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Constraining Inert Doublet Model
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Higgs particle-the mjgsing particle of SM
discovered (?)

The discovered ~125 GeV scalar has
properties very close to predicted by the SM.

But how close?
Loop couplings ggh, yyh, yZh sensitive to new
physics (new, even very heavy particles

- nondecoupling effects)

Beyond SM (BSM) - only SM-like
scenarios:
SM-like h and no other new particle seen
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Direct & indirect detection experiments do not provide a coherent picture

of Dark Matter.

Une .‘-]]'lﬂ.]ll l'l' aware. nowever. Flt;u T]li-\ area |1il jIl\-"‘*Ti}_'_.'l,ii{I]] i.h at ["l"."—*'lli
beset wit }1 ];-H"_-'I' controversies. ;-1“11 one H}p |1114] ;-L_Hm.\.' T]if' 1]114 to ~«r'111<.

directions.”

CDMS-LI
JEDELWEISS-LE

L
L]
L]
L}

—
—
S

[a—
—
S

-

——

cMSSM-preLHC
68%

[
—
S—

XENONI10O

—
s
=
b—
'
L
o
&
—
—
=
e
'
—
——
o
Q
75
=
L
—
=
=
St
|—
—
o
=
—
R
1
o
=
I
—
=
—
'
—
-
&l
N
g
7y
L.
o
—
O

L il " i L3 llj sa k
10’ 10°
WIMP Mass [GeV/c™]




Inert Doublet Model (IDM)
- a model with two SU(2) doublets
with exact Z, symmetry (L & vacuum)

Higgs and Dark Matter sectors
in agreement with data

@® Various type of evolution from EWs to Inert phase
possible in one, two or three steps, with 18t or 2™
order phase transitions (72 evolution, Ginzburg et al..PRD 2010)

@ Strong enough first-order phase transition needed for
baryogenesis (G. Gil Msc'2011, G.Gil, P.Chankowski, MK PL.B 2012

® Metastability of vacua in IDM (8. Swiezewska -> poster )
® |IDM+complex singlet Bonilla, Diaz-Cruz,Sokotowska, Darvishi, MK’14



Z, symmetric 2HDM

Potential

/= VoN (@ O)E+7205(D5 1Dy)F

N5 (@ D) (D5 D)+ A (@5 D) (@ D) + V2 [As (D5 Do) <+ hic]

= 72m (@5 @)= VoM =55 (PFray)

Zo, SymmeEy/ t@nsis Q=7 5=

Yukawa interaction




Types of extrema (vacua) wma7zs, velhinho,Santos,Barroso..94
Rchange of notation: ¢, -0, & O,— &, (D symmetry)

real vg, v, ull 0

Inert-like , Ve =
Mixed (Normal, MSSM like) M Vg ,Vg #0

Charge Breaking CB Vg =0



D-symmetric potential — vacua

Stable vacuum (positivity) Ay = As >- X, X=VA A, +A;>0

"5\ 45 = 151_ 3 -+ ‘\] + -"J" 5.

Neutral vacua
= Mixed M [vgand vy # 0]
= Inert 11 (12) [vg Or vp # O]

= Charged breaking
vacuum CB

Inert overlaps both with
Mixed and CB !



coexistence of
11 and |2 minima

Inert (11) vacuum
for Mh=125 GeV - fixed U,




Inert Doublet Model A

®. as in SM (BEH) O, —no vev
r B
+ +
D = P O, = H.
V+h+i H+1 A .
v (no Higgses!)
4 scalars H+,H-,H, A
Higgs boson h (SM-like) no interaction with fermions

J/rmmérr/ Q.. — Q D —- CDD axact —
~ D parity

D

~ only ©, has odd D-parity
-~ rrw J]ghtest : JJE r stable - DM candidate (H)
| I doublet with dark scalars)

IDM: An Archetype tor Dar Matter Lopez Honorez,.. Tytgat..07
LHC phenomenology (Barbieri., Ma.. 2006,...)




