PROCEEDINGS

OF SCIENCE

The Inert Doublet Model and its Phenomenology

Michael Gustafsson*
Dipartimento di Fisica Galileo Galilei, Via Marzolo 8, 3513adova - Italy
E-mail: m chael . gust af sson@d. i nfn.it

The single Higgs doublet in the standard model (SM) may besiitmplest way of introducing
electroweak symmetry breaking, but SM extensions with nsoegar doublets are not excluded.
A special case of the two Higgs doublet models is the inerbtiiumodel — a minimalistic version
with interesting phenomenology. This proceeding givesatoulate review of the inert doublet
model’s theoretical setup, constraints, collider prospand its dark matter phenomenology.

Third International Workshop on Prospects for Charged Hidijscovery at Colliders - CHARGED2010,
September 27-30, 2010
Uppsala Sweden

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



The Inert Doublet Model and its Phenomenology Michael Gustafsson

1. Introduction

Despite its simplicity, the Inert Doublet Model (IDM) canferf a variety of phenomenologi-
cal and theoretically appealing properties while bein@bdy perturbatively-calculable, consistent
with current data and still offering a wealth of signals ieage with current and upcoming ex-
periments. Results within IDM also show similarities toetimodels that have a modified scalar
sector of the standard model (SM), and the IDM could theeegarve as a good archetype model.

Historically the IDM was introduced in the 1970s [1], themebed new attention when the
model was shown to be able to ameliorate the ‘LEP paradoxX][2yenerate light neutrino masses
via an one-loop radiative see-saw mechanism [5] and leptesig [6] by including TeV scale right-
handed neutrinos, have electroweak symmetry breakingedlby loop effects [7], achieve grand
unification by putting the inert doublet insarepresentation of a discrete symmetry group [8], and,
the main focus in this review, provide a thermally producatkdnatter (DM) candidate [3, 9—15].

2. Thetheory

The IDM consists of the SM, including its Higgs doublét :(v+h(}\/§), and an additional

Lorentz scalar SU(2) doublét; :((Hoﬁ\z)/ﬁ). The added, so called, inert doublet has a standard
kinetic gauge terniD¥H,]"[D,H,], and, what singles out the IDM from more general two Higgs
doublet model, its potential hasZa symmetry that is unbroken by the vacuum state. Specifically
the Lagrangian is imposed to beariant under theZ, parity transformatiorwhereH, — —H, and

all the other (SM) fields are evetismy — +Wsp. Such an unbroken discrete symmetry guarantees
the absence of Yukawa couplings between fermions and the doebletH, (hence its prefix
inert) and therefore that no tree-level neutral flavor changingeciis appear. The most general
renormalizable CP conserving potential for thgfield is then

V = pf[Haf? + p3[Hal? + Aa[H1|* 4 A2|H|*
+AalHa[?[Ha|? + AalH{Ha|? + AsRe (H{Ho)? (2.1)

Whereuf2 andA;_s are real parameters. Except for the ‘SM Higds' four new physical scalar
particle states are present: two chargee, and two neutraH® andA° (with opposite CP-parities).
After standard electroweak symmetry breaking, the madsihe gcalar particles are given by:

m = —2u? = 4\ V2,
M = M5+ A3V,
Mo = p2 +AaV? (WhereAa = A3+ Az — As),
MPo = P2+ ALV (whereA, = A3+ Az + As), (2.2)

wherev ~ 175 GeV is the vacuum expectation value (vev) of the Higgsl #&l (the only field
responsible for the symmetry breaking). The model has 6peddent parameters in the scalar
sector (if we fix theu to A1 ratio by the SM vev). If a field theory model has a massive,lstab
chromodynamic and electromagnetic uncharged particlasitthe potential to provide a good DM
candidate — a weakly interacting massive particle (WIMMP)e TDM can provide such a DM can-
didate. In the following we takei® as the lightest inert particle (LIP), and hence our WIMP DM
candidate (taking\’ as the lightest inert state would be an equivalent choice).
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3. Constraints

A number of theoretical, observational (to be discusse@@tiens 4 and 5) and experimental
constraints can be imposed on the model parametgrsgnd A, 23 45) appearing in the potential
(2.1), or equivalently on, say, the four masses in (2.2) tescouplings\, and 3.

