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Sheak Peek

® The Standard Model is great!
® But...

* Cannot explain the neutrino masses
e Cannot explain dark matter
e Cannot explain the matter—antimatter asymmetry

Will focus on a SIMPLE
solution for neutrino masses!
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Neutrinos are massive

PDG review, www.nu-fit.org, ...

We know this because they mix!

1 0 0 C13 0 s13 e C19 S19 0
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Sij = sin (97;3'

Mass differences Mixing angles
o3 ~ 45°
Am3, ~ 7.5 x 107° eV? 923 .
_ 13 ™~
IAm3,| ~ 2.5 x 1072 eV~ 9., ~ 33°
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http://www.nu-fit.org

Absolute masses and the mass
hierarchy are not known

Mass differences normal inverted
hierarchy hierarchy
Am3, ~ 7.5 x 107° eV? V3 V2
1
IAm3,| ~ 2.5 x 1072 eV?
V9
1 V3

2 2 2

Is there a massless neutrino?

Seyda Ipek (Fermilab)



Origin of the masses is hot known

Massless in the SM — no right-handed neutrinos

SM singlet fermions

Let’s add some!

1- Dirac mass 2- Majorana mass
- - _ - 1 )

Yl VR — M, ULVR Yt VR + §MRVRVR
\ ~ 1012 My, ~ TMR Yy, U

(

Seesaw mechanism
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Origin of the masses is hot known

3- Dirac + Majorana mass

: . /
Add2 SMsinglets: V. N' ( N,T) . pseudo-Dirac
T—1 Te-1 N fermion

Let’s say lepton number is (approximately) conserved

YNClON +eYn LdN' + Mp NN + n NN + 1/ N'N'

W Vo

lepton number violation

Inverse Seesaw Mechanism
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Origin of the masses is hot known

3- Dirac + Majorana mass

Neutrino mass matrix:

ngg YNU GYN/ (¥

M T Iy in the basis:
= N U K D . /
EY]\"];/U MD M/ (VZ7 N7 N)
Light neutrino masses: - Yn Y~
EYEYN' 22 " Y]\T;‘,LLYN 12 Mp ~ TeV
M, ~ |
Mp M7,

need: ¢ ~ 1012 ﬁ
Why so small?
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What we need

(Usually) SM smglet fermlons as ‘
w rlght handed neutrmos

—

High mass scale
and/or

Small lepton-number violating parameters
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SUSY has (a)
SM singlet fermion!

Bino is a SM singlet fermion!

Why isn’t the MSSM bino a RH neutrino?

* Cannot write supersymmetric terms
* One bino is not enough for at least 2
massive neutrinos

* Lepton number must be violated

3 main reasons:
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Neutrino masses in RPV SUSY

Need R-parity violation to have lepton number violation

Can use bilinear RPV: p; H, L; H, : up-type Higgs superfield
L, :lepton doublet superfield

Higgsino - neutrino mixing — 1 neutrino gets a mass

Other neutrinos get
mass at loop level

Might need a combination of
bilinear and trilinear RPV or Need to explain why RPV?
extra RH neutrinos
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Hall, Randall, Nuc.Phys.B-352.2 1991
Kribs, Poppitz, Weiner, arXiv: 0712.2039
Frugiuele, Gregoire, arXiv:1107.4634

S|, McKeen, Nelson, arXiv: 1407.8193
Sl, John March-Russell, arXiv:1604.00009

Pilar Coloma, SI, arXiv:1606.06372

My favorite model for everything!
U(1)r -symmetric SUSY

Dirac gauginos are awesome
Solves SUSY CP
and flavor problem, ...
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U(1)r-L- symmetric SUSY

SM particles are not charged under U(1)r Add
lepton

Sfermions have +1 R-charge number
Superfields SU.(3) | SUL(2) | Uy(1) | UL)r | U(1)p_1

L; 1 2 1/2 ' 0

E¢ 1 1 1 1 2

H, 1 2 1/2 0 0

Wg 1 1 0 1 1

Og =g +60S5 1 1 0 0 0

W/ =6D 1 1 0 1 1

Bino has +1 R-charge
Singlino (S) has -1 R-charge

T 2 SM singlet fermions!
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Dirac bino mass

No Majorana gaugino masses due to the R-charges

Dirac masses come from the spurion D-term

/
/dzeczfo‘ Wedg — XD BS
M M
\

Apr :messenger scale

(— :- <~>
WV =
(-7:-70)—1 ST
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U(1)r.r. must be broken

...because (anomaly mediation)

(Small) Majorana mass - Blgy)
for the bino Mp = "3/2

Mg /o : gravitino mass

Can also have a singlino Majorana mass

U(1)r-L is only

megs ~mg < M
B v slightly broken

U = <§r> : pseudo-Dirac bino
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No bilinear or trilinear
RPV operators

u; H, L; is not allowed due to charge assignments

Nijk L; Lj B allowed but we ignore to make a point

Then how do we generate the neutrino masses!
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Bino as a RH neutrino

Not UV-complete

Consider the dim-6 operator:

fi

A

/d29 W WeZH, L U(1)r-1 conserving

Relevant neutrino mass operator:

/
' M 8
fl'DﬁhuB

Ay
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Singlino as a RH neutrino

Not UV-complete

How about the other singlet - the singlino!?

