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“Neutrino physics at colliders”

They are all gone!

but leaving an important trace behind ...

Number of events/(5 GeV)?

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS
WITH ASSOCIATED MISSING ENERGY AT /s = 540 GeV

UA! Collaboration, CERN, Geneva, Switzerland
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CDF new Measurement
CDF: Science , April 8, 2022
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“Neutrino physics at colliders”
Missing neutrinos i1s NOT the whole story!

Oscillations experiments & theoretical considerations

= Much richer physics!
Historically, Rabi led the way [ SN—-

Exact Left-Right Symmetry and Spontaneous Violation of Parity )
G. Senjanovic (City Coll., N.Y.), Rabindra N. Mohapatra (City Coll., N.Y.) (May, 1975) The NEUbrlno Sborv

Published in: Phys.Rev.D 12 (1975) 1502

| )Particle’s Grand:
Neutrino Mass and Spontaneous Parity Nonconservation w °008m08 e SO

Rabindra N. Mohapatra (City Coll., N.Y.), Goran Senjanovic (Maryland U.) (Nov, 1979) |}
Published in: Phys.Rev.Lett. 44 (1980) 912

Violation

Rabindra N. Mohapatra (City Coll., N.Y.), Goran Senjanovic (Fermilab and Maryland f@,:r Qllq Io
Published in: Phys.Rev.D 23 (1981) 165 00”'20& }’Q' 2

7%’0:".0@Q6{
Neutrino Mass and Baryon Number Nonconservation in Supg “,, ”/:4“;:. )
R.N. Mohapatra (Maryland U.), JW.F. Valle (Barcelona, Autonoma U.) (Mar %, ‘5

Published in: Phys.Rev.D 34 (1986) 1642 - Contribution to: ICHEP 86

+ INany many more ......



The Seesaw Mechanism:

The leading SM gauge invariant operator is at dim-5:*

XD
Yy v

A

UL VR

% (ywLH)(ywyLH) + hc. =

*S. Weinberg, Phys. Rev. Lett. 1566 (1979)

Implications:
* /A = new scale / particles,
implies an underlying (UV) theory!

The See-saw spirit: T
If my, ~1 eV, then A ~ y2 (1014 GeV).

1014 GeV for y, ~ 1 Rt
A= o
100 GeV for y, ~ 107",

Al.=2 = Majorana mass (Majorana neutrinos)

Minkowski; Yanagita; Gell-Mann+Ramond+Slansky;

Glashow; Mohapatra+Senjanovic
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UV completion of the Weinberg operator

The Weinberg operator non-renormalizable

— Need Ultra-Violet completion at/above A .

Group representations based on SM SU, (2) doublets:
2 ® 2 = 1(singlet) + 3(triplet)

—> There are three possibilities:
* Typel: Fermion singlets @ (L H)¢
* Type II: Scalar triplet @ (L. L)
* Type III: Fermion triplets @ (L. H) 1



Type I Seesaw features:
& Existence of Ny (possibly low mass™)

; e e 28
Ui ~ VEuns = O(1)) Vi, = mu/my.
Upm, Am, are from oscillation experiments

My a free parameter: could be accessible!

& But dithicult to see Ng:

The mixing 1s typically small, mass wide open:

Ve (i dell) (s [ GeVa) e EDz
< 6 x 10~ ?(low energy bound)

(Fine-tune or hybrid could make 1t sizeable.)

* Casas and Ibarra (2001);

A.Y. Smirnov and R. Zukanovich Funchal (2006);
A. de Gouvea, J. Jenkins and IN. Vasudevan (2007);
W Chao 4G :Si-ZZ. 7Xing and S. Zhou (2008).



Type II Seesaw: No need for Ny, with ®-triplet*®

With a scalar triplet ® (Y = 2) : oT%, 6T, 49 (many representative models).
Add a gauge invariant/renormalizable term:

Yi; LI C(io2)®L; + h.c.
T hat leads to the Majorana mass:

]\47/31/?6'1/‘7 —|— e

where

Wiy — Vel s e s e

Very same gauge invariant/renormalizable term:

MHT(wQ)chIg Lhe

: (v
predicts T M—é,

leading to the Type II Seesaw. |

*Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

"In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
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* Triplet vev 2 Majorana mass = neutrino mixing pattern!

