Phenomenology of Inert Higgs models

Abdesslam Arhrib

Faculté des Sciences et Techniques Tangier, Morocco

FS Rabat 06 Avril 2017
NCE
5G\E S &

\TE
oV Osg

Y
S
MoiNyuo3”

(-
\Y'- *
TANGER
Al OLuai g pslalt A4S

(-4

Abdesslam Arhrib Phenomenology of Inert Higgs models



General introduction

Analysis of Inert Higgs Model

Invisible decay of the Higgs
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CMS and ATLAS results

Vs=7TeV L<51f" Vs5=8TeV,L<18.7 fb"

CMS Preliminary
Individual Results

V H— bb arXiv:1310.3687
n(m =1250GeV)= 10405

H— 1t arXiv:1401.5041
J(m =125.0 GeV) = 0.78+ 0.27

H - yy HIG-13-001
n(m, =125.0 GeV) = 0.78+0.27

H— WW arXiv:1312.1129
n(m, =125.6 GeV) = 0.72+0.19

H— ZZ arXiv:1312.5353
W(m, =125.6 GeV) = 0.93+ 0.27
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CMS and ATLAS results: Fit of hff and hVV
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LHC@13 TeV

After the Scalar boson discovery at 7 ¢ 8 TeV LHC, the mission of
the LHC run at 13 TeV is:

e The improvement of the scalar boson mass and scalar
boson coupling measurements.

e Find a clear hint of new physics beyond SM
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LHC@13 TeV

After the Scalar boson discovery at 7 ¢ 8 TeV LHC, the mission of
the LHC run at 13 TeV is:

e The improvement of the scalar boson mass and scalar
boson coupling measurements.

e Find a clear hint of new physics beyond SM

e Accurate measurements of the scalar boson couplings
to SM particles would help to determine if the
Higgs-like particle is the SM Higgs or a Higgs that
belongs to a higher representations:
more doublets, doublet & triplets, doublet & singlets
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LHC & ILC complementarity

+ + t Ao
e . H |le H et , « t
MH H
e Z ||e t - e
e 7 t
250 GeV 350 GeV 500 GeV
e* v
Wao H
W
\%

o ILC @250 GeV: ete”™ - Z* = Zh— It~ h:

@ Calculate the invariant mass of the system recoiling against
/7,1~ momentum from Z decay independent of how the Higgs
boson decays.

@ Precise measurement of the Higgs mass, cross section and
JPe.
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ILC and CP of the Higgs
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LHC & ILC complementarity
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Inert Doublet Model
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@ The new particle "Higgs like" is consistent with the Higgs
boson of the SM but it will take further work to determine
whether or not it is the Higgs boson predicted by the SM.

@ Non minimal Model: Brout-Englert-Higgs mechanism is the
simplest one. Other types of Higgs bosons are predicted by
other theories that go beyond SM.
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@ The new particle "Higgs like" is consistent with the Higgs
boson of the SM but it will take further work to determine
whether or not it is the Higgs boson predicted by the SM.

@ Non minimal Model: Brout-Englert-Higgs mechanism is the
simplest one. Other types of Higgs bosons are predicted by
other theories that go beyond SM.

° introduced inert model for
EWSB purpose.

@ Three decades later, inert model was extended by E. Ma
(2006) to include 3 Z; odd singlets of vg with Majorana
masses where v’s mass appear at 1-loop.

@ Extensively used also to explain Dark matter of the universe
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@ The Inert Doublet Model is an extension of SM, the Higgs
sector has two SU(2) doublets H; and H, with Z; symmetry.
Hj is the SM-Higgs: responsible for EWSB.

@ Under Z; : all SM particles are even representing the visible
sector and only H, is odd.
Zo symmetry : Hy — Hi, H, — —H»
Guarantees the stability of the lightest odd particle LOP.

@ Imposing Zy imply that < Hy >= 0 and will not have a
Yukawa interactions with the SM fermions: no FCNC.

@ Due to Z; all the inert particles can only appear in pair in
their vertices.
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The Scalar potential of this model is given by

= <V1/\f+gbhl+lx)/\f) = <(S+C’>2\)/\[)

Vo= @3IHi? + Mt 4 i3] Hal? + Xo| Ha|* + As|Hy | Ha|?

As
+ NalHHo2 + 22 {(HTH ) + h.c.}

@ A\1..4 and As are real.
@ Because of Zy There is no mixing between the doublets:
@ h plays the role of the SM Higgs Boson.

