zee, Babu Babu, Julio (2010)

Classification: Babu, Leung (2001)
Cai, Herrero-Gracia, Schmidt, Vicente, Volkas (2017)
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Type II radiative mechanism

@ No Standard Model particle inside the loop
@ Cannot be cut to generate d =7, 9,... operators

@ Scotogenic model is an expample
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@ Neutrino mass has no chiral suppression; new scale can be large

@ Other considerations (dark matter) require TeV scale new phyiscs
Ma (2006)
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Nonstandard neutrino interactions

Unknown couplings that involve neutrinos
Many neutrino mass models naturally lead to NSI to some level

New physics near TeV scale can generate nonstandard neutrino
interactions (NSI)

NSI effects happen in the neutrino production, %, propagation through
matter, ", and the detection processes, P,

Most important effect of NSI is in neutrino propagation in matter
Wolfenstein (1978)

Phenomenological, NSI can be described with an effective four ferimion
Lagrangian

Lns1 = _2\6GF Z %;(EQW#PLVB)(}?V[LPJC)

fP,a,B

5’;1; is the parameter that describes the strength of the NSI
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Nonstandard neutrino interactions

@ Matter potential
Hupa = \ﬁGFNe(x) 5:;;@‘) Eup(X)  Epr(x)

@ Note e, =real if o =

Ny (%)
— f 0 _f.L R
501,3()6) = SOCBN (X) 6{1,3 — Tap + af

f=e,u,d €
N, =2N, + N, Ny = N, + 2N, ap(X) = ehp + b g + Vs
Np = Ne d ' yn(x) = 2ls)
ehs =200  €ap = Eapt 260 n N, ()

o In leptoquark models, one has sgg only
@ Presence of ¢;; affect mass ordering and CP violation
Esteban, Gonzalez-Garcia, Maltoni (2019)
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NSI in Zee-Babu Model

e Two SU(2), singlet Higgs fields, 7" and k" are introduced

@ The corresponding Lagrangina reads:

L= Loy +fup VS Uprh™ + oy 1S Lo k™ — ph™h k™ + he. + Vg

@ Majorana neutrino masses are generated by 2-loop diagram:

P

h;" 1 \‘]f
V; Yk \\
/ €r, ! E’,[_\
1 1
X X
(H) (H)
My S hamema (D T
R ————— fuchegmem —
(167T2>2 M2 ac tted Mie 1Mq db mﬁ
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NSI in Zee-Babu Model

The heavy singly charged scalar induces nonstandard neutrino interactions:

L °L - feﬁfea
>'7ﬂ'< 08 =% = 3G

-2 T T T -2 T T T
n=1TeV u=10 TeV
-3+ - 3 ]
E&f a4l 1 &5 4t i
g 5
S S
= 15 C.L. (IH) - = 15 C.L. (IH)
5| 26 C.L. (H) | 5. 26 C.L. (H) |
30 C.L. (IH) : 36 C.L. (IH)
15 C.L. (NH) 1o C.L. (NH)
—--- 20 C.L. (NH) 26 C.L. (NH)
...... 30 C.L. (NH) 3 C.L. (NH)
-6 1 1 1 -6 - 1 1
-6 -5 -4 -3 -2 -6 -5 -4 -3 2
Log, (&) Log, (&)

T. Ohlsson et al. (2009)
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NSI in KNT Model

@ Singlet fermion N and two singlet scalars 771+ and n; are introduced
1
Ly =fLLy + ge‘Nn; + EMNNN

° 772+ and N are odd under 7,

@ Majorana neutrino masses are generated via 3-loop diagram

- R~ ~
- ~
~
- 7 N

+ +

’ N N

Nt e 7
h e’ N n \ h

, , Y 2 4 2 .
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’ , . \
Vi e € N N e g vj

@ Only NSI is from nf
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Zee Model

@ Gauge symmetry is same as Standard Model

@ Zee Model has a second Higgs doublet H, and a charged weak singlet
0" scalars
1 h H 1 i
— v+ H +iG% | 27 —H)+iA
\@ ( 1 ) \ﬁ ( 2 )

@ The Yukawa lagrangian reads:
Ly =f" Wy C¥ly) em™ + ¥ Hier + ¥pyHaer + h.c.
V = uHH,n™ + he + ...

