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The Standard Model has missing pieces:

Clowe et al., 2006; Markevitch et al., 2005
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Why sterile neutrinos!?

e The Standard Model has missing pieces:

baryons antibaryons
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e Remarkably, a minimal extension of the SM with only three sterile
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Neutrino Minimal SM

e Remarkably, a minimal extension of the SM with only three sterile
neutrinos (N) can fill in all of these missing pieces!

e The masses of all three sterile neutrinos are below the weak scale, and
kinematically accessible in current experiments
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Called the neutrino minimal SM (VMSM)

e Asaka, Shaposhnikov 2005; Asaka, Blanchet, Shaposhnikov 2005; Canetti,
Drewes, Frossard, Shaposhnikov 2012; ...
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Too-=sterile neutrinos

The model is highly predictive because sterile neutrinos only interact with
the SM through the Yukawa couplings

However, it turns out that sterile neutrinos are too sterile if they interact
only through the see-saw coupling

e With just the vVMSM, you generically predict insufficient abundances of
DM and baryons

For sterile neutrinos to be viable,
we need them to be not-so-sterile

For both baryogenesis & dark matter, @ @ @

we expect new leptonic interactions at @

the weak scale (or below)

[ will focus on the mechanism of @ @

baryogenesis (N, N3) B el e ol b, it ?



Outline

Mechanism of baryogenesis via neutrino oscillations

Baryogenesis and tuning in the minimal model

Enhanced asymmetry with an extended Higgs sector + phenomenology

Phenomenology of sterile neutrino production
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Baryogenesis overview

M he
Lomsm = FarLo® Ny + TIN% (1) g = (@Y (F DR

Assume no primordial abundance of N

Baryogenesis occurs through the (slow) production, oscillation, and re-
scattering of the heavy sterile neutrino states, N> and N3
e Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005;... Drewes, Garbrecht 2012

There are three Sakharov conditions for baryogenesis:

1. (SM) Baryon number violation: Need to allow for an excess of baryons to evolve

from zero asymmetry
2. CP violation: Need to favour matter vs. antimatter

3. Departure from thermal equilibrium: In equilibrium, inverse B-violating processes
wipe out any accumulated asymmetry. Out-of-equilibrium condition preserves

generated asymmetry
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Baryogenesis overview

M he
Lomsm = FarLo® Ny + TIN% (1) g = (@Y (F DR

e The vMSM satisfies the three Sakharov conditions for baryogenesis:

1. Baryon number violation: SM lepton number is broken by N mass and couplings;
lepton asymmetry is transferred to a baryons via the B + L anomaly (sphalerons)

2. CP violation: Three new CP phases in the Yukawa matrix F

3. Departure from thermal equilibrium: For small Yukawa couplings, N scattering is
out of equilibrium for all T above the weak scale

o Tr m 100 GeV .
B |H9E ~ H(T) Eli 10a (0.1 eV) (Ge]@ ( (@) )

e Timing of leptogenesis depends sensitively on CP-violation, so I will briefly
review this now
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Lightning Review of CPV
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Asymmetry Generation

e The physical mechanism for baryogenesis:

e No primordial abundance of N2, N3

e Ny, Ns3slowly populated by L, scattering (approximately thermal spectrum)
e Some N subsequently scatter back into SM leptons (possibly of a different flavour)
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Asymmetry Generation

e The physical mechanism for baryogenesis:

No primordial abundance of N2, N3

N>, N3 slowly populated by L, scattering (approximately thermal spectrum)
Some N subsequently scatter back into SM leptons (possibly of a different flavour)
We have a CP-odd phase, but where is the CP-even phase?

