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Neutrino Oscillations

e Neutrino flavor oscillations have been firmly established from:
» Solar neutrinos (Homestake, SAGE, GALLEX, Kamiokande,

Super-Kamiokande, SNO, Borexino,...)
» Atmospheric neutrinos (Super-Kamiokande, IceCube,..)
» Reactor antineutrinos (KamLand, DayaBay, RENO, DoubleChooz,..)

» Accelerator neutrinos (T2K, MINOS, NOvA...)

@ Oscillations can happen only if neutrinos have non-zero masses

3
Vo = E Uyivi, a=(e.pu,7)
i=1

U is assumed to be unitary (Needs experimental checks!)

@ For two neutrino flavors, oscillation probability in vacuum is:

Am?L 5 : 5
P(va — vg) = sin®(26)sin? ( :é ) . Am*=m3 —mji
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Neutrino Oscillations

@ For three neutrino flavors, the unitary matrix is parametrized as:

C12€13 , C13512 _ e 9s13
Upning = —C23512 — C12$13523€,‘é c12€23 — S1251353€"° €13523 - P
512523 — C12¢23513€"° —C12523 — €23512513€'°  C13C23

sij = sin(0;). c; = cos(8;). P = diag.{e’™, e’ 1}

@ “Majorana phases” (a. 3) do not affect oscillation probabilities,
while the single “Dirac phase” 6 does

@ All three mixing angles and two mass splittings have been
measured with few percent precision

@ Currently CP phase ¢ is unknown

T2K result (Nature, 2020): dcp = —1.8979:22

@ [here is a mass ordering ambiguity, normal ordering versus

inverted ordering (sign of Am3, is currently unknown)

@ Unitarity of Uppns remains to be tested
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Neutrino masses and mixings:
New physics beyond the SM
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Neutrino Mass Generation

% “Technically natural” in t’'Hooft sense. Smallvalues are
protected by symmetry. At acut-off scaleA :
“natural” - 8m; ~ g2/(16m2) m; In(A2/m2)
“unnatural” - 8mg2~ - y,2/(8m2) A2

« Two ways to generate small values naturally :

% Suppression by integrating out heavy states:
the higher dimension 1/A», thelower A can be.

s Suppression by loop radiative generation:
the higherloops 1/(16n2)=, thelower cut off scale can be.
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Neutrino Mass Generation

© Lowest higher dim. operator O9=° : Lg_5 = x=LLHH
Weinberg, PRL43 (79) 1566

£ £ s “g .
A —

.*——e % —— - ==
T v

1@/ ANP

—t

o Realization of Weinberg op. —

» See-saw: there are many seesaw realizations —
* Type-l  Minkowski (77), Ramond,Slansky (79), Yanagida (79), Glashow (79),
Mohapatra, Senjanovic (80)
* Type-ll  Schechter,Valle (80), Lazarides, Shafi, Wetterich (81), Mohapatra, Senjanovic (81)
* Type-lll  Foot, Lew, He, Joshi (89), Ma (98)
* Linear, Inverse, etc ...

» Loop-induced:
* 1-loop  Zee (80), Ma (99)
* 2-loop  Babu(88)
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Seesaw Model

A natural theoretical way to understand why 3 v-masses are very small.

Type-I: SM + 3 nght-handed Majorana Vv’s
(Minkowski 77; Yanagida 79; Glashow 79; Gell- Mann, Ramond, Slanski 79; Mohapatra, Senjanovic 79)

v v R, W v v
* x HONS o HO * x
i i | Y 1 i
H(): :H'U :AU HO 1 A0
[ NR [ ! : TU :
vV, Y, yr v, vV, Y vV, Vv, Y, ),’ vV,
h 1] . 0?2 gus &
2B 1 FE. 5 " AL T
A'[’/N ) )”ATR_)U ]\"IV N/\A}Am Alu ot v ’I A[T)'l'

Type-II: SM + 1 Higgs triplet
(Magg, Wetterich 80; Schechter, Valle 80; Lazarides ot al 80; Mohapatra, Senjanovic 80; Gelmini, Roncadelh 80)

Type-III: SM + 3 triplet fermions
(Foot, Lew, He, Joshi 89)
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Many models of m, = Which is the true one ?

5555555555555
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1,Can we test / falsify these models at the experiments ?

2. Can we explore the new Physics Scale M ?
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Testing type-| Seesaw at LHC

[Keung, Senjanovié¢ (PRL '83); Datta, Guchait, Pilaftsis (PRD '94); Panella, Cannoni, Carimalo, Srivastava (PRD '02);
Han, Zhang (PRL '06); del Aguila, Aguilar-Saavedra, Pittau (JHEP '07); Atre, Han, Pascoli, Zhang (JHEP '09)]

Same-sign dilepton plus jets (without £7)
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Testing Inverse Seesaw at LHC

[del Aguila, Aguilar-Saavedra (PLB '09; NPB '09); Chen, BD (PRD '12); Das, Okada (PRD '13); Das, BD, Okada (PLB "14);
Izaguirre, Shuve (PRD '15); Dib, Kim (PRD '15); Dib, Kim, Wang (PRD "17; CPC '17); Dube, Gadkari, Thalapillil (PRD *17)]

Trilepton plus £,

q
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[CMS Collaboration, Phys. Rev. Lett. 120, 221801 (2018)]
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Testing type-ll Seesaw at LHC

CMS Prefiminary 129 b (13 TeV)
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L4

Ci, Wang{2005}) M. Sahu,Uma Sankar{2005}); Sarma, Devi, Singh {2007} Chao, Luo, Xing, Zhao {2007}, Perez, Han, Huang,
Li, Wang {2003} McDonald, Sahu, Sarkar (2008); Chiang, Momura, Tsumura (20121 Dev, D. Ghosh, Ckada, Saha (2013);
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e Radiative Neutrino Mass Model

(Babu 88; Zee 80)

* Type II Seesaw Model oagg, Wetterich

80; Schechter, Valle 80; Lazarides et al 80; Mohapatra,
Senjanovic 80; Gelmini, Roncadelli 80)

e Left Right Symmetric Model @u.

Jogesh C. et al. (74), Mohapatra (75), Senjanovic, (75) )

e Little Higgs Model

(Arkani-Hamed, N. (2002) )

* Dimension 7 Neutrino Mass
Model

(Babu, Nandi (2009), Nandi, SJ (2018))

e Georgi-Machacek Model

( Georgl, Howard et al.(8)))

e Other Models

( Gunion (90), etc.)
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Testing type-lll Seesaw at LHC

o Multi-lepton signatures. Franceschini, Hambye, Strumia (PRD '08); Li, He (PRD '09); Arhrib, Bajc, Ghosh, Han,
Huang, Puljak, Senjanovié (PRD '10); Ruiz (JHEP "15) , SJ, Okada and Raut (2019)
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Testing Seesaw with d=7 operator at the LHC

/
™
vyl
\
=

Babu, Nandi, Tavartkiladze (2009)
T. Ghosh, SJ, Nandi (2018),
K. Ghosh, SJ, Nandi (2017)
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Testing Seesaw with dim=7 operator at
the LHC

5831 Discovery Reach (vy=10%) [NH| SS31 Discovery Reach (vy«5x10°%) [NH])

60,
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@ Discovery potential upto 450 {950) GeV at 100 (3000) fb—?! for #W
dominated region Discovery potential upto 500 {950) GeV at 100 (3000)
fb~! for HW dominated region

@ Discovery potential upto 350 {(700) GeV at 100 {3000) fb—1 for WWW
dominated region

@ Covers the whole area available for AM > 0 scenarios
T. Ghosh, SJ, Nandi (2018),

@ Similar results for NH and IH K. Ghosh, SJ, Nandi (2017)
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Probe of Seesaw Mechanism
at (ifetime fromtier

*» Is it really sufficient to search for new physics scale
behind neutrino mass generation by looking at prompt signatures?

