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NUFIT 5.2 (2022)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)

bfp 1o 30 range bfp 1o 30 range
sin? 019 0.30370 013 0.270 — 0.341 0.30379513 0.270 — 0.341
012/° 33.4110°75 31.31 — 35.74 33.4119°75 31.31 — 35.74
sin? fa3 0.57210-018 0.406 — 0.620 0.57870 055 0.412 — 0.623
| Oo3/° 49.1119 39.6 — 51.9 49.5%99 39.9 — 52.1 |
sin” 013 0.0220379:99936  0.02029 — 0.02391 | 0.02219F0-000%9  0.02047 — 0.02396
013/° 8.5470 15 8.19 — 8.89 8.5710 17 8.23 — 8.90
| | 6ce/° 197+12 108 —s 404 286727 192 - 360 |
Am%l +0.21 +0.21
Am%e +0.028 +0.032
o5 ovr | T2OMIonyy 42428 = 42507 | —2.498T(g5  —2.581 — —2.408




v, <> vgprove that SM global symmetry
U(l)Le X U(I)LM X U(l)LT = U(I)LM_LT X U(I)LM+LT_2L€ is broken!

‘Lepton Flavor 1s definitely violated, so where 1s it?




Dirac vs Majorana

o Dirac neutrinos:
Introduce v, to the SM (SU(3)- ® SU(2); ® U(1)y) allowing
Yv:y,LHvup+h.c.

o U=U; +UpF U

» U(1); conserved

o m, =7y (H) =~ 0.leV, this means Yukawa coupling y ~ 10~ 1*!!

—> difficult to measure
» Uy only couples to Higgs



Dirac vs Majorana

» Dirac neutrinos:
Introduce v, to the SM (SU(3)- ® SU(2); ® U(1)y) allowing
Yv:y,LHvup+h.c.

o U=U; +UpF U

» U(1); conserved

o m, =7y (H) =~ 0.leV, this means Yukawa coupling y ~ 10~ 1*!!

—> difficult to measure
» Uy only couples to Higgs

‘I/R 1s a SM gauge singlet (1,1 ,O)‘

» Majorana neutrinos:
e V=V +U =1
» U(1); broken = neutrinoless double beta decay Ovff
» Allow mass term M U, v, or add SU(2) triplet A



Outline

» Majorana neutrinos test with lepton flavor violation

Prediction requires flavor structure (v oscillations) and new physics scale

o (& —2),
i New CDF anomaly

i Neutrino |
i masses { | Particles | Flavor anomalies

Dark Matter

Radiative v-models:
Zee Model, Extended Scotogenic Model, Flavor (LQ) Model

» Dirac neutrinos test with N



Flavor violating decays

o u — ey @MEG,y — 3e @ Mu3e

o [ <> e conversion @ MuZe

o Ty, 17— uft @ Belle Il

Present bound

Future sensitivity

1— ey 4.2 x 10713 6 x 10~ 14
T — ey 3.3 x 10783 9 x 1079
T — Wy 4.4 x 108 7 x 1077
U — eee 1.0 x 1012 ~ 10716
T — eee 2.7 x 1078 5 x 1010
T — [l 2.1 x107° 3.5 x 107"
T — e putuT 2.7 x 1078 4.5 x 1079
TT = puete” 1.8 x 1078 3 x 10~ 1Y
T —etuT T 1.7 x 1078 2.5 x 10719
T~ = utee” 1.5 x 1078 2.2 x 1010
et ety 8.3 x 10~ 11 2 x 10~
[ e [Au] 7 x 10713 —
conv. [Al] — 6 x 10717

o LFV at colliders

eg. LFV in 2HDM




» CLFV can prove masses 0(10° — 10
TeV. Strongest constraints on many

models.

» Mu2e will improve the current limit
on conversion rate R, by four

orders of magnitude.
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‘ Neutrino Oscillation = Flavor Violation ‘

» Dirac neutrinos: %, :y LHv,+h.c.

» m,=y (H) =~0.1eV

» Suppressed by Dirac mass, m,,

A(?, = tpy) x — < 10741
miy



‘ Neutrino Oscillation = Flavor Violation ‘

» Dirac neutrinos: %y :y LHv,+h.c. ;V\/%,\]\]\/ Y
- m, =y, (H) ~0.1eV o, / . b

» Suppressed by Dirac mass, m,, Al = £57) M 107241
2
w
o Seesaw mass: v-mass is induced via Weinberg’s dim-5 operator
Ly 112 MgNGNg + mpo, Np+ h . c.

(&) (@)
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Type I/ Type Il : m, ~ mlz)/MR

AlC, = fﬂy) X (mDMlgzmg)aﬂ ~ m,/Mp
Structure in mp, can give large ettect




‘ Neutrino Oscillation = Flavor Violation ‘

» Dirac neutrinos: %y :y LHv,+h.c. ;V\/%,\]\]\/ Y
- m, =y, (H) ~0.1eV o, / . b

» Suppressed by Dirac mass, m, Al Ey) M o2
a m%/

o Seesaw mass: v-mass is induced via Weinberg’s dim-5 operator

Ly 112 MgNGNg + mpo, Np+ h . c. L yL°AL + uHAH + h .c.
(2} (2 (6)x e
X X \\ s
I I \\ /,
! | Y
| | N
| | |
» ] - I —&
v N N v v v
Type I/ Type IIl : m, ~ mlz)/MR Type Il : m, ~ y(A)

A(Z, = Cgy) « (mpMg*m) s~ m, /M|  [BR(r - puy) ~ 23BR(z — ey) ~ 3.5BR(u — ey)
Structure in mp, can give large ettect Prediction of LFV ratios via m,,




What about radiative neutrino mass models?
— Each loop has 1/(167?) suppression

— Can tie to explain anomalies

(g —2) L dark matter, B anomalies, ... that fixes new
physics scale.