Y
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Asymmetry Generation

e Nis produced in a coherent superposition of mass eigenstates
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e Nis produced in a coherent superposition of mass eigenstates

e Because N scattering is out of equilibrium, there is no decoherence between scattering!
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Asymmetry Generation

e Nis produced in a coherent superposition of mass eigenstates

e Because N scattering is out of equilibrium, there is no decoherence between scattering!

e Each diagram acquires a CP-even propagation phase (Schrodinger equation)
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Asymmetry Generation

e The CP-violating rate comes from the interference of the diagrams

t
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Asymmetry Generation

e The CP-violating rate comes from the interference of the diagrams

R e
IR 1L, — Lg) o< Im [exp (—z/ dt’ ST(t’) - )] Im [FaSFggFSQFBQ}
0

1
& 05 Asymmetry generation mostly occurs when
2 0.5
<
o, M2 LA M2
o o s
=05
B \} (T > My)

2 | |

10 103 100 107
time (GeV ™)

i3



Asymmetry Generation
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Asymmetry Generation

F(La T LB) # F(Ea T E@) s A # nr.

e ..butwe don’t have an asymmetry in total lepton number > nar, =40
o R S e
e Asymmetries in individual flavours

e Sphalerons couple to total lepton number

['(Ltot = N) < Y np T(Lq — N) ['(Ltot = N) < ¥ nz T'(Lo — N)

['(Ltot = N) = T(Lgot = N) o > nap, T(Lq — N)
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Asymmetry Generation

® Recap:
e  Qut-of-equilibrium N production and scattering lead to lepton flavour asymmetries at O(F#)

e Subsequent scatterings convert the flavour asymmetries into a total lepton asymmetry at
O(F¢)
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Asymmetry Generation

® Recap:

Out-of-equilibrium N production and scattering lead to lepton flavour asymmetries at O(F#)

Subsequent scatterings convert the flavour asymmetries into a total lepton asymmetry at
O(F¢)

5 A t M2 s M2
I'(Ly — Lg) —T(L, — Lg) oc Im [exp (—z/ dt’ ;T(t,) = )] Im [FosFjsFryFpo)
0

['(Ltot = N) = T'(Ltot = N) < ¥ _nar T(Lg = N)

e (Comments:

No explicit violation of total L+N symmetry ( this is suppressed by (Mn/T)? )

This means that if N equilibrate, the baryon asymmetry is completely destroyed

Baryon asymmetry frozen in when sphalerons decouple at Tgw (must be before equilibration
time)
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Baryogenesis and tuning in the
minimal model
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Parametric Dependence

e What drives the size of the final baryon asymmetry?
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e What drives the size of the final baryon asymmetry?

* Yukawa couplings:

e Normalize number densities to entropy density
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Parametric Dependence

e What drives the size of the final baryon asymmetry?

* Yukawa couplings:
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Parametric Dependence

* Mass splitting:
e Asymmetry is predominantly generated over the first oscillation

e Asymmetry is larger at later time due to the slower Hubble expansion

L = e — I =TE d@z/ dt’ ZTE)“[F@FE?,FLF@]
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Parametric Dependence

* Mass splitting:
e Asymmetry is predominantly generated over the first oscillation

e Asymmetry is larger at later time due to the slower Hubble expansion

L = e — I =TE d@z/ dt’ @[F@FE?)FLF@]
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Parametric Dependence
* Generation-dependence of scattering rates:
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Parametric Dependence

* Generation-dependence of scattering rates:

['(Ltot = N) = T(Lsot = N) & » nar, [(Lq — N)
D = Ulano(ialg)

e If I'(Ly — N) is the same for all o, then no baryon asymmetry accumulates

1510719}

1.x10-0}
’ e This condition is generically satisfied
due to large mixing in MNS matrix

YaAB
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Asymmetry Generation

e Putting this all together, can get correct baryon asymmetry with either mass
degeneracy (Regime I) and/or large Yukawa couplings (Regime II)
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Asymmetry Generation

e Putting this all together, can get correct baryon asymmetry with either mass
degeneracy (Regime I) and/or large Yukawa couplings (Regime II)
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e Condition: at least one N does not equilibrate until tw
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Asymmetry Generation

e The largest possible Yukawa couplings are when one of the Yukawa
couplings is much smaller than the others (Regime III)

Regime II: tosc < teq e tw
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Third regime found in Drewes, Garbrecht 2012

See also Garbrecht 2014 for very large Yukawa regime
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Realization in minimal model

e How are these regimes populated in the minimal model parameter space?
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Realization in minimal model

e How are these regimes populated in the minimal model parameter space?

e The Yukawa matrices can be fully decomposed as: Casas, Ibarra 2001
e 2 RH neutrino masses (can have arbitrary mass splitting)
e 3 LH neutrino masses (essentially fixed by neutrino osc. experiments)
e Three LH (real) mixing angles (fixed) and two LH CP phases d, n (arbitrary)

* One complex RH mixing angle, w

e The angle w does not appear in the neutrino mass formula!

