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Plan
= SM-like Higgs scenarios AD 2014

= Great BSM laboratory:
Two Higgs Doublet Models — 2HDM
supersymmetric (MSSM) or not, ....
= 2HDM with exact Z, symmetry: Inert Doublet Model
(IDM)
= LHC: enhancement/suppression in Higgs =2 yy
and constraints on Dark Matter
correlation with Higgs = Zy
= Evolution of the Universe in IDM (T2 and beyond)

= Veltman condition (2HDM, 2HDM+singlets)



LHC

SM-like Higgs particle with mass~125 GeV
observed at ATLAS+CMS (+Tevatron)
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Important loop couplings
ggH,yyH,ZyH,



125 GeV particle

What it is?
Hsy - Higgs boson of SM ?
h or aheavier scalar
(eg. H of CP-conserving 2ZHDM (MSSM))?
other state ?
SM-like scenario is observed - so

all measured £ couplings are close to
the SM-prediction for absolute value

. Ginzburg, MK , P. Osland 20017



SM-like scenarios

m [n many models SM-like scenarios are possible

Definition of SM-like scenario (2014):

Higgs h with mass ~ 125 GeV, SM tree-level couplings®
within exp. accuracy (*up fo a sign)

No other new particles seen ...
(too heavy? too weakly interacting”? degenerate?)

Note: loops ggh, yyh, yZh may differ from the SM case

m In models with two SU(2) doublets:
- MSSM with SM-/ike h and decoupling of heavy Higgses

- 2HDM (Normal = Mixed), A or H can be SM-like
‘- Inert Doublet Model, only one SM-like Higgs h



2HDM Lagrangian L=L,,+L +L,
Potential (14 parameters) with L ,=T-V
V = Vo), (1 ©1)2+ Yok (@, D)
FA(P1 D) (D, D) + (D1 D) (@5 D) + Yo A (D1 D)2+ h.c]
+ [6(@1 D1)+A7 (D, D)) (D1 D) +h.c]

= 1/2m211(CDl+CDl)— 1/zm222(CD+CDz)— ]/2[m212(®1+q)2)+h.c.]
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Various models of Yukawa inter.

typically with some Z, type symmetry to avoid FCNC
Glashow-Weinberg,Paschos( (

- orlly ane douglat iritaracts wWitn fernlons

IT—arne douolet witn cdowr-tyoe ferrmions |
gtner  wWitn Uo-tyoe ferrmlons U

Model Ill - both doublets interact with fermions
Model IV (X) - leptons interacts with one

doublet, quarks with the other
Top 2HDM - top only with one doublet
Fermiophobic 2HDM — no coupling of fermions to the lightest
Higgs —
and others



Inert Doublet Model

Higgs and Dark Matter
In agreement with data

LHC -> SM-like Higgs

4 dark scalars (no coupling with fermions)
-> DM candidate

WMAP/PLANCK (DM relic density)

Direct DM detection
Indirect DM processes (annihilation)

LHC: strong constraints on DM from Higgs data



Conditions for extrema
for V with Z, symmetry ©;-®;, ®,— - O,

notation: ®,-® & ®,— ®_ (D symmetry)

0 =u [’%_1 [n‘ + .:}, ) + ‘-\J?; — n::_]

0=Vp[Vs® Agys-Mop®+AVp?]
0=Vg[Vp?(A,+A)+A Vg2 +A; (Vpo+u?)-my ]

for u=vp=0 and v¢ # 0 A Vg? = My, ° 4/

NOT HIGGS BASIS OF A vD ,vS #0 case (Mixed) !



Extrema -> vacua (v=246 GeV)

EWs : vp =10, wvg=020, Epws = 0;
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D-symmetric potential - vacua

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

M>0, A>0 R+1>0

Ay = A3+ M+ X5, R= s/ VA,

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 !



Phase diagrams for D-sym. V

coexistence of 11 and 12

Inert (I11) vacuum

for Mh=125 GeV - fixed U,

ondition to avoid 12 minimum



Phase diagrams for D-sym. V
Charged Breaking phase

EWs

R 3 = /\;J,J,.-"; v "'/\1/\-3.




