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v mass generation

¢ Neutrino Masses and Mixings > New physics beyond SM
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v mass generation

¢ “Technically natural ” in t'Hooft sense. Small values are
protected by symmetry. At acut-off scale A :
“natural ” - 8m; ~ g2/(16n2) m; In(A2/m?)
“unnatural” - 8my2~ - y2/(8n2) A2

* Two ways to generate small values naturally :

+¢+ Suppression by integrating out heavy states:
the higher dimension 1/A», the lower A can be.

¢+ Suppression by loop radiative generation:
the higher loops 1/(16m2)", the lower cut off scale can be.
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Radiative ~ mass generation

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

e 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.

R
+ .7 “TTes ~ H+
n 2
Ve *
4 \
1 \
—_——
Vi lg Ik vj

@ 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
(S 1 SO hT - € o
{ Y -, ~
/ Y k= \\
1 | \
) er, 1 cr 1 ¢
125 . €R €R . vy
1 1
X X
(H) (H)
Oy = LiL,-Lke“Lleceijekl Oy = Liécﬁﬂdclifjey
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 (20006)
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Nonstandard neutrino interactions

@ 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, e,

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

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

Lnst = —2V2Gr Z é;(ﬂw“Pwﬁ)(ﬁqu)
f,P,a,f3

5’;2 is the parameter that describes the strength of the NSI
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Nonstandard neutrino interactions

@ Matter potential
Hpae = \@GFN(’ (x) E;ku (x) Eup (x) Eur (x)

e Note .3 =real if @ = 8

Ny(x) ST
Eap(x) = Ei"cﬁN o E’;ﬁ = Efaﬁ + Efaﬁ
f=e,u,d €
N, =2N,+ N, Ng = N, + 2N, cap(x) = b +ebg + Yuchgs
Np = Ne — N,,(x)
d Yy(x) =
sfw =2605T€08  €op = Eap 2605 (%) N, (x)
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Nonstandard neutrino interactions

@ These NSI are of great phenomenological interest, as their presence
would modify the standard three neutrino oscillation picture.

o The NSI will modify scattering experiments, as the production and
detection vertices are corrected; they would also modify neutrino
oscillations, primarily through new contributions to matter effects.

@ Presence of ¢;; affect mass ordering and CP violation
Esteban, Gonzalez-Garcia, Maltoni (2019)

@ There have been a variety of phenomenological studies of NSI in the
context of oscillations, but relatively lesser effort has gone into the
ultraviolet (UV) completion of models that yield such NSI.

@ A major challenge in generating observable NSI in any UV-complete
model is that there are severe constraints arising from charged-lepton
flavor violation (cLFV).
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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
n™" scalars
G* HY
1 0, 0 H, = Lo,
—(V+H|+iG ’ —(H; +iA
\/i ( 1 ) \/E ( 2 )

@ The Yukawa lagrangian reads:

H| =

,Cy :fab(wZL C’L/){,L) €ij 77+ + @L?Hl er + @LYngR + h.c.

V = uHi ™ + he. + ...
e Mixing between 1" and H;r :

ME —uv/V2 . V2vp
) , sin2¢p = —5————
—uv/V2 M3 my —m
where ht = coson™ + sin pH,

HY = —sinpn™ + cos an;r

Sudip Jana (MPIK) N 10/2019 12/52



Neutrino masses in the Zee Model

@ Yukawa coupling matrices:

0 feu feT Yee Yeu Yer
f= ~fen 0 fur Y = Yie Yuu Yur
7.]“67' *f;w 0 YTe Y T YTT
@ Neutrino mass
AHD)
1 o T T
e e My = & (YT + YMfT)
n 5 \ 2 | . m; .
J/ . Kk = —sin2plog —
, \ 167 my,
— <

173 Iy 5 Vi
o If Y ox M, Whicfl happens \f{/ith a Zz,jthen model is ruled out
Wolfenstein (1980)
o In general, Y is not proportional to M;, and the model gives reasonable fit
to oscillation data
@ NSI arises via the exchange of 4~ and H™
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NSI in Zee Model

@ The singly-charged scalars 7" and H;r induce NSI at tree level:

/’/Mﬂ‘ M]
YTi;
X Hj I'ﬁ
1 fH;
WR Val, lop

2 a2
cos” . sin” ¢
~ Y‘)‘ﬂ Y ~ 2 Y(Y B Y/)(y
My M+
[p\L\//”ﬂ L or VaI
1 'n‘
At R
, ?77'
/\ Vol égL
cos? cos” ¢ sin’ sin” ¢
fﬂﬁfap f()/fﬂm
My it
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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 ~ 10~% = NSI effect from f is heavily suppressed

@ The effective NSI is:

2
sin?¢p  cos? ¢
EaB = Y..Y7% +
0= i ()

@ The relevant Yukawas for NSI:

m ~ |Yee‘2 Em ~ Y* Y Yee Yeu Yor
‘ 3‘2 ,u‘r ~ Y eYre Yl‘e YHH YMT
€ ~ |Y7_e‘2 ~ Y* Yo Yre Yoy Yor

@ Note: £, > 0
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Charge Breaking Minima

@ To have sizable NSI = large mixing ¢ = large /. (pe;;H iHén_)
@ Need to ensure CCM is deeper than CBM

0.8
0.6 mﬂ*(:e:)
S — 1.6 sinp < 0.23 for
E 0.4 — 07 my+ = 2 TeV
m A
/ sin ¢ ~ 0.707 for
0.2 — my+ = 0.7 TeV
Ag=2A3=3.0
0.0

100 200 300 400 500
my+ (GeV)

@ Max. value of 1 is found to be 4.1 times the heavier mass m+
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Bound from EW Precision Constraints

o T parameter imposes the most stringent constraint

@ No mixing between the neutral CP-even scalars /2 and H

7 # 13 : o
> sing > 0.
(,4:‘
2 - E s

0 1 2 3 4 5

my+ (TeV)

e For my = 0.7TeV and m;” = 100 GeV, the maximum mixing is 0.63.
h
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Bound from EW Precision Constraints

o T parameter imposes the most stringent constraint
@ No mixing between the neutral CP-even scalars 4 and H

0.7

my =my=0.7 TeV

0.5 0.6 0.7 0.8 0.9 1.0 1.1

mpg+ (TeV)

@ For myg = 0.7 TeV and m,j = 100 GeV, the maximum mixing is 0.63.
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Lepton Flavor Violation

@ Detection of LFV signals = clear evidence for BSM
@ Safely ignore cLFV processes involving the f;,5(~ 10~%) couplings
@ (; — Iy arises at one loop level

v H()/Al)
+ /It -
h /H § .- ~.
’A'~~\ . N
P N ’ \
y N 4 AY
4 \

Process Exp. bound | Constraint \
2
ey | BR< 42 x1075 | [Y* V.| < 1.05 x 1072 (&)
poen % [¥ieeel . 700 GeV
= BR < 3.3 x10~° ¥rYeel < 0.69 (5500 )2
T e . e . —_—
7 7e 700 GeV
_ myg 2
= BR < 4.4 x 10~ Y* Y| < 0.79 (7)
T 1284 X | Te HE‘ < 700 GeV
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@ The presence of the second Higgs doublet gives rise to tree-level
trilepton decays ¢; — (;(i{;
s

0,
H /A‘X——»—
7’

z

Process |  Exp.bound | Constraint \

2
~ Leteme” | BR< 1.0 %1072 | [Y*.Y,.|< 3.28 x 1075 (&)
u —eve e < X 1Y) Yee| < X 00 GeV

2
_ R -8 * -3 mp
- BR< 1.4 x10 Y* Y,.| < 9.05 x 10 (7)
Toeec % Y7 Ve x 700 GeV

— - — - * - mH ’
7™ —ete p” | BR< L1 x107% | [YX,Y,,] < 5.68 x 10 3(%)

@ Trilepton decays put more stringent bounds compared to the bounds
from loop-level /,, — (3~ decays.
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Collider Constraints on Neutral Scalar Mass

@ At LEP experiment, ete™ collision above the Z boson mass imposes
significant constraints on contact interactions involving ¢ "¢~ and
fermion pair.