*» If new particles are completely singlet under the SM gauge group, it
can naturally explain the null search results at the LHC because
SM singlet particles cannot be directly produced at the LHC
through the SM interactions. Such particles may be produced
through new interactions and/or rare decay of the SM particles.

s However, if a new particle is long-lived, it can leave a displaced
vertex signature at the collider experiments. Since the displaced
vertex signatures are generally very clean, they allow us to search
for such a particle with only a few events at the LHC or future
colliders.
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Displaced vertex signature

_- ——>SM
< cr > O(0.1)mm
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»  Low Standard Model Background

» Ideal for new physics searches e

) arXiv: 1606.06298
leplons jels
Future Displaced \ertex Searchesat LHC - 1y
tracker -_— :7%:-; =
~ LKC ¢ Aiditied (d /,/
A m:r:;tio‘n/ dacay volume .
”.'YN";.'_ b 4 (b} SelntiBator
200m
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7
/ m (el \
. P (@ M, (|
@ _ ~(100m (side view) pm{ melaé i / 1 scatt“ermq
LHC scattering neutrino cosmic rays atmospheric
~ d ufromLHC from LHC neutrino
£ MATHUSLA

SUDIP JANA | MPIK



SM

Displaced vertex signature 7

-
-
X -
D. Curtin, M. Peskin (2017)
- > D. Curtin, K. Deshpande, et.al (2017)
SM Higgs SJ, N. Okada, D. Raut (2018)
X Mitra et dl. (2018)
myx = 20 GeV
10° ¢
: \
\
\
\
1000} \
\
= X
T 10+
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0.1 3 ,‘x"; .
f L ---- LHeC
A i swes FOC—eh
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Displaced vertex signature

In

« Minimal gauged B-L extension of SM

SU(3)e SU(2)r Uy | U(l)p-1
NL | 1 1 0 —1
P 1 1 0 +2

Table 1: New Particle content.

3 3
— 1 S—
Lyd> - Y YJBHN]- 5 Y YEONE NG,

Heavy Neutrino production
from Higgs decay

> NN production
» Higgs Mixing

hl |cos@® —sinf| [dsnr
®| |sinf cosf | |dBL

e-JI Seesaw

» Anomaly Free:
» Seesaw Mechanism :
» N;can be long-lived !!

3 generation of right handed Neutrinos (IN;)
N;are SMsinglet and can have Majorana mass

SJ, N. Okada, D. Raut (2018)
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Displaced vertex signature
In &pe—I Seesaw

 Heavy Neutrino Decayinto SM particles

Gt s
~ 10273 V!

3
(N - W/Z+SM) o< > |Rail* x Ino . I'n

a=1

» Degenerate Case:

m;

Ty

3
Decay length is independent of Upyys O |[Reel* =
a=1

» m; is the mass of the light neutrino
» Lightest light neutrino mass fixes light
neutrino mass spectrum

Normal Hierarchy (NH) : (m; <m,)< mg: My = Myigheest
Inverted Hierarchy (IH) : m; <(m;<my): Mz =IMjipeest

SJ, N. Okada, D. Raut (2018)
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Displaced vertex signature
In e-J Seesaw

1

* DecaylLength: ¢7i = X

L

Normal Hierarchy (NH): (m;<m;) < m;

10°
.._mN1
NH
I 2
1000 my® | T
— 3 ‘- h‘\:"
E oMy =
5 )
10! \
1—4
1 0.001 0.01 0.1

my (eV) (Mightest)

SJ, N. Okada, D. Raut (2018)

1

mi, m;

myi1,2,3 =MN = 20 GeV

Inverted Hierarchy (IH): m; <(m;<m,)
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\ mN3
1000+ \ IH
m 1
100k el L |
my |
10t \
]
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m3 (eV) (Miightest)
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Displaced vertex signature
In type-I Seesaw

o(pp—¢— NN)+a(pp— h— NN)
~ [singﬂ X BR(6 = NN) +cos’ § x BR(h - NN)| on(ma).

ann(min)

I
0~lj’ \\\ "'-.__BH};'%EE}U.ES '
i BR(99.99%— ~
0.01: K
' 1
' - BR{9SY%) ; §
0.001 BR(T5%) b HL-LHC 3
1074 BR(23%) MATHUSLA
O—S / s W ey 3
0.001 0.0050.01 0.05 0.1
sinfl
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Displaced vertex and disappearing
signature in type-IIT Seesaw

- Lagrangian

L;> hyperchargeless triplet(s) of fermions: =1, 39, 2~

== (787 )

L = Lsn + Tr[ZidPpE) — %TT[EAIEZC + TeM3Y) — ¢'SV2YsL + h.c.

l Majorana mass term l

kinetic term: interactions with W and Z bosons Yukawa interactions

« Neutrino Mass Generation:
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Displaced vertex and disappearing
signature in type-IIT Seesaw

» Production:

10l —DE04E+E-]
3 O f" . Te® 1 g 1 1
& 1 Wy e ZYET 1 %q FCC-he (60)
e e DR 3 s 0.01+
PR 5
W 0.100}
W ; S : ¥
! v i =
% 0.010¢ 3 I e
bQ- S D ."’s.. 4 &,
et — ] v
0.001 E ‘."'s:.:::'htzti b

| . : — N . 10-6 ,,,,,,, NP i )
200 400 600 800 1000 200 400 600 800 1000
ms(GeV) ms(GeV)

SJ, N.Okada and D.Raut (2019)
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Displaced vertex and disappearing
signature in type-IIT Seesaw

+ Decay modes of neutral fermion :

% i /v
= z z
e oy

» Decay modes of charged fermion :

* v 1%
= z= b
o oy X

B /o . /o
W-M'k Zi- Wt*
Vv

________________________________________________]
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Displaced vertex and disappearing
signature in type-IIT Seesaw

& Comnection with neutrino parameters

 Light neutrino mass matrix: m, ~ mp (Ms) ' mb
« Neutrino flavor eigenstate: v > N+ RN,

R = mp(Mg)™, N = (1 = LR*RT)Usixs = Unns
« Diagonalization of neutrino

: Lrﬂxsr7zul..7xlxg = D, = diag(my, my. my)
mass matrix:

-1
C1aly3 C1a€y3 spe” "\ (10 0
Usixs = | =51262 = ciosmssise”  ciaeas = spasmsige”  syep | {0 €7 0
I‘ - = 1‘ - )
Spaa3 = CpalySise”  —Cpsyy — Spacysize”  epoy [ \0 0 e

) : 1 |
* Dirac mass matrix: mp = Usins VD OV Ms = —UginsV Dy O

VD, = diag (y/m,, i, \/m,)

1 0 0 cosfl, 0 sinf, cosfly sinfly 0
O= |0 cosf, sinf, 0 1 0 —sinfly cosfly 0
0 —sinf; cosb, —sinfl, 0 cosf, 0 0 1

SJ, N.Okada and D.Raut (2019)
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Displaced vertex and disappearing
signature in type-III Seesaw

10
S 01f <
5 5
0.01F
200 300 400 500 600 700 800 900

0.001
120 140 160 180 200 220 240

ms (GeV) ms (GeV)

SJ, N.Okada and D.Raut (2019)

For chargino/neutralino case: O. Fischer et al. (2017)
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Scale of Seesaw Mechanism

“* Despite numerous searches for neutrino mass models
(at TeV scale) at high-energy colliders, no compelling
evidence has been found so far.