Testing Inert Doublet Model

Ma2006,.Barbieri 2006, Dolle,Su,

* D led . Gorczyca(Swiezewska), MSc T2011,
.0
« Detalled study o 11124356, ... 5086, .. 1305. Posch 2011,

- i Arhrib..2012, Chang, Stal ..2013

\/

s Study of dark scalars D
- masses depend on m,,?
- the dark scalars D in pairs! il

D couple to V = W/Z (eg. AZH, H W*H), not DVV!
Quartic selfcouplings D* proportional to A, hopeless

&




IDM vs DATA

Many (scans) analyses of IDM
theor. conditions (stability(positivity),pert.unitarity.
condition for Inert vacuum )
STU parameters (some LEP data)
LHC data:

R,, : sensitive to invisible decays (A, s
H+ loop (A, (sign!) ; if A, <0, A,
enhancement only if A, ( 245) <O

Br_inv < 20%; total Higgs h width < 22 MeV

Dark matter exp: relict density
direct detection (LUX)

2 and M)
<0)




Inert Doublet Model with M,=125 GeV

_ heavy H/H+
m,,,*= - 10°

GeV? o

12 M5 A\ b,
Mp, = -8+

2
-1[]2] — _-”35’) + A3+/\24+/\51‘2
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,”21 _ _171222 + ,«\3+/?24‘—/\5l'2
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Rw as a function of mass Hand H +

Invisible decays makes Light H+ with proper sign of
enhancement impossible hH+H- couplinc D <0) makes
R A A  enhancement possible’

similar result
Arhrib at al

Mpy[GeV] narrow @m.,,2 range  My:[GeV]



Constraining Inert Dark Matter by .., and WMAP data

M. Krawczyk, D. Sokolowska, P. Swaczyna, B. Swiezewska
. . hep-ph/
Relict DM density [WSEISRETPISRTIIINN 1305.6266
JHEP 2013

= 1.65 = 0.24(stat) :‘;; (syst),

= 40.2
0.70+0-28

LHC data
ATLAS : T

CMS : F

+
Ly
-

i_| “r

For now: Ry, = 1.17 + 0.27 (ATLAS), R,, = 1.147533 (CMS)

R, > 1 possible

1Y
DM mass only above 62.5

GeV allowed

DM mass below 62.5 GeV
allowed only if
RW = 1




Relic density constraints on
masses and couplings of DM

Coannihilation possible
for small (AH) splitting

e low DM mass My < 10 GeV, gygn ~ O(0.5)
e medium DM mass My ~ (40 — 160) GeV, guun ~ O(0.05)
e high DM mass My = 500 GeV, guun ~ O(0.1)




Low mass H — excluded by LHC!

R,, constraints on Asss ~ hHH

My <10GeV, Ma =~ Mg+ ~ 100 GeV I vl |
h — AA channel closed, h — HH channel open / )12}
011"
. — e
A S
(4 I
- | )f."' e Proper relic density S0 00 05 g e
e 0.1018 < Qpurh? < 0.1234 = [Aays| ~ O(0.5)
TR MyGeV | e C1DI‘*IS—II Tﬂ]]ﬂl't[‘f_l event:
L 10 20 1 40 50 oo
D___:—:—:-.:,ﬁ__ ;"11[;; = &.6 ':—_-}E“Vr — |}.3_.1!_1 [ (035 — O-—ll:l
s \ e R, >0.7= |Aas/ $0.02 =
::.m- ':'.

Low DM mass excluded

[M. Krawczyk, D. Sokotowska, P. Swaczyna, BS. arXiv:1305.6266 [hep-ph]. JHEP 2013]

== WMAP|
w—4 GeV
w—5 GeV
w—(, GeV

Sokotowska/Swiezewska




Using PLANCK data

[Planck update: D. Sokotowska, P. Swaczyna, 2014]

h — HH open

Myl GeV]
T My < M2, Mag = My+ = 120GeV

light DM (My < 10 GeV)
= excluded

intermediate DM 1
(50 GeV < My < My/2)