@ An effective Lagrangian has the form:

A2< Z 77/[ ez’Y ‘e; (f}')/pf/)

,]LR

ﬁfff

@ In Zee model, the exchange of neutral scalars H & A from second
doublet will affect e"e™ — (/0

Process | LEPbound |  Constraint
ete” s ete” | Apgp > 10TeV ”;ZA > 1.99 Tev
ete” 5 pt T | Ay > T9TeV 7 e‘ > 1.58 TeV
ete” w7t | A7, >22TeV | —1 > 0.44 TeV

LR/RL Y|
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Collider constraints on 7= mass

@ New Physics at sub-TeV scale is highly constrained from direct 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.

Dominant production in LEP Dominant production in LHC
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Constraints on Light Charged Scalar

e BR,, + BR,, = 1 (BR,, = 0) to avoid stringent limit from muon decay.

1.0 — 0

0.2

BR.

1.0

0.% 100 150

mMp+ (GeV)

@ The lowest charged higgs mass allowed is 110 GeV.
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Contd.

@ Y, siny = 0= no k" production with W boson =

1.0 - o
[ PR
e wEr)
selestronsearch 10,2
| hiytehnad
T lifetime
T universality 0.4
3 Yee sm @=00,
ﬂ: Yee sin@=0.1 oo}
@ =
06 2
0.8
1.0
100 150 200

mpy+ (GCV)

o The lowest charged higgs mass allowed is 96 GeV.
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Constraints from Higgs Precision data

o Light charged scalar is leptophilic = production rate not affected
@ New contribution to loop-induced & — 7y

. LAWY ! nE
’4 1
h . 1 h ,‘( (F
----- <y ----=<0
A\ hE
s o Y v
M- = —V2pusin o cos o + A3vsin? @ + Agv cos?
hith
Mye= 100 GaV, M= 700 GeV my: =100 GeV, m = 2 TeV
0.8 0.8
0.6
£ 0.4
1]
0.2
«
1 2 3 4 5 6

Ag

[ | Hoyry W A+ Hyo* Hoo= I W total decay width constarint
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Numerical results for NSI

Epup

[Yyelsing

~" LEP +T parameter

100 200 300 400 500
mMp+ (GEV)
max ~ ~
3% M~ 3.8%
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Consistency with Neutrino Oscillation Data

Yee 0 Yer 0 Yeu Yer Yee 0 Yer
0 Yy Yur )| Yue O Yur |, 0 Yy Yyur
0 YT[L Y- 0 Y’ru Yor Y. 0 Y.,

*

x

BPI BPII BPII
Oscillation 30 allowed range Model prediction
parameters from NuFit4 BPI(IH) | BPII (IH) | BP III (NH)

A3, (107° eV?) 6.79 - 8.01 7.388 7.392 7.390

Am3; (1073 eV?)(IH) 2.412-2611 2.541 2.488 -
Am3, (1073 eV3)(NH) |  2.427-2.625 - - 2.505
sin” 0}, 0.275 - 0.350 0.295 0.334 0.316

sin” 03 (TH) 0.423 - 0.629 0.614 0.467 -
sin” 63 (NH) 0.418 - 0.627 - - 0.577

sin” 0,3 (TH) 0.02068 - 0.02463 | 0.0219 0.0232 -
sin” 0)3(NH) 0.02045 - 0.02439 - - 0.0229
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6 o 32 ® BP3(NH)
o~
£
n
0.30
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0.28 3CL(H)
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sin“0y3
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SaGLONH) * BP1(H)
“ 0.60 * BP2(H)
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¥ 0.50
16 CL(IH) *
0.45; - 20 CL(H)
seeeese 3 CL(IH)
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TocLm 38 BFINUFID) (IH)
—_ 80 _ am # BF(NUFIt) (NH)
N> SooLmn * BP1(H)
] * BP2(H)
v 75
|° = BP3(NH)
-
~
~
S 7.0
£ 10CL(H)
d 20CL(IH)
- 30CL(H)
0.018 0.020 0.022 0.024 0.026 0.028
= 2
sin“6y3
2.7
0oL 38 BF(NuFl) (IH)
o — 20 CL(NH) 4 BF(NGFit) (NH)
% 2_6 30 CL (NH) « BP1(H)
© * BP2(H)
I° “.‘ = BP3(NH)
- 25 '
p J
~_ p
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£ 24 19CL(H)
< -=--- 20CL(H)
- 30CL(H)
0.018 0.020 0.022 0.024 0.026 0.028
. 2
sin“6,3
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Zee-burst: Glashow like Signature

e” ™ O¢lashow(s) ~ FTJ,- BR(W™ — e ) BR(IW ™ — All)
Ly g * (s — m%.)Q + ['IIL|I|'1—[|':]2