‘Prediction for LFV ?

Zee Model, Extended Scotogenic Model, Flavor (LQ) Model
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Radiative v mass generation

Neutrino masses are zero at tree level: v, may be absent
Small, finite masses are generated as quantum corrections

Typically involves exchange of two scalars leading to lepton number violation
—> Majorana Masses

Simple realization: Zee Model, which has a second Higgs doublet and a

i 0

charged singlet A < H?) / o \
L H(1,2,1/2) =] _1 (v+h+ iGO)
nry e ” ~o gt e /

/} \ ( H+ \

: \ (12,12 = | g4 ia

| V2 )

—1l. 7 v b7
V; lk li Vi n*(1,1,1)

» Smallness of neutrino mass 1s explained via loop and chiral suppression
o New physics 1n this framework may lie at the TeV scale; if connected to
(g — 2), = Prediction for LFV



Zee Model 1 (HY)

» Gauge symmetry 1s same as the Standard Model 77}’ ’ ) ‘\Hf
— — ~ ~ — ~ / \
— < LfLn* + CYLH, + ¢YLH, — uH H,n~ ! ‘
el
Z Iy It Vj
(0 e Yoo Yo Yoo M, =k (fMY + YT M, fT
J= _feﬂ 0 fm Y = Y/w YW Y/M 1 ma,
—f  — K = sin 2¢ log d
\ Jer Ut O) \Yer Yr,u YTT} 1671-2 m12{+

o If ¥ o< M,, which happens with a Z, , then the model 1s ruled out
[ Wolfenstein *80]

11
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Zee Model 1 (HY)

» Gauge symmetry 1s same as the Standard Model 77}’ ’ ) ‘\Hi
— — ~ ~ — ~ / \
—ZL  LfLy™+ ¢YLH, + ¢YLH, — uH,H,n~ ! i

> <“—o—>— <
Z i 2 V;

(0 o Je Yoo Yo Yoo M, =k (fM,Y + YT M, fT

f=|~f, 0 fu Y=Y, Y, Y, | ,

L K = sin 2¢ log -

\ Jer Ut O) \Yer Yr,u 4y 1671-2 m12{+

o If ¥ o< M,, which happens with a Z, , then the model 1s ruled out
[ Wolfenstein *80]

o General Parameterization to solve for M, : YV = K_le_l(Z + Q)

(o he e %o f ) (M 0 A
2q,4 — Ech E(% — ) _Tqu' — E% £ 2f..
2fer fe Mil'/r - 2feTMUT
Q= q q> t 44 — 441+ g3 Z=1 O . . 0
eu 2erfir
feﬂ fe/‘ fey Meye M/I:ﬂ
TR 49 79 &2 o 0 |

Pleitez, et al. ’17]

|g1 | <V 4rxm,x (g, | <A az|fo.lf, | mx + \/7_r|feﬂ/feflmﬂic+ \/7_sz1<
5| < VAl foolfolme sl <Valflf ) mx+/amx




Zee Model prediction for LFV

o U, <> U,y = e, 4, T number are violated
» Second Higgs to explain (g — 2), = Prediction for LFV

205 & T, CDF-II
TSR, /;.}j ?‘X*x —
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n“’
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T 107V
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Il o ."gi $
Z 10_26_ : “..: ..: °®
d ° [ ¢
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3 10 29 _
o
Qs .~ . -
* NH excluded A |7 3
e NH probed VY IHprobed 3} Belle Il sensitivity ¢— " %!
1073° —= “r T
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BR(tT—»eu*u~)
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Zee Model prediction for LFV

o U, <> U,y = e, 4, T number are violated
» Second Higgs to explain (g — 2), = Prediction for LFV

Blue and Green Points:

texture zero|ordering|> . m;/meV |(mgs)/meV
Me =0 | normal | € [60,65] 0
Mee =0 |inverted - —
M,, =0 | normal > 150 > 41
M, , =0 |inverted > 98 > 15

[Heeck, Thapa ‘23]
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Observation = new particles beyond SM and v




1o

Minimal texture =—> concrete Prediction

&-2),
: _Mﬁﬂ :
0 2feﬂmelc E 0
Y = 0 0 0
MM,
4feMmTKMﬁT 0 0

o Leadsto M, =M. =0
(texture-2 zero)