Inert phase for TODAY

Ma,..."/8
Barbieri..'06

Inert Doublet Model

Symmetry under Z, (D) transf. ®. - ®. O —- O
both in L (V and Yukawa interaction = Model | only @)

and in the vacuum:
Inert
<@, >=v <@,>=0 vacuum |,

6 parameters , eg. 4 masses + 2 couplings



Inert Doublet Model

®. 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

D symmetry exact —
~ D parity
~ onl\ A q ,J na

IDM: An Archetype for Dark Matter, Lopez Honorez,..Tytgat..O7
LHC phenomenoloqgy (Barbieri., Ma.. 2006)



Testing Inert Doublet Model

Ma2006,.Barbieri 2006, Dolle,Su,
Gorczyca(Swiezewska), MSc T2011,

. .
« Detailed study of 1112.4356, 1112.5086, .. 1305
- the SM-like h Posch 2011, Arhrib..2012, Chang,
2 —m 2=17 \2 Stal ..2013
Me=m, =iV Asgs

\/

s Study of dark scalars D
- masses depend on  M,,?
- the dark scalars

interact always in pairs!

D couple to V = W/Z (eg. AZH, H W*H), not DVV!

Quartic selfcouplings D* proportional to A,
hopeless to be measured at colliders!

Couplings with Higgs: hHH ~A,,. h H+H- ~ A,



IDM: Dark scalars H, A, H+/-
Y =M,,? 2/v?

here H+
lightest

here H is the lightest“(A; < 0) — our DM



O ur ana IYSiS ) Gorczyca( Swiezewska),

| Thesis2011, 1112.4356.
Constraints: 1112.5086...

vacuum stability,
perturbative unitarity

*condition for the Inert vacuum®
Data: S —0.03+0.09
EWPT (Sand T) T =0.07+£0.08
LEP, LHC, (WMAP/ p=871%
PLANCK) data () the telic ity Rbadh® (30 WMAP)

0.1018 < Qpah® < 0.1234,

May 201 3 (b) ili]'nllullm rlt't'.'l__‘-.' rate K. .

ATLAS : R,, = 1.65+ 0.24(stat)™) 4 (syst),

For now: R,, = 1.17 + 0.27 (ATLAS), R,, = 1.1478:33 (CMS)



Unitarity constraints on parameters of V
(D symmetry)

Full scattering matrix macierz 25x25 for scalars (including Goldstone's)

M1:
M2:
M3:
M4
Mb5:
MG6:

In high energy limit
only guartic interaction

Block-diagonal form due
electric charge and CP
conservation

Unitarity constraints

G+H-, G-H+, hA, GA, GH, hH _
— |eigenvalues|< 8

G+G-, H+H-, GG, HH, AA, hh
Gh, AH
G+G, G+H, G+A, G+h, GH+, HH+ AH+,hH+

G+G+, H+H+ Kanemura et al. 93; 2001 Akeroyd,Arhrib,Naimi,
G+H+ 2000..., Swaczyna 2013



Limits for lambdas

Mh=125 GeV

for combinations
couplings for dark particles in IDM

eg. hHH A_,.=A.+ A, +A

345 °°3 4 5




(B. Swiezewska 2012)
H = dark matter
O > )\45=)\4 + )\5

My, = 125GeV,
70 GeV -4 jllir” < 800 fl-m ”Cﬂﬁk
- M4 < 800 (1400) GeV,

narrow (wide) range
for 125 GeV h: M =m, 2=, v? and max
value (pert.unitarity) upper limit: < 9 x10* GeV?