(Mw)ag = (@Y (F My F" )agp

MNm,,

BT
()2

cosh(2Im w)

* Yukawa couplings can be arbitrarily large!
e Cancellation among Yukawa entries gives same LH neutrino masses ( FF' <« F FT)
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Large Yukawas!?

* Yukawa couplings can be arbitrarily large!
e But at what cost?

e Look at how physical quantities vary with theory parameters (Giudice, Barbieri, 1988)

dlogm,,

e cosh(2Im w)
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 Yukawa couplings can be arbitrarily large!
e But at what cost?

e Look at how physical quantities vary with theory parameters (Giudice, Barbieri, 1988)
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e Large w can be associated with an approximate lepton number symmetry,
but the establishment/breaking of this symmetry not understood in
minimal model

Shaposhnikov, 2006
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Large Yukawas!?

 Yukawa couplings can be arbitrarily large!

e But at what cost?

e Look at how physical quantities vary with theory parameters (Giudice, Barbieri, 1988)

dlogm,,

e cosh(2Im w)

e [arge w can be associated with an approximate lepton number symmetry,
but the establishment/breaking of this symmetry not understood in

minimal model
Shaposhnikov, 2006

e Whether the minimal model requires degenerate masses, tuned Yukawas, or
both depends on numerology
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Numerical results

e Use density matrix formalism for computing asymmetry:

e Simpler, gives same answer as more correct closed-time-path formalism (up to O(1))

Drewes, Garbrecht 2012
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e On-diagonal entries are the abundances
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Numerical results

Use density matrix formalism for computing asymmetry:
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Drewes, Garbrecht 2012

Density matrices for sterile neutrinos pn, for SM leptons pr
e On-diagonal entries are the abundances

e Off-diagonal entries are the coherences between different states (i.e. oscillation phase)

Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005
oscillation scattering

d 1
- 5@ Sl D - " TF -

=——{FL%NT s L}+ ’YaVT (FogF' — F*pyF~)

REE > NI = 2 (]



Numerical results

Use density matrix formalism for computing asymmetry:

e Simpler, gives same answer as more correct closed-time-path formalism (up to O(1))

Drewes, Garbrecht 2012

Density matrices for sterile neutrinos pn, for SM leptons pr
e On-diagonal entries are the abundances

e Off-diagonal entries are the coherences between different states (i.e. oscillation phase)

Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005
oscillation scattering asym. transfer

d 1
S R D, @FWE

=——{FL%NT s L}+ ’YaVT (FogF' — F*pyF~)

REE > NI = 2 (]



Numerical results

 Use density matrix formalism for computing asymmetry:

e Simpler, gives same answer as more correct closed-time-path formalism (up to O(1))

Drewes, Garbrecht 2012

* Density matrices for sterile neutrinos pn, for SM leptons pr
e On-diagonal entries are the abundances

e Off-diagonal entries are the coherences between different states (i.e. oscillation phase)

Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005
oscillation scattering asym. transfer

d 1
B Gt ] D5 = Ny~ 1) €51 T s uF )

:——{FL—UVT )3x35 PL— L}+ ’YaVT FIONFT F*PNFT

REE > NI = 2 (]

* We include various corrections, including spectator effects
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Numerical results

e Regimes I-II (choose normal hierarchy for concreteness)

10712 tay

. electron

Regime I

Regime II

5 10

50 100 500 1000

50 100 500 1000
cosh(2Imw)

25

.~ T e

Mn =1 GeV
AMpy = 10 GeV
n=-mn/4
d=3m/4

Rew =1t /4

Need either degenerate masses
or tuned Yukawas



Numerical results

e Regimes I-1I-111

10712 ay

. electron

Regime I

Regime II

5 10

50 100 500 1000

50 100 500 1000
cosh(2Imw)
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Numerical results

e Regimes I-1I-111

£ tau

. electron

Regime I

Regime II

5 10

50

100 500 1000

~10% tuning in |
O+

5 10

50
cosh(2Imw)