Minimal texture =—> concrete Prediction

&—=2),
: _Mﬁﬂ :
0 v 2f oMK E 0
Y = 0 0 0
MgeMﬁ'u ! IH 10 allowed
VoM, 0 O 0.55p  _:

o Leadsto M, =M. =0

Excluded @ Belle

(texture-2 zero) | \
0.45¢ ' DUNE 336 kt-MW-years 90% CL
NH: m,>38meV, my>0.15eV S \
P TR A IH30allowed ===
Ocp = [266 — 269)] 0.40F ~~ r T ey T
o, ~[182—-187], a, ~[177 =179 : : ' : .
= L% : 0.1 0.25 0.5 1 1.5

IH: m,>50meV, mg>048 eV
Ocp == [270 — 271]

BR(t—eu*e”) [107°]
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Minimal texture =—> concrete Prediction

&—=2),
v~ Zﬂ :
0 v 2f oMK E 0
Y = 0 0 O
MgeMﬁ'u O O O 55 : IH 10 allowed =,
H oy KM, N A ®
o SRS o
o LeadstoM, =M. =0 & 0'50;' = :
(texture-2 zero) B \ S
0.45¢ ' DUNE 336 kt-MW-years 90% CL L
NH: m,> 3.8 meV, mg>0.15¢eV | 5
.......... ey L HBgallowed
Ocp = [266 — 269)] 0.40QF - R dion T
~ [182 — 187], ~ [177 - 179 : : : :
Igl [ — ]V Al - V] 0.1 025 0.5 1 15
: > 5.0 meV, > (048 e _ _
e "y BR(r—eue”) [1078]
Sep = [270 — 271]
a; ~[175=179], a,~[180—182]
» Flavor violating Yukawa coupling ¥, = Y, can explain recent CMS excess

(3.80 local) in resonant ey channel

eu

[Afik, Dev, Thapa, ’23
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» CMS reported 3.80 local (2.80 global) excess
in the resonant ey search around 146 GeV,

with a preferred cross-section of 3.89

+1.25
—1.13 tb

» Use the lepton (PDF) of the proton to explain

14

CMS excess!

[Bertone et.al 15, Buonocore ’20, Dreiner ’21 ]

95% CL limit on o(pp — X — eu) [fb]

CMS 138 fb™" (13 TeV)
U_IIIlIIIIlIIIIl IIIIIIII |IIII|IIII|IIII|IIII|III_

95% CL limits

- —— Observed [2305 18 106] _;
75_ - Expected =+ 10

) Expected + 20

1G10 115 120 125 130 135 140 145 150 155 160
m, [GeV]



» CMS reported 3.8 local (2.80 global) excess
in the resonant ey search around 146 GeV,
with a preferred cross-section of 3.89

» Use the lepton (PDF) of the proton to explain

o(pp—~H/A—eu) [1b]

CMS excess!

[Bertone et.al 15, Buonocore

my~ms=146 GeV

100

10
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I
=
| -
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[oF
o)
(v
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aQ:
o
—y |
O
pd

0.5

= (9-2)," (10)
m (g-2);"" (10)

m CMS-excess (10)
1 CMS-excess (20)

10

1.5

’20, Dreiner 21 ]

2.0
[Afik, Dev, Thapa, *23]

138 fb™' (13 TeV)
U_IIIlIIIIlIIIIl IIIIIIII |IIII|IIII|IIII|IIII|III_

° (2305.18106]

—e— Observed

7
- - Expected =+ 10

) Expected + 20

+1.25
—1.13 tb

95% CL limit on o(pp — X — eu) [fb]

115 120 125 130 135 140 145 150 155 160

m, [GeV]

o Leptophilic neutral (pseudo) scalars with
Yukawa coupling ¥,, ~ 0.55 — 0.81

gives right cross-section

» Same parameter space can explain
(g —2), as well as CDF W-boson mass

anomaly



Radiative neutrino mass models
— Each loop has 1/(167?) suppression

— Can tie to explain anomalies

(g —2) L dark matter, B anomalies, ... that fixes new
physics scale.

‘Prediction for LFV ?

Zee Model, Extended Scotogenic Model, Flavor (LQ) Model



Scotogenic Model: Dark Matter

L. 0 0
» No Standard Model particle inside the loop () (@)
N\ /
» Neutrino mass has no chiral suppression; A o
0 .-~ =< 0
Y Y
new scale can be large / V< \\ Mo 206
o /, symmetry forbids tree-level contribution ———t————e——=—
’ Y Nq Vi
to Dirac neutrino mass and gives rise to dark -
_(n
matter candidate. DM require TeV scale new 12,172,7) = < ,70>

+J



Scotogenic Model: Dark Matter

L. 0 0
» No Standard Model particle inside the loop (@°) (¢7)
N\ /
» Neutrino mass has no chiral suppression; A o »
0 .-~ =< 0
Y Y
new scale can be large / Y < \\ Vi 06
o /, symmetry forbids tree-level contribution ———t————e——=—
’ Y Nq Vi
to Dirac neutrino mass and gives rise to dark -
(7
matter candidate. DM require TeV scale new 12 1/2.7) = < ,70>
55 / 3

Toma, Vicente '14

Br(u — 3e) Br(u — e y)

» Most parameters are probed but still

difficult to have firm prediction!
15
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Can we do more!