Inert Doublet Model with M,=125 GeV

|

+ < TOR GeV
My < TO08GeV

heavy H/H+

m,,,*= - 10°
GeV? N

valid up to |m222|= 10*GeV? EWP'T (pale regions)




vy and Z7y decay rates of the Higgs boson

[Q-H. Caec, E Ma, G. Rajasekaran, Phys Rev. D 76 (2007) 095011, P. Posch, Phys. Lett B696 (2011)
447 A Arhrib. B Benbrik. N. Gaur, Phys. Rev. D85 (2012) 095021 BS. M. Krawczvk. Phys Rev. D
88 (2013) 035019]

Ryy — 2-photon decay rate, Rzy — Z7y decay rate

p _Olpp— b= )M
T alpp = h = )M Th — )M

Rz, — treated analogously

narrow width approx
@ Largest contribution from gg fusion

M — 6(gg — h)PM (not true in other 2HDMs)

® olgg — h)
Two sources of deviation from Ry, = 1:
o h— HH, h — AA

in I"(h)"PM

in I'(h — ??]IUM




Invisible decays

I'(h) =T'(h — bb) + I'(h - WW*) + I'lh — t%1 )+ I'lh — gg)
+T(h— ZZ*)+ Tlh — )+ U'th — Zy) + T'(h — vy)

| | Mv? |
} } i D(h— HH) = 225, [1

e Controlled by: ,
~ hHH, ~ hAA

@ [nvisible decays, if
kinematically allowed,
dominate over SM
channels.

@ Plot for My = 58 GeV,
Mpy = 50 GeV




Invisible decays of the Higgs boson in the IDM

@ h — HH - invisible decay
(H is stable)

o augmented total width of the Higg
boson, I'(h — HH) ~ }-¢§a5

LHC:
o Br(h — inv) < 37%, ) :
o ['(h)/T(hM < 4.2 3 00of
global fit: oo )
@ Brlh — inv) < 20% p e
R 0 o.10l Br{h—inv)<0.20
0108 ...,

0.05]

10 20

I\.,-“I H

G. Bélanger, B. Dumont, U. Ellwanger, J. F. Gunion, S. Kraml, PLB 723 (2013) 340

L = =

ATLAS-CONF-2014-019; 2014:7CMS-PAS-HIG-14-002]




Charged scalar H* loop

[J. R Ellis, M. K. Gaillard and D. V. Nanopoulos, Mucl. Phys. B 106 (1976} 292, M. A. Shifman, A |
Vainshtein, M. B. Voloshin and V. |. Zakharov, Sov. J MNucl Phys. 30 (1979) 711 [Yad. Fiz. 30, 1368

(1979)]
M

213
om - GratMy qSM

.l..'l

/ 128v/2773 |

Flh — vy

@ Constructive or
destructive interference
between SM and H*
contributions

e Controlled by and
2MZ . ~ )3 ~hH H




Source of modification: H+ loop

9 E’:-:- - 1 can be solved analytically

IME. < —08-10° GeV?
il

IMZ, > 1.8-10° GeV?,
) arcsin” [

Not valid
(condition for

m222 < - 9800 GeV?2 ) Inert vacuum)

enhancement only for



Rw as a function of mass Hand H +

Invisible decays makes Light H+ with proper sign of
enhancement impossible hH+H- coupling (A~ <0) makes

J

: enhancement possible

similar result
Arhrib at al

My[GeV] narrow §m.,,2 range  Mg:[GeV]



h— yyvsh— 2y

[BS. M. Krawczyk, Phys. Rev. D 88 (2013) 035019, formulas for h — Z3: A. Djouadi, Phys Rept.
459 (2008) 1, C-S Chen, C-Q Geng, D Huang, L-H Tsai, Phys Rev. D 87 (2013) 075019]

@ Sensitivity to invisible invisible channels closed
channels

® Ry, and Rz, positively
correlated

0 Ryy>1& Rzy > 1




DM in IDM

Relic density constraints

— masses and couplings (gy ;) of dark scalars

Direct & indirect detection of DM:

— further constraints for (Mg, ggus)

IDM can be proven/excluded once an agreement in the
experimental area is reached.

Lundstrom et al. '07, '08, Barbieri et al. '06, Lopez Honorez et al. '07, Hambye et al. '08,'09,

Aprawal et al. '09, Dolle et al. '09, Arina et al. '09, .