** The new physics scale behind neutrino mass generation
mechanism might be at low scale and which is less
sensitive to high energy collider experiments

* It may show up at low energy neutrino experiments at
near future.
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Scale of Seesaw Mechanism

< Despite numerous searches for neutrino mass models
(at TeV scale) at high-energy colliders, no cor-
evidence has been found so f~ ‘Q\\q

% Is it really sufficient to sear~’ 0®\\ Y Y
behind neutrino mass - , e ‘{_
CQ‘CO |
e, :

R Y.
“* The ne- “\0 “« . _amheutrino mass generation
AL v at low scale and which is less
Y ()’A‘\‘-\ "~ . igh energy collider experiments
\\ .. _«y show up at low energy neutrino experiments at
(=g near future.

________________________________________________]
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Neutrino masses from light physics

In an effective theory, the Lagrangian should be described as

1 . 1 _ 1 »
L =%u+—0"+ 070+ —0""+...
Axp Axp Axp

Neutrino masses from a n-loop-induced dim-d operator
’ 1 n ’ B d—4
my, =% = —
g 1671'2 ANP



Scale of Seesaw Mechanism

1['111 u

1[}12 N

O e Og ha s
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Standard/ type I Seesaw mechanism

yNHC + MyNN
v
y2lHCH
M N
2,9 2,2
o o Y y*v
MN MN MN

[ my, ~ 0.1eV y~ 0.1 My ~ 102GeV ’

Lepton number is broken at very high scale M,
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Inverse Seesaw

[Mohapatra, 86]
[Mohapatra,Valle, 86]

1
yU HL + mgU¥° + ap\I!\IJ

U, ¢ Pseudo-Dirac

24,2
y-v
my’\-‘m2
L4

y~0.1 mg~1TeV

 Why U 1s much smaller than TeV scale?
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Scale of Seesaw Mechanism

» Seesaw | mechanism with TeV scale heavy neutrinos
o Standard Seesaw with small Yukawa couplings Y, ~ 10~6/My/ToV

- “Bent” Seesaw | mechanisms (e.g. Inverse Seesaw)

- Decouple ALNY 0 1 A T I e e —————————————
s 1 e .
heavy neutrino mass :g::FYv( ) =10% GeV e
Example 1010 = 103 GeV :
105} 200 1
0 Y,(H) O — ‘06[ ]
Y, (H) M c lo*rQuaS|—D1rac )
v K = ;MaJorana Neutrino !
0 M J7; 0%y }
10_-|‘ 1
_sr 1
- Large Yukawa ok 3
couplings ~ 1072 10-5f :
R . 10~ 10f_ 1
* Quasi-Dirac heavy | YWk ——— 3k
neutrino 10 S 107¢ 107* 107 10 10 10* 10° 10° 10' 10'* 10'
1t [GeV]
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Neutrino masses from light physics

" B o '
\ VAN /i / 9 -
<HN /4 S S,\>\ ’<,S.> <H\>\ ’:S.> £d=9 ~ i & (LCH)(HTL)
\/ ‘Y’ b4 v Yy, YN w? ’VI4 y)
|r [ Y ; Hp 1 5p e
¢ {s. ¢}
) | |

SV Neutrino masses from D=9 operator
) g N

v N N N ¥
Bertuzzo, SJ, Machado, Z. Funchal (2018)

All scales involved may be below electroweak

(S;51)°

Light Zp, V-N mixing, Zp-V-N coupling, kinetic mixing unavoidable
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Neutrino masses from light physics

Gauge U(|l)p: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included

anomaly cancellation is

a requirement to have | VWalks and quacks like inverse seesaw
a consistent QFT

0O m 0 v O 5

M, = m 0 M N + =— m,,zy,JTZ,Q
0O M u IN* =

m and M are forbidden by dark symmetry, they need to be
generated dynamically

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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Neutrino masses from light physics

Minimum scalar content

5 y(bl O @) = doublet with dark charge +1
M, = YyP1 0 M s2 = singlet with dark charge +2

0 M y'so

Add s| with charge +1 and something special happens:
@, and sz start with no vevs, s| develops a vev like the Higgs

S S| S H
x~‘$ 0"x x~~§ "'X
Yot ¥ ®,; and s2 vevs are induced, like in
' - type Il seesaw, and thus can be
E S2 E D naturally very small!
| |

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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Neutrino masses from light physics

Vacunm Expectation Values

V=—my(HH)+ mfg,{qbigﬁ} — m31S]S1 + m55355s

v (GeV) | wy (MeV) |ve (M) | wa (MeV) I p‘..f 5 o
246 136 0.176 0.65 — [ESlfqb"H] + 53155 + §{Hi¢}5135 + h.cl
Coupling Constants
A Arrg = M Y py {H,#.5,.82}
i g = Apra HaE I 5 P + t FRRY
0.129 10=° 0> | —10® + A HHYG + > Ap(pTo)
Mgy Aps, A=, As, = i ¥
1072 T 2 0.01 {H,¢,51.52} : y
p (GeV)| p! (Gev) o gp + > A (0T} ")
0.15 0.01 == 0.22 ey’
Bare Masses
” ma (GeV) | maz [(GeV) ” 1 ap’ Lw? N 4;_!.(.:.?11:! 1 crpt \U?Lu% N 4#:{‘)?
5 Up = T a0 7 e = 3 72 p)
I 100 | 5.51 | 8v2 \ MZ M~ Mf, 8v2 \ Mz Mg~ Mg,
MhMasses of the Physical Fields
Mg [:GE&V} TR 5 (GEV} My (I'»'IEV) Mgy (ﬁ-Terl g {GEV} MAn (GEV} Map (I'»'It‘!le MEn (ﬁ-Ter TN (I\f‘IeV}
125 100 a2 az20 100 100 272 30 150
Mixing between the Fields
e Fir s, P15 Bas, B35, 5 =0 2 e [Unne]®
1.3 % 107% | 2.1 x 10~* 10—% 1.2x107% | 8.3x 1077 |34 %1072 | 2x107* |26x107Y| @109

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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LSWD a’noma’[}/ Liquid Scintillator Neutrino

Detector (LSN D)I Cherenkov : Scintillation = 1:5 ]
\_ 0-8 GeV proton beam

water target
beamstop L~30m

wy
g 17.6 ® Boeam Excess TC+ - #+vu
Ly PRRREG = *

15 I & e L T ot
§ , 3 et v, ve

| Lopeet)n
125 | 0
- [H5E8  other
70 :
7.5 e
Scintillation
5 ve) O <
— e B ) 11~
S0 ek Cerenkov Neutron
o f . capture on
0.4 0.6 0.8 ] 1.2 1.4 H
hep-ex/0104049 L/E, (meters/MeV)
LSND neutrino source
i v, H'— Vu v, e'
P
- o
LSND detected more v, than expected : i~ tA —ex e T, w— v, |T |
87.9+22.4+6.0events DAR of p~ competes with u~ + (A,Z) — v, + (A, Z-1)