» Extend scotogenic model with charged singlet S7(1,1, — 1,-)

that allows f; 2 RO "N R

[Dcruz, Thapa, *22]

(0 Oy sin20 = Y2V (oY)

\ Vs mZ., — m%.,

A 4 — . @}f;
770 /,‘v-\\ 770 + /,‘l- ~ q—
Vg \ s N
/ \ / \

——d
Vs Y N, Y Y3 I Y Ng f 14

10



Can we do more!

» Extend scotogenic model with charged singlet S7(1,1, — 1,—)

that allows f;; 7,5 "N R
[Dcruz, Thapa, 22]
<ib0> /<¢O> sin 260 = ;\/_MV I<§b0>
Mg — mz ;
0 - -~ -~ 0 > 1~
77*/ \\77 n—;/ \\S_
/ \ / \
— L e
Vi Y N@ Y Vj f Y Na f €
M=) YiA Y,
k
M 2 2
i R s

10

Neutrino mass, AMM, Scalar DM, Fermionic DM,
W-mass correction, LFV prediction




100

» The lightest of the right-handed neutrinos
1s the fermionic DM candidate.

0 T
X a2
. e |
| "1—'— 1 *
:‘S s A= 0.1
% _:_(— (_.)1 [ | )\7= 10
] /\7= 4717
My =X M 0.1}
+ - + - =
. ’ Fermionic DM _ 5 10 50 100 500 1000
1.4 - myr =2.1TeV Qh? =047 +0.005 m, [GeV]
1 mp=my=2.0TeV Pl
» The Higgs penguin

m Ht [TEV]

+/

diagram provide direct
detection constraint.




—0.1
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Neutrino mass, AMM, Scalar DM, Fermionic DM,
W-mass correction, LFV prediction

]

A -
SM [Lu, et.al, 2204.037906]
1 1 | A i
—0.1 0.0 0.1 0.2 0.3
S

sin 6 = 0.2, my; = 1000 GeV

600¢

400t

20000 400 600 800 1000 1200 1400 1800
ma=my [GeV
A=Mpy



: T My, m m
Y = UpnNsy/ M{PIR YA M= Tor [m,%, T logM_% I
[Casas, Ibarra '01]
Fermionic DM

» Data points satisty

> L oscillation data

= | g5
- - | XA R
» relic density 3 = S
, E108{ ZI E
» chisq CDF-1I e 5 | 2
ot o | 5
= | =
» (8§ —2), (orange) EY ;
I
_ : future sensitivit
10 9___._..!_ ................ Y .
. (g —2),, (green) )
1079 1078 10~7

BR (T—€Y)  [Dcruz, Thapa, 22
e My < 15TeV, m} <6.5TeV ez, Thapa. 22

19 » Requires 71;; =~ m, for neutrino mass fit



Radiative neutrino mass models
— Each loop has 1/(167?) suppression

— Can tie to explain anomalies

(g —2) L dark matter, B anomalies, ... that fixes new
physics scale.

‘Prediction for LFV ?

Zee Model, Extended Scotogenic Model, Flavor (LQ) Model



» SM i1s flavor universal = any deviation 1s key signature of physics
beyond the SM
» Hints of deviations from SM in semileptonic B decays

(B - D™w)
['(B - D™®¢Y)

I (B — [Z(*),qu,u_)
['(B— K®ete) e*
Neutral current Charged current »ij<
b
\&

R])(*) —

RK(*) —

t S
b BO b
g d =
w I\/\/\< - \
— o
Iz NP
| 2 +0 094 *A 0.4 B L] I 1 L] L] T I L] 1 L] L] I L] L) ] L] I 1 L] L] i
1.4+ LHCb Ry low-¢~ = 0.9947 s - m Ay* =10 contours =
9 fb‘l Ry central-¢> = 0.949M0:0%8 = [ [ Pretim. 2022 BaBarl? .
i R+ low-¢° = 0.927+0:499 035 Bellel5 =
L2r Ry central-¢* = 1.0271( {7 - LHCb1g  30.-- S ]
< : B \ LHCb22
< 1.0F I B ]
a . 025 [ '\'F‘\Bell_e . -
0.8 "_ : Bellel7 PRD 94 (2016) 094008 Average :
B 95 (2017) 115008 R(D) =0.358 £0.025 £0.012 -
I Data 2_16.p=0812. 0 =02 0.2 =  $HFLAV SM Prediction oo R(D*) =0.285+0.010 +0.008 =
- X P ’ - PLB 795 (2019) 386 =_029 -
- SM - E(Dl:_o.z% i+0'004 PRL 123 (2019) 091801 i s -
0.6 F E (D¥) = 0.254 +0.005 EPIC 0 20278 P(?) = 32% 5
- I 1 L ] 1 I L 5(2922) 3I5 3 L I L L L L I
0.2 03 04 05
Ry low-¢> Ry central-¢> Ry~ low-¢° Ry~ central-¢ R(D)
Ry anomaly 1s gone ! Tension with the SM at ~ 306 level
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LLFUV = Neutrino mass — [LFV

Neutrino mass model to resolve B-anomalies [ R, (3,2,7/6) or 51(3,1,1/ 3) ]
Y

The same R, and 5| LQ also induce muon (g — 2), - - ~§
/ ‘ A \
. . /
Flavor structure 1s very constrained >l 5 o » 13
KL UR urs, KR