@ the free parameters are:

1
mp, Mms, ma, Mmy+, /\2, hDD = )\L = 5(/\3 + /\4 - /\5)
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Theoretical constraints

[ ]
— Global electroweak fit trough the oblique S, T and U parameters

1|1 m? 5 m%m>
s = | ipg(Msy_ 5, msmy 1
27 [6 Og(mf_li) 36 + 3(m% — m%)? (1)

6(m3 — m§)3 m?g

1
T = 5o, [F(mfzﬁc:mf\)Jr F(mfs, mg) — F(mj, mg)|(2)
where the function F is defined by
where
Xty X X
Fley) = 5% = = log(>)
X—=y y
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e Pertubativity and unitarity:
— All quartic couplings obey: |\;| < 87
e Tree-level unitarity is preserved in variety of scattering

processes. The eigenvalues are:
€12 =A3tNg, ea=A3E A5, e6=A3+2 \3E3As

ers = —A1—da /(1 — D)2+ 3,
9,10 = —3A1 — 3A2 £ /9(A1 — A2)2 + (2X3 + Ag)?
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e Pertubativity and unitarity:
— All quartic couplings obey: |\;| < 87

e Tree-level unitarity is preserved in variety of scattering
processes. The eigenvalues are:
€12 =A3tNg, ea=A3E A5, e6=A3+2 \3E3As
ers = —A1—da /(1 — D)2+ 3,
€9,10 = —3)\1 — 3)\2 + \/9()\1 — )\2)2 + (2)\3 + )\4)2

e Vacuum Stability
— The potential V must be bounded from below:
A12 >0,
>\3+)\4—|)\5|—|—2\/)\1)\2 > 0, A3+ 2/ 1A >0
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Experimental constraints

e in order not to allow for: W+ — AH* SH* and
Z — AS, HTH*, we impose

msaA+mys > mw , ma+ms>mz, 2mys > myz

@ S:isthe LOP A— Z5, H* - W*Aor H* - W*S
o e et /pp— HEHT HTA H*S SA
similar to e" e /pp — X,j-FXJ-i’X?XJQ (in MSSM) :

Dileptons + £ or Trilepton + £
@ my+ > 80-90 GeV, max(ms, ma) > 100 GeV
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Higgs decays

@ h — v is loop-induced process: new physics can easily affect
it.
@ In the SM, h — ~+ is dominated by W loops

5 - ¥
WT T w* Y
h K ~ FJ
,,,,,, - W o 7“7 B ‘%{——
w}L iﬁ// LI
w= }1

@ H™ loops can interfere constructively or destructively with W
loops
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h — vy and h — Z~

F(ho ) = Gy (T = 1) My )2
— = — Ml )|
m 128v273 | F 2swmw mZy O
G2m?, s%, am} m2\ >
M(h—2Zy) = “EWMW——h(1-—2) |top+ W
( 7) 64 4 m% op+ W
1—2s2 m?, — 3 2
W HiQ 2 (TH,y An) (3)
swew  mp.

where 7; = 4m?/m? and \; = 4m?/m%, (i = t, W, H*).
h — ~~, Z~ are controlled by:

A3 = 725me(mHj: )

BhHEHF = 2
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o(gg — h) x Br(h— Vy)  Br(h— V7v)
o(gg — h)M x Br(h — V~)SM — Br(h — V)M

3
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A. Arhrib, R. Benbrik, T.C. Yuan EPJC-2014
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Higgs Branching ratios

10° 10
1 X
1 WW. 1 b
107 T7T 107 H
[/ANY A\
3 T = V// AN \N
& 102 & 102 / = &/ 1 \
= " =/ /// |z \\ \.
_3 -3 / . . N\
10 10 .
=75GeV / "m, = 60GeV \
10 x © 104 / M © \
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hxx =oc (m% — p3) /v
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Status of Higgs invisible decay

@ At LHC with vector boson fusion at 7, 8 and 13 TeV,
Br(H — inv) < 24 %,

e At LHC with vector boson fusion at 8 TeV Br(H — inv) < 28
%,
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Invisible decay: global fits

G. Bellanger et al : 1306.2941; K. Cheung et al 1302.3794 J. Espinosa et al
1205.6790

@ cy, cy, ¢p are the gauge bosons and fermions coupling
normalized to SM. In SM ¢y yp =1
°ec = EWSM +Ac, and ¢; = E;M + Acg
@ At 95% C.L, the branching ratio of the invisible decays:
1. evup =1, Ac, g = 0: SM-like but allowing
invisible decays: Br(h — inv) < 19%
2. cv,u,p =1, but Ac, o free :
Br(h — inv) < 29%
3. cv,up freeand Acy z =0:
Br(h — inv) < 36%
4. cy u,p free and Ac, 4 free: Br(h — inv) < 38%
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Invisible decay in the Inert

The invisible Higgs boson decay branching ratio

I(h r(h
BR(h — invisible) = (h=xx) _ (h— xx)

Ceot(h)  Tsm(h) +T(h— xx)’

with [sp(h) = 4.02 MeV

2 2
_ Ehxx 4mx
Mh=xx) = 32wmy 1 m,27 ’

with

Bhxx = —2VAxy With Ay = { A if
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Invisible decay in the Inert

0.04

0.03

0.01f

0.1 \\ S
0.00 —

25 30 35 40 45 50 55 60
m, (GeV)

red band: Qcpyh? = 0.1199 + 0.0027 at 30
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likelihood analysis

