
Constraining the Inert DoubletModel

Maria Kraw
zyk, U. of WarsawH+ Workshop, Uppsala, 16-19.09.2008In this talk:

• Basi
s of the Two-Higgs-Doublet Model (2HDM)

• Role of Z2 symmetry
• Constraints on CP 
onserving 2HDM (II)
• Exa
t Z2 symmetry and Inert (Dark) Doublet Model
• Inert Doublet Model: standard Higgs boson and dark s
alars

• The lightest dark s
alar is stable → a 
andidate for dark matter

• Constraints - 
olliders and DMIn 
ollaboration with D. Sokoªowska and K. KanishevM. Kraw
zyk 1 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Symmetries of the Two-Higgs-Doublet ModelTwo SU(2) doublets of s
alar �elds, φ1 and φ2, both with Y = +1.Potential:
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In general 14 parameters: (λ5−7, m2
12 
omplex)

−→ only 11 independent due to reparametrization freedom

Z2 transformation φ1 → −φ1, φ2 → φ2 (1 ↔ 2);
•Exa
t Z2-symmetry in V if λ6 = λ7 = m2

12 = 0
•Soft Z2 breaking is governed by a single parameter Rem2

125 physi
al s
alar Higgs parti
les are expe
ted - 2 
harged H±Lee, Veltman,Weinberg, Glashow, Diaz-Cruz, Mendez, Haber, Pomarol, Barroso, Santos, Hollik,Pokorski, Rosiek, Djouadi, Illiana, Bran
o, Rebelo, Zerwas, Gunion, Grzadkowski, Kalinowski, Akeroyd,Arhrib, Dubnin, Froggatt, Sher, Pilaftsis, Kanemura, Okada, Carena, Davidson, Ginzburg, Osland,Kanishev, Ivanov, Na
htmann, Nishi,...M. Kraw
zyk 2 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Symmetries of Two-Higgs-Doublet Model

•2HDM allows for CP violation Lee' 73 and the tree-level�avour-
hanging-neutral-
urrents (FCNC)

•CP violation and FCNC 
an be naturally suppressed by imposing inLagrangian a Z2 symmetry, that is the invarian
e of L under

(φ1 → φ1, φ2 → −φ2) or (φ1 → −φ1, φ2 → φ2).In Yukawa int.:eg. dR → −dR, uR → uR and ea
h right-handed fermion
ouples to only one doublet (Model II) Glashow and Weinberg'77

•Exa
t Z2 symmetry - no CP violation, no FCNC at the tree levelSoft Z2 violation - CP violation possible, no FCNC at the tree level

•2HDM 
ontains two �elds, φ1 and φ2, with identi
al quantum numbers,so global transformations whi
h mix these �elds and 
hange the relativephases are allowed without 
hanging physi
al pi
ture. (However, as aresult there may appear apparent hard Z2 violation, apparent CPviolation, 
hange of tanβ ..)Basis independent analysis by using invariants (Haber et al.) or group theoreti
al methods (Ivanov,Nishi, Na
htmann)M. Kraw
zyk 3 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Va
uum states

•The most general VEV 
an be redu
ed to the form
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with v1, v2, u, ξ real, v1 > 0. Z2 is spontaneously broken if v2 or u 6= 0

•u 6= 0 
orresponds to a 
harged va
uum, with a heavy photon, 
hargenon
onservation, et
Diaz-Cruz, Mendez'1992, and Barroso, Ferreira, Santos..'94;

•Veltman' 97 - �..introdu
ing more than one s
alar doublet has theobvious disadvantage that in general no zero mass ve
tor boson survives.In other words, the observed zero photon mass is then a

ident�.

•Big progress: Barroso, Ferreira, Santos '04,'05, Ginzburg'05,Ginzburg, Kanishev 07, Sokoªowska MK, 07, Ivanov, Nishi, Na
htman,Ginzburg, Kanishev, Ivanov 2008M. Kraw
zyk 4 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Extremum 
onditionsVanishing of the �rst derivatives of V
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lead to following set of 
onditions:
•[(λ4 + λ5)v1v2 cos ξ − m2

12]u = 0

•[(λ5 − λ4)v1v2 sin ξ]u = 0

•[2λ5v1v2 cos ξ − m2
12] v2 sin ξ = 0 et
.To ful�ll them: [ ..℄=0, and/or u = 0, sin ξ = 0, v2 = 0 → di�erentextrema