— My > 53 GeV

intermediate DM 2
(My/2 < My < 82GeV)
— R:},.}, <1

heavy DM
(My > 500 GeV)
= Ry, =1
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IDM: DM productlon at LHC

LHC at 8 TeV

P. Swaczyna
MSc, May 2013

SM background WW,ZZ, tt Pvthia, 2HDMC

- _IIHLdT:EE: b, *\"'rfi_ g TeV
My=70 GaV

SJav4=] above 2

\\\\\

M_H+M_A< 145 GeV
M_A>100 GeV

work in progress §
BaCh,”niCka,RobenS,MK 100 110 120 130 140

M. GeV



New scan for IDM (2015)
A. linicka, T. Robens, MK

Theor. constraints -
stability(positivity),pert.unitarity, condition for Inert

vacuum

STU

Higgssignal/Higgs bounds (summer 2014)
Lifetime of H+

Relict density

HE) ¢

--> scan over M, up to1 TeV



I |
perturbativity
stu

positivity

all constraints

—1 <A, <0,
7\,2<4.2

with DM constraints,
no HS/HB




345 V3 }“3 |
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widthch
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omega

dominantly A, <O



Coupling A,,, vs My

1
allowed
excluded by lux
excluded by relic density
-0.00125*x+0.07




rel density

Relic density (and LUX) vs A, .

other constraints satisfied

=1
o

T T
allowed

relic density excluded
lux excluded

+

*

No solution for DM
mass below 60 GeV

rel dens

allowed
relic density excluded
lux excluded

800

900

1000



(or M,) — degeneracy!
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0K

MHdark




CONSEQUENCES?



Evolution of the Universe in 2HDM-
through different vacua in the past

Ginzburg, lvanov, Kanishev 2009
Ginzburg, Kanishev,MK, Sokofowska PRD 2010,

Sokotowska 2011

We consider 2HDM with an explicit D symmetry
assuming that today the Inert Doublet Model describes
reality. In the simplest approximation only mass terms in
V vary with temperature like T2, while 1’s are fixed

Various evolution from EWs to Inert phase il
possible in one, two or three steps,
with 18t or 29 order phase transitions...



Evolution of vacua on phase
diagram (u.,,)

EWs — Iy — I

T2 corrections

— rays from EWs phase to Inert phase
one, two or three stages of Universe
(Il order phase transitions, one | order)



Beyond T2 corrections — strong 1st order

phase transition in IDM? EW bariogenesis?

G. Gil MsThesis2011, G.Gi/l, P.
Chankowski, MK 1207.0084 [hep-ph]
PLB 2012

We applied one-loop effective potential at T=0
(Coleman-Wienberg term) and temperature dependent
effective potential at T#0 (with sum of ring diagrams)

The one-loop effective potential Vig(vy.v2) 18 given in the Landau gauge by

standard formula -
MI 3
4 Vit 0t (1 20

E_rl.|-' el

ields

counter
number of states terms —



Mh=125 GeV
MH=65 GeV
MH+=MA=

500,4150,400,300
GeVV

Ays=0.2,
A ,=0.2

100 150 200 250 300 320 V2 ®) — O
vy [GeV]

Critical temperature Tg,,: V at new minimum =V at v, =V, ,=0



Strength of the phase transition

We are looking for parameter space of IDM
which allows for a strong first order phase
transition

being in agreement with collider and astrophys. data
We focus on medium DM, with M, « v,
heavy degenerated A and H+ and M =125 GeV



Phases at T=0

SO0

A, =0.2

EWSs M, =125GeV |
."1:,” = 65 [19‘4

Inert-like

I Hner: f +lnert-like

Xenonl00 bound




Results for v(T.,,)/T¢\,

Mh=125 GeV, MH=65 GeV, A2=0.2 strong 1st order

phase transition

=02 § if ratio> 1
M, =125GeV |
EWs — |1 300 GeV My =65GeV

325 GeV

=SR2 — |1

Allowed
MH+=MA

150 GeV | Dbetween 275
,;_’/; 8 and 380 GeV

(one step)

\ <

345

Xenon100 bound R>0



Conclusion (beyond T?)