3.8 ¢ excess
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LSND anomaly

o
)
o
3
— @
)
S

\ Overburden

Y
| W ‘
Y 7SS

| P77 Sck G AAAARSD) A
= ; Iféjgzgfg T 1022 POT, E, = 800 MeV
LSND Detector  Water Plug  Electronics
and Veto System Caboose
=~ 30m .
N T B oscillate? o
+ Uy, » e ’
" @ o_ 1%%
H
P mn
Signal: e* and 2.2 MeV 7 CCQH
Scatter + neutron absorption
Am?2L
2 .2
Observed 90 events Pose = sin” 20 sin AE.
Expectation of 0 events v
3.80 significance LSND Collaboration hep-ex/0104049
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Q)é)

>

%’\

MiniBooNE anomaly

MiniBooNE 1207.4809

’-""Q > 5 [ T T T -
= + Neutrlno 1
- @ | = Data (stat err.) y
& 20 |- [ v. from '’ "

kel =0 v, trom K g

Magnetic Decay Absorber Dirt Detactor
focusing horn  reglon

Antineutrino

To test the LSND indication of anti-electron
neutrino oscillations

EvertsMeV
.
. e

UKeep L/E same, change beam, energy, and
systematic errors

UBaseline: L = 540 meters, ~ x 15 LSND

0.2 04 06 08 1.0 1.2 14 1.6 3.0
EST (GeV)

UNeutrino Beam Energy: E ~ x (10-20) LSND
. . . .
Neutrino and anti neutrino modes see UDifferent systematics: event si naturtlals and

vV i i backgrounds different from LS Hi
excesses of voand v, (Combined isalso e al i g
3.8 0 excess )

UPerform experiment in both neutrino and
anti-neutrino modes.
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MiniBooNE anomaly

Target Decay Pipe Beam Dump MiniBooNE Detector
T Dy
P—i - - - - - -
Be|  Air
' 50 m
be ™ 5 oscillate? et
7 I
" @— .—' S wy e ) W
P n
10** POT, E, =9 GeV CCQE

Energy and baseline chosen to test LSND
Comparable oscillation probabilities MiniBooNE Collaboration 1805.12028
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MiniBooNE anomaly

MiniBooNE Collaboration hep-ex/1805.12028
DRI I AL IR PR 7 W P L0 B I
] v, from p** ]
1 v, fromK" i
X v, fomK°

“*Observation of a Significant Excess of —— e
Ca-M

Electron-Like Events in the MiniBooNE —
Short Baseline Neutrino Experiment ... == other

Constr, Syst. Error
------- Best Fit

EventsiMeV
'Y o0
‘E 1 1] f 11

*Double neutrino-mode data in 2016-
2017 (6.46x102° + 6.38x102%° POT) )

*Event excess: 381.2 £ 85.2 (4.50)

|I11|
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https://arxiv.org/pdf/1805.12028.pdf

‘What is going on?

* What (s the nature of the excess?

* Possible detector anomalies or reconstruction problems?

* ncorrect estbmation of the backgrounol?

* New sources of background?

* New physies including/excluding exotic oscillation scenarios?

The origin of such excess 1s unclear - it could be the presence of new physics,
or a large background mismodeling.

What sort of new physics can explain these anomalies?
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What about eV Sterile Neutrino
Interpretation ???

Beyond three-neutrino oscillations
« We can add a forth neutrino

* This neutrino must be sterile, which means itis a
singlet under all standard model gauge groups

« Aforth active neutrino is =
excluded by observations
©

... . ALEPH
of invisible Z-decays W7 DELPHI
. L3
ete™ = Z — Z v; 20| OFAL
j=euT 4 rm mmeete,
10 |
0 i 1 L
86 88 90 92 93
Phys. Rept. 427 (2006) 257, LEP E_ [GeV]
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What about eV Sterile Neutrino
Interpretation ???

Effective 3+1 oscillations
We extend the mixing matrix

Uel Ue2 Ue3 Ue4
Uel UGZ Uﬁs U.U']- UI—"2 UM3 UpA
Uri Urz Usgss Ug1 Usa Ugs \Ugs

APPearance = DlSappearance
Am2, L . Am?2, L
SBL _ @ T2 e oy 't
Prg™ == Sln2(29a,3) sin 4]31 ) PSBL ~ 1 — sin? (2044 ) sin® -—42—,1—
sin?(2043) = 4|Uas|?|Usal|? sin?(20aa) = 4|Uaa|?(1 — |Uaal?)
Vy — Vet sin2(29,w) — 4|U¢4|2|U,“1|2 Ve = Ve ! |Ueq|? = sin® 014

@Reactors and Gallium

@LSND, Karmen, MiniBoone, 2 .2 9
Opera Yy => UV : |UN4| = 8in“ @s4 cos” O14

@atmospherics and accelerators
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What about eV Sterile Neutrino
Interpretation ???

Ami L
Poa” = 1= 4Uutf*(1 = |Uaal’) sin® | —— V)
45 (m,)—E m v,
Amg L
P = 4Unf*|Uga[* sin ( Tél )
sin?20 ., = 4|U., U, E
W Ve
my,
mV
[:| ¥
Leads to v, Leads to vy

disappearance disappearance
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What about e’V Sterile Neutrino
Interpretation ???

Sin“20 ,, =4 |U., U, |?

99.73% CL
_ 2 dof
Leads to vy to v, i
disappearance f
m o
* 2variables: U, U, E 10 _.>' Appearance
+ 3 datasets: v.-Disappearance ~ : (Ao DE)
v,- Disappearance >
V.- Appearance | Disappearance
= Free Fluxes
1 0_1 === Fixed Fluxes |
Mona Dentler et al. JHEP 1808 (2018) 010 10'_4 " 10_; — 10_3 — 10_1 —

sin® 20,
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What about e’V Sterile Neutrino
Interpretation ???

Sin?20. . . =4|U,U ,|? e
ue | ed ~p4 | 99.73% CL
2 dof
4.7 o tension between
Appearance and 5
Disappearance data sets é e anee
. D‘
under eV sterile s
Interpretation
 Disappearance
- Free Fluxes
jo-lf —“fedFlwxes —
Mona Dentler et al. JHEP 1808 (2018) 010 10~4 1073 1072 107!

Collin et al. 1602.00671
Gariazzo et al 1703.00860
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What about 3 + !N Sterile Neutrino
Interpretation ???

ne: ,I g [~ 3+1 BF Signal
Shortcoming: =0 3 ¥ e
Failure to accommodate =1 2% o g
MiniBooNE low-energy excess. ' WS RNeirount
o MiniBooNE v mode
E >
N :
>
62 X &,
RD
STANDA )
GTERILE | e »

NOS : - " Energy MeV)

D. Cianci, et al. (Talk presented at Applied Antineutrino
Physics W orkshop 2018)
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Q Explanation of MiniBooNE's low energy excess

+ Sterile v at the eV scale present strong tension between data
sets

» Cosmological bounds further threat the eV sterile v hypothesis
¢ Is there an explanation that is not ruled out?

¢ Is there a “real model” for these explanations?