•To get minimum → eigenvalues of the squared mass matrix (se
ondderivatives) should be positive (minimum 
onstraint)
•in addition positivity (va
uum stability) 
onstraints
•(and tree-level unitarity and perturbativity 
onstraints)M. Kraw
zyk 5 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Existing 
onstraints for 2HDM (II) with CP 
onservationCP 
onserving 2HDM(II) with Z2 symmetry spontaneously broken(λ6,7 = m2
12 = 0;u = ξ = 0)�ve Higgs bosons: h,H- CP even, A- CP odd,H±

⇒ 7 parameters: Mh, MH , MA, MH±, α, tanβ = v2/v1

MODEL II (as in MSSM)Couplings (relative to SM): h Ato W/Z: χV = sin(β − α) 0to down quarks/leptons: χd = χV −
√

1 − χ2
V tanβ −iγ5 tanβto up quarks: χu = χV +

√

1 − χ2
V / tanβ −iγ5/ tanβ

•For H 
ouplings like for h with:
sin(β − α) ↔ cos(β − α) and tanβ → − tanβ.
•For large tanβ → enhan
ed 
ouplings to d−type fermions (and τ, µ, e)!

•χh
V H+ = cos(β − α) - 
omplementarity to hV V !M. Kraw
zyk 6 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



DATA

LEP • dire
t:(h) Bjorken pro
ess Z → Zh, → sin(β − α)(hA) pair prod. e+e− → hA, → cos(β − α)(h/A) Yukawa pro
ess e+e− → bbh/A, ττh/A, → tanβ(H±) e+e− → H+H− above 80 GeVvia loop:(h/A, and H±) Z → h/Aγ → large and small tanβOthers exp.• via loop:(h/A) Υ → h/Aγ → upper limits for χdloop: (H±) b → sγ, → lower limit for MH± Model II 300 GeVleptoni
 tau de
ay → → lower & upper limit for MH±g-2 data , → allowed bound for χd - very light h ex
ludedB → τν → ex
lusion MH+ vs tanβ

Global �t (2HDM) • (all Higgses)Chankowski at al.,'99 (EPJC 11,661;PL B496,195)Cheung and Kong '03, Osland 2007M. Kraw
zyk 7 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Neutral Higgs bosons - 
ouplings to gauge boson, and mass ex
lusion

Light h OR light A in agreement with 
urrent datahZZ: sin(β − α) and hAZ: cos(β − α)
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Light s
alar h → small k = sin2(β − α) !M. Kraw
zyk 8 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Leptoni
 tau de
aysIn SM - tree-level W ex
hange, in 2HDM: tree-level 
harged Higgs� �l�� lW+ � �l�� lH+

In 2HDM loop 
orre
tions involve also neutral Higgs bosons → dominant
ontributions at large tanβ (φ0 = h, H, A)

�(�� ) �(�� )�o(H+)� � �l�� lW+� H+�o
with D. Temes, EPJC 44, 435 (2005)We derived 95% C.L. bounds on ∆l, for the ele
tron muon Br

→ a lower and UPPER limits on mass of H+M. Kraw
zyk 9 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Partial widths or leptoni
 τ de
ays: SM vs 2HDM

SM at tree-level = the W± ex
hange ( with leading order 
orre
tionsto the W propagator, and dominant QED one-loop 
ontributions)2HDM extra tree 
ontribution due to the ex
hange of H+

ΓH±
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, g(x) = 1 + 9x − 9x2 − x3 + 6x(1 + x) ln(x).The se
ond term - from the interferen
e with the SM - mu
h moreimportant. It gives negative 
ontribution to Br:
−m2

l /M2
H± tanβ2
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One loop 
ontribution for large tanβ
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, (1)where Rφ ≡ Mφ/MH± and F (R) = −1 + 2R2lnR2/(1 − R2)NOTE, ∆̃ does not depend on mτ !Loop 
orre
tions are the same for e and µ 
hannelsM. Kraw
zyk 11 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



95% CL Limits for mass of H+: One-loop and tree 
ontr.
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dotted: MA = 100 GeV; µ (red), e (green) (old b → sγ)M. Kraw
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Inert Doublet Model (Dark 2HDM)

•Here the Z2-symmetry 
onservation is assumed both expli
it andspontaneous. Z2 transformation:

(φ1 → φ1, φ2 → −φ2)

•S
alar 2HDM potential with λ6,7 = m2
12 = 0 and real λ5.Va
uum: < φ1 >= v and < φ2 >= 0.

