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Introduction

Motivation

@ Higgs boson at- 125 GeV, appears mostly Standard Model like.
@ Many additional new physics motivations not yet explainegkyon asymmetry of the
universe, dark matter, neutrino masses.

@ Theoretical issues with a boson, unstable against largédrgtia quantum corrections.

@ To avoid fine-tuning, new heavy states should have mabtesith couplings A, to the
Higgs such that
)\2M2
@ Some issues:

@ Grand unification.
@ Typical leptogenesis with a Type | seesaw does not satisiftyctiteria.
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Motivation
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@ In typical scenario, inject lepton number via a heavy neotdecayN — LH with a
CP-asymmetry:
F(N—LH) -T(N—=LHY) y§
2r(N) 8mn

@ Converted into baryon asymmetry:

LI ~1010 = y>5x10%
S 0. 8m.
@ Apply to typical seesaw mechanism with neutrino mass= 0.1 eV.

V2
WNL@' = My =16 Gev
N

@ The Higgs mass correction is then:

3, ~ i’ZTN[ZMﬁ > (8 TeV)? > V2
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The Model

@ Major issue of the above setup is that the same set of coupirgresponsible to
leptogenesis, neutrino mass, and the Higgs mass correction

@ Consider and inert Higgs doublet model, in which we chargecaisd Higgs doubletl,
and the heavy neutrinos undeEaparity, while SM particle are even under thg
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The Model
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Major issue of the above setup is that the same set of coupirsgresponsible to
leptogenesis, neutrino mass, and the Higgs mass correction

Consider and inert Higgs doublet model, in which we chargecarsd Higgs doubletl,
and the heavy neutrinos undeEaparity, while SM particle are even under thg

Then have neutrino mass and yukawa couplings:
Iy = YPHETIN + S M NENg + H.C.,
Start with massless Higgs potential:
Vo= )\*21|H1|4+ )\*22|H2|4+?\3|H1|2||'|2|2+)\4|HIH2|2 + )\*25 [(HIH2)2+h'C'

Now the SM Higgs K1) is one removed from the heavy neutrinos, alleviating tre/ab
problems.

Will not explain origin ofMy, however, the neutrino mass may come from a heavy sce
that obtains a mass via the Coleman-Weinberg mechanism.

Will set A4 = O for simplicity.
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Scalar Masses

Scalar Masses

@ Effect of the neutrinos on the Higgs potential at one loopadtained via the
Coleman-Weinberg potential from neutrino states

- . 2 MR, |H2| \H2|
@ High mass state:  Mg&(H,) = - 1+2y§ + 14—4y2
Ng Na

M H Ho|2
o Low mass states: nﬁ(Hz): 1+2y2‘ 2® 1+4y§M§>

@ Obtain a mass squared term fép (using dim. reg.):

y2M2 M2
Va(Ha, =y “e 2 |k —log uﬁ“ [Hl? +
[e]

@ Hy mass loop suppressed comparet¥ig, so integrate out heavy neutrinos.
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Scalar Masses

Scalar Masses

@ At scale belonMy the effect of the neutrinos on th&, are parameterized by a mass tert
for Hy:

Vo — Vo + 13|H2|?

@ Matching onto the high energy theory at a sqate My obtain (1 without subscript is
renormalization scale):

12 = MRYRKN
2 4T

A few comments are in order:

L]
L]
o

KN introduced to parameterize renormalization scheme dereed

TheMS scheme correspondskq = 1 andky > 0 for MS scheme.

Hence, the finite contribution of neutrino loops givqs§a> 0 and theZ, symmetry
is a good symmetry with a candidate DM candidate.
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Scalar Masses

Scalar Masses

@ At scale belonMy the effect of the neutrinos on th&, are parameterized by a mass tert
for Hy:

Vo — Vo + 13|H2|?

@ Matching onto the high energy theory at a sqate My obtain (1 without subscript is
renormalization scale):

15 = M
412
A few comments are in order:
@ Ky introduced to parameterize renormalization scheme dereed
@ TheMS scheme correspondsit@ = 1 andky > 0 for MS scheme.
@ Hence, the finite contribution of neutrino loops givqs§a> 0 and theZ, symmetry
is a good symmetry with a candidate DM candidate.
@ In this EFT,H, has a mass and couplesHe.

@ Hence,Hy will obtain a loop induced mass.
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Scalar Masses

Scalar Masses

@ Inthe EFT the one-loop Coleman-Weinberg induces a madsfor

2 2
Vithe Hup) = —1y (Kz—log%> (203 Haf?+ Ao Hal?) + ..