IDM constraints: LEP + S, T, U + DM relic density

constraints for masses and Dy Dyhs, Dy Diyhshs couplings

Dark scalars:
¢ low DM mass Mp,, < 10 GeV,
large mass splittings: A(Dy4, D) and A(D*, Dy )

¢ medium DM mass Mp,, =~ (40 — 160) GeV,
large A(D=, Dy ), small or large A(Dy, D)

* high DM mass My ~ (500 ~1000) GeV. 1y g\ o1owska 2010-13
small A(Dy, Dy) and &(Di, Dy) _ _
using MicroOmega’s

Lopez Honorez et al. '07, Hambye et al. '08,'09, Agrawal et al. '09, Dolle et al. '09, Arina et

al. '09, ...

New analysis — Stahl May 2013



Direct & indirect detection experiments do not provide a coherent picture

of Dark Matter.

"One should be aware, however, that this area of investigation is at present
beset with large controversies, and one should allow the dust to settle

before drawing strong conclusions in either directions.’

III[I] | | L L

XENONI100 (2012)
w— observed limit (90% CL)
Expected limut of this run:

+ 10 expected

+ 2 ¢ expected

pa—y
o
2

1 0-42

[

(=]
IS
s

)
k

8
=
3=
8
m
7
£
Q
=
3
2
“
=

[

o
'S
W

1 1 1 1 1 L1 1 1

20 30 40 50 100 2(|)0 3(I)0 4(;0
WIMP Mass [GeV/c?]




AL ;) 17 = 0.1126 + 0.0036.

LHC data

_'-‘IL'I- I_..'JIE_S : .E;r-! v — 1-55‘ + []? 1::.,[‘_:[.[ _:I 1+
CMS : R, =0.79%025

R,>1

1Y
DM mass only above 62.5

GeV allowed

DM mass below 62.5 GeV
allowed only if
RW = 1

1.0——

0.6f

Constraining Inert Dark Matter by .., and WMAP data

M. Krawczyk, D. Sokolowska, P. Swaczyna, B. Swiezewska

25,
o.1s LB¥SL),

hep-ph/
1305.6266

JHEP 2013

08k

1111111111

||||||||||




Relic density constraints on
masses and couplings

Relic density constraits

W~ (Z)

0.1018 < Qparh? < 0.1234 = AFR B

Coannihilation possible
for small (AH) splitting

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




WMAP window for light H (DM)




ReliCt density for DM D. Sokotowska, 2013
with mass 62,64,...,80 GeV

-0.1 0.0 0.1 02 %

o= TN SRR 54 =8 GeV, 54 = 50 GeV

above 76 GeV asymmetry due
to annihilation to gauge bosons



R

vy constraints on Azss ~ hHH

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

1.0 r

0.8}

o

0.4]

@ Setting a lower limit on
Ry, constrains Azas

0.2}

i -I " L L L 1 L " L " 1 N L L
]'—][.I. 10 -0.05 0.00

LHC:
@ Br(h — inv) < 37%,
o I'(h)/T(hM < 4.2
global fit:
[ == Br(h-inv)<0.37

e Br(h — i[]\-') ,"\/: 20% e Br(h—inv)<0.20




Low mass H — excluded by LHC!

My <10GeV, Ma~ My+ ~ 100GeV

h— AA {:hzmnel closed, h — HH channel open

e Proper relic density

0.1018 < Qpyh < 0.1234 = |A345 ~ O(0.5)
e CDMS-II reported event:

Mp = 8.6 GeV = |Asas| = (0.35 — 0.41)
e R, >0.7= |Agys 5002 =

Low DM mass excluded




LHC Limits on HHh coupling

I allowed region between lines




Medium DM mass (1) — H H channel open

50GeV < My < Mp/2GeV, Mas = Mpy+ =120GeV

Red bound: Qpah® in agreement with WMAP
Black line: R ., = 0.7

o R > 0.7T= |Azss| = 0.02 = My = 53GeV excluded
e 53GeV = My = My /2= R, =~ (0.8 —-0.9)