Vacuum stability: With the squared masses in (2.2) positive (ilntr,ﬂ'i > mﬁlp), the potential (2.1)
is (a) bounded from below and (b) a global minimum that presetheZ,-symmetry iff-:

. o HE 1
a) )\1‘2 >0 X )\3, )\3+)\4— |)\5| > -2 )\1)\2 and b N (31)
| VAL VA
Perturbativity: In perturbation theory calculations, the expansion patarad.e. the relevant
couplings) should not be too large. As a rule of thumb one tragopt|A;| < few (or < 4m).
In [3] sufficientconditions for keeping the runnings of scalar couplingsenrmbntrol up to
the TeV scale was derived? + (A3 + A1)+ A2 < 1242, A, < 1 andm, < 700 GeV [17].

Colliders searches. Precision measurement results by LEP-I exclude the pdigsitliat mas-
sive SM gauge bosons decay into inert particles, which apresgly requires that [10, 18]:
My + Mo a0 Z My, Mo + Myo, 2My= 2 Mz. No dedicated analysis of LEP-II data to
search for the IDM has been carried out. However, by comgawith supersymmetry stud-
ies one has indirectly derived thaty+ = 70— 90 GeV [19], and excluded masses in the
(myo, Myo) plane fullfilling [11]

Mo S80GeV A My < 100GeV A My — Myo = 8GeV. (3.2)

Direct collider searches for the SM Higgs at LEP put a loweayddimass bound of 114.4 GeV
and the Tevatron exclude an additional mass region frdfi8 to 175 GeV. These SM Higgs
searches do not directly translate into mass limits on the Btalars; as their odéb parity
leavesH? invisible for colliders and forces inert particles to alsaye produced in pairs.
Inert states do however modify Higgs decay widths, and in fi8y showed that modified
‘SM Higgs’ decay channels cang.modify the LEP bound to reaah, = 105 GeV.

Electroweak precision tests (EWPT): Loop-level induced effects indirectly limit the SM Higgs
boson to have a mass below about 160 GeV [20]. This conclus@yhowever change if
new particles contribute to cancel SM loop-effects. Thislgt can happen within the IDM,
and a heavy ‘SM Higgs’ up te-600 GeV is possible without fine-tuning f3]interestingly,
this would ameliorate the so called ‘LEP paradox’[2] — theaent paradox that (LEP) data
indicates both a light SM Higgs, 160 GeV and no new generic physics before multi TeV
energies; which in turn means that the SM must be fine-tunexddar to cancel the large
radiative corrections to the Higgs mass that is expected/&rge up to the scale where new
divergence canceling physics (sucheag. supersymmetry) can appear.

The EWPT observables are commonly parametrized into thalteddPeskin-Takeushi pa-
rametersS, T andU. A heavy SM Higgs boson gives rise to a too small value of The

possible evolutions of the vacuum state during cosmolbgimaling has been studied within the IDM in ref. [16].
2This improved naturalness has however been disputed bythera of reference [4].
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parameter. Similarly, the IDM makes an important contiifutonly toT. To first order the
shift in T, from a SM reference point, depends on the scalar massek as [3

-3 M F(my+, mMyo) + F (Mg, myo) — F (Mo, Myo)
ATy~ ————In(— ATpm ~
M™ 8rc £ By n(mz) ’ IDM 322 a2 ’
F(mg,mp) = g -2 i in ™ (3.3)

2 m-mp i my
where 8y is the Weinberg angley the fine structure constant amg, the Z boson mass.
ExperimentallyAT = ATsy + ATipwm is bounded to be roughly in the rangd. 6- 0.3.