100 500 1000

[. <L, i

Mn =1 GeV
AMpy = 103 GeV
n=-mn/4
d=-n/4

Rew =1t /4

e This can be accomplished with
destructive interference in I’

my2

tanfi3 = sinf12 and cos(d +1n) = —1

mys

Asaka, Eijima, Ishida 2011

Drewes, Garbrecht 2012
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Numerical results

e When considering all different possible combinations, there is a minimum
tuning of the parameter space ~ 10°

* Yukawa couplings are generically too small to account for baryon asymmetry

e For each point, determine mass degeneracy needed to obtain baryon asymmetry
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Numerical results

e When considering all different possible combinations, there is a minimum
tuning of the parameter space ~ 10°

* Yukawa couplings are generically too small to account for baryon asymmetry

e For each point, determine mass degeneracy needed to obtain baryon asymmetry

tuning/alignment = N cosh(2Im w)
Mn=1GeV
)
=
> |
h ; Black Purple Blue
g | M= A n=-n/4 n =242
£ B o Bt d=rm/4 d=-m/4 Oie=nleg
1055 | Rew=m/4 Rew=m/4 Rew=m/2
e wio e 2i000 0 10000 108

cosh( 2 Im w )
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Numerical results

MNm,/

R~
()2

cosh(2Im w)

e The general conclusion still holds if we have....

* Heavier Mn: Naturally get larger Yukawa couplings, but AMy / My gets smaller
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Numerical results

Jﬂ([j\f my
)

R~

cosh(2Im w)

e The general conclusion still holds if we have....

Heavier Mn: Naturally get larger Yukawa couplings, but AMn / My gets smaller

More sterile neutrinos: With 3+ sterile neutrinos, there is viable parameter space in Regime
III without degenerate sterile neutrinos

Drewes, Garbrecht 2012

Temperature (GeV)
108 10° 104 103 10?
10-7, Regime 111 |

Tau

10—9 L
Electron

e Tuning all shifted into Yukawa couplings
(large Im(w))

10—11 L

10—13,

lepton asymmetry | Ya |

o) * Relies on large cancellations in electron rate

Total

10~ 17 L, . L L L ! .
1023 10558 iz 10w 1032 1020
time (seconds)

Bo il
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Baryon asymmetry with an
extended Higgs sector

29



Yukawas ina 2HDM

MNm,,

s
(P)?

cosh(2Im w)

e Up until now, we have taken ® = ®gy;

e If (®) < (®)sm, the Yukawa couplings are naturally larger than in the
conventional see-saw
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Yukawas ina 2HDM

MNm,,

s
(P)?

cosh(2Im w)

Up until now, we have taken & = ®gy;

If (®) < (®)sm, the Yukawa couplings are naturally larger than in the
conventional see-saw

Our proposal: a leptophilic two Higgs doublet model

“Leptophilic”: SM-like Higgs doublet couples to quarks, new Higgs doublet couples to
leptons (avoids FCNCs)

Smallness of charged lepton masses can be a consequence of small VEV for leptophilic Higgs

Possibility of 2HDM in vMSM also mentioned in Drewes, Garbrecht 2012

,Cyuk — —)\uQHun o )\dQH;dC s )\gLHzEC Y FLHgN

Ty > Ty
<Hq> USM

R0 B EZZ; | A = tan (3
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Yukawas ina 2HDM

e The size of the Yukawa coupling is limited by the fact that N cannot
equilibrate before the electroweak phase transition

m,,MN

(@)

asymmetry equilibration rate ~ FET ~ cosh(2Im w)

Bl



Yukawas ina 2HDM

The size of the Yukawa coupling is limited by the fact that N cannot
equilibrate before the electroweak phase transition

m,,MN

(@)

asymmetry equilibration rate ~ FET ~ cosh(2Im w)

Asymmetry creation goes like Im[(FF*)?], so naively the asymmetry creation
rate goes like cosh(2Imw)? . But....