Inwvisible channels closed

Intermediate and heavy DM

Sp=Gip=50 GaV

WMAP excluded

550 600 650 700 750 800 850
M| GeV]

@ H of intermediate mass e For heavy DM R, =~ 1
can constitute 1009% of DM only very small deviations
e H constituting 100% DM allowed
inconsistent with R,, > 1 D. Sokotowska, EPS HEP 2013




New (Planck)

h — HH open

My [GeV]
My < Mp/2 Ma = My — 120GeV

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

light DM (My < 10 GeV)
= excluded

intermediate DM 1
(50 GeV < My < My/2)
= My > 53 GeV
intermediate DM 2
(My/2 < My < 82GeV)
= Rﬂ <1

heavy DM

(My > 500 GeV)

=3 R},,}, ~ 1




Direct detection — comparison with XENON/LUX

@ DM-nucleon scattering cross section opyn ~ }.,545

__(My, opm n) plane

My [GeV]
20 30 40 50 60

My[GeV]

Limits stronger/comparable to those from XENON100




Bl\Y 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

S \,E above 2

\\\\\

M_A>100 GeV

10
100 110 120 130 Ta0
lﬂi"I A ':3 e 'I"ll



Conclusions |

Inert Doublet Model: his SM-/ike and H=DM

mass of H+ is below 135 GeV if Ryy>1.3
(H+ has no Yukawa couplings)
If Ryy >1 (DM) H mass >62.5 GeV
and <135 GeV, if Ryy > 1.3

For Ryy < 1 important constraints on DM (h portal)
DM mass below 10 GeV excluded!
Limits stronger than XENON100/LUX



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

Ginzburg, lvanov, Kanishev 2009
Ginzburg, Kanishev,MK, Sokotowska 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 EWSs to Inert phase
possible in one, two or three steps,
with 18t or 2" type phase transitions...



Termal corrections

Evolution of the Universe
Scalar, bosonic and fermionic contributions to AV — m% (T):

miq (T") = m3, — c1T? : m%g(T] = m3y — caT?

TXNq 2N LA g2+ g'2 g:+g7 e PRI, LU g2 4 o"2
cl = 1+G.3 t 4 ﬂ.ﬂﬂ + , co = 2+61+ 1 | 29" +9

2 8

e fermionic contribution in e; (Model I)
e ¢y + oo > 0 from positivity constrains

e ¢; and co positive to restore EW symmetry in the past

For a given 1" we determine:

e sign of v Fy Ay 1 (T') — possible existence of a given extremum

e values of A, (fixed) — existence of a local minimum
e value of extremmum energy — global minimum

= sequences of possible phase transitions

For u = 0 (neutral extrema) three separate cases of EWs — ... — I;:

R = )\_ﬂ',.'_{__.";."-._ A1Asg : R >1, 1>R>0, 0>R>-1




unique possibility: 1st order phase
transition o — [y

Stability condition

EWs — Io — I

TA2 corrections
— rays from
EWSs to the Inert
phase




Sequences of phases




Non-restoration of EW symmetry
R <0 possible

c,orc,<0

There Is only one
evolution with EW
restoration in the past
- In one step and with RVV >]1 Sokotowska PhD, Thesis 2012




Sensitivity to HHHH coupling A,

medium DM mass - example

e fixed values of scalars’ masses — (A345, A2) phase space:
Mp, =50 GeV, Mp, =120 GeV, Mp+ = 120 GeV, My, = 120 GeV

e fixed value of A345:
A3gs = 0.1945

e rays may differ only by value of X\ . , :
vertical bounds - WMAP-allowed region

0.25 [y
Ray no. A9 :
0.20} .-
EWs — I — I Jaseic limits on 7\.2
0.15] N
IV Az = 0.1031 o ; 'pOSItIVIty
0.10} _
\% Ao = 0.0684 ' Inert
0.05]
EWs — Iy — M — I, - vacuum
A
0.00h. ... SAIBE B |
VI Ao = 0.1672 ~02 -0.1 00 01 02

A345



Conclusions |l
= Intert Doublet Model in agreement with data

= Inert phase today - what was in the Past ?
= Various evolution scenarios :

= Can we find clear signals ?