Naturalness: If a model aims to ameliorate the ‘LEP paradox’ by enablingeavier SM Higgs
boson, and by that reduce the fine-tuning needed in the SM,rtbgher any of the other
parameters of the model should need fine-tuning. A set ohteahnaturalness constraints
on IDM, i.e. less fine tuning than 1 part D > 1 up to the scalé\; ~ TeV, is found in [3]:

243+ g\ N o [lagl 3Aa| [2As+M)  AZs
nﬁ>{|ah,g,t|a ST X D and |l"l2|> 77 S2’ 1672 X D’ (34)

wherean gy = — {3m2, 6mg, +3mg, —12n¢} /(16m7v2).

4. Dark matter

Observationally cold DM make ucpm = (22+ 2) % of our (\CDM) universe [21], and the
abundance of thermally produced DM can in such a scenari@loelated by solving the Boltz-
mann equation, which describes the time evolution of thelrardensity of WIMPs. A guideline is
that Quimp ~ %\;‘”“B/s, where(oV) is the effective WIMP annihilation cross-sectignvelocity
at freeze-out. It turns out that th¢° particle can provide a good DM candidate only in restricted
myo mass regions [3, 9—15]. To understand this let us first foateuthe interactionk!® have:

(a) The Lagrangian’s kinetic term has standard gauge-omslthat give rise to the processes:
HOHO — W+W—,ZZ and co-annihilationsH®A% £, SM.

(b) The scalar potential (2.1) gives couplings to the SM Kiggson and the processes:
HOHO — hh and HOHO I sM,

lllustrated in Fig. 1, there are three distinct IDM DM masgioas:

Low mass (1 GeV < myo < 5 GeV): For lowH® masses there must be a large mass gap up to
both A? andH* to satisfy collider constraints. The annihilationsttff can therefore only be
through the second process in (b) — annihilation via the #llggson into massive fermions.
This mimics singlet scalar models [22, 23]. To have corress€ section] g = A2mz /mf})
at freeze-out the coupling betweel? and the Higgs bosori{A,) must be fairly large. At
myo < 1 GeV the IDM DM can no longer be compatible with the perturligtbounds; as a
stable vacuum with no vev fd, requiresA, > A2v2/m = om@v2 /mé (similar to eq. (24) in
[25]). On the other mass end, whew,o = 5 GeV up to around 40 GeV the IDM DM would
overshoot recent [26] direct DM detection bounds [27]. Byasing also hadron collider,
antiproton, gamma-ray and radio constraints, discusséieimext section, this whole low
mass IDM DM region might already be considered to be cha#ldng
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Figure1: Schematic figure of alloweld® dark matter (DM) mass regions in the inert doublet model ()DM
The intermediate mass region 40 GE\n,0 < 160 GeV is particular for IDM, whereas the low mass regime
1 GeV<S myo <5 GeV have clear similarities to singlet scalar DM models 2] and the high mass regime
500 GeV< myo < 50 TeV show similar phenomenology as other electroweakmahDM models [24].
When the scalar couplingg are allowed to be largex(2) an enlarged parameter space is possible while
still compatible with DM relic density and experimental straints. In the intermediate mass range there are
four different annihilation processes to consider: arailtin via a Higgs boson, coannihilation wighy. £,
annihilation into 3-body final state¥{W* — W f '), and annihilations into real gauge bosow8/§/ andzZz)

with suppressed amplitudes duo to destructive interferancong contributing Feynman diagrams.

Intermediate mass (40 GeV < myo < 160 GeV): The correct DM relic density can in this mass
regime be achieved via different processes:
(i) HO pair annihilations via s-channel Higgs boson into fermigmainly bb and THT),
(i) coannihilationsHCA? Z, SM (and other coannihilation processes),
(iii) annihilations into massive gauge bosd#8H° — W+W~, ZZ, and potentially intdh,
(iv) annihilations into 3-body final statel°H® — WW* — W f f' (wheref is a fermion).
For a heavy Higgsx 300 GeV) process (i) is not sufficient enough unlagsds tuned to
be large £ 1) or it takes place close to the Higgs resonance. For (iliyack cancellation
between Feynman diagrams of type (a) and (b) has to occus Hiec'strong’ gauge cou-
plings otherwise would deplete th¢® WIMP density too much [15]. For (i), a sufficient
mass hierarchy betwedd® andH* (corresponding td\s > 1) is also typically needed to
suppress the t/u-channel diagrams contributing f@nnihilation intoW*W-. As the anni-
hilation cross sections into massive gauge bosons cande lame can also understand why
the 3-body process (iv) can be important in the vicinity letbeW W kinematical threshold