H>> — £;£; = neutrino mixing pattern!
H** — W*W*. Competing channel

Naturally embedded in L-R symmetric model:”
W9 Neeo

(—:::- Large Type 1 Signals via WR-NR>



With a lepton triplet 7" (Y = 0) : T+ T9 T—, add the terms:

ST TR o Ee G e
‘B ok

T hese lead to the Majorana mass: 5

(Y
M;; ~ iy

Again, the seesaw spirit: m_, ~ v?/IV1.;. .

Demand that M+ <1 TeV, Mijg 1 eV,

Thus the Yukawa couplings:]
A0

making the mixing 79 — /= very weak.
79 a Majorana neutrino:
Decay via mixing (Yukawa couplings);
TT Pair production via EW gauge interactions.

10



Beyond Type I, II, III seesaw models

Many models to account for the neutrino mass.*
Another class of well-motivated models:

Radiative generation of neutrino masses.

e Zee (1986)-Babu (1988) Model:

add singlet scalar fields m , generate at 2-loop

= change Higgs physics
 Ma Models (2006):

add singlet scalars + Z, symmetry
— Dark matter

Typically, they introduce additional Higgs states and

thus new (model-dependent) experimental signatures.

* For a review, see, M.C. Chen & J.R. Huang, arXiv:1105.3188v2.
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Observational Aspects: V's Not Gone Missing

Will focus on the most-wanted process: ALL=2

The fundamental diagram:

The crossing diagrams
can probe different

Vi
J
processes and new

physics of N/TY, W+, H**

The transition rates are proportional to

IM|? o ¢

(

2

for light v;

jg:: (]klz(]k2@7712

=1
> Voui Vi :

6162

for heavy N;

2
My

(N — 1) (N
@ BRECE D for resonant N production.

7TlDJr_]V
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1. Neutrino-less double-beta decay
arXi1v:1902.04097, M. Dolinski, A. Poon, W. Rodejohann

Isotope T(1)72 (x10%° y)  (mpg) (eV) Experiment Reference
&7 > 5.8 x 1073 < 3.5 —22 ELEGANT-IV (157)
%Ge > 8.0 < 0.12 — 0.26 GERDA (158)
> 1.9 < 0.24 — 0.52 MAJORANA DEMONSTRATOR (159)
82Ge = 316 1074 < 0.89 —2.43 NEMO-3 ; (160)
O7r >9.2x10"* <7.2-19.5 NEMO-3 (161)
Me > 11:x107° < 0.33 — 0.62 NEMO-3 (162)
“o0d. S510%10° <14-25 NEMO-3 (163)
125 Te > 1.1:% 10~ — — ’ (164)
it - 1 <0.11-052 CUORE (Current bound: (124)
20X > 10.7 < 0.061 —0.165 KamLAND-Zen 09 eV (165)
> 1.8 <0.15—-0.40  EX0-200 <Mee> ~ Y2 €V (qgp)
2N S 20%10 <1.6-5.3 NEMO-3 (167)
3 I!HI .
£ - L m, /
o - 1 Future expts:
[ m ] ES SNO+
2l | *  SuperNEMO
i e nEXO Future:
j . CUPID <m_> ~ 0.01 eV
107 e - LEGENDIOO
10 10 10 10

(a)



2. W - e* conversion
R €

Vi

Uci i Uci
W~ W+

Nuclear Process

Nucl’

\V

Nucl

\y

PDG expt bound:

| ['(77% i t + C qs 2 | °
Bi= (, ,+ h e T i"") < 1.7 x 10~ “ . (m>(,“
C(T% + o~ — v;+:Sc)

M,
S (m),, <17 (82) MeV. for nuclear singlet (triplet)

Near future experiments:

Mu2e (FNAL), COMET (J-PARC)
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3. Meson decays

N Resonance Production and Decay

M~ W= iz W+
W M+
R Pz
[ (NV B )
mNI_N

On resonance at my;, only V * suppressed!

Active searches:*
r, K, D, B decays: M+ — zjsz— via N

Other processes to look for:
P Bl e o
B T+6+M_, 7'+,u+M_, 7‘+7'+M_.
Atre, TH, Pascoli, Zhang, arXiv:0901.3589
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7. K. D, B decays: MJr

BaBar collaboration: arXiv:1503.08267v1.