H =

e Mixing between " and H;r :

My —pv/V2 . V2vp
—uv/ V2 M3 ’ mi, —mg,
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Neutrino masses in the Zee Model
@ Yukawa coupling matrices:

0 feu Jer Yee Yeu Yer
f: _fe/l, 0 f/m’

) y = Yue Yup Yur
*fer *f 1% 0

Yre Yru Y7

@ Neutrino masses:

M, =k (Mpy" + yM ")
2

1 ms .,
sin 2 log ——
1672 vlog m121 N
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Neutrino masses in the Zee Model

o If y oc M;, which happens with a Z,, then model is ruled out
Wolfenstein (1980)

o In general, y is not proportional to M;, and the model gives reasonable fit
to oscillation data

@ Charged current NSI arises via the exchange of /™~
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Consistency with Neutrino Oscillation Data

me 0 O 0 0 Yer
M={0 m, O y=1| 0 yuu Yur
0 0 mr Yre 0 Yrr

With the choice of parameters:

Jeu _ 0.42, Jer _ 434, 2T =0.003
pr wT y
Yur _ 0011, T — 0013, 27 —0015
yT(’ yTL) }T(’
Parameters 30 range Benchmark
Points
Am3,(1075) | 6.79 - 8.01 7.32
Am3;(107°) | 2.412-2.611 2.51
sin” 0, 0.275 - 0.350 0.349
sin® 6,3 0.423 - 0.629 0.54
sin” 03 0.02068 - 0.02463 0.0236
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Consistency with Neutrino Oscillation Data

yee 0 yeT
y= 0 yuu Yur
0 0 ymr
With the choice of parameters:
Jeu _ 455 Jr _ g9 Y _ _00u9,
pr wT Yee

Y 099, T _ 0046 2T =021

Yee Yee Yee
Parameters 30 range Benchmark
Points

Am3,(107°) | 6.79-8.01 6.95
Ama;(107%) | 2.412-2611 2.44

sin” 0, 0.275 - 0.350 0.323

sin® 0,3 0.423 - 0.629 0.581

sin® 013 0.02068 - 0.02463 0.0208
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NSI in Zee Model

e The singly-charged scalars 1" and Hzr induce NSI at tree level

la\n\//’m Vol lsr
Hy
1 s
1 H2+ !r}
' M
cos? ¢ sin’ sin” ¢
~ y(yﬁ_)n-/) ~ y(yﬁypo-
mH+ h+
VML Vol lsr
I,/+
: nt Yoy
! ?”+
VoI, l/)L VplL L
cos® ¢ sin’ <,/
f(yﬂf(rp f(y ’3]‘;,,(7
H+
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NSI in the Zee Model

e Considering, y ~ O(1), m, ~ 1.7 GeV and M,, ~ O(10~") eV demands

f ~ 108 = NSI effect from f is heavily suppressed

@ The effective NSI is:

@ The relevant Yukawas for NSI:

m 2 m *

€ee ™ |y€e| Eepu ™ YeeYue Yee
m 2 m *

Epup ™ ‘yue| Epr ™ Yuere Yhe

Yre

m 2 m *
Err ™ |y7'e| Eer ™ YeedTe

@ Note: ¢, <0
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NSI in Leptoquark: Colored Zee Model

o Two SU(3)c scalar fields, Q ~ (3,2,1/6) and x /3~ (3,1, —1/3), are

introduced

2/3
_ | w —1/3
0=
o The Yukawa lagrangian reads:

Ly = y,r/‘L,'d;Q + y;ijQ/X* + h.c.

V = pQx*H + h.c.

e Mixing between w13 and X_1/31
Mf} v
v M;1/3
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NSI in Leptoquark: Colored Zee Model

@ Neutrino masses:

~ 3sin2p
3272
@ Choosing y.y) ~ 0=y~ O(1)ory ~ O(1)

v

2
log ﬁ‘z Moy +y Muy")
2

cd 1 youysn
% 4v2 GpM2
Nn(x) d
F = 1= =3
or N, (1) €ap(x) o
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2-loop Leptoquark Model

e Same as before as it assumes  ~ (3,2,1/6) and x /3~ (3,1, —1/3)

° X_l/ ? coupling is modified

Ey = Y,:iL,'d;‘Q + F,:ie,‘-'u](fx_l/‘% + h.c.

@ Note Fj; do not lead to NSI.
@ M, arises at 2-loops: Replace leptons by quarks in Zee-Babu Model

- ] -~
w’;/"i‘, ‘ | Sa w3
’ YA N
I
dy ! 4"
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KNT Leptoquark Model

@ Replace leptons by quarks

. o |
Ly = Loy + dNy, P+ SMyNN

~1/3 » ., N o ~1/3
X1 4”7 —1/3 1/ X1
A x ;' \‘XQ RN
I, ’ s \
4 A Y
’ , \
Lot <% 2 %-0—) A
Vi dy dy N N ] R

1/3

@ x, '~ cause NSL
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Collider constraints on 4~ mass

@ New Physics at sub-TeV scale is highly constrained from direct prompt
searches as well as indirect searches.
e Direct searches: we can put bound on 21 mass by looking at the final
state (leptons + missing energy)
e Some supersymmetirc searches (Stau, Selectron) exactly mimics the
charged higgs searches.
e Dominant production mechanisms in LEP are:
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Constraints on Light Charged Scalar

@ The lowest charged higgs allowed is 82 GeV with y,, = 0.