(mgo < my ~ 80.4 GeV) [14].
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High mass (500 GeV< myo < 50 TeV): ForH® masses above the top quark magsall annihila-
tion channels are open and annihilation cross sectionsye. |At the highedt® masses the
cross sections should however eventually drop at IeaS/tmﬁoldue to the unitarity condition
[9, 28], and a high DM mass region should be present. The migistdensity can be achieved
atmyo ~ 534 GeV (which happen when all the inert scalars are masdegfed) [12]. To
keep correct effective cross section also for increasgdthe scalar self couplings can be
tuned properly, but at a few TeV some of them approach 1, ang,atz 60 TeV it is not
possible to keep all the interaction couplinds,(Aa, A3) below 4. In the high mass DM
regime, the mass splitting is always small, which enforaesgligible contribution té\Tpy.
EWPT therefore require a light SM Higgs bosgnl60 GeV [12]. In this mass region the
IDM has phenomenology similar to other minimal DM modedt €.9.[24]).

5. Phenomenology

There is a diversity of indirect, direct and particle catlicsignals an IDM could give rise to.
Indirect DM signals arise wheH? particles pair annihilate and their rest mass energy isieg
into SM patrticles, with well predictable energy spectratttiirectly or indirectly give signals to
search for with telescopes. Astrophysical uncertaintifisnsake some of these signal strengths
hard to predict and/or separate from backgrounds accuraf@rect DM searches, looking for
recoil events induced by WIMPs scattering in the detectars,also subject to astrophysical as
well as nuclear interaction uncertainties. None the |dsssd type of signals can lead to both
robust constraints on models and give prospects for idebkifiDM signals.

Gammarays, X-rays and radio waves:

In thelow mass region, the annihilation mechanism today is the same asetdrout — Higgs me-
diated annihilations into mainly quarks and taus. A contimnwof gamma-ray energies are produced
mainly due to the quarks hadronization processes, whens i created and subsequently decay
into photons. The Fermi-LAT gamma-ray telescope sets gamaméux limits that are in tension
with the expected IDM signals in this mass regime [23, 29, Sthilarly, annihilations inject elec-
trons and positrons, which in a radiation and magnetic-Beldronment, lead to additional gamma
ray, X-ray and radio signals due ¢og.Bremsstralung, inverse Compton and synchrotron emission.
Radio signal constraints from the galactic center regianeelude (under reasonable magnetic
field assumptions) the lowest mass region [31]. Also thetcaimis from no detected distortions of
the CMB due to WIMP annihilations challenge the low mass IlEdion [32]. In thantermediate
mass range, a particularly clear astrophysical DM signal in gaamatys is possible: A monochro-
matic photon line produced at one-loop level, eig. virtual massive gauge bosons running in
a Feynman loop [10]. In the mass range aroumg ~ 50-60 GeV, where coannihilation could
have dominated at freeze-out and annihilations into 3-Howy statesH°H® — WW* — W f f/

is not very strong, thesel®H® — yy, and to less exterti®H® — yZ, annihilations directly into
monochromatic gamma-lines can have fairly large crossosexctind branching ratios of several
percent [10]. An observed multi GeV gamma-ray line in the wlould be a striking DM signal,
but so far Femi-LAT have not observed any line signal in thisrgy range [33, 34]. At the mo-
ment this only excludes IDM scenarios with strong gammalires in combination with a strong
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astrophysical signal-enhancement factptO (such an enhancement of the signal, compared to a
vanilla Navarro-Frenk-White distribution of the DM in ouadaxy, could potentially come from a
pronounced DM accretion around the super massive blackimtie Galactic center or to numer-
ous dense substructures in the Galactic halo) [10]. At migtfemasses, including thieigh mass
regime, pair production of the massive gauge bosons is kinemBbtiaatessible. A large amount