¢ Can this relate to any of the theoretical problems of the SM?
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Explanation of MiniBooNE’s low energy excess

Interaction ~ track Cherenkov
v CCQE Muon
v, HN-pH «
L Electron
» MiniBooNE is a mineral o1l (CH,) detector that can v,CCQE ««
observe Cherenkov radiation of charged particles. Yt :

Neutral pion
» Cruaially, it could not_distinguish electron induced

Cherenkov cones from photon induced Cherenkov cones. NCa® M

viN—=viN+1° o
» LExcess is correlated with beam in power, angle and timing. It

1s present in positive and negative horn polarities. It 1s not
present in beam dump configuration
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Explanation of MiniBooNE's low energy excess

gowof - - -

—}— Data [stat errer)

200
2

800

» Angular spectrum is forward, but not that " so0E-1

Meutrino
much

TOO

400 I 800

S00

300

» Scattering on electrons would typically lead - 400
to cosB> 0.99 200 300

200

100

» Decays of invisible light (<10 MeV) particles
produced m the beam would also lead to
forward spectrum

Events

» The Cherenkov and scintillation light emitted ..,.,% m Antineutrino .wl. Antineutrino

by charged particles traversing the detector
are used for particle identification and
neutrmo energy reconstruction, assuming the
kinematics of CCQE scattering.

.......

02 04 068 08 1 12 14 16 18 2
Evis (GeV)

08 06-04 02 0 02 04 06 08B 1

coss, (rad) -

arxiv: 1805.12028 [hep-Ex]
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Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

> There 1s a dark sector with a novel interaction

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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< Explanation of MiniBooNE’s low energy excess
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction
» Right-handed neutrinos are part of the dark sector
and are subject to new Interaction

N N

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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< Explanation of MiniBooNE’s low energy excess
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction
» Right-handed neutrinos are part of the dark sector and are subject

to new Interaction
» Mixing between RH and LH neutrinos leads to interaction in active
neutrino sector
v N
Zp

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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< Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subject to new
interaction

» Mixing between RH and LH neutrinos leads to interaction in active neutrino
sector

» Mixing between Z, and photon leads to interaction with protons

b N

Zp

A

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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 Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subject to new
interaction

» Mixing between RH and LH neutrinos leads to interaction in active neutrino
sector

» Mixing between Z, and photon leads to interaction with protons

Vv
v N

Zp Zp

A

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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% Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark sector and are subject to new
interaction

» Mixing between RH and LH neutrinos leads to interaction in active neutrino
sector

» Mixing between Z, and photon leads to interaction with protons

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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< Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrinos are part of the dark
sector and are subject to new interaction

» Mixing between RH and LH neutrinos leads to
interaction 1n active neutrino sector

» Mixing between Zp, and photon leads to
interaction with protons
Bertuzzo, SJ, Machado, Z. Funchal (2018)
» Relevant part of the Lagrangian :

2
mZD

2

ZpuZl + gpZL Jp, + ee Z I + %e' 7 J”
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% Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

\Y
L g ¥
e o9
™ X © E
$ Zo A T 2 ee
X e ®ob
A
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< Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR -~ THE IDEA

arxiv : 1805.12028

() 50 100 150 200 250 300 350 400
m,, (MeVic?)

If e*e pair is collimated (cosO,.. > 0.99-ish), it will be classified as e-like
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< Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

Events

arxiv : 1805.12028

Neutrino

We have to get this angular spectrum
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< Explanation of MiniBooNE’s low energy excess

A LIGHT DARK SECTOR - THE IDEA

(1) Np should be heavy (> 100 MeV) so its decay products are not so boosted

(2) Zp should be light (< 60 MeV) so that the e*e” pair is collimated
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Explanation of MiniBooNE’s low energy excess

s Newmomode
Fit to energy spectrum only =" -
S 3 '
(Official MB data release) -
; 1
Benchmark Points : N =— =
14" ' ' ' ' . " '
mN= 420 MeV . ;é Antinentrino mode
= 1l0f
m,,= 30 MeV 2
|Ups|2=9%10"7 =
ap=0.25 g
200 400 &00 300 1000 1200 1400
aez — 2 X 10'10 1200 Rﬂc?nstlru:tr:dr}altrinolent:rg}rlmlfiev . -
x2/dof =33.2/36 1000 f —
P =
. a ve fom o e dirt Rk
Seealso Ballettetal 1808.02915 S g0 e v rom K© sw— other 5
for differentrealization of the mechanism 200 = é
Djl.{] -05 00 05 1.{;
Cos &

Bertuzzo, SJ, Machado, Z. Funchal (2018)
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¢+ Constraint on Light Dark Sector

e
U
%))
X
Model Independent Constraint 108
on Heavy Sterile Neutrino
: :
10 = == 107
10 HS ik
10_2 == ‘{{k?\l;\‘—‘;-——_'_—_;—._}-_r_l—.—h: trrEhvErsst w—i—.—.z.- ;I;I:I:I: R
Al I ! : . s .
103 \ = = 10 ‘ A" model
= Wi 1 .
S o i
5 X 4 s Iiten et al 1801.04847

lu_ i. 10 IIII I IIIIIII] 1 IIIIIIII | IIIIIII| 1 | =

10-7 | —— 10—2 10—1 | 10 o

105 W my |GV

)
=0 1
0 ) > Z,phenomenology is similar to dark photon case
10-
(S (( e [ 10° 10! 10? 10?
my [GeV] de Gouvea Kobach 1511.00683 » LHC constraints are not expected to be stringent
below 1 GeV
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< Explanation of MiniBooNE'’s low energy excess

10° ¢ T
. F MiniBooNE: mz, = 30 MeV
107" 1l masmm 40 @z, = 025

F seaas 2 EEEER SO > —10
1072 |- samsm 30 i 25 10

Experimental
constraints

Region of our model in the |U;.4|2 versus mmwp plane

satisfying MiniBoolNE data at lo to boe CL, for the

hypothesis mz, = 30 MeV, az, = 0.25 and ae” = 2 x 10717,
The region above the red curve is excluded at 99% CL by

meson decays, the muon decay Michel spectrum and lepton

universality
Bertuzzo, SJ, Machado, Z. Funchal (2018)

________________________________________________]
SUDIP JANA | MPIK




* Phenomenology on other neutrino experiment

MiniBooNE’s signature: Collimated v N v biar axis

e*e pair in MINOS+, NOVA, or T2K is - Me .

likely be tagged as ve event '?§ e s
A N )

General signature: b o O
Heavy enough Zp can decay to u+u- or
JT+7T pair, much easier signature

(MINOS+ is magnetized...) 14 meters

Lower energy experiments (reactor and
solar neutrinos) as well as electron

scattering may lack energy to produce
N

W
3
)
s
)
-
)
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Summary of MiniBooNE’s low

energy excess

+Novelexplanation of MiniBooNE

* Agreement with all EXP data

+Novel, simple frameworks

EveatsMeV

< Deep connection to neutrino mass
generation mechanism

%
4 4 ({4 3 'é
<+ A realistic “complete” model below EW <
scale to explain fieutrino mass generation
1200
15200 Reconstructed neutnnoe energy in Me'\
/ 1000
“Solves the hierarchy of Inverse Seesaw 300f g Data atatare _—
g 00 ;?gcfln!np'.f'- o "'lw:'l
B ool — Rem RS ! other
200
<+ Rich phenomenology
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Begond standard phgsws In neutrino experiments
New gauge bosons

(e.g. Lu-L+)

Dark neutrinos

v magnetic moment

6{ {j
l"‘"u Ver Ve
v - — |
" _!!»-f" 3 ‘
K Vie .
] T &3
\ ——

— — ¢ 3_
P-’-;‘ N Target !