m2 M3z
o

asymmetry creationrate ~ Im |FogF3Fiy Fa| ~ cosh(2Im w)
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In the asymmetry creation rate, there is a partial cancellation of the Yukawa
couplings when the couplings are tuned to be large
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Yukawas ina 2HDM

The size of the Yukawa coupling is limited by the fact that N cannot
equilibrate before the electroweak phase transition

m,,MN

(@)

asymmetry equilibration rate ~ FET ~ cosh(2Im w)

Asymmetry creation goes like Im[(FF*)?], so naively the asymmetry creation
rate goes like cosh(2Imw)? . But....

m2 M3z
o

asymmetry creationrate ~ Im |FogF3Fiy Fa| ~ cosh(2Im w)

In the asymmetry creation rate, there is a partial cancellation of the Yukawa
couplings when the couplings are tuned to be large

A smaller Higgs VEV gives a quadratic enhancement of the baryon
asymmetry over the tuned model

Bl



Baryogenesis and a 2HDM

e Compare leptophilic 2HDM with VEV v to the minimal model where the
Yukawa couplings are tuned to be the same magnitude

=l
& 5
k= -
= 1000
=
& 00!
o ?
2
) C
a i
B |
W 1:,
She
S

DR TSR Ty
leptophilic VEV (GeV)
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Baryogenesm and a 2HDM

Leptophlhc model

Minimal model

g s 10 20
leptophilic VEV (GeV)

M, = 0.5 GeV

M3=1.5G€V

w="/4+1

nN=0=-mn/4
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Baryogenesm and a 2HDM

10_95

Leptophlhc model

]()—10;_____ B e s TN ___________----------------------;

Minimal model

g s 10 20
leptophilic VEV (GeV)

Depending on leptophilic VEV, can get observed baryon asymmetry with:

e Non-degenerate spectrum M
M3 =1.5GeV
e No tuning of the Yuk I ded .
o tuning of the Yukawa couplings neede e
e Generic phases OK (1/2 - 1/3 of total parameter space) n=>=-m/4
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2HDM Phenomenology

e Generic connection between enhanced baryon asymmetry and extended
Higgs sector
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2HDM Phenomenology

e Generic connection between enhanced baryon asymmetry and extended
Higgs sector

e Explore the Higgs phenomenology:

A1 A2
V(Hy, He) = —pi|Hyl? + p3|Hel? + Z\Hﬁ - Z‘Hﬁ + Mi2|Hg|? | He|?

Vmix = :u?niXHeHc}k
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2HDM Phenomenology

e Generic connection between enhanced baryon asymmetry and extended
Higgs sector

e Explore the Higgs phenomenology:

A1 A2
V(Hy, He) = —pi|Hyl? + p3|Hel? + Z\Hq\4 - Z\Hﬁ + Mi2|Hg|? | He|?

Vmix = M?niXHeHc}k

e Z;symmetry means that naturally :u?nix < ,u%, ,LLS
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2HDM Phenomenology

e Generic connection between enhanced baryon asymmetry and extended
Higgs sector

e Explore the Higgs phenomenology:
A A
V(Hq, He) = —p3 | Ho|* + 3| Hel® + 7 | Hol* + 71 Hel* + Mz | Hol*| Hol?

Vmix = M?niXHeHc}k

e Z;symmetry means that naturally :u?nix < ,u%, ,u%

e This gives induces a VEV for the leptophilic Higgs, relates tan 5 to mixing
angle sSin «
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2HDM Phenomenology

e Modifies SM Higgs coupling to leptons

Ar — Ay tan Bsin o
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2HDM Phenomenology

e Modifies SM Higgs coupling to leptons

Ar — Ay tan Bsin o

2
)

tan 5 — 20

LHC 748 TeV (CMS) -

IT'H- 1) /T(H - t0)sm

- ILC 250 GeV, 250/1b

LHC 14 TeV, 300/tb

300

SR e 000 1000
leptophilic Higgs mass (GeV)

35

Calculated with 2HDMC

Future projections derived from
Peskin, 2012

Recent 8 TeV scan:
ex. Ferreira et al., 2014



2HDM Phenomenology

e Atlarge tan 3, can also study in a model-independent fashion via direct
pair-production of the new states