Measurement | Mean Error: exp., th. Distribution
my, (by CMS) | 125.8GeV | 0.6GeV, 0.0GeV | Gaussian
Qhn? 0.1199 0.0027, 10% Gaussian
S 0.05 0.09, 0.0 Gaussian
T 0.08 0.07, 0.0 Gaussian
BR(h — inv) | 0.65 5%, 10% Error fn.
R, (CMS) 0.78 0.28, 20% Gaussian
The Gaussian likelihood disgribution is

X

EGaussian =e 2,
»  (prediction — experimental central Value)2
0-2 + 7—2

9

o and (7) are experimental error (resp theoretical)
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Profile likelihood

m, (GeV)
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Profile likelihood

T T T

Profile Likelihood
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Profile likelihood

LI B B e B B B e B S e B e B e B e B

Profile Likelihood
I IHDM, small m, 1
0.1+ B

0.0

/\XX

-0.1-

0x* (RC) <5.99

* Best fit
P B R " PN B

40 50 60 70 90 100
m, (GeV)

Abdesslam Arhrib Phenomenology of Inert Higgs models



Triple Higgs coupling

@ In order to establish the Higgs mechanism for EWSB we need
also to measure the self-couplings hhh and hhhh

@ The measurement of the triple couplings, if precise enough,
can help distinguishing between various extensions of the SM.

@ Aphn > 1.2)\;3,% well motivated by electroweak baryogenesis.
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Triple Higgs coupling

@ In order to establish the Higgs mechanism for EWSB we need
also to measure the self-couplings hhh and hhhh

@ The measurement of the triple couplings, if precise enough,
can help distinguishing between various extensions of the SM.

@ Aphn > 1.2)\;3,% well motivated by electroweak baryogenesis.

o oNLO[fb] = 9.66A\%y2 — 49.9\y2 + 70.1y} + O(ypy2)
A= Xohb/AeM =1+ 6 and yr =1

~

— NLO

— LO

0
S
T

0'(gg—>hh_) (fb)

S
N\

. . .
—4 -2 0 2 4
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ATLAS analysis

@ at 14 TeV with 3000 fb~!, gg — h* — hh — bby~ leads to 8
event in the SM corresponding to a signal significance of 1.3
g.

The analysis also foresee an exclusion of BSM with
)\hhh/)\SM S —1.3 and )\hhh/)\SM Z 8.7

o At 14 TeV with 3000 fb~1, gg — h* — hh — bbrT 77,
ATLAS can set an upper limit on the di-Higgs production of
4.3x0(hh — bbr77) which can be translated to an
exclusion on Appn/Asm < —4 and Appn/Aspm > 12.
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LHC 14 TeV

oNLO[fb] = 9.66A2y2 — 49.9M\y3 + 70.1y + O(ypy?)
A= )\hhh/AﬁM, =1+dand yr =1

out[74]=

o (gg—>hh) (fb)

200 -

100

— NLO
— LO
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H* = HH:5M

Hoeer Hooms H, -

P e B L s e
?uj w{}._ Y
1-loop triple hhh in SM
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on-shell renormalization

e hhh =3 e m?/(2mwysy)
@ on-shell renormalization for: Higgs field, my,, my, mz
o on-shell definition for s3, = 1 — m?2,/m>%

@ renormalization of the electric charge: e
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A.A, R. Benbrik, J. Elfalaki, A Jueid, JHEP'14

Total contribution from the MSM
top+bottom
&

—_—

V)

loop,
Alppn " Myee

03 =t

200 400 600 800 1000 1200 1400 1600 1800 2000
a(GeV)

1-loop radiative corrections to hhh in SM
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IHDM
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|HDM, Mcp = Map = Ms = Mpy+

looj
ATy *®PITyee
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Mg = 200 GeV

Mg =300 GeV

Mg =400 GeV - 1
Standard Model -

200

400 600 800
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triple Higgs coupling at ILC

o At ILC with /s = 500 GeV, o(e*e™ — Zhh) = 0.14fb

@ At ILC ete™ — Zhh — ITI~ bbbb: to extract the coupling
hhh one needs 1 ab™! luminosity at /s = 500 GeV

o hhh = hhhspy(1 + 6)
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hhh = hhhsy(1 + &)

0.7 T T T T
CME=500 GeV + E
CME=800 GeV £

0.6 F SM: 500 GeV -+~ f,

SM: 800 GeV #

o(e” e ->Zhh)(fb)
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+ vs Ac(ete™ — Zhh)

1.5 T T T T T T 180
1.4 Mp+=M0=M0=Mg, p g 160

Ap=2 L4 140
13 Egm = 500 GeV 1
L1 120

o ]
o
Ao [%]

E 4 40
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Conclusions

SM is a viable theory for strong and electroweak interactions
At the moment, no sign of new physics at LHC.

Scale of new physics is may be higher than we expect

LHC-data can already put some constraints on physics beyond
SM

@ triple Higgs coupling could be a good probe of physics beyond
SM
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