- o
Higgs Triplets: LHC and Inflation
b . i .

Chiara Arina

- LLPSC Grenoble
. March 26 2014

-

NASA

Bolshoi simulation,



Outline

» Triplet phenomenology (TMSSM)

(a) Model with Higgs Triplets in the MSSM

(b) Higgs phenomenology in the TMSSM

(c) Impact of DM constraints on the Higgs phenomenology
C.A., V.Martin-Lozano and G.Nardini, arXiv:1403.6434

» Higgs Inflation and its extensions and BICEP2

(a) What is standard Higgs inflation

(b) Extension of the Higgs sector with Higgs Triplets and predictions for
inflation

(c) How to save the inflationary picture in this model
(d) General consequences from BICEP2 for Inflation

C.A., J.-O.Gong and N.Sahu, Nucl.Phys.B865 (2012) arXiv:1206.0009 [hep-ph]



TMSSM Phenomenology
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Wrmssm = Wumssm + AHp - X Hy + HE Tr 2

Lrmssmss = Lumssmss +m3 Tr(ETE) + [By Tr(E?) + AA\Hy - £H, + h.c.]

e Scalar triplet is constrained by electroweak parameters
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* |If the Scalar Triplet is heavy it doesn’t mix with the CP-even Higgs sector

ms = 5TeV

* After electroweak symmetry breaking the CP-even Higgs mass matrix is

M2 m? cos? B+m%sin* B (A\2v% —m? — m%)sinBcos B
(AN202 —m?2 —m2)sinBcosf  m?sin? B+ m?2 cos? B

* Triplet alleviates the little hierarchy problem (similar to MSSM extension with singlets)

* In the decoupling limit, Higgs is SM-like except in loop-induced processes

2
m%,tree = m3 cos® 23 + ?vz sin? 23



* Triplet introduces additional degrees of freedom in the electroweakino sector, hence
can provide larger diphoton rate with respect to singlets extensions

Mtree _

Mtree .

(

\

M,
0

1
— 2911
1
291V1

0

Mo

gov cos [

0

0 —3g1v1 39102 0
My  5gov1 —35g2v2 O
39201 O —p —5U2A
—%gzvz — I 0 —%le\
0 —%'vz/\ —%'vl)\ %%
gov sin 3 0
14 —Avsin 3
Av cos 3 15>
h = vy

Chargino sector relevant for

h — Zv

\
J

Neutralino sector
relevant for Higgs
Invisible decay width
and for DM
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Any signal strength computed disregarding the Higgs invisible channel should be corrected:

Rxy = BR(h — XY)/BRsm(h — XY) X (1 —BR(h — X°X"))



SUSY Model = TMSSM
SARAH

Supersymmetric mass spectrum

SPheno
(masses computed at full 1-loop + higgs has 2 1loop corrections)
micrOMEGAS
_ | SPheno, CPSuperH
Relic Abundance Qpuh?
+ dark matter direct detection Higgs Physics

predictions



PARAMETER SPACE with 7 free parameters
{9’&} — {Mla M23 M37 772,, tanﬂa Hy Aa IU'E}

Sampling with the algorithm

* Nested sampling
e Sampling scale as n instead of n2 as for a random scan
» Based on Bayes theorem

Likelihood for the theoretical oA
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For the results used a sample extracted randomly
from the pdf distribution, no statistical meaning



Observable Measurement /Limit
mp 125.85 -
QDMh2 0.1186 £ 0.0031 (exp) +20% (theo)
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>
>

- 0.4 GeV (eXp) +3 GeV (theO) } G ian likelihood

< 2 MeV
650 GeV (LHC 90% CL)
101 GeV (LEP 95% CL)

LUX (90% CL)

Step function

NS parameters Prior range

log,o(M;1/GeV),log,o(us/GeV) 1 —3

logo(1/GeV),logo(Mz/GeV) 2—3
m/TeV 0.63 — 2

log,y(tan 3) 0—1

A 0.5 — 1.2




Running the machinery for
Higgs physics alone ...
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> 650 GeV (LHC 90% CL)
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1.6