Framework can be tested at LHC as well as 1n processes such as 7 — ey



LLFUV = Neutrino mass — [LFV

» Neutrino mass model to resolve B-anomalies [ R, (3,2,7/6) or 51(3,1,1/ 3) ]
v

» The same R, and §; LQ also induce muon (g —2) ,

» Flavor structure 1s very constrained

A--~(§
~

lr, (e ur lR

» Framework can be tested at LHC as well as 1n processes such as 7 — ey

_ glL— RA 2.00
Ly =frupR,L + f"OR,
L ¢ —C 1.75
+y QLS| + y"u‘rS,p
1.50
0 (H)
<H\> 52/3 5_1/3 y <H0> Q: - 125_
4, 4T .- S
,), \\\ T 100_
2/3 a8 + 1/3
er v A\ 0.75
I \
_)VL )U;a ° )UL d)L ‘ ‘V 0.50 7

M, = myl, {(y*)' M f* + transpose }

21

= | | | | | | |
0.25 050 0.75 1.00 1.25 1.50 1.75 2.00

[Julio, Saad, Thapa, *20] L



o Majorana neutrinos test with lepton flavor violation

Prediction requires flavor structure (v oscillations) and new physics scale

&—-2),
CDF anomaly

i New |

| Particles | Flavor anomalies

Dark Matter

Radiative v-models:
Zee Model, Extended Scotogenic Model, Flavor (LQ) Model

o Dirac neutrinos test with NV,



» Neutrinos may well be Dirac particles = AL = (

» Oscillation experiments cannot distinguish Dirac neutrinos from
Majorana neutrinos

o [If Dirac nature = 1mportant to understand the smallness of
their masses

» Dirac leptogenesis to explain observed baryon asymmetry 1s an
attractive featur (@ [Dick, Lindner, Ratz, Wrig, *99]

o Dirac seesaw can be achieved in Mirror Models
[Lee, Yang ‘56; Foot, Volkas ‘95; Berezhiani, Mohapatra ‘95, Silagadze *97]

Py



23

Ul)g_;
2)r ®

U2);, ® SU2)y

RS

SU3)c



SUB)-® SUR), @ SUR)r Q@ U(l)_;

» Fermion Representation: o (32,1,1/3) =<

w21, -1 = (%)

23

u

d

)L 0r(3,1,2,1/3) = <

L

U
d

(11,2, - 1) = (¥)

),

R



Dirac Neutrinos from Left-Right Symmetry
SUB)-®SUR2), @ SUR)r @ U(1)p_;

u

» Fermion Representation: ¢ (32,1,1/3) = ( d) Or(3,1,2,1/3) = C;)
I R

(12,1, - 1) = (Z)L (1,12, — 1) = (Z)R

» Vector-like fermion introduced to realize “universal seesaw’ for charged

fermion masses [ Davidson, Wali '87]
P3,1,1,4/3), NQ@G,1,1,-2/3), E(,1,1,-2)

0 y,k 0 vy« 0 vy«
M = T L M, = T d KL M, = 7 ¢ KL
YuKr  Mpo Yakgr  Myo Yo Kr  Mgo
yiKLKR YC%KLKR

m,6 =~ m, ~ m, ~
U: ’ d. ’ L.
: MPO l MNzO : MEO

<O
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Dirac Neutrinos from Left-Right Symmetry
SUB)-®SUR2), @ SUR)r @ U(1)p_;

u

Fermion Representation: 0,;(3,2,1,1/3) = ( d) 0r(3,1,2,1/3) = (Z)
I R

(1,21, — 1) = (Z)L we(1,1.2, — 1) = (’;)R

Vector-like fermion introduced to realize “universal seesaw” for charged

fermion masses [ Davidson, Wali ’87]
P@3,1,1,4/3), NQ@G,1,1,-2/3), E(1,1,1,—2)

0 y,k 0 y;k 0 yyk
Mu _ T u™L Md _ T d™L Mf _ T L
YuKr  Mpo YaKkr Mpyo Y¢Kr Mo
y,i.KLKR YC%KLKR yz,%l-KLKR

. . i Y&
Higgs Representation: r(1.2,1,1) = ( 0) 7r(1,2,1.1) = ( o)
i), AR/ .

0 0
SU2), X SU2)p X U(1), k), SU2), x U(1), SI2N U1
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» Higgs sector is very simple: y;(1,2,1,1) + yp(1,1,2,1)
» W, < W, mixing is absent at tree-level

» W, < W mixing is induced at the loop level, which in turn induces
two-loop Dirac masses for neutrino [Babu, He "89]
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two-loop Dirac masses for neutrino [Babu, He "89]

a m,m,
§R ——— 5
4z sin- Oy, My,
4
M, =_5 y2y2y23 3" MpMyMp
v ) t b7 ¢ L"R M%VLM%VR E,

I, = ” d*kd*p 3Miy, My, + (p* = M5 )(p” = My
o)) @B K(p + A(KE = MR)(p + k)2 — MRpX(p? — MR )(p? — M3, )(p* — M3, )

24 [Babu, He, Su, Thapa ’22]
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Testing Dirac Neutrinos with V¢

CMB 1s sensitive to extra radiation density arising from new extra
degrees of freedom that were 1n thermal equilibrium with the SM
plasma

vp (ultra-light new particles, new degrees of freedom) couples to other
particles and are produced in the early universe and contribute to
additional radiation density 1n early universe !