Strong first order phase transition in IDM possible
for realistic mass of Higgs boson (125 GeV)
and DM (~65 GeV) for

1/ heavy (degenerate) H+ and A: mass 275-380 GeV
2/ low value of hHH coupling |A,,| < 0.1
3/ Coleman-Weinberg term important

Borach, Cline 1204.4722
Chowdhury et al 1110.5334 (DM as a trigger of strong EW PT)
(on 2HDM Cline et al, 1107.3559 and Kozhusko..1106.0790)



Vacuum (meta)stability

[D. Buttazzo et al.,, JHEP 1312 (2013) 089, V. Branchina, E. Messina, PRL 111 (2013) 241801, C. Callan,
S. Coleman, PRD 16 (1977) 1762]

o stable vacuum = global minimum of the potential

@ matastable vacuum = local minimum with T > 1,

T — relative (wr.t. to the age of the Universe) lifetime

SM vacuum - long-lived, metastable state

QuEestioN: How do additional scalars affect vacuum stability?

B. Swiezewska, in preparation



Metastbility at EW scale B. Swiezewska

[A. Goudelis, B. Herrmann, O. 5til, JHEP 09 (2013) 106, P. Chankowski, G. Gil, M. Krawczyk, PLE 717 (2012)
396-402]

Due to additional scalars

@ improved stability at Mei=160 GeV, s =02
large field values
(Higgs self-coupling

crosses zero later)

@ the EWSB minimum
can become a local one

Ieg4a(Th

@ for heavy scalars the
lifetime of EWSB
minimum is very
short

— See the poster of B. Swiezewska




Are we approaching a new era?
Spring 2015 at LHC...

Higgs data = Dark Matter
Dedicated DM analysis at LHC

What about ILC ?
(NB. IDM analysis, by Kanemura et al. is ready)



International Linear Collider ILC

,','{: Origin of the Linear Collider Idea 50 years!

M. Tigner,
Nuovo Cimento 37 (1965) 1228

THE ENERGY FRONTIER
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RDR Design Parameters

Max. Center-of-mass energy 500 GeV

Peak Luminosity ~2x103 [1/cms

Beam Current 9.0 mA

Repetition rate 5 Hz
Average accelerating gradient / CLIC & ILC roadmaps
Beam pulse length

Total Site Length 2010 2011 2012 2013 2015

Technics! Design Report complet
!

Bazeline established 20n to proceed

Total AC Power Consumption

| TOR reviews

I Technical gesign & R&D program Ste EO Site/host estabilshed

] ) ™

Cost E:'.|:ratr5 quﬂhm
b 3
|

Project implementation Plan complete XFEL operation
1 | |

! !
CERN Council spproval of European Strategy update Project Im plementation Plan
program continuztion

1
[ Conceptual design study l Project Preparation | Project impleme rtation
T i |

Site studies

" |

Cuc Cost Estimating Review CLIC

CTF3 zystem testz baseline :
I

| Decision to proceed

- 1 ¥ F"a.eﬂz';f:t;grg
Physics Run 1 |nterconnectrepair  Physics Run 2
1 ! 1
| |
Existence of low- Higgs energy
lying SUSY known scale known
1 |
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125 GeV dftiggs at PLC ?
Frh-yy)~3%

Niezurawski et al.,

Monig, Rosca
—_ Results for Af, = 120 GeV Results for Af, = 120-160 GeV
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M.Peskin (SLAC) in 2010

one final point:

There is a significant opportunity for the discovery of new
particles in the 2011 LHC run at 7 TeV. In this case, the
magic moment of discovery will come in 2011 or 2012.

Presidents, legislators, and journalists have an attention span

of years, not decades. We should be ready with a case for a
new collider that addresses the physics questions raised by

this discovery and can be implemented immediately.

In 2012, the only LC technology on the table will be ILC. To
take advantage of the opportunity, we have be ready, as a
community, to go forward with the ILC.




Final conclusion

Near future 2015-16
looks

very interesting
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