@ resonance, becomes dominant

5. L. Glashow 1960 -
—Ly D fasLiLein® + YasH{ LUk, @:fﬁéfxﬂfr{;} +H.c.

07ee(s) ~ T BR(X™ = qe”)BR(X ™ — all)

1zl ¢ s/-m%(
(s —m% )2 + (mxT x)?
, S _
iz b F Iy = Z Yas Zsin’p my /167

E, = m?/2m, ~ 6.3 PeV. 9.8 PeV
v m/me/' e,/8e

m=80.4 GeV m=100 GeV
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Zee-burst: Glashow like Spectrum

2
10 M+ = My+ = 100 GeV Zee Model(Y=1.0) + 5M + Atm BG
[0 Zee Model(Y=0.5) + SM + Atm BG
 Fee Model(Y=0.25) + SM + Atm BG
B SM + Atm BG
1
E‘ 10 ~ Aim BG
g ® [C 7.5 vear data Zee Burst
& /
] 0
o
g 10
3
5
-
= -1
10
10° 10°
Deposited Energy (GeV) /

Glashow Peak
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NSI in Zee-Babu Model

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

@ The corresponding Lagrangina reads:
L= Loy +fup VS Uprht + hapy 1S Lo kM — ph™h k™ + he. + Vi

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

-~

R ~

h R4 1 ~ h™
/{ Yk ‘\\
1 1 \
cr, ey,
L . €R €R . vy
1 1
X X
(H) (H)
1 8u ~ ~ m%
v~ (167T2)2 W fac heqg me my (fJ[>dh I(E)
h
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NSI in Zee-Babu Model

The heavy singly charged scalar induces nonstandard neutrino interactions:

% < Jeafeu
R €af = Eap =
ht \/>GF mh
Ve Vg

pu=10 Tev

)
)

m

43

1
B

g g
- -
= 15 C.L. (IH) = 16 C.L. (IH)
5 25 C.L. (H) |4 5. 2 C.L. (H) |4
36 C.L. (IH) I 30 C.L. (IH)
16 C.L. (NH) 16 C.L. (NH)
—---25C.L. (NH) —--- 26 C.L. (NH)
...... 35 C.L. (NH) ---o- 30 C.L. (NH)
-6 1 1 1 -6 - I 1
-6 -5 -4 -3 -2 -6 -5 -4 -3 -2
Log, (&) Log 4(&p3)

T. Ohlsson et al. (2009)




NSI in KNT Model

@ Singlet fermion N and two singlet scalars /r/f and /r};“ are introduced

: 1
Ly =fLLny +ge‘Nn; + SMNNN

e 7, and N are odd under Z,

@ Majorana neutrino masses are generated via 3-loop diagram

- R =
e 7 N =~

+ ’ \ Se +

Uie - m

» 2 }' \,‘ 1y \

’ ’ \ * .

, , ’ \ . \

B e S e S S

Vi er € N N e e vj

@ Only NSI is from 771+
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NSI in Leptoquark: Colored Zee Model

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

introduced
2/3
w
Q= -1/3

@ The Yukawa lagrangian reads:
Ly = )’ijLid,'CQ + yf;,-L,-ij* + h.c.

V = puQx*H' + h.c.

@ Mixing between w3 and X*I/S:

Mi UV
LV M3

Sudip Jana (MPIK) N 10/2019 36/52



NSI in Leptoquark: Colored Zee Model

@ Neutrino masses:
1
y(H")
1
-1/3 ,-7 T~ -1/3
w 7’ ~ X
A
4 \
1 \

—l——a——>—l<«—
: d d V;

k J

m?
2 LoMay" + Y Mgy")

d 1y
aB = 4[ GFM2
K Ny (x) d
F =1 = 3%,
or N, (1) €ap(x) €
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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*I/ ? coupling is modified

1

Ly = YyLidSQ + Fye§uSy ™' + h.c.