The effect of such light particles is parameterized as AN . and is
measured 1n units of extra neutrino degrees of freedom

Dirac neutrino modes of this type will modity /V_ . by about 0.14

4/3
AN 0.027 106.75
eff = Y- Seff
8% (Tdec)

g = (7/8) X (2) x (3) = 21/4




Dirac Neutrino in cosmology

In SM Neff ~ 3 10E

Improvement on AN, ¢ in

CMB-54

Valid for 3 vp 1n thermal 5

equilibrium with SM < .50

This gives strong constraint

for any (eg. LR model) 010l

Dirac neutrino mass model B
0.05

Wgr Mass [GeV]
10' 102 10°® 10* 10° 10°®° 10" 10°

l:

Planck+BAO

' \ 0.14
SPT-3G/SO

-||||||||I ||||||||I ||||||||I ||||||||I ||||||||I IIIII|,|,|| IIIII|||I ||||||||I ||||||||I ||||||||I |||||-|
10°410310210"' 10° 10" 102 10° 10* 10°
vr decoupling temperature Ty [GeV]

[Heeck, Abazajian 19; Babu, He, Su, Thapa ’22 |



Dirac Neutrino in cosmology

Wgr Mass [GeV]

10" 102 10° 10* 10> 10°®° 10" 108
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10¢

» Improvement on AN 4 in 5f

CMB-54 '

» Valid for 3 v, were in . 4l

thermal equilibrium with Z :

< .

SM 0.50 I

Planck+BAO ;
is o] j ' \ 0.14
» This gives strong constraint SPT 3

for any (eg. LR model) 0.10} _
Dirac neutrino mass model 005_(3I\/IB—S4
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vr decoupling temperature Ty [GeV]

[Heeck, Abazajian 19; Babu, He, Su, Thapa ’22 |

Can we embed LR model into GUT ?

A0



Embedding in SU(5); X SU(5)p

» The fermion spectrum of the model has a natural embedding in
SU(5); X SU(S5)p unification

» All left-handed (right-handed) fermions of the SM fit into 10 + 5 of
SUBS); (SUB)R)

» The remaining vector-like quarks and leptons fill rest of the multiples

D¢ 0 us -U; u d
DS Ll us 0 ur uw, d,
Frr= D} hir=—7=| U; -U 0 u3 d
e \/5 —-u; —u, —-uy 0 E°
VLR -d, —-d, —-dy —-E° O o

-/



Embedding in SU(5); X SU(5)p

» The fermion spectrum of the model has a natural embedding 1in
SU(5); X SU(S5)p unification

» All left-handed (right-handed) fermions of the SM fit into 10 + 5 of
SUGS), (SUB)R)

» The remaining vector-like quarks and leptons fill rest of the multiples

ety N
[ Dy ).
|| D3
FLR=E D5 Iy g =
:2:-.
_y 1
Wi R =""""" FR

° Parity can be imposed under which /;, <> F, and 1, < 15

=/
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Gauge coupling Unification

The evolution of the gauge couplings constants at one-loop level are

governed by the following RGEs o = gi2 147

At m, (top quark mass):
g, =0.3583, g, =0.64779, g, = 1.1666

bi
a” (u) = a; () — = In(ulug)
27

With the SM particles, we obtain following beta function coeftficients
with properly normalized gauge couplings:
41 19 7

b, =—. b, = by =
) 6 ° 2

SU(5) x SU(5) group can directly break to the SM gauge group, where
g1, &>, &3 meet at a single value

13 = sin*6Oy, = 3/16
Agur =2 O3 = Ay = ?0‘1

—> (Cannot reconcile value measured at
electroweak scale




o Add (8,3,0)+ 2 (3,2, — 5/6), fields at scale M

=3

7 > b3 — ? CIGUT — 0.078

78
40}
30
s 20}
10
O:

5 10 15

Logou [GeV]



o Add (8,3,0)+ 2 (3,2, — 5/6), fields at scale M

- 173 - 17 - —1 MGUT = 90.50 X 1015 GeV
1 — 78 ’ 2 = 2 ’ 3 6 CIGUT — 0.078
40} —a
30:- o

S 20. \
10F /

s 10 15
Logqou [GeV]

» Not the only breaking chain; some have many attractive features —
predicts Dirac neutrinos, firm prediction on oscillation parameters, and
can solve strong CP prob]em, [Babu, Mohapatra, Thapa, in preparation]|
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More on Dirac Neutrinos: Dirac Leptogenesis

o Dirac neutrinos: v, L H v, => Higgs coupling strength y ~ 10~1211
— too feeble to ever thermalize vy, 1n the early universe = Dirac

Leptogenesis = matter/antimatter asymmetry [Dick, Lindner, Ratz, Wrig, ‘009]



Idea: Take a new heavy particle X that decay out of equilibrium 1nto a

More on Dirac Neutrinos: Dirac Leptogenesis

Dirac neutrinos: v [ Hv,=> Higgs coupling strength y  ~ 10~1211

— too feeble to ever thermalize vy, 1n the early universe = Dirac

Leptogenesis = matter/antimatter asymmetry

non-thermal v, and a SM particle.