Explains MiniBooNE Explains MiniBooNE

Explains m. Explains (g-2), |

Heavy neutrinos : |
Neutrino decay 20 :
. v H Doeahorena : Dark tridents
Non-unitarity g
Non-standard interactions
>* 2" Ultra-light scalars
+ Dark matter
2z Extra dimensions 3
= xplai ns m, New forces/mediators §
Millicharged particles . AT
Neutrino self interactions Explalns DM
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Neutrino Standard Interaction

| VS £ /- /e

Charged current and Neutral current
@ Coherent forward scattering of v, off electron in matter
generates a matter potential:
V =2 GeN. ~ 8.2 x 107 eV in solar core (Wolfenstein)
@ Modifies refractive index of 1. (Mikheyev-Smirnov)
@ Neutral current interaction is universal
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Neutrino Non-Standard Interaction

@ How does this picture change if there are non-standard
interactions affecting neutrinos?

@ [his questions can be formulated in an effective theory of
neutrino interactions:

LNst = —2V2Gr ) <25 (Pa" Puvg) (FruPxf) .

Sad

f X, o8

LS = —2v2G6e Y eh S (Dayt Prls) (Flyu Pxf)
ff X

Wolfenstein (1978)
e Effective Hamiltonian for neutrino propagation in matter is now:

1 0 0 0 l+6ee oy Eer
H = '—U 0 Afngl 0 U'I- '+‘ \/2GFN¢'-(X) :—;ﬂ E“ﬂ ':-p;r

2E 2 o
0 0 Amg1

5 = =
- o - -TT
er 1T T

@ ¢,3 measure of NSI normalized to weak interaction strength
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Neutrino Non-Standard Interaction

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

@ The NSI will modity 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 ¢;; atfect 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 1s that there are severe constraints arising from charged-lepton
flavor violation (cLFV).
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NSI from non-unitarity of Upyns

@ In seesaw mechanism for neutrino mass generation, (. v¢) mix:

v [0 MP Y Dpy—1n4DT
MY = ( o7 MR) = M. = —MP MM

@ Such v — v mixing can cause violation of unitarity in 3 x 3
matrix Upyns. This will show up as NSI

@ [his light-heavy mixing is not proportional to light neutrino
mass. For e.g:

0 \ My 0 0\
MP =mdu 0 U, Mg=U"[ 0O 0 Mn|U
1

0 My 0
M, = —MPMZ*MET =0

@ [here is an unbroken lepton number symmetry under which
(N1, N,. N3) have charges (0.1, —1). Kersten, Smirnov (2007)

@ Mass matrices stable under radiative corrections.
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NSI from non-unitarity of Upyns

@ NSI| parameters can be expressed in terms of v, mixing with a
heavy neutrino v4:

Zee — (?n — 1) iUe4|Ls Epup = ?RIUH4|2~ Ery — 7H!UT4|2'
1 | 1 Y )
Eep = 5 (Yn - 1) Uea ;::‘,~ fer = 5 (Yﬂ - 1) Ues U;4‘ Eur = 7,7 F"4UT4

@ The values of |U,4|? are constrained by lepton universality,
(; — €7 + 7 decay, etc, leading to:

{ < : -3 _max v — -max : -3
[emax| = 1.3 x 1077, sTAX = 22 %1074, smax — 28 x 1077,
sIAX = 35x 1077, eI = 14x107%, Y = 1.2x 1077

@ Appears to be difficult to probe these values at DUNE, lceCube,
etc.
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NSI in Radiative Neutrino Mass Models

o An alternative to high scale seesaw for neutrino mass generation
is “radiative mechanism"

o A large number of models of this type exist in the literature
o [he new physics scale is typically near the TeV scale

o Neutrino NSI in these models could be relatively large

o We have systematically analyzed these models for their predicted
NS Babu, Dev, Jana, Thapa (2019)

________________________________________________]
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Radiative Neutrino Mass Generation

@ Neutrino masses are zero at tree level as SM: g 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.
AHD)

- —

@ 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-| Radiative Mechanism

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

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

-1 - -
h™ v - -~ h
1 1
« ¥
’ A A )
L I o
R >
U1 : €p eR : Ur v
I I
x X
(H) (H}
Oo = LiLiLieLie‘e” " Oy = Liecucd H;e"
Zee, Babu Babu, Julio (2010)

Classification: Babu, Leung (2001)

Cat. Herrero-Gracia. Schmidt, Vicente. Volkas (2017)
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Type-ll Radiative Mechanism

@ No Standard Model particles inside loop
@ Cannot be cut to generate d =7, 9, ... operators
@ Scotogenic model is an example

< HD> < HD>
~ r 4
“ ’
4 »
S s’

77()‘ _ S - 7)()

, A
! \

Va N, N, V3

@ Neutrino mass has no chiral suppression; new scale can be large

@ Other considerations (dark matter) require TeV scale new
physics Ma (2006)
@ [hese models predict negligible NSI
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NSI in Zee model

@ Yukawa coupling matrices:

' O f ‘C’}I- fji"i Y €e Y (¥ Yc"/
= ~Jers 0 Jfur |, i Ype Yuu Yur
—ﬁ' T —f ,;AL T 0 Yna Y, 1 YT T
@ Neutrino mass
AHD)
- M, = k (IM;YT + YMfT
» ® 1 ny .
, . K= = sin 2 log
; \ 167~ my,.,
i 1
1/4;’ 11‘ o lg. 7 :

e If Y ~ M,, which happens with a Z,, then model is ruled out
Wolfenstein (1980)
@ In general, Y is not proportional to M, and the model gives reasonable fit
to oscillation data
@ NSI arises via the exchange of i and H~
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NSI in Zee model

H ¢

*
7]
. Vel {
bor AR

@ [he singly-charged scalars n™ and H™ induce NSI at tree level:

; 1 2 o~ 2 e
PN — :?(h+) + r:(l_l,ﬂ_) — 1 Y Y:}k sin ¥ : COS bt
L (-, ;'. E— fr -y — | P e ‘.'. — :
l . & 4\/§GF = e m%, mE#

@ For a benchmark value of 100 GeV masses, we have:

é?g;ax ~ 3'59/6? me ~ 5.6%) ) g:‘:XQz?lﬁ%)
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NSI in Zee model

@ Electroweak T parameter sets limits on mixing sin

@ /I — e+ 7y type processes limit products of couplings
@ /. — 3e type processes lead to further constraints

@ 7 lifetime and universality constraints

@ Lepton universality in W= decays

@ [heoretical constraint from avoiding charge breaking minima
@ LEP direct search limits on charged scalars

@ Constraints from LHC searches

=

Higgs precision physics limits
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NSI in Zee model

@ New Physics at sub-TeV scale 1s highly constrained from direct searches
as well as indirect searches.