36



2HDM Phenomenology

e Atlarge tan 3, can also study in a model-independent fashion via direct
pair-production of the new states

H*H (H*A) > ¢*¢* + 1, + EP'

+ LHC 14TeV
30f 2HDM—type IV

e A promising search channel is same-sign dileptons + hadronic tau (current bound = 150 GeV)

e See Liu, BS, Weiner, Yavin, 2013 for more details of search possibilities
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2HDM Phenomenology

e There are other, more exotic possibilities

* Suppose H; gives mass only to neutrinos

* Constraints from Higgs to tt go away
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2HDM Phenomenology

e There are other, more exotic possibilities

* Suppose H; gives mass only to neutrinos

* Constraints from Higgs to tt go away
e (Can have very large tan 3, and very light N (M) ag = (®VA(F My FE e
e Can look at decays via the operator that gives rise to neutrino masses!
FuorLoHyN; Hy 5

e This looks exactly like a slepton (lepton + missing energy), but with non-

universal couplings
e Bounds are approx. 300 GeV for decay to muon/electron, 100 GeV for decay to tau
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2HDM Phenomenology

There are other, more exotic possibilities

* Suppose H; gives mass only to neutrinos

* Constraints from Higgs to tt go away

Can have very large tan 3, and very light N (M) ag = (®VA(F My FE e

Can look at decays via the operator that gives rise to neutrino masses!

ForLo H,N; HfF — (XN

This looks exactly like a slepton (lepton + missing energy), but with non-

universal couplings
e Bounds are approx. 300 GeV for decay to muon/electron, 100 GeV for decay to tau

Also the possibility for displaced vertices over some part of the parameter
space

e Ongoing work
go1ng =



Sterile Neutrino
Phenomenology
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Sterile neutrino pheno

e There are two main avenues we can use to constrain the sterile neutrinos
directly

e Cosmology (consistency of Big Bang Nucleosynthesis)

39



Sterile neutrino pheno

e There are two main avenues we can use to constrain the sterile neutrinos
directly

e Cosmology (consistency of Big Bang Nucleosynthesis)

e Direct searches

N sin @, Va
F., (H
NS nfir el
ZAN My

Shrock 1981; Gorbunov, Shaposhnikov 2007
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Sterile neutrino pheno

e There are two main avenues we can use to constrain the sterile neutrinos
directly
e Cosmology (consistency of Big Bang Nucleosynthesis)

e Direct searches

N sin @, Va

/N

For(H)
My
Shrock 1981; Gorbunov, Shaposhnikov 2007

e (Can get N everywhere we have v at the price of sin 6 in the amplitude
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Sterile neutrino pheno

e There are two main avenues we can use to constrain the sterile neutrinos
directly

e Cosmology (consistency of Big Bang Nucleosynthesis)

e Direct searches

N sin 6, Vo
(T
N inOnpr el
N Wil

Shrock 1981; Gorbunov, Shaposhnikov 2007

e (Can get N everywhere we have v at the price of sin 6 in the amplitude

e Look for different 2-body kinematics and/or displaced decays
5%



Sterile neutrino bounds

Seesaw

0.2 0.5 1.0 2.0 5.0 10.0
M [GeV]

« Canetti, Drewes, Frossard, Shaposhnikov, 2012
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Sterile neutrino bounds

(leptophilic 2HDM)

10710 ¢

Seesaw e Fsmvsm  Foug
10712 1 , R R y , A R MN MN
0.2 0.5 1.0 2.0 5.0 10.0
M [GeV]
oo
« Canetti, Drewes, Frossard, Shaposhnikov, 2012
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Sterile neutrino bounds

e Fg?}g
o o - o M
0.2 0.5 1.0 2.0 5.0 10.0
M [GeV]
2 2
2y 02
« Canetti, Drewes, Frossard, Shaposhnikov, 2012
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SHIP Proposal

e Proposal for the CERN SPS

hadron {::: .
target absorber! : : }|mop-up shielding

Experiment
(detector, fiducial volume)