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

3 e = ~o
W% SOt

Sudip Jana (MPIK) N 10/2019 38/52



KNT Leptoquark Model

@ Replace leptons by quarks

* _ 1
£, =fL0x}" +aNx; " + SMuNN
’——"8-~
NN R X’
1 1
} } \ 1/3 \
I' ,/ \\
> aorpt <« > 1--) <
Vioodp dp N N dp Vi

° X;l/3 cause NSI.
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Collider constraints on Leptoquarks

Feynman diagrams for pair- and single-production of LQ at the LHC:
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Constraints on Leptoquarks

1.0

500 1000 1500 2000
My, (GeV)
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Numerical results for Leptoquark Colored Zee Model

o Constraints on Yukawa y;
e 1 — e7y: No significant constraints due to cancellations. This suppresses
. m
amplitude by —;’ <<1
m

w

o 1 — 3e
[Vi3y23] < 7.6 x 1072 M, = 1TeV

@ /i — e conversion

Iyiiya] < 3.3 x 1077 M, = 1TeV

o7 —enand7T — u n
M,
300GeV

M,

1.2x1072 2 10X 1072 (2 )2
Vi2ys2| < 1.2 107%( ) paayaa| < 1LOX10(555570)
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@ Atomic Parity Violation constraints:
2/3

<003 3Gee

y11 < 0.03

IOOGeV

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

e ©033% €0, =107"% eor = 0.36%
eup =21.6%  e4r 2 043% e = 343%
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Numerical results for NSI (Doublet)

2.0

1.5

|Aedl

0.5

0.0 0.0 :
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
mq (GeV) myq (GeV)
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500 1000 1500 2000
myq (GeV)
M ~ 34.3%
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Numerical results for NSI (Doublet)

£[A 44l

-2
1000 1200 1400 1600
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1800 2000
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1200 1400 1600 1800 2000
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Summary of Maximum NSI

- E 700 modol
ST == MRIS mod
-
== LQ model (triplet)
o = Zee-Babu model
<er
Eeyr
<IT
5,11,(1
See

0.00001  0.0001 0.001 0.01 0.1 1 10 100
|€agl (%)




Summary of type-I Models

Turm G F— Toor F—— lax NELD trootevel
Lete o? Zew [14] 1 s a*(1.1,1), #5121 og10-
O Zo-Babu |15, 16] s
o KNT [36] 3 s
= 0.0000 .00 a o
a, 15-18.1F [5] 3 s
x
o} 2VLL f31] 1 s
x
o4 AKS [35] 3 s o019 o107
Lt =
Da=is 3 s 0 0 0 o 0
wiE o 1 F N(1.1,0), 5(1.1.0) 0013 o w028 oo
Lo ot F Zo [20] 1 s s, 2, 1/6) 3} 004 0216 o010~} | o036
woe) | of 2101 i) 2 s 3.2 1/6). (3.1 | wooss)
o2 wgavLg 1] s
=
Lo of wgaveg 1] 1 s
= o(10-
o2 2LQIVLL 5 2 5
x
oF WQ-2VLG [31] 2 5
F
Lo of plet-Diubiet LQ [21] 1 5 00240 nEIT o1 0050 0.0088
(£QA)
=1 a s
ER a s
F
Loyt o 8 s 00069 2107} D036
x
of wQ-rvLg [ 1 5
=
& SLQ-ILQ-ILG (New) 1 s o0 e o7y | oooss
voss) (nE1T) (0.005)
Oy 2L.Q-2LQ-2LGNew) s noos ams e o1 06
of aLgavLg [31] 1 s
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Conclusion

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

@ Mass as low as 96 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 (8 % , 3.8 %,
9.3 %) for (e, €up» €77 ), While off-diagonal NSIs are allowed to be (-,
0.56 % , 0.34 %) for (€ep, €ery Epr)-

@ NSIin leptoquark models are studied which allows diagonal NSI €, as
large as 34.3%

e Radiative neutrino mass model allows parameters which are in good
agreement with the neutrino oscillation experiments
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Thank You
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Dune Projected Limits

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

Eeu -0.025 — +0.052 -0.017 — +0.04
Eor -0.055 — +0.023 -0.042 — +0.012
€pr -0.015 — +0.013 -0.01 — +0.01

€ee -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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