1.0, 0
- Stau search (LEF)
8" seaschin tvew mode(LEP)
Selectron search (LEP)
0.8| = 0.2

[ s<lectron search (13 TeVLHG)

1.0, 0.0
0.8] 0.2

05 ; 0.4

0.4]

BR«~

=
0.2 . =
2

0.0 1.0
8082848688909294 0.6

my: (GeV)
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Contd.

@ The lowest charged higgs allowed is 94 GeV with y,. = 1.

1.0

0

Il st=0 search (LEP)

[ seaschin vve mode (LEP)
- Selectron search (LEP)

0.8 []# seaschin cSrv mode(LEP) 0.2
[l selectran search (13 TevLHO)

1.0, 0.0
0.8] 0.2 0.4
0.6 0.4
0.4 0.6
0.2 0.8

BR+~
‘2ud

L0 0.6
9% 92 94 96 98 100

0.8

my: (GeV)
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Constraints from SM Higgs Observables

1
1
|
1

LA

1

1

1

1

=~ A
H 7
4

{\

@ The signal strength is expressed as:

; o' BRy
,U[ = - -
7 (0)sm - (BRy)su

o The effective coupling ji.5(hh=h) parameterized as:

Heff = —\ﬁu sin @ cos ¢ + A3v sin? ©+ Agv cos? %)

@ )3 term is suppressed by sin® ¢
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Constraints from SM Higgs Observables

mj = 100 GeV, my" = 600 GeV my"= 100 GeV, my'= 1.5 TeV my "= 100 GeY, my*= 2 TeV
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Contanct Interaction Constraints on Neutral Higgs

o At LEP experiment, e"e™ collision above the Z boson mass imposes
significant constraints on contact interactions involving e*e™ and
fermion pair.

@ An effective Lagrangian has the form:

Loy = A2 +5ef Z T/ (en'ei (797;4}3)
U | S s _ MH S 4389 GeV,
|yeu’ COs @ ‘yerl Cos
m
" - 1.994TeV
[Vee| COS
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Bound from EW Precision Constraints

1m02:sing>01
D 03zsing>02
4 ?
m04zsing>03
-
% 3 B 05zsing=04
bm 06zsing=>05
E 2 ®072sing>06
2 m082sing>07
1 T B 093sing>08
a e it ot peruren] W17 SN9> 09
0 BRSO Mo P SR W el

0 1 2 3 4 5
me (TeV)
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Bound from EW Precision Constraints

0.35 . .
0.30¢f
S 0.25¢
‘w 0.20}

0.15}

0.10 Sl
29 3.0 3.1 3.2 3.3
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Lepton Flavor Violation

@ Lepton number(L) is an accidental discrete or Abelian symmetry of the
standard model (SM)

@ Lepton flavor violation (LFV) is transition between e, /i, T sectors that
violates lepton family number.

@ Detection of LFV signals = clear evidence for BSM
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LFV Constraints in Zee Model

@ The presence of the second Higgs doublet gives rise to tree-level
trilepton decays /; — [;[;];

Process Exp. bound Constraint
_ _ _ [V eveel _ _
u” S eteme Br.< 1.0 x 10~ '? et <6.6x 10" Gev?
m
H
yEY
T o eteTe” Br.< 27 x10~% ! T"’;ee‘ <24 x 1077 Gev 2
m
H
_ _ _ 7 Vel _ _
T s et Br<17x107°% | ZTEEC <204 % 1070 Gev 2
b e
_ _ _ V2 Vee _ _
T o ete Br.< 1.8 x10~% SR <212 % 1077 Gev
m
* L
T sopteme Br.< 1.5 x107 8 LZ”“I < 1.8x 1077 Gev ™2
m
H
_ 7 ppl _ _
T osoptuTeT | Bu<2ixiod | ZTEEE 501 x 107 0Gev T2
My
_ 4+ - - _8 b:—MYK‘[L‘ —9 2
T s pue p Br. < 2.7 x10 72<3><10 GeV
m
H

@ These tree-level processes do not restrict the parameter space as much as
li = Iy
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LFV Constraints in Zee Model

@ One of the most constrained cLFV process is the radiative process
l,‘ — lj’y
o This process always arises at loop level