- Ch breaking in the past?-excluded if DM neutral

- DM matter may appear later

- Inert phase today and R, >1 for 125 GeV Higgs
EW symmetry breaking in one step



Inert vacuum beyond tree-level

Vacuum stability — the SM picture

measurement of the Higgs mass
allows to localize the SM in the
phase diagram

SM vacuum — metastable but
with long lifetime

Meta—stability 123 ¢
172 L

new interactions modify the Lo
picture e

-
L)
=]
=
=
o
W
;!
o
=
=

Stability

what is the impact of additional 124 126 128 130 132

Higgs pole mass M, in GeV
~alana? o e
SL-C-i:[C-lFb, from: Butazzo et al., JHEP 1312 {2043) 080

Swiezewska



Stability of Inert vacuum

— for m3, > 9-10* GeV? Inert and Inert-like minima can
coexist — necessary computation of the Inert vacuum
lifetime

@ common sense: “scalar contribution to the effective
potential is positive, so IDM vacuum should be more
stable than in the SM” — is it true?

simple approach: consider the tree level positivity
conditions with running couplings inserted

A1) >0, Jolp) >0, Azlp) + /Arlp)ia(p) > 0,

A3as(p) + /A (p)ra(n) > 0,
— the instability scale is higher than in the SM

[A. Goudelis, B. Herrmann, O. Stal, JHEP 09 (2013) 106]

refined approximate approach: consider effective
potential of the IDM, keeping only one vev + 0
(additional scalars are “integrated out”)




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
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.|-' e

ields

counter
number of states terms —



Fixing counterterms

We require that vi1=v1(tree)
and that h field propagator has a pole for tree-level
mass-squared M, 2

Then we put conditions on Asq5 (NHH), A ,(HHHH)

. . _-“'_-
subtract the divergences of V™ plupumuu al to v and viv; using the MS scheme.
This fixes the combin: m:mhrl‘ 2+2.  and 0 Aggs+Agg |ﬂu1++“ ). Once the latter
counterterm 1s fixed the last necessary 1:111111111 Ation on J' + m5y02Z5 15 determined

by renormalizing the H” propagator on-shell. The counterterms r_.l..‘\,.:, and dA; can be
then used to enforce that the tree-level masses M40 and My+ remain unchanged by
one-loop corrections (they do not need to be determined explicitly).




Phases at T=0 (one-loop eff. V) for M,,,.=M,

Ay = 0.2 |
EWSs M, =125GeV |
."1:,” = 65 [19‘4

Inert-like

I Hner: f +lnert-like

Xenonl00 bound



One-loop temperature
dependent effective potential

,_"'-.'”]Tl,r “_}QZ /t’}'?! l][l—[ 12“&]}( HHP__HQ TQJI

fields

% 7]
For T? > M? the contribution of M? to (12) can be expanded:

r n ) _ i 2 ]. a a T : ..-"w j 4 .._
Iiil_”. 'IEI'I'J;"[JJ . _ :f_rﬂ:| {_;_[T1 L j—lT',WI . _,-' f ._ (111 :

T w‘ w—
T —T-*-‘ In —= —
720 48 6AT (” T )}

— 540762, Cr = 2.63503). In the opposite limit 7% < M? one has

both for B and F



Strength of the phase transition

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

being In anger and astro-

physical data
We focus on medium DM, with M, « v,
heavy degenerated A and H+ and M, =125 GeV




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



T

200
325 GeV

| 50 150 GeV
2 !;A,A/liﬂ Ge)
E 1 () 300 GeV

50
A =02
My = 65GeV
0 My, =125GeV |
n:i} | | | {3:2 ':::':4 | |

—-0.4 -2



Role of Coleman-Weinberg term

s \vith and without CW term

.11.2 == 'UI
M, = 125 Ge
_.’|f” =65 {:E\

325 GeV

-0.2 0 0 0.4
..... /w{ L\-
| .0

051
\-‘L':L{-L\

—

(0=



Conclusion Il

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)