M+M via N

CERN NA62 arX1v:1905.07770
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4. T* lepton decays

T Um /ax
| \xh il\ﬁk
W= W=

On resonance at my, only V,° suppressed!

Mixing element | Range of mg(MeV) | Decay mode | Begyp

140 - 1637 T s eTnT T 2.7 x101

Voq V-4 140 - 1637 T~ —eTn K~ |1.8x10°7
494 - 1283 T~ s etTK K™ |15x10°7
245 - 1637 T > uTr 0.7 x 107
V,aVy4] 245 - 1637 T >t KT | 22x 1077
590 - 1283 T~ > uTK K~ |4.8x 107

For non-resonance, weaker bound:
(m),, and (m) < O(1 TeV)
Atre, TH, Pascoli, Zhang, arXiv:0901.3589




m,, [TeV]

g b

5. Nyx & W @ Hadron Colliders

W. Keung & G. Senjanovic
PRL 50 (1983) 1427
The K-S process!
* No mixing suppression
* New unknown mass scale My
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ATLAS collaboration: arXiv:1809.11105.
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Wy & N Properties:

U(2); ® SU(2)p symmetric model:

A clean channel with rich physics:T

Significantly enhanced rate at Wy resonance; 1
If observed, determine N's nature: AL = 2, azimuthal angle ...

and determine W’ chiral coupling to £ — Np and q — q.

The primary lepton does not
provide [.-R discrimination:

q q q q

W’-—><—WR

LCC 33

2= ==

Keung & Senjanovic, PRL (1983).
T, Han; . Eewvas, R.-Ruiz,:Z. S, arXiv:1211.61§47v2
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Wi r Discrimination via N;  Decay:

ol e e
ol o) ¥ i of it of ) i
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N o Theory e [ Th Prediction| |
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_W,L N ////W R _ i iL // \\ R —I/_J—‘— ]
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N 1 E — T~
02 _ No ARJ.J. cuts NS | 025¢
: 1. - m=125TeV 14 TeV LHC
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6. N at Hadron Colliders

At hadron colliders: 8 pp(p) — £+ X
qi [T

2
N
o(pp — pwp=WF) ~ o(pp — p™N)Br(N — p=W¥) = Mez\r 5 Viov 90
Factorize out the mixing couplings: T Zl‘v ‘

A very clean channel:
like-sign di-muons plus two jets;
NO MISSIiNg energies;

aads e 100 : A fn o i i ] - . .....\.:
(i) = My, m(jjm) =my. T e o
SKeung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

IT. Han and B. Zhang, hep-ph/0604064, PRL (2006).
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CMS collaboration: arXiv:1501.056566v1.

19.7 b~ (8 TeV)
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CMS collaboration update:

arX1v:1806.10905.

Insensitive to low mass:

There 1s a trigger threshold

~ 20 GeV!
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ATLAS:

ATLAS collaboration: arXiv:1506.06020v2.

95% CL upper limit
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New Strategy: Long Lived Particles @ Low mass

1073 : 1073
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FIG. 6. The 95% C.L. reach for sterile neutrino from W gauge boson decay, plotted

T

plane . The sensitivities for “v.N” and “v, N’ come from prompt lepton trigge: ]
107 &
displaced vertex projection at HL-LHC [70] assuming zero background. The prc
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M. Drewes and J. Hajer, arXiv:1903.06100; 5 [ aee cowivasrs
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Heavy Neutral Leptons at the Electron-lon Collider

Brian Batell,” Tathagata Ghosh,” Tao Han,” and Keping Xie®

@ Pittsburgh Particle Physics, Astrophysics, and Cosmology Center,
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, USA

b Regional Centre for Accelerator-based Particle Physics, Harish-Chandra Research Institute,
A CI of Homi Bhabha National Institute, Chhatnag Road, Jhusi, Prayagraj 211019, India
E-mail: batell@pitt.edu, than@pitt.edu, tathagataghosh@hri.res.in,
xiekeping@pitt.edu