of SM patrticles are injected at each annihilation, but astimaber density of DM particles drops
for heavier DM particles a weaker signal is still expecte@n8ls fall below observational limits
[35] unlesse.qg. a significant boosg 100 is present due to a possible Sommerfeld enhancement
[36] for myo ~ 10 TeV.

Neutrinos:

Massive celestial bodies, like the Sun and the Earth, mothingugh the dark halo can gravita-
tionally trap DM particles in their cores. Neutrinos from M annihilations in these high density
cores can escape and be searched for by neutrino telestog@slow massIDM regime, neutrino
signals from the Sun are more promising than from the EaBh32]. The Super-Kamiokande ex-
periment currently put the strongest neutrino limits andlleimges than,o ~ 3—4 GeV mass
range [25, 38]. In théntermediate mass range the signal from the Earth can be larger due to the
possibility of resonance effects, withg.iron, producing largeH® capture cross-sections. The
authors of [25] did however not find any IDM DM model in the intediate mass region that can
be reached by the 1 kinceCube detector and still be compatible with direct désecexclusion
limits. In the IDM’s high mass regime the capture cross sections on nud]biL(mﬁo ) are too
small and the most promising neutrino signal comes instead the Galactic center. In the vanilla
scenario a neutrino signal is not visible, and for ANTARE8étect a signal an exceptionally high
DM density in the Galactic center and/or a large Sommerfalthacement boosting the signal
~ 10° would be needed to give a detectable signal [25].

Positron and Antiprotons:

Cosmic-ray signals from the IDM were studied in [39]. The ID&ot expected to have strong
positron signals due the absence of direct coupling to fammiln thdow massregion the positron
signal is a factor~ 10 below observations [39], whereas the predicted signahtiproton fluxes
are comparable to, or may overshoot, observed upper fluxslif@®, 40]. In theintermediate
mass region the positron flux is also within observational limiteit could become comparable
to positron fraction data observed belewl0 GeV within the setup studied in [39]. Cosmic-ray
propagation have intrinsic uncertainties though and, eég¢how energies also solar modulation
effects are important. The antiproton fluxes could also ia thass range be interesting, but a
flux enhancement by more than ten compared to vanilla astsigdl assumptions are needed to
indicate a mismatch with current data in the antiproton tiqor ratios. In thénigh massregime
the model is similar to the minimal DM scenario; early pragebgo fit the PAMELA positron
fraction data [41]. Annihilation into massive gauge bosoas give hard positron and antiproton
energy spectra, but due to the large DM particle mass thalsigiow (as the DM number density
drops ad11/mwup). For example, to fit the PAMELA positron data an annihilatenhancement
of the order of 16 would be needed for a 10 Te¥,0. With recent antiproton data [42] and photon
constraints there is a significant tension between suctoagtositron signal from IDM DM and
other observational data (seey.[43]).
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Direct detection:

At tree level, there are two types of interactions by whithparticles can deposit kinetic energy
to an atom nucleus in direct detection experimeifq % A% and H%q % HOg, whereq is a
quark in a nucleon in the nucleus [3, 9, 44]. The former precedth aZ exchange, is very
strong and forbidden by current experimental limits. Hogrevf the mass splittingd = mjuo —
myo IS more than a few 100 keV this process is kinematically fiolbin, as the typical kinetic
energy transfer in &9 scatter would then not be enough to ex¢it€into A°. At the same time,