Consider the dim-5 operator:

df,; — T
020420 ¢t D H, L; = —12d, / d20 dsH, L,
Ay Ay
¢ =1+8"my, U(1)r-L violating
conformal compensator
Relevant neutrino d;ms3 /2 | Singlino is the
mass operator A other RH neutrino’ |
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All the mass terms

JiMp - dymg/o
—L D Ui hy B i hyS
Ay Ay \ U(1)r-L violating
—I—MDBS—I—TTLEBB—FTTLSSS/ X T3 /2

This is an Inverse SeeSaw scenario!

SIMPLICITY IS BLISS!

B s
U = <ST> : We call this “bivo (pronounced exactly like ‘bino’)

(like ‘too’ and “two’)
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Bivo gives an Inverse SeeSaw

assume there is no

Stru Ctu re bino-higgsino/weakino mixing

After EW symmetry breaking:

ngg Y v @ in the basis

M= v mpy Mp (v;, B, S)
@ Mp (mns>

: Y G
Parameter scales: e M e
Y = (Yu) Efi—D G = (Gu) Edimg/Q

Y, At G, A
(1) G, <Y,
and since Mg/ < Mp
mg, ms < Mp keV TeV
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Neutrino masses

Neutrino mixing matrix gives:

0.35 0.06

M m
Y ~ A—D 0.85 |, G ~ A3/2 0.44
M\ 0.39 M-\ 0.89

1 massless, 2 massive neutrinos:

_ m3/2 U | _
M2 = 72 (1—p) No dependence on M p
M
2
ms = mj’\/; ’ (1+ p) Mp > v js assymed for
M practical reasons

p = 0.7 from mass splittings
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Neutrino masses

10

] massless, 2 massive neutrinos; 8|

— 1 — -
ma AZ, (1—p) = 4
2 T
Mg /o0 U S
m3 — /2 (1 + /0) .
AM 4

p =~ 0.7 from mass splittings
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Charged lepton flavor violation

We extend the ;

. expect lepton flavor violation
lepton mixing sector

® | epton flavor violating charged lepton decays

v most constraining
Br(p — ey) < 4.2 x 10719
W= W= Br(t — evy) < 3.3 x 107°
> > > Br(r — puy) < 4.4 x107°
v % e

* 5
> 2M2YY <24 x 10"
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Charged lepton flavor violation

10—

Br(p — evy) < 4.2 X 1019

\

Y Y <24 x107°

\

2

2M7,

Mz (keV)
(@)
Br(u > ey) >4.2x 107"
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Charged lepton flavor violation

We extend the )

. expect lepton flavor violation
lepton mixing sector

® | epton conversion in nuclei

N N Constraints are not yet
competitive
v, 4

BUT more experiments
are coming!

=y
Ty
Y

Mu2e, COMET, PRISM...
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Parameter space

Neutrino masses
+

Lepton flavor
violation constraints

1

m3/2 = C’)(keV)

mgo (keV)

10

No constraints from neutrinoless double-beta decay
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LHC Phenomenology
of Bivo
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Hypothetical Spectrum

Phenomenological
SUSY spectrum

A
- Messenger scale

_other neutralinos,

10 TeV + VD and \F terms N . .
charginos, gluino...

i - other SUSY particles
: 2TeV 1 ¢
LTG:V - Bi1vo mass squarks
TeV 1.,
100 GeV + EW scale | [} bino -
lightest neutralino

500 GeV

-+ gravitino

meV neutrinos
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LHC pheno: production

MD:1T6V

RH neutrinos are

usually produced Ww=* v
via mixing with the
SM neutrinos )
q /
Pay a mixing price on top 92 105
of EWV interactions: Too small for

observation
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LHC pheno: production

Mp =1TeV bino NLSP

degenerate squarks
lightest neutralino is a pure bino

There are better ways to produce a bino!

g 3 <q
q . T

For example, this is a g v B

very good way: o A
éff << i
g q

assuming B(§ — Bq) ~1 and mg=1.5TeV

cross-section is ~3 fb @ 14 TeV
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LHC pheno: decays
MD — 1 TeV
1) Decays to a gravitino and a photon

~

G very small
B - _ M5
> [(B— Gy)~ —5—5— ~107% eV
Mpyms3
Y
2-4) Decays to W/{, Zv, hv
l total width:
B V M3
X —> etc [y ~ —2D ~ 0(500 MGV)
Ay
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LHC pheno: signals
Mp =1 TeV
Bino decays promptly, no displaced vertices
A combination of jets, leptons and missing energy is expected

q (
" Su
g J
9 v
vl B W
g q' \\’ W J
q 4

cross section is ~ 0.16 fb @ 14 TeV

Seyda Ipek (Fermilab)

31



LHC pheno: signals
Mp =1 TeV

Signals with more leptons and/or missing energy can be
at a comparable rate, but probably harder to study

Leptoquark searches can be relevant:

o(ppjij) <041t for mrpg =1TeV

In our benchmark scenario o(pp — 25 up 2J) ~ 0.04 fb

not yet constraining!

Lepton number violating sighatures < Majorana masses
small!
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Summary

® Neutrinos need mass

® We (generally) need SM singlet fermions to do that

® The pseudo-Dirac bino of U(1)r.. symmetric SUSY is perfect
for the job!

e Can be done with a keV gravitino and O(100 TeV) messenger
scale

® Interesting LHC phenomenology — Work in progress

® UV completion? — ldeas are welcome!
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