@ Direct searches: we can put bound on 2™ mass by looking at the final
state (leptons + missing energy)

e Some supersymmetirc searches (Stau, Selectron) exactly mimics the
charged higgs searches.

rd
7
h t i

Dominant production in LEP Dominant production in LHC
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Collider Constraints

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

10 Py — 0

---------
----
o

I selectronsearch  {().2
Selectron search
(13 TeVLHCO)
. N seacch in
cstv mode(LEF)
| T lifetime

0.4

c :
= 06 2
los
1.0

150
my+ (GeV)
Babu, DeV, SJ, Thapa (2019)
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I parameter constraint

o T parameter imposes the most stringent constraint

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

)
a
S e 2 023 sing >0
03 zsing>02
ﬁ 3t » 04 sing > 00
\ / M O05asing>0a
m 2 [ GEasing>05 |
E AT asing>05
u 08 asing > 07
1 9 m09sing>02
" w 1>sing>03
0 i
0 1 2 3 4 o

mpy+ (TeV)

@ Formy =0.7TeV and m}‘f‘ = 100 GeV, the maximum mixing 1s 0.63.
Babu, DeV, SJ, Thapa (2019)
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(o — (3 + v constraints

@ Both charged and neutral Higgs mediate it — e + 7 type

Processes

Process

Exp. bound

;, _" 6";-'

T __.L" l.l-—ﬂ;t'

BR <« 4.2 x10%3
BR < 3.3 <102

BR

< 4.4 x1078

|Y~:e »/;.ael < 0.79 (

m

Constraint
1Y * —3 7 my
’Yxteyee| < 1.05 x 107~ ( 700 GeV
* m 2
Y7 Yee| < 0.69 (755Cv )

700 GeV ) )

)2
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1t — 3e type constraints

@ Neutral scalars of the model mediate £; — £;{, £, type decays at
tree level

Process Exp. bound Constraint

Yee) < 3.28 x 107° (75 )’

o —rete e BR < 1.0 x1012

’ }[P

T~ < etee” | BR«< 1.4 x10°8 Y. Yeel < 9.05 x 103 (—7—(551%;_\7)2

2

“

T~ —weTe u~ | BR < 1.1 x10°8 Y7 Yuel < 5.68 x 10~ ’ (700 Ge \/}
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Numerical results for NS

my+ (GeV)
Eg:’ax ~ 3(7L (—_‘lex ~ 38‘%
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Numerical results for NS

my+ (GeV)

sMmax ~ g 39

S pyrap-
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Numerical results for NSI

my+ (GeV)
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Summary of NSl in various neutrino mass models

—, B Zee model

Eut 2 = MRIS model

B B L.Q model (singlet)
mEm LQ model{doublet)
mm L} model (triplet)
Em 7ee-Babu model

0.00001  0.0001 _ 0.001 0.01 0.1 1 10 100

|Eagl (%)
Babu, DeV, SJ, Thapa (2019)
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Zee-Burst: A new test of NSI at IceCube

e Ultra High Energy neutrinos at IceCube can probe NSI in the
Zee model

@ 7. +e~ — W™ — anything has a resonant enhancement at

772« T
E, = ;—n”;‘”— = 6.3PeV  Glashow resonance

o Since h= and H= in Zee model are allowed to be as light as 100
GeV, 7, + e~ — h™ — anything is resonantly enhanced

3
E, = ~93PeV  “Zee burst

2me

@ We have analyzed this possibility of “Zee burst”

Babu, DeV, SJ, Sui (2019)
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Zee-Burst: A new test of NSI at IceCube

. Zee Model(Y=0.5) + SM + Atm BG

B Zee Model(Y=0.25) + SM + Atm BG

g. 1 B SM + Atm BG
g 10 Atm BG
o) ® IC7.5 year data Zee Burst
o
[<=]
S /
ey 0
Q
g 10
2
5
>
o
10

Deposited Energy (GeV) /
Glashow Peak

Babu, DeV, SJ, Sui (2019)
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Neutrino NSI at LHC
LnNsI = —2+/9 GF6£§ (TaypVB) (?’prf)’

;: _AI rreducible SM bac kgroundj
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Complementarity between LHC and
neutrino experiments

100 1 lll”"l ] —.7‘.
/

\/-3’11’ I‘ZI

) 5 :
’ 5 le| < —==
= SuiCrr = Cop = \ <, l NGFM%" Mz '

— LHC13 monojet
10-3k === LHCI3 dijet
HL-LHC monojet

Lz > My /(24r) (93 - 1 3N{(QZ)2 T (95)2})

ol ol s vl 3 a1 i
102 1072 107 10 10!
Mv (TeV)

K.S. Babu, D. Gongalves, SJ, P.A.N. Machado (2020)
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Complementarity between LHC and
neutrino experiments

0.12 T T I | I I
100 GeV

0.10 =200 GeV —
w— 500 GeV

(.08 [ o 2 TV -

AuE
f'm . / N

0'900.05 000 005 010 015 020 025 030

€ce

K.S. Babu, D. Gongalves, SJ, P.A.N. Machado
P. Coloma et al. (2016), J. Liao et al. (2016)
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Complementarity between LHC and
neutrino experiments

100 GeV

10 E 3
pr— () GeV e -
= DUNE j

: (1601.00927) .
— 500 GeV —
10°2 ;;, : i
I o a
3 ,, -
= 2 TeV -
_ N . |

0 50 100 150 200 250 300 350
d

P. Coloma et al. (2016), J. Liao et al. (2016)
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Towards a UV complete scenario

10°

UL IIII

T Iunﬂ

10~

low energy obs.
1705.01822

LA ll'1ll

~ 1072

T Hnl‘l

1073

1 TT]U""

10—4‘ Ll lllllll | - lIllIII | lll'lll —

107? 10°* 107
M (TeV)

K.S. Babu, D. Gongalves, SJ, P.A.N. Machado (2020)
K.S. Babu, A. Friedland, P.A.N. Machado, I. Mocioiu (2017)
F. Elahi and A. Martin (2019)
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Towards a UV complete scenario

tanf = vy/vy = 10

e T g6
- == g
= ==h - inv
APV
s Dsree = = Maoller
B o P WA Y Xy
B v scat. [ BES
B v ose.  mmmm Z—-bbX

1 0-6 K—=rtX

K.S. Babu, D. Gongalves, SJ, P.A.N. Machado (2020)

SHSE R SRR S— Laad kb dd
102 102 10" 10° 10' 10?2

—- |

—==h - inv

APV
; e s e == == Noller
10-5. B 0 —p° A Y Xy
B v scat. [l BES
10_6L K= 7tX

B v osc. === Z->bbX
10 102 10" 10° 10" 102
My (GeV)

For collider/other studies on NSI: See A. Friedland, M. L. Graesser, |. M. Shoemaker,
and L. Vecchi (2011), D. Choudhury, K. Ghosh, and S. Niyogi (2018), T. Han, J. Liao, H. Liu, and D. Marfatia
(2019), Julian Heeck, Manfred Lindner, Werner Rodejohann, Stefan Vogl (2018) etc.
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The Hubble Tension

Long standing disagreement between direct (“local”)
measurements of H
and early-time inferences

flat ACDM
67.47
67.4%1]
o—2
74.041
o—-
@ Planck (Planck Collaboration 2018) 73-3.{:}::‘\:
@ DES+BAO+BBN (Abbott et al. 2018) o
@ SHOES (Riess et al. 2019) +1.1
@ HOLICOW 2019 (this work) 73%_1.1
@ Late Universe (SHOES + HOLICOW)
68 70 72 74
—1 —1
Hy [kms™ Mpc™]
1907.04869
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Self-interacting neutrino solution

2 _2 £ ”
G _ 9. . (5 MeV) “Sly
effi= =5~ -
m2, < (100 MeV)~™2 “Wiv". o -5
%
-
-~
Parameter Strongly Interacting Neutrino Mode QQ, —3.0
Ok Kreisch et al. 19 0.022457 5 00033 =
Qch? [ ] 0.134819.0056 g
1000mc 1.04637 + 0.00056 g |
T 0.080 = 0.031
S m, [eV] 0.421%-17 : Y >
Nott 1.02 £ 0.29 Parkctal 19]>1 30 pp2 42
logo(Get MeV?) —1.3532-02
TO WD 9
In(10°"Ay) 3.035 = 0.060 I- ACDM  EEE S
s 0.9499 £+ 0.0098
| o [km/s/Mpc] ati1s |
2% 0.3094 + 0.0083 -
[ o5 0.786 = 0.020 | ‘
10” A, 2.0820:13
10° Age™?%" 1.771 £ 0.016 22044
7+ [Mpc] 136.3 + 2.4 K
1008. 1.04604 % 0.00056 0.4
Da [Gpd] 13.03 + 0.23 "
Tdrag [Mpc] 138.8 + 2.5
0.40 . -
[Kreisch et al. '19]
64