Simple models:

[Dick, Lindner, Ratz, Wrig, ‘009]

Case|SU(3) x SU(2) x U(1)|spin|gx [(B — L)(X)| Relevant Lagrangian terms that induce X decay |ewave|Evertex| AB
a (1,1,-1) 0|1 —2 vrerX, LLX v X 0
b (1,2,1/2) 0 |2 0 HX, vrLX, LerX, QrdrX, urQrX, X'TH'HH| v |/or X| 0
c (3,1,—1/3) 0|3 —2/3 drvr X', urerX', QrLX", urdrX, QrQrX v |VorX|Oorl
d (3,1,2/3) 0 |3 —2/3 urvr X', drdrX v X 1
e (3,2,1/6) 0|6 4/3 QrvrX, drLX v X 0
f (1,2,-1/2) 1/2] 2 ~1 XL, vpXH, XerH v v 0

OU

[Heeck, Heisig, Thapa, 23]
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More on Dirac Neutrinos: Dirac Leptogenesis

— too feeble to ever thermalize vy, 1n the early universe = Dirac

Leptogenesis = matter/antimatter asymmetry

non-thermal v, and a SM particle.

Simple models:

[Dick, Lindner, Ratz, Wrig, ‘009]
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[Heeck, Heisig, Thapa, 23]




Dirac Leptogenesis

ER €L ER
XZ y X’L'_ X] y
h YL R n=2.1%107%, ANy~ 0.082

o CP asymmetry: opposite lepton oot]  Me=107GeV. Ty /A (M) = 107, Br =099
asymmetries for left- and right- 104 _
handed neutrinos with AL =0  « 8

g 10—6 B
AI/ZI/L_DLZ_(UR_DR)#O S 8
cyey AT N

» Up are out of equilibrium after X
decays and are invisible to the 10710
sphalerons, only left handed 012 .
asymmetry 1s converted 1nto 0.1 10 1000 108

=Mx/ T
baryons. Yy, =~ 10-%n ~ 10-10 =My T
[Heeck, Heisig, Thapa, ’23]
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Dirac Leptogenesis

o CP asymmetry: opposite lepton

asymmetries for left- and right- 041
handed neutrinos with AL =0  «
a 106 |
» Up are out of equilibrium after X 3
decays and are invisible to the 10710}
sphalerons, only left handed 012 |

asymmetry 1s converted into
baryons.

Yip == 10"y ~ 10719

U ~2.1x 10" 4, ANeff~0082

0.01L

MX_ 109Gev FX/H(MX)_ 10- . Br=0.99 |

decay

1078 [---

0.1 10 1000 105
x=My/T

[Heeck, Heisig, Thapa, ’23]

When X decays so late into vp
relativistic v, with energy

—> shoots extremely highly
~ My /2 = arbitrarily large N ¢

D!



Dirac v in the CMB

» X decays into high-energy

VR

o Testable AN, ¢!

—> Large parameter space
1s already excluded (Red)
and can be probed (

32

)

2
X

~ 0.06 Ty Mp, /

Iy / H(My)

103

1073

1076

Br=0.5; n (blue) and ANe¢r (red, dashed)

o[ 1077 AN, = 0.14

104

1079

1072 *
- — 1 2
_____________ <
=.
__________ _ S
= / \\\
o - —
N / - /4/ NN N N Y %
15109 e\ N \ ~
y PV, 7/\.< N NN _104
2
10 NN
/ A/ // / NERN \ N
L/ .//. //I P AN \.\\.\\| \
109 1012 1019 1018
My [GeV]

[Heeck, Heisig, Thapa, 23]



Dirac v in the CMB

- -7 ANy = 0.14

Br=0.5; n (blue) and ANe¢r (red, dashed)

7
: : 6 &G
» X decays into high-energy bl X,
U< - U
I/R ' = 103 E [}P@,
. P
s 1f
o Testable AN, ! S e
—> Large parameter space  _ w3} A A AN g
1 S 4 W/S ’ 441 \ 1
is already excluded (Red) = ?ﬂ/ AN
> 1= |
and can be probed ( ) 5 7 1 NN
107° / 107 \ VN
I // / // / \\ \\ \
L/ .//. . A TN TN .\\| \
10° 1012 1010 1078
My [GeV]

32

» Don’t need sphalerons: can generate AB # (
directly with Leptoquarks
= Predicts proton decay p — K0,

104

XTI yomym e [/Xpy=x

(LH

[Heeck, Heisig, Thapa, 23]
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Conclusion

Neutrino oscillations require extension of the SM.

Models for both Majorana and Dirac neutrinos were discussed

with some models to incorporate Dark Matter, Dirac
leptogenesis, and various anomalies.