@ Again,H; mass loop suppressed comparegitoso work in EFT for scaleg < pp:
A1
Vo = 1 [Ha|* + = [Hal*,

@ Matching at a scalg = b, obtain:

A3K
2 _ N\3R2 2
“*8.“22

@ ForMS schemeK; = 1) and MS schemexf > 0), have a negative mass squaredHer
and obtain electroweak symmetry breaking.
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Scalar Masses

Scalar Masses

@ For simplicity set set renormalization equal= Ky = K1 = K, final result for scalar

masses:
2

@~ A3YRK M2

1 32t N
2~ ﬂ 2
2 42N

) pf is two-loop suppressed compared to heavy neutrino massfiibpalleviate the
fine-tuning problem in typical leptogenesis.
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Scalar Masses

Scalar Masses

@ For simplicity set set renormalization equal= Ky = K1 = K, final result for scalar

masses:
2 o~ DRK
! 32
P
2 ™

) pf is two-loop suppressed compared to heavy neutrino massfuitypalleviate the
fine-tuning problem in typical leptogenesis.
@ For theMS schemek = 1) and MS schemex(= 1 — ye -+ log(4m) > 0):
@ Mass squared parametertdf is negative (the negative sign was pulled out in the
definition of ).
@ Mass squared parameterld$ is positive.
@ Electroweak symmetry is broken and thepreserved, leaving a DM candidate.
@ The finite pieces of the loops obtain the desired symmetrgking pattern.

@ Now can this scenario be compatible with leptogenesis anttine masses?
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Neutrinos

Neutrino Mass

@ Since the neutrinos do not couple directlyHg, typical Type | seesaw is does not work.
@ However, there is a loop induced processa, hep-ph/0601225

AsR VP <4n2> }
log| — | —1].
Y2 K

82 My
@ Settingm, = 0.1 eV, using the previous constraints y\n> 5 x 10~ from leptogenesis,
and the mass relations with = 89 GeV'

my

Nsl S ~ 12
v A3K VK 2.7 TeV
@ Hence, for reasonable parameter values, can bring evegyihio agreement.
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Dark Matter

Dark Matter

@ Sofar:
@ Have electroweak symmetry breaking.
@ Generate small neutrino masses.
@ Have viable leptogenesis.
@ Preserved @, so a candidate Dark Matter.

@ The mass spectrum is (with simplifying assumptign= 0):

mM = AV
= By i)V

1

m% = H%+§()\3—)\5)V2
A

e - B2V

@ For positive quartic couplings, the DM candidate is the gesualar of the inert doublet.

@ To be viable:

@ Avoid current direct detection limits.
@ Reproduce correct relic abundance.
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Dark Matter

Direct Detection

— —

- -
1 h

D R

@ Z exchange suppressed if initial energy of DM particle is ffisient to upscatter int&

A S
Z
N N

A
N

KE = :—2Lmv2~ Ms— Ma

@ For a DM velocity of~ 200 km/s, the kinetic energy of a 1 TeV DM is a few 100 keV. A
long as mass difference larger than tEigxchange is neglible.
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Dark Matter

Direct Detection

A S __ A A
S L
7z b

10 N /ﬁ?ﬁi:TF\

@ Z exchange suppressed if initial energy of DM particle is ffisient to upscatter int&
KE = :—2Lmv2 ~Mg—Ma

@ For a DM velocity of~ 200 km/s, the kinetic energy of a 1 TeV DM is a few 100 keV. A
long as mass difference larger than tEigxchange is neglible.
@ For Higgs exchange the cross section per nucle@snise, Ling, Lopez Honorez, Rocher, 0903.4010

o _fEAs—As)? gl
n— 4T[ p%mﬁ’

@ Forpp ~ 1 TeV andhs ~ 0.01—1: 0y ~ 1—5x 10 *® cn?
@ Near current limits, possibly detectable and near futurectlidetection experiments.
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Dark Matter

Relic Density

@ Annihilation proceeds through gauge interactions and idations with other
components of inert doublet.

@ ForMp 2 550 GeV, gauge interactions insufficient to deplete DM anltloverclose
Univel’SG-iambye, Ling, Lopez Honorez, Rocher, 0903.4010

@ Need coannihilation, and so have minimum values of scalartiguinteractions.
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Dark Matter

Relic Density

@ Annihilation proceeds through gauge interactions and idations with other
components of inert doublet.

@ ForMp 2 550 GeV, gauge interactions insufficient to deplete DM anltloverclose
Univel’SG-iambye, Ling, Lopez Honorez, Rocher, 0903.4010

@ Need coannihilation, and so have minimum values of scalartiguinteractions.

@ With A4 =0, the thermally averaged annihilation cross section ddgpen two quartic
coupling,A3 andAs, and the DM mass scaje.

@ However, have a relationship betweenandpy,:

A3K (790 GeV)?