68 72 76
“Hy [km/s/ .\‘lpc] :

[Cyr-Racine, Sigurdson’13; Archidiacono, Hannestad’14] [Lancaster, Cyr-Racine, Knox, Pan '17; Oldengott, Tram, Rampf, Wong ’17] [Kreisch,
Cyr-Racine, Dore '19; Park, Kreisch, Dunkley, Hadzhiyska, Cyr-Racine’19]
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The Hubble Tension

Long standing disagreement between direct (“local”)
measurements of H
and early-time inferences

= The positive correlation of H, and N, with flat ACDM
the amplitude of the matter power
spectrum aog, as observed in CMB data,
prohibits a resolution of the H, tension 674711
simply by increasing N alone (LSS prefers -
low o). 7

= However, a delay in the onset of neutrino
free streaming during recombination could
achieve both: breaking the positive
correlation of H, and o, while solving the , , . ,
Hubble tension at the cost of increasing 68 10 12 14
AN, during recombination. H, [kms-l Mpc—l]

SUDIP JANA | MPIK

Planck (Planck Collaboration 2018) 8.3 }i
DES+BAO+BBN (Abbott et al, 2018) ¢

SHOES (Riess et al, 2019) 7 +.1
HOLICOW 2019 (this work) 3.8’ 1]
Late Universe (SHOES + HOLICOW)




Self-interacting neutrino solution

Fy = 92 _ [ (5 Mev)™? “Sly”
off = —5 N -
HN < (100 MeV)™2  “Wly". & 15
-
o
-
=
Parameter Strongly Interacting Neutrino Mode g =30
Quh Kreisch et al. 19] 00224570000 o
Qch? [ ] 0.1348+0:0036 g
1000mc 1.04637 £ 0.00056 -5
r 0.080 £ 0.031
2.y [eV] 0424047 24
Near 4.02£0.29 [Park et al. '19]™
l°g|o(GcffMeV2) —1.351‘3":}%6
Y =) Sl U0 B ACDM Sl
R 0.9499 = 0.0008 o A =
[_Ho [km/s/Mpc] 723+14 | o
O 0.3094 = 0.0083 - 2
| as 0.786 = 0.020 | :
04 2087010
10°Age™*" 1.771 + 0.016 2:0.44
. [Mpc] 136.3 4 2.4 ¢
1006, 1.04604 % 0.00056 -
Da [Gpe] 13.03 4 0.23 o5
Tarag [Mpc] 138.84+2.5
0.40 "
[Kreisch et al. '19]

Sl s/ Ml 1

Can one have such an enormous neutrino self-
interaction in realistic models?

Geff(SIl/) ~ ].OQGF
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Self-interacting neutrino solution

The model
SU@R. x U(l)y (2,—%) © @& 0 0
U(l)x +1 41 =1 41 0

vl - (L) 0 +1 -1 0 0
AUV

Loew = —y L® N, — M Ny Na + h.c.,

Berbig, SJ, Trautner (2020)

SU(2)L®U(1)y
PN 9% En
Vh Vs Vs — G:f% — X21n.
\W—/ TTLZ,
U(l)x

with tan e,, := (yvs)/(V2M) .

(neutrino mass mixing)

T YUy
vy

Re- and de-coupling behavior:

—2x1077 < gxe2, <5x107°%,
leV < mz < 25eV.

1/vé+v§

logy [/ H

—— £i= —— ’zsfnx2x10“5
Uh ‘
. v ;
One more useful ratio: tan vy 1= —=; logyq T/e\
Us

Parameters to have inmind: 2 x 107° <y <6 x 107>, 5 x 107* < &,,, £ 0.05, s, < 0.2
Slide courtesy: Andreas Trautner

SUDIP JANA | MPIK




Self-interacting neutrino solution

= Light mediators strongly interacting with
neutrinos are highly constrained by the 15—
bound on ANeff during BBN. gx=2x 107 & !

6, = 0.05

10
= However, while one may feel that it is just a

relatively short time between BBN and Ay
recombination, we recall that it is still six \_r
orders of magnitude in temperature. —
c

3

ke

= This certainly is enough to establish a mass
scale, say after a phase transition, and !
subsequently integrate it out to obtain a : / -
decoupling behavior of neutrinos during r 0
CMB closely resembling. -10——

T 0
U

= |n this way, neutrinos recouple by the new log,, T'/eV
interactions only after BBN, and fall out of
equilibrium shortly before or during
recombination.
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Berbig, SJ, Trautner (2020)




Self-interacting neutrino solution

10%
6F ® IBM-2 i \
) ¥ Shell T TS 45 — € V@
A QRPA : D™ — p v
HF [ L
= $ & \\\\
gt vSl| favoredl by copmologlcal datia I Z ="
p = 10—1
=. >
g 3r - I
%! H \:3 \\*’
CH 92k s A % -
\J e ! E ‘,'..' /\ —3 o
76 ¢ K™ — pvo
| SO i i | | |
S H It b 101 102 103 107
0 : | o
isotopes me/MeV
Deppisch, Graf, Rodejohann, Xu (2020) Brdar, Lindner, Vogl, and Xu (2020)

Blinov, Kelly, Krnjaic, McDermott (2019)
Lyu, Stamou, Wang (2020)

The bounds are slightly below the interaction strength required to explain H,. In the case of momentum
transfer p,<<m,, this holds. One can revive this by departing from the EFT approximation and go to
lighter mediator particles. However, here naively we have p, .Q>.MeV . For light m; <<Q, the correct
scaling behavior should be gZ/Q? and the bound does not apply.
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Self-interacting neutrino solution

» Despite strong constraints, this model shows that 5 I “'\ 2 7)2'2 A
it is, in principle, possible to have consistent self- o ) 35
interacting neutrino models (not only) for Hubble B, <& ~ PO
tension. > .1813’9 Sy ) S & ; 2

Bl O e
. < B -y =

o Preferred parameter region: o -1 ff,»}jg%m_(}& T . . -

o Charged Higgses at a few 100 GeV, E E = 0(‘,9‘_1 - P ‘ =

o Sizable BR(Higgs — inv.), Q LV ] ;"‘0" " Sy . T ,

0 Hidden neutrino(s) with mass(es) My ~ 1 + 300 &0 ng o p &QQG < N

eV and active-hidden mixing with angle ¢, > 5 x S - ‘ B\ e _ L s
1074 s A AT
, . < o 5 # ]

O ) P »

. o S N 1

3/ I I 5 1 =

» This is also the correct range to potentially resolve L, 2, A — i
SBL v anomalies. Either with eV-scale hidden -25 -20 -1 -10 -05 00
neutrinos, or with O(100 eV) “decaying hidden -
neutrino solution”. loglo Ud’/ Us = logm iaIYy
[Dentler,Esteban,Kopp,Machado’19],[De Berbig, SJ, Trautner (2020)

Gouvea,Peres,Prakash’19]
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Summary

Can we observe the new physics associated with the

neutrino mass at colliders or at other experiments ? YES! Must we see the new physics effects ? NO.
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Neutrino clock

Energy
Frontier

Lifetime
Frontier

Cosmic
Frontier
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