Most of the models discussed can be probed through

o LFV experiments (4 — ey, 7 — uy),
o N

Hope that anomalies are confirmed CDF, (g — 2) 2 Rp
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SU3)-x SU(2); X U(l)y with an extended scalar sector

Category | Model Fields Loop? Ref.
$1(3,1,1/3) [Babu, Leung, ‘01]
Class-I Model-1 w(6,1,2/3) two-loop [Kohda, Sachdeva, Waite, ‘19]
| S5(3,3,1/3) ] ‘
Model-II w(6.1,2/3) two-loop [Babu, Leung, ‘01]
_ |Dorsner, Fajfer, Kosnik, ‘17|
Class-I1 Model-III §1 (3,1,1/3) Ene-lloop [Cata, Mannel, ‘19]
Ry(3,2,1/6) | two-loop [Babu, Julio, ‘10]
Model-IV §3(3’ 3,1/3) one-loop [Dorsner, Fajfer, Kosnik, ‘17]
R2(37 2v 1/6)
R2 (§7 27 7/6)
Class-111 Model-V | 53(3,3,1/3) | one-loop [Saad, AT, ‘20]
x(3,1,2/3)
Ro(3,2,7/6) [Popov, Schmidt, White, ‘19]
Model-VI | 53(3,3,1/3) | one-loop [Babu, Dev, Jana, AT, ‘20]
A(1,4,3/2)
Sl (ga ]-, 1/3)
Model-VII | R5(3,2,7/6) | two-loop [Julio, Saad, AT, ‘22]
£(3,3,2/3)




H off = _2FVcb [(1 + gy)(Tyivy) (Cry,bp] + g Trrp)(Crby) + g1 (Tro™vy) (Cgo,,b;)

1.00

br, CR 0.75 1

[ — ) -
0.25 1
TR YL ‘l:c—hc-? 0.00
E
L R* —0.25 1
— — 4 — — 2a/ 33 —0.50
Es\H=Mp | =38 \H =Mp | =
W2mZGpVy| o

—1.00
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o For 1TeV LQ mass, the required product of Yukawa
(§—2),: fifi=—0.0019
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Experimental Constraints

&>y
U — e conversion

/ — 77 decay
Rare D—meson decay

o DY — D" mixing
e Bounds from kaons

o Collider constraints
» Pair-production Bounds
» Dilepton Bounds

Y
Process Constraints R2/3:‘ ‘§‘
* * — Mp 2 < oS
e JE IR + | i) < 482 x 104 (52 )
(e foml + 1fEfax]) € < 7.63 x 107° >L 3 o > 13
Mpy \? (1 Gev f UR ur (R
(=#) ()
M
e TR B+ 1R s < 032 (5 )
(FEfE 1+ |t B € < 0.85 (522 )2 (L8ev)
aeJ xXT aeJ xT ° TeV mq
M 2
o TR SR 4 | 7B 1R < 037 (k2
x 3 M 2
(72,55 + |55, 0500) € < 0.98 (R )” (52
A AD _ M 2
p—e FR R <858 x 1076 (2 )




Bounds from kaons

Process Constraints
S M 2
K; —eTe™ |f(ﬁf£*| <2.0x 1077 (TR\?)
K9 = e=p® | fR R+ FR R <19 x 1078 (hs )2
L du’ se sudde | — TeV
KO —)7TO€:|:/1,:|: |fRfR f fR*|<29X1O 4(MR2)2
L dud se de TeV
. o (M 2
KT w5 mTeTe™ |fcﬁfsu | <2.3x 1072 (TR\?)
A A A (M 2
Kt - nte put |fﬁf£*| IfEf R*|<19><10 4(%)
K-K fR*f a|<00266( V)
AT, A a4 (M 2
K+ — ntuw Re[g gL] = [~3.7,8.3] x 10~ (%\})
AT % 4 (Mg, \?
[Zm;én |ydmy£n| ]1/2 < 6.0 X 10 4 (T—\})
Mg
B— K& gk gk, = [-0.036,0.076] (13 ) [RYZ, < 2.7]
Mg
9,95, = [~0.047,0.087] ( ) [RY? < 3.9]




Collider Constraints
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N 4
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1

M, = WMEIEy;

Fit to Oscillation Data

Oscillation 30 range Model prediction
parameters NuFit5.1 [51] | BP I (NH) | BP II (NH) | BP III (IH) | BP IV (IH)
Am31(107° eV?) 6.82 - 8.04 7.42 7.38 7.35 7.35
Am35(107°% eV?)(IH) 2.410 - 2.574 - - 2.48 2.52
Am3,(107° eV?)(NH) 2.43 - 2.593 2.49 2.51 - -
sin® 01 0.269 - 0.343 0.324 0.301 0.306 0.310
sin® 023 (IH) 0.410 - 0.613 - - 0.510 0.550
sin® f23 (NH) 0.408 - 0.603 0.491 0.533 - -
sin” 613 (IH) 0.02055 - 0.02457 - - 0.0219 0.0213
sin? 613 (NH) 0.02060 - 0.02435 0.0234 0.0213 - -
Scp (IH) 192 - 361 - - 236° 279°
Scp (NH) 105 - 405 199° 280° - -
Miight (107°) eV 0.66 2.04 14.1 8.50
Mg, /My, 917 45.5 1936 1990
Mg, /M, 0.650 0.43 0.12 0.11
Mg, /My, 0.019 0.029 0.015 0.012

[Babu, He, Su, Thapa '22]