1.4

1.2

0.8

0.6

0.4

0.2

II|III|III|III|III|III|III

0.2

0.4 0.6 0.8 1 1.2 1.4 1.6

Rz,

Ty

Higgs Invisible BR open

Fr'TT T T T T TT1
reir
]
...

llllIIIIIIIIlIIllllllllllllllllllllllll

09L
0 100 200 300 400 500 600 700 800

M_o [GeV
X

Enhancement up 60% compared to the MSSM case up to 20%




1.6

1.4

1.2

0.8

0.6

0.4

0.2

II|III|III|III|III|III|III

'1% < BR(h — x1%1) < 20%

0.2

0.4 0.6 0.8 1 1.2 1.4 1.6

Rz,

Higgs Invisible BR open

o

Ty

|
ik
‘e

llllIIIIIIIIlIIllllllllllllllllllllllll

09L
0 100 200 300 400 500 600 700 800

M_o [GeV
X

Enhancement up 60% compared to the MSSM case up to 20%




1.6

1.4

1.2

0.8

0.6

0.4

II|III|III|III|III|III|III

1% < BR(h — XIX%) < 20%

20% < BR(h — %1%1) < 50%

0.2
0.2

0.4 0.6 0.8 1 1.2 1.4 1.6

Rz,

T T I
reir
]
e

llllllIIIIlllIIllllllllllllllllllllllll

Higgs Invisible BR open

100 200 300 400 500 600 700 800

rn~o[CEe\ﬁ
X

Enhancement up 60% compared to the MSSM case up to 20%



1.6

) “£ Higgs invisible BR open
14— . :_

i e 7\
12— :— \\\

L :.‘ E

1_ [

i 1% < BR(h — XIX%) < 20%
0.8 —

i v 20% < BR(h — X3%}) < 50%
0.6 — 3
0.4 —

i BR(h — %7%3) > 50%

| | I | | | 0.9—llllllIIIIllllIllllllllllllllllllllllIl
0"%2' | I04I | '06' | '08' — 1 — '12' ' '14' ' '16 0 100 200 300 400 500 600 700 800
mzo[GeV:
1

Rz,

Enhancement up 60% compared to the MSSM case up to 20%



10

tan 3

Iggs signal strengths

H

o \ - o
~— - (@)

0.6

.OQC 51. "..lc .‘%‘ 0" ”» o
R B Y X 3y el
o v Tl St REII

..Q .‘“ y . - 4 .. '..l

o o.‘.."o K. ok ..4,“ . ..).. ooooocoho oﬁln
[ ] 1) Q...‘. "I-”
¢ ...0... ° ™
R .~

°e® oo o e
......‘.. . ......I.I

0‘00 [} f.ﬁ”

] o.o.~ O. o ¢ ol
. L L o% o]

. ° .w -\, '., ”-0 ‘ q.”

RW oot e so °C
‘ . -

° . 4 3 H

o _

. —

IR B B A _

w0

(@)

o o o o o
o o o o o
o » 0 N~ (]

o

o

o

o

o

1000

100 200 300 400 500 600 700 800 900

u [GeV]

1.3<R,, < 1.4

1.1 < Ryy < 1.2

R, > 14

12 < Ry, < 1.3



Running the machinery with
DM constraints ...
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Conclusions TMSSM
» Triplet extension of the MSSM

(a) Motivated to reduce fine-tuning in the Higgs mass as it provides additional
contribution at tree level

(b) Phenomenology of a Higgs which is SM-like

(c) Deviation from SM only in loop-induced processes due to enlarged
chargino sector

» Higgs physics uncorrelated from DM

(a) Large enhancement in the signal strength into diphotons (60%)

(b) Correlation with the decay process into photon+Z (40%)
* DM phenomenology

(a) Neutralino viable DM in the well-tempered regime (Bino-Triplino) or in the
Higgs pole

(b) The LUX constraint on Sl cross-section reduces the diphoton and Z
gamma signal strenghts



Higgs inflation and its extensions






Once upon a time Higgs inflation ...