SHIP proposal, 2013

50m ~2m
s S %
. o Lt shat gl
‘wall-/earth;: : 2o G o g
“TTTTTiiiiiiii ! Veto station ' Tracking || |||
o c¢hambers | :
) (-~ Cod e \ ( {
Vacuum vessel @ T

Dipole Calorimeter Muon ID
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SHIP Proposal

Proposal for the CERN SPS

W. Bonivento, SHIP talk, 2014

' normal hlerarch

s rreser. reerr

> 5
9 TyeeTar Y . S
i i ) ~
................................................
P

""" -:- 18 lliﬂ! Iltﬂll Iiﬂluﬂlﬂi t!li!i SHEEIL ARERA1 BER106
B (IEE) DIEE DGR LGRS BIEEE (AL HEEL DEEEL TS

e A AesLar s seisssses t
asrras anrran
I ATINIAL TN AIRAINT FNAIY T .

1 0 11§ 3ii m;m lmmmm mmt mnu umn IBIII IBIBE mmn

mm; mllﬁmlﬁ ﬂllﬁ! lllilll liillil i!llil ﬁllgﬁiﬂ! lliﬂll Iiﬂll Iiillii iilli& lll!ilt it i mm: TRITE :
I 1BEE CUTEEIE TUEEIE TUEEIR1 EEIRE: EETNEG FANEE ENREEA) 1REEAR! BECIR

mmn BSIIEMIE mmt m;m umn llll II' mllli mlm mm lllml Ill!ll' Imlli mlli mnu lllllll mm
12§ .l lillll m“?i m:mm lllﬂll i ﬂ ! liﬂll liilll llillﬁ ﬁlli #ig i { mu l!('l mm;mm lﬂ ll Ill tl

10 .............
1 1

HNL mass (GeV)

Can probe much of parameter space, but what about > charm mass?
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SHIP Proposal

e Above c/b threshold, can only produce N at high-energy, high-luminosity
colliders

U

10 ; IN . KEK
o DELPHI (LEP), 1997
T
P |
10 ° | | |
o fon w 10 10°

m,, (GeV/cZ)
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SHIP Proposal

e Above c/b threshold, can only produce N at high-energy, high-luminosity
colliders

1UP?

IN KEK

DELPHI (LEP), 1997

o
HHHH‘ HHHTF‘ \HHHT‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ T TTTIm

10 i i | ki [
1 2

|
N

10 1@ 1 10 ;)o
m GeV/c .
Vo { Normal hierarchy
10-6 E \‘:;\’
- NuTeV
107 L
B

oL BAU
TLEP (tera-Z) x K
Blondel, Graverini, Serra, Shaposhnikov 2014 =1 :
10'10;—
10'”;—

Seesaw
II| 1 1 1 IIIII|

1 10
HNL mass (GeV)
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SHIP Proposal

e Above c/b threshold, can only produce N at high-energy, high-luminosity
colliders

1UP?

10 ; IN . KEK
o DELPHI (LEP), 1997
T
P |
10 ° | | |
o fon w 10 10°

m GeV/c” .
Vo { Normal hierarchy

10©

b Fill B

"NuTeV

107 A\

T, T FTTTTm

‘4

BAU

TLEP (tera-Z)
Blondel, Graverini, Serra, Shaposhnikov 2014

What about the LHC?
Optimized analyses needed (ongoing work)

Seesaw
II| 1 1 1 IIIII|

1 10
HNL mass (GeV)
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Conclusions

The missing pieces of the SM can be filled in with new sterile neutrino states
at phenomenologically accessible scales

The simplest model can explain all of dark matter, baryogenesis, neutrino
masses, but with a high degree of parameter alignment/tuning

Models with a leptophilic Higgs at and below the weak scale can
substantially enhance the baryon asymmetry

e Robust prediction for interesting new physics with leptons at energy and
intensity frontiers

e Actas independent probes of sterile neutrino cosmology

e See BS, I. Yavin, arXiv:1403.2727 for similar work on sterile neutrino DM

Searches for leptophilic Higgs/ direct searches for N complementary
e Best way to fill in gaps? Other uses for SHIP experiment?
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