2 3R 2

W = =—=H = M -— k"
82" 2 3 K3

@ Only two free parameters.
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Dark Matter

Relic Density

1]
>5x10° o s7xadt
V2 -y 27x10
o sd
» » “_“.yN27x10
10°F =
K=05 - K=2
Q,,, = 0.11920.0054 Q,,, = 0.11920.0054
10’2 1 Il 1 L 1 10’2 1 Il 1 Il 1
0.5 1 2 25 3 35« 0.5 2 25 3 354

15 15
u, (Tev) u, (Tev)

@ Shaded bands are regionsh\afandpy, that correctly produce correct relic abundance.
@ For negligibleAs, have only one parameter and unique solutiongor
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Dark Matter

Relic Density

1]
>5x10° o s7xadt
V2 -y 27x10
o sd
» » “_“.yN27x10
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K=05 - K=2
Q,,, = 0.11920.0054 Q,,, = 0.11920.0054
10’2 1 Il 1 L 1 10’2 1 Il 1 Il 1
0.5 1 2 25 3 35« 0.5 2 25 3 354

15 15
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@ Shaded bands are regionsh\afandpy, that correctly produce correct relic abundance.
@ For negligibleAs, have only one parameter and unique solutiongor

e Forpp>1TeV, A30 ”2—2 becomes negligible and obtain relation:

H2
Ag =~
ST 2Tev
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Dark Matter

Relic Density

. .u‘yNz7><].04

K=05 K=2

Qp,, = 0.11980.0054 Qp,, = 0.11920.0054

10’2 Il L L L L 1072 il Il L L L L
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@ Red dashed lines correspond to constraints from neutrirss nhegptogenesis, higgs mass
and electroweak symmetry breaking vev. Region above isidrd.

@ Light neutrino mass has cubic dependence on Yukawa cougplingo bound is very
sensitive to precise leptogenesis bound.

@ In addition to canonical value gfy > 5x 10~%, show consequence 6f(1) variations in
this bound.

@ Aregion in parameter space always exists that satisfie$ allrequirements.
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Conclusions

Conclusions

@ To avoid fine-tuning, new heavy states should have mabtesith couplings\, to the
Higgs such that

A2Mm2
e ~ <
5 8 v

@ But have problem with typical leptogensis and Type | sees@mario.
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Conclusions

Conclusions

@ To avoid fine-tuning, new heavy states should have mabtesith couplings\, to the
Higgs such that

A2M?2
OME ~ < v2
“ﬁ 82 ~
@ But have problem with typical leptogensis and Type | sees@mario.

@ We showed that in an inert Higgs doublet model with heavytrlginded neutrinos in
which the heavy neutrinos do not couple to the SM Higgs atl&esl:

@ Finite pieces of the mass corrections correctly break theteweak symmetry and
leave aZ;, of the inert doublet intact.

@ Can make the electroweak scale, light neutrino mass, anolgepesis compatible.

@ Showed that the pseudoscalar of the inert doublet is a viaBleandidate with a
massyy ~ 1 TeV.

@ Not shown here, but also possible to have perturbative iguatiplings up to the
Planck scale.

@ This scenario should be detectable at near future direettieh experiments.
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BACKUP SLIDES
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Scalar Masses

@ Effect of the neutrinos on the Higgs potential at one loopadtained via the
Coleman-Weinberg potential:

Vi(Hz, W) = 321rr2 Z {M4 (H2) {Iog(
b))

@ Hi . 2 M | 2‘ |H2|2
igh mass states: M2 (Hy) = 1+ 2y§ +[1+4y2 2
Cl NU

2 2

@ Lowmass states: N (Hp) = —=©

600) 5

o
Pheno 2014, 5-5-2013
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Scalar Masses

@ Expand aboufH,|:

y2M2 M2
Va(Hz, W) = 3“0 [k —log { 3¢ | [ +..,
a

@ Ky has been introduce to parameterize scheme dependence.
KN = 1 is theMS scheme.

@ H> mass loop suppressed compareditip. Appropriate to work in EFT with neutrinos
integrated out.

(]
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Leptogenesis

Hy ~ L H3~ H)
@ Heavy neutrinos only couple to the indert doulitigtand leptogenesis proceeds through
N — LH,

@ The bound is stiljy > 5x 10~4, whereyy is the coupling to théi,
@ Putting into our solution need witly = 89 GeV.

A
2 M2 o < 2X10TV 10 Tev
sart A3k (Yn/1073) 7 /AsK
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Running Coupling

(9,1

T o o T ““H“,“ Y AR 57““”“\ B B B B R A IR

[

2 D _
. e W=4TeV |
e k=1 ]
L P ]
oA I/’ 2 A,(1,) = 0.04 1 =055
oo M) =1.9 1 e
-2 ’. [ Il Il | One_ Oop\runnlng -2 L = "‘ L L L On\e |00p r\unnlng
T T 1 R T RN S T
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