Single field inflation characterized

by only the scalar potential

H? = a)"_ ! QT)2+V(d>)
-~ \a _31\1'2,' 2 |

b+3Hd+Vy=0

Slow roll parameters
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V(o)
A Slow-roll
Rehegfing
N |
o
. P
Tensorto scalarratio r = D = 16¢€,
h
dln P(
- 1=
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Spectral index
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F.Bezrukov and M.Shaposhnikov ‘07

* The nature of the inflaton field is unknown
* What about the Higgs?

» Chaotic Inflation for the Higgs doesn’t work because its self-coupling is 0(0.1) which
produces large matter fluctuations

* Non-minimal coupling to gravity (Jordan frame)

Sy= fd4x \V-g [g + (fHH+H + c.c.) R - IZ)#le - V(H)
« Conformal transformation in the Einstein frame to retrieve the standard Einstein egs.

~ 2
gw':Qg;iy Qz=1+2§H|H|2

* The matter content now has non trivial kinetic terms: redefinition of the field

dx _ V1+€(1+66)h? S = Ao /— ll_z_ltwa Ovx — W
dh  /2(1+ £R2) /dmﬁ 4~ 99 uXOX (x)



After taking care of all normalizations the scalar potential is of the form

2
V(p) = Vo (1 — e_z‘P/ ‘/6)
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After taking care of all normalizations the scalar potential is of the form

V(g) = Vo (1 — e vF‘S)Z - (1 _ e\/m‘P) =

~ 3
ot ()

A
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HIGHLY PREDICTIVE, no free parameters
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After taking care of all normalizations the scalar potential is of the form

2 —
Vig) = Vo (1- 2/ %) ¢ — (1 eV275) ’
3
V. = —2
0 2| . @
H _Z v
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HIGHLY PREDICTIVE, no free parameters
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Martin, Ringeval, Vennin (arXiv:1303.3787)
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Martin, Ringeval, Vennin (arXiv:1303.3787)
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* With a Higgs mass at 125-126 GeV the scalar potential is metastable

Degrassi et al. arXiv:1205.6497
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e Introduction of additional scalar fields might help in uplifting the running of the quartic
coupling

* We consider scalar triplets with Y=2

* Why such fields?



Asymmetric Dark Matter

CA and N. Sahu, arXiv:1108.3967

Ny =Np —Ng

= (@)‘ — (6.15 + 0.25) x 101
n/ 10

- The dark and visible matter have similar om o
densities: Q,

- Is it possible to generate a dark matter particle
which is asymmetric as well (made only by
particles or anti-particles)?



Higgs triplets for type-ll Leptogenesis

The Sakharov conditions to generate baryon asymmetry
(i) Baryon number violation (B # 0);
(i) C (. —~4a. ) and CP violation (¢~ 3 )sothat T'(X — gq) # I'(X — gq)

(iii) Departure from thermal equilibrium (because CPT is conserved).

Leplogenesis provides neutrino masses via seesaw mechanism as well

H
Type-liseesaw L MAATA + % (ugATHH + fopALaLs + h.c.
A
A — LL [
74

- The field A is heavy (108-10'4 GeV)

- Its interaction violates L: violation of B given by sphalerons at EW phase transition



CA and N. Sahu, arXiv:1108.3967

LL L4L4 DM generated by triplet decay, providing an asymmetry in
the dark sector (violating of DM number%

visible

matter dark matter




CA and N. Sahu, arXiv:1108.3967

LL L4L4 DM generated by triplet decay, providing an asymmetry in
J the dark sector (violating of DM number%
visible 1SStkh
matter dark matter a arov
" condition f4q AL4L,

for the DM




CA and N. Sahu, arXiv:1108.3967

LL L4L4 DM generated by triplet decay, providing an asymmetry in
J the dark sector (violating of DM number()J
visible dark 1Ssétkharov
matter ark matter
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for the DM
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CA and N. Sahu, arXiv:1108.3967

LL L4L4 DM generated by triplet decay, providing an asymmetry in
J the dark sector (violating of DM number%
visible 1SStkh
matter dark matter a arov
" condition f4 AL4L4

for the DM

Sakharov
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CA and N. Sahu, arXiv:1108.3967

LL LyLy
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Triplet contribution to the scalar potential