0
, HY/A
- - == ~ ~
/S ﬁ , .
.- N ’ Y
v ~ ,]< ’ \
’
’ \ - > T
> I > \ L ! ! g
i 7 T 7
Process Exp. bound Constraint
2 —3
12 sin” ¢ 2 2 2 5.092 x 10
e — ey (g —2)e<1.34 x 10 77(|ch| + Dpel” + lyrel”) < a2
mey GeV:
o sin” ¢ ) ) 5. 3155 x 1077
wo— py 6(g —2)u <3.64 x 10 3 (VepI” + yppl” + yrpl?) < —
"oy GeV
a4 9.5 —18
13 sin” ¢ 2 2 2 9.52 x 10
w— ey Br. < 42 x10 T (Veeyen!™ + heypnl™ + ieyrpl) < —————
m GeV
. n4+ —12
_g sin” ¢ 2 P P 3.91 x 10
T = ey Br. < 3.3 x10 T (eever |* + evur I 4+ Vyeyrr ) < ———
moy GeV'
. —12
_g sin” ¢ 2 2 2 5.25 x 10
T = py Br. < 44 x10 n (‘y:ﬂ)’gr‘ + nywy,m—\ + ‘y:—u)’rﬂ-‘ )< )
oy GeV
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Numerical results for NSI

2 2
m 2 ’y€€| m 1 s 2 |y,ue‘
Eoe = — sin” ¢ €y = ——=SIn" p————7—
“ 42 Grmy, M 4V2 Grm?,
0.8 ——
0.7}4 o
: A Ceal®) o)
0.6} A -
S | S "
=05 1 ":?.i‘:zf:b _:: :‘5
Boapfli ¥ & =
Tospl » T
g -8 i -100
0.2 -
0.1 0.1
100 150 200 250 300 100 150 200 250 300
My [GeV] my [GeV]
M 11% M 20%
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Contd.

0.15

0.10} | constrad ] Epr(%f
NS" 3.0
£ 0.05 -
n
"o 0.00f "
> -0.
*Q -0.05 -0.5
> 20
=010

~0.15 N

100 200 300 400 500
My [GeV]

max
Enr = 2.5%
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Contd.

€or(%)

M@ [GeV]

max . 07
867_ ~ 25/2)
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Consistency with Neutrino Oscillation Data

8.
Frgrr—— 38 Brevrn
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Numerical results for Leptoquark Colored Zee Model

o Considering the pair-production channel, the current CMS limits on
leptoquark masses are 1.43 TeV for first generation, 1.25 TeV for second
generation, and 1.02 TeV for third generation.

o Constraints on Yukawa y,;

e 1 — e7y: No significant constraints due to cancellations. This suppresses
amplitude by m—; << 1
m

w

o 1 — 3e
[yi3y23] < 7.6 x 1073 M, = 1TeV

e /L — e conversion

Iyiyar] < 3.3 x 1077 M, = 1TeV

e 7 —enandT —un
Mo
300GeV

M,

1.2%1072 2 10X 1072 (% )2
[Vi2ysa| < 1.2x107%( ) paayaal < 10X 1075555 70)
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Contd.

@ Atomic Parity Violation constraints:

2/3

i1 <0.03 ——— ¥ip < 0.03—2—

100GeV IOOG 14

® €ee, €op» and €., cannot be too large as one y, factor is order 0.3 for 1
TeV Leptoquark mass

€ee ©033% €0y =22% €er =2.2%
eup = 147% e = 147% €7 = 14.7%
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Conclusion

@ Matter NSI in the radiative mass models has been studied.

@ Mass as low as 82 GeV for the charged scalar is shown to be consistent
with direct and indirect limits from LEP and LHC.

@ Diagonal NSI in Zee Model are allowed to be as large as (11 % , 20 %,
150 %) for (ece, €pus €77 ), While off-diagonal NSIs are allowed to be (-,
2.5 % ,2.5 %) for (€, €ery Epur)-

@ NSIin leptoquark models are studied.

@ Radiative neutrino mass model allows parameters which are in good
agreement with the neutrino oscillation experiments

A. Thapa (OSU) NSI 05/2019 421744



Thank You
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Dune Projected Limits

| NSI Parameter || 300 Kt. MW yr bound (< 90%) | 850 Kt.MW.yr bound (< 90%) |

Eep -0.025 — +0.052 -0.017 — +0.04
Eer -0.055 — +0.023 -0.042 — +0.012
Epr -0.015 — +0.013 -0.01 — +0.01

Eee -0.185 — +0.38 0.13 — +0.185
€ -0.29 — +0.39 0.192 — +0.24
Err -0.36 — +0.145 -0.12 — +0.095
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