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Motivations for Two Higgs doublet models