ABSTRACT: The future Electron-Ion Collider (EIC) at Brookhaven National Laboratory,
along with its primary capacity to elucidate the nuclear structure, will offer new opportunities
to probe physics beyond the Standard Model coupled to the electroweak sector. Among the
best motivated examples of such new physics are new heavy neutral leptons (HNLs), which
are likely to play a key role in neutrino mass generation and lepton number violation. We
study the capability of the EIC to search for HNLs, which can be produced in electron-
proton collisions through charged current interactions as a consequence of their mixing with
light neutrinos. We find that, with the EIC design energy and integrated luminosity, one is
able to probe HNLs in the mass range of 1 GeV 100 GeV with mixing angles down to the

L1 llllll

|

QJ.Op‘Q o

Vs = 141 GeV
= L=100fb !
P, = —70%

Al llllll




8. Type II Seesaw: H** & H*

H™T™TH™ production at hadron colliders: f
Pure electroweak gauge interactions

o O S e B U R e T e e L T 732 e
% LHC Production
i of Triplet Scalars i
10 g 3
10 F
1 F
Al
10 F
_2-
10 | | | |

200 400 600 800 1000
M, (GeV)

Akeroyd, Aoki, Sugiyama, 2005, 2007.
vy — HTTH-~ 10% of the DY.
TRevisit, T.Han, B.Mukhopadhyaya, Z.Si, K.Wang, arXiv:0706.0441.

Z.L.. Han, R. Ding, Y. Laao, arXiv:1502.05242; 1506.08996;
J. Gehrlein, D. Goncalves, P. Machado, Y. Perez-Gonzalez: arXiv:1804.09184.
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H** -, H* - Decays: Revealing the flavor pattern

1.000 I 1 T 17TT1TTrT 1 1 T 1TTrTrT 1 I T TTrrTrTT 1 I T 1.000 1 1 T 1TTrrnT 1 1 T 1TTTTT 1 1 T TTTTT I 1 I
NH I I I ] IH I I I ]
o) i ee :
0.100 —] 0.100 § —]
0] . o L i
m m
0.010 —] 0.010 — ]
1 1 ||||I| 1 1 1 II|||| | 1 | 0.001 1 1 1 |||||| 1 1 1 |||||| | 1 1 |I||I| 1 1 1
1072 10~1 104 10~3 102 10~1
1.000_ T T T TTTTT T T T7TTTTT T T —TTTTT T T ]
NHIOOO: T 17T TIIIII T T T IIITT] T T T ITIIII L r: IH - l ] l .
L 2 B ey ]
JyA% TV
0.100 = 0.100 |— _
~ 4 [0 L 4
m m
0.010 —] 0.010 — —]
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104 10-3 10~° 101 104 10~3 10—<° 10~1
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Sensitivity to HTTH—— — ¢T¢t, ¢—¢~ Mode:
CMS-PAS-HIG-16-036
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9. Type III Seesaw: T* & TY

Consider their decay length:

PO Pl s DT (T

— ¥ )QQF(T — h/{ )
I_(TO L e + W™ €+) =2 —Z\yZ\Q.

N\
Y

Width and Decay Length
50.0

Lepton Triplet Branchmg Fraction
I | : I : : | IIII|IIII|Illlllllllllllllllllllll 1.0_| I | I I I I | I I I I | I I I

I | I I I I i
m;, =120 GeV ;

P

T/A\? (GeV)

W+ WL /Wy

04—

__________________________ Zv/Z1*
0'?0-0 I | 55 2(|)0I o I3(|)OI i II5(|)(I)IIIlIII'7I(|)I0“Illmlnll(l)OO o'o-ll"‘l 2(|)O TR 4(|)0 s 6(|)0 8(|)0 I 1000
My (GeV) M, (GeV)
With-dsoe g0 10 50 —110 12 ‘then or s 10z

CEE b
Still not too long-lived, but possibly large displaced vertices

Tong L1 & X.G. He, hep-ph/0907.4193.
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Type 111 Seesaw: T+ & T

Lepton flavor combination determines the v mass pattern:
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Lepton flavors correlate with the v mass pattern.

TAbdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.
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Al.=2 & mass reconstruction for T= & TV
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Current LHC bounds:

M, > 840 GeV @ 95% CL
CMS: arXiv:1708.07962
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In conclusion
As part of Rabi’s legacy:

Neutrinos are NOT “all gone missing”.

Neutrino physics 1s flourishing,
and likely to lead to the next breakthrough in HEP.

Rab::
Look forward to your new 1deas/papers.
And enjoy your new endeavor!
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