Z2-parity is odd for φ2, even Z2-parity for: φ1 and for all other �elds(gauge �elds, fermions) (Deshpande, Ma '1978).

•Only the �rst doublet has a nonzero vev and Yukawa intera
tion withfermions → φ1 is like a standard Higgs doublet, with one physi
al Higgsboson h with the 
oupling to gauge bosons and fermions as in SM (atthe tree level) and mass

M2
h = m2

11 = λ1v2

M. Kraw
zyk 13 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Dark s
alars

•The se
ond (dark) doublet φ2 des
ribes 4 physi
al spin-0 parti
les

H±, H, A - dark s
alars D with odd Z2-parity:

M2
H+ = −m2

22
2 + λ3

2 v2

M2
H = −m2

22
2 + λ3+λ4+λ5

2 v2

M2
A = −m2

22
2 + λ3+λ4−λ5

2 v2 (2)

•Self
ouplings of 4 D parti
les are proportional to λ2,

•Couplings between Higgs boson h and dark s
alars D are proportionalto M2
D + m2

22/2,

•D 
ouple to W/Z (eg. H±W∓H, H±W∓A, AZH)
•Positivity 
onditions read λ1 > 0, λ2 > 0, λ3 > −√

λ1λ2

λ3 + λ4 ± |λ5| > −
√

λ1λ2M. Kraw
zyk 14 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Testing model

Sin
e only dark s
alars have odd Z2-parity

•they 
an be produ
ed only in pairs

•the lightest dark s
alar 
an be a suitable DM 
andidateThe strategy to test su
h model:(I will not dis
uss Barbieri at al. '2006 approa
h with a heavy Higgs boson h)

•to 
onsider properties of Higgs boson h, whi
h is very mu
h SM-like.Some deviation from the SM de
ay rates may appear if dark s
alars arerelatively light due additional de
ays h → DD
•to 
onsider properties of dark s
alars, espe
ially the DM 
andidate.Cao,Ma,Rajasekaren- 2007: 
olliders signal/
onstraints for Dark 2HDMin the 
ase MH+ > MA > MH, with stable HLEP II:MH + MA > MZ, ∆(A, H) = 5 − 30 GeV for Mh = 105 − 110 GeVEW pre
ision data:(MH+ − MA)(MH+ − MH) = M2, M = 120+20

−30 GeVM. Kraw
zyk 15 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008
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Con
lusion on 
olliders signals

•dramati
 
hange of Br for mass of h 100-150 GeV, due to de
ay todark s
alars HH. Br for "standard" 
hannels to bb/WW/ZZ/γγ highlysuppressed (fa
tor 2)
•LHC dis
overy potential (best AH produ
tion) studied. Promising formass MH around 50 GeV.

M. Kraw
zyk 18 Constraining Inert 2HDM • • • H+, Uppsala 18.09.2008



Signi�
ant Gamma Lines from Inert Doublet Model

Gustafsson,Lundstrom,Bergstrom,Edsjo' 2007 studied dire
t annihilationof HH into γγ and Zγ for MH between 40-80 GeV (loop pro
ess, energybelow WW threshold).
EGRET:DW=2�10-3

HESS:DW=10-5

GLAST sensitivity

50 GeV, boost ~104

70 GeV, boost ~100

IDM: NFW, DW~10-3, ΣEΓ=7%
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Con
lussion on gamma lines

•Gustafsson et al : Striking DM line signal are promising features tosear
h for with GLAST satelite...
MH between 40-80 GeV, mass of H+ =170 GeV, A =50 -70 GeV,

Mh=500 GeV (and also for Mh=120 GeV)
•Honorez, Nezri, Oliver,Tytgat - 2006-7: H as a perfe
t example orar
hetype of WIMP - within rea
h of GLAST ...Here also Mh =120 GeV, MH+ large (
lose to MA) 400 -550 GeV

•GLAST (now FERMI) laun
hed on 11 June 2008

M. Kraw
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Con
lusion

•2HDM is a great laboratory of the physi
s beyond SM

•Z2 symmetry - a

idental or real?
•If real and respe
ted exa
tly → the Inert Doublet Model

•One doublet as in SM, with SM-like Higgs h. Other - inert or dark - nodire
t intera
tion with fermions, not involved in the mass generation.Physi
al states - spin-0 parti
les (no Higgs parti
les!) - dark or inertparti
les D = H±, A, H.

•The lightest (neutral) D is a good 
andidate for DM

M. Kraw
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