it has been shown that fdrigh mass H° this inelastic scattering can be tuned to give a signal
that fits the long standing/controversial DAMA/LIBRA [45psial whenA ~ 100 keV and thdd°
mass is a few TeV [27. However, recent results presented dig.the CRESST [46] and the
XENON100 [47] collaborations exclude this possibility. the inter mediate mass range direct
detection experiments set relevant limits on the IDM patamspace. As already mentioned, in
the H® mass range- 5 GeV to 40 GeV IDM DM is already excluded from the Higgs-méeiia
elastic scattering rates they would produced in directatiei® experiment. Note that due to LEP
constraints coannihilations cannot occur at freeze-othigimass range, and the Higgs mediated
coupling is thus fixed by the relic density constraint. Rgp > 40 GeV, coannhilations (process
i) at freeze-out and being closer to &"W— production threshold (process iii-iv) allows nucleon
interactions to be much lower today and compatible withaigetection DM limits. For the
IDM DM region 80 GeV2 myo 2 160 GeV, the recent XENON100 result [48] is now close to
eliminating this whole region presented in [15]. In tlker mass IDM region the model can mimic
singlet scalar singlet DM, that interact only via the Higgstpl. This type of light scalar DM
models has been shown to automatically fit into disputed DAM#a [45] and CoGeNT [49]
preferred signal regions when the cross section is fixed tpyitieg correct amount of thermally
produced DM é€.9.[23]). This attractive possibility is however challengedtbe CDMS data [50]
and the reanalysis of XENON10 data [48].

Hadron Colliders:

The potential for detecting IDM signatures at hadron celigwas first explored in [3, 18]. As the
IDM does not have a QCD sector, inert scalars can only be pemtivia electroweak interactions
and relatively small production cross-sections are tlogeeéxpected. Thhigh mass regime of
the IDM is beyond reach for LHC, but for vefgw mass DM the strongest constraints on DM to
nucleon cross-sections comes from the Tevatron'’s limitsiono-jet events [51, 52]. These results
translates into exclusions of IDM DM with® < few GeV. The discovery potential for a set of
IDM benchmark models with? in its intermediate mass range has also been studied. All the
studied models showed more thaa-8ignificance detection potential in the dilepton chanrel a
100 fb~! and a center-of-mass energy of 14 TeV [53]. Some models dwamesl a & discovery
potential already at 10 fid. For the trilepton channel, a couple of benchmark modelsieti@o
detection potential at a luminosity of 100h[54], but all those had a SM Higgs boson lighter than
150 GeV. The complementary, almost background-free, kapton signal with> 4 leptons seem
difficult to discover at early stages of the LHC runs [55]. &lthat most of the LHC studied IDM
benchmark models, except those with substantial coaatignl orWW annihilation at freeze-out,
are now in conflict with the receng,g. XENON100 [48], direct detection bounds. Even if one of

3Such a small mass splitting might be protected by the examteP€uinn symmetry emerging whén= 0.
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these LHC channels would show a clear signal of beyond SMighisey will not reveal the exact
nature of the new physics. A combination of signals in mamglementary channels at LHC and
other probes, like the ones mentioned above, are most lilesdged to pin point a DM candidate.

6. Summary

The IDM provides a scenario with a rich phenomenology degpstsimplicity. Existing ex-
perimental and observational data provide already vergiaklimits on the parameter space, but
with properly chosen parameters the lightest inert statesgh good DM candidate with reachable
astrophysical signals: a striking gamma-ray line, DM didetector events (and, although in ten-
sion with the other data, as a model providing a fit to contrgieé direct detection ‘DM signal’
data), charged cosmic-ray fluxes in antiprotons and to abdssit in positrons, and finally neutrino
events that in some regions provide relevant complemestangtraints on the IDM. LHC signals
in the lepton channels, detection of a heavy ‘'SM Higgs’ baaodvor deviations in the decay width
from a pure SM Higgs boson could eventually give complenrgritants of an IDM like scenario.

Acknowledgments. | would like to thank the organizers for inviting me to thb‘létrged 2010
workshop and for the research support from the Fondazionipa&a Excellence Grant ‘LHC and
Cosmology’.
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