Cancelation of quadratic divergencies
/€liman conaition - ene-1ooprsivi

2HDM:wu, Osland, Newton ~2000; Ma, 2001
Grzadkowski, Osland ~ 2010
(soft Z, viol, two-loop, heavy Higgses)
Our work: one-loop, 2HDM (Mixed) SM-like h, H
2HDM+singlets, IDM+singlets
(Ma 2013,Darvishi, linicka 2014)



Veltman condltlon {e]) 2HDM (1)

“\‘{U +)\[~ \l )\g—\ll_ H?[)

((JH“ -}

e il _— 12 ;
[i‘\[ﬁ-——3‘\[;)_:4—f—{)\j——gx\;;‘F;\l}: 5 5 1y

1 m; ) dm;
M —Ah=—=(— — | = Ill-l—mlr

1= {ll'-i— ']

SM —like h: A\ — Ay = {temg f— ——)|
tan®

Tan‘:‘] g ——=%
Il b

SM — like h: M} = 4m?

’ tan? g —




- m2
tan? B — =%

m

SM — like h: M3 =4 -
! 1 7 mh 28 — 1

only very small tan [3
min My -2 m,

v=0

SM-like H

only very large tan [3
min M, _2 m,




Masses (Mixed)

1'1_{11:|:—||? —1|\1+\r| I.'r

A _Ir A = |,._ Iy — \U', ) 'i'_'.-' :

2 cos® fA; +sin“ B (Aggy —v)cosBsinf | o
(A345 —v)cos Bsin B sin® fAy + cos® fr

Hi U “‘111 'l—|‘ UHHJH (x 11 H U IH]ILHUM}
* UH U _,| ‘ﬁlllHEHHH Ulell r —|— U{Lum (Y

We assume:
M,>M,, A M2/v2 (sin 20 /sm2[3) 7\345

A range (- /2, /2) (cos 0.>0)
B range (0, /2)
so [3-at from —1t/2 to 7 (in 2HDMC only to /2 1)



Scan for masses 124-127 GeV, tan beta 0.2 — 100,
M, > 300 GeV.

Mathematica and C++ (N. Darvishi)
2HDMC (not for SM-H )

Cross check re unitarity limits on lambdas,
some exp. constraints



SM-like scenarios h., H.,

defined by couplings to gauge bosons in terms of
'relative” couplings sin(pB-o)~ +1, cos(B-a)~=*1

; ‘ : L sin(x)
: 0




SM-H, (solution only for v=0)

|] 1||=|.FL

L4

_Il II. I| .I

12012

126.28

125 67

R T

100.041

12584

= 0y
17 .0t

126.47

14.314

124 58

12012

12530

[W

86 453

o

126.85




SM-H (solution only for v=0)

Bmark| a | 8 | s |ssalcea | Ma| My [ Ma] My
| H-1 [-1.56147 | L5609 [ 100.03 | 0.019 | 0999 ] 7.23 | 13593 | 130 | 360

wrong sign Htt



Delphi 94-95

Tth — 1111

Delphi 94.05

TTA — TTTT

OPAL

— Observed Limit
—— Expected Limirt




SM-like h (solutions only for v>0)

Bumark| @ | b5 |s5alcsal My | My | My | My |[mal| v
| hel |-LIGJ036 1099 ] 0.07 | 12524 | 4591 ) 1365 ] 360 | 178 | 0.82)




Relative couplings (w.r.s SM)
For neutral Higgs particles h, (i = 1,2,3)

V=Z,W+/-

u=up quarks (u,c,t)

d=down quarks (d,s,b)
and charged leptons

there are relations among couplings, eg DaCASICEEE
Haber ‘

yv(W and Z) \u(up-type quarks ) \4(down-type quarks )

sm(f—a)+ —= cos\f —a) smn(p —a)—tanpcos(f —a)

cos(ff —a) — # sim(f —a) cos(f—a)+tanfsm(f — a)