CA, J.0. Gong and N.Sahu 12
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Above the mass scale of the triplet:
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Below the mass scale of the
triplet, the triplet is integrated
out, effective theory with
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l - A - - - 1
V(A H) = M2ATA + TA(A’A)Z - M}H'H + 7’5'(151'151)2 + AagHTHATA + 7 |usATHH +h.c.|

R
S, = f d*x V=g [5 + (§HH*H + EAATA + c.c.) R-|D.H* - |D,AI* - V,(H, A)]

1. Fix in the unitary gauge and the charged component of the triplet = 0
2. Take large limit for the non-minimal couplings
3. The fields are redefined

1 {0 3
H=7§( h) @ = \/;log(1+§A62+§Hh2)
4) .
Ao L0 0 r?
42\ 6?0 h

4. The Lagrangian becomes quite cumbersome and the kinetic terms are non minimal
5. The field r is much heavier then the Planck scale hence it rolls to a minimum and does not contribute
6. Reconducted to single field inflation (quartic term dominates the scalar potential + potential defined > 0)
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5. The field r is much heavier then the Planck scale hence it rolls to a minimum and does not contribute
6. Reconducted to single field inflation (quartic term dominates the scalar potential + potential defined > 0)



Triplet contribution to Higgs inflation

A = /]' = = = ].
Vi(A, H) = MAATA + 7A(A'A)2 - M}H'H + 7”(15{'15{)2 + AagH HATA + 7 |usATHH +h.c.|

—

R
S, = f d*x /=g [5 (gHH*H + EAATA + c.c.) RA|D.H* - DA - V,(H, A)]

both fields are non minimally
coupled to gravity: inflation
possible

Further steps

1. Fix in the unitary gauge and the charged component of the triplet = 0
2. Take large limit for the non-minimal couplings
3. The fields are redefined

110 3 2 2
H_%(h) cp=\/;log(l+§A5 +§Hh)
-

Ao L0 0 =
42\ 6?0 h

4. The Lagrangian becomes quite cumbersome and the kinetic terms are non minimal
5. The field r is much heavier then the Planck scale hence it rolls to a minimum and does not contribute
6. Reconducted to single field inflation (quartic term dominates the scalar potential + potential defined > 0)



* Effective final potential is equivalent to Higgs inflation:

* Vo depends on the minimum in which rolls r = }—1

2
Vip) = Vo (1 —e %! %)

¥ Mixed Inflaton ¥ Higgs Inflaton ¥ Triplet Inflaton
r? = (Agaén — Auén)/(Aaaéa — Anén) r*—0 r’ — oo
2
(mixed) _ ApAn — Ay v AH Vo = AA
2 2
° 8 (An &5 + AHESL — 2/1HA§A§H) 8¢t 8EA

* Exact same prediction as Higgs inflation

* Large non-minimal couplings to match the matter fluctuations, which fix the scale of inflation

8§
£t ~ 49000 Aesr

My /&, ~ 10 GeV

A
cff_19207r (1—6[¢") 2\//(,0* rms— PS




Credit J. Martin, IAP

H \?2 ST\ 2 o Energy scale of inflation
P =~ ( ) ~ (.2 (?) ~ (0.2x 107" =—>» measured to be ~ the GUT
scale

H ~ 1.23 2 10 GeV
T

1/4
P/~ 2,96 (—2) 1016 GeV

- . N 2 First
_ _ ¢ - derivative
T S 16er = ]V[]F?l ( V) =02 - measured!

. U Second derivative
—l=-2¢—e=>03% = measured but

different value



* |s is possible to find the the correct combination lambda - non
minimal coupling to match both power spectrum and scale of inflation
measured by BICEP2?

* For pure Higgs Inflation: scale of inflation means smaller non-minimal

coupling (~ 102 instead of 104) Aoy = ’l_H + /IHA"(% + ’I_Arg
* However it go to a much small self-coupling to match the amplitude 2 2
power spectrum (~ 104 - 105 instead of 0.1) Eof =€ + §Ar(2)

* Can the triplet help?

e e e e .
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Conclusion Higgs Inflation

* Inflation with the Triplet: chaotic Inflation

An .
V (A) =M§A*A+7A(A'A)2

M% =1014-10'6 GeV
/'lA - 10_13

» Can Higgs Inflation survive?

Talk by Veronica Sanz