—1 5 COl v} —1 Yy Tan ]




SM-like h

In GeV




Summary of results of application
of Veltman condition for 2HDM (lI)

SM-like H__: solutions only for v=0,]|x,/|~0.999,
very light h (1- 8 GeV), tan § > 40
= H, M, 124.6-126.8 GeV, Mh 1.9-7.3 GeV
M, 100-230 GeV, M_.< 310-340 GeV,
tan 3>42.4
= H M,124.2-126.3 GeV, Mh 1.2-7.2 GeV
M, 110-350 GeV, M_350-360 GeV tan 3 > 44

Problem with couplings to b both
for SM-like H and a partner h — excluded !!



Results for SM-h

SM-h: solutions only for v > 0, x,,~ 0.99,
heavy H > 450 GeV, tan 3 < 1

= M, 124.7-125.6 GeV, M,, 446- 795 GeV
M, 135.6-500 GeV, M., ~360 GeV,

m,, 178-443 GeV, tan 3 <0.68,
at 30 in agreement with S,I,U

OK 7?



Veltman condition for other models

Two scalar doublets (2,1) of SU(2)xU(1)
One singlet (1,Y¢ ) of SU(2)xU(1)

A. lInicka

Potential (2 doublet + real singlet)
V=V_2HDM(soft viol.Z,) + my? (2

7.+ i N
L ’\r’.‘-'rﬂl4 Ll ]fl‘ffb(biq)l W ”2'1‘:.-(1)2(1)2 L

If complex singlet



Vacuum structure

Mixed(s)

Inert(s)

For Inert case Z, symmetry @, -> - @,
for singlet with zero vev Z,’



Positivity conditions

AM>0, X>0, R+1>0, R3+1>0
/\3 15 — /\«; ‘1|- /\1 —+ /\", . R — /\3 [;“',',-"IIr \ /\ | /\'_3. R Q — /\3 ',.";r \/\ 1 /\2 ;




Veltman condition

3 » m3

3 vy 1 \ 1 .} V2 ) 3 ~ _
‘E 1T A3 ST ST 4{ 2myy + m3z) = 3( cos? 3 + cos? 3 ) MIXGd(S)
, L2 Type |

(Chatdat SAe b 2m) + {2y + m) — 0 (real s)

) 3\, =0

1 v 3 oy om?

3
(5A1+ A3+ - 3’\4 +5m)— + 7 (2miy + mz) =3

2 4 ' Tcos?f3

.. Mixed(s)
1 V2 dh 2 9, L M
(— A2 + Az + —,\4 + —?L_.. > T\ eMw + mz)=3——>— Type I

2 sin“ (3

I:> 3\ +m1+1m2=0 (real S)

A. lInicka




Veltman condition

{nr + mb}

NENRS
real
{ ALSO CONTRADICTION singlet

3

. 1. .2 2, 3 .
(A3 +5A4) 2 E{_{m; +mg) -3 — Emg 4[ 2miyy + m%)) = 1.86

~(2myy + mz) =0

3__.}.1:_;, + 1 + n2 = 0= CONTRADICTION (positivity conditions)



Veltman condition

Case of two doublets with complex singlet

e [he conditions for cancellation of quadratic divergences for doublets
stay the same

o Two additional neutral scalars (Y, = 0, v, # 0)
or charged scalars (Y, # 0,v, =0)

e For charged particles with non-zero hypercharge:

3 | » ==
3A, +m + M + Z(g" Y,;)z = 0« STILL CONTRADICTION




Conclusions i

We investigated consequences of cancelation
of quadratic divergencies (Veltman condition)
at one loop

= for SM-like scenarios for Mixed 2HDM
with ~125 GeV h for x, ~ 1 OK?
~125 GeV Hfor x,~+1,-1 NO

= difficult to get solution for other models with
two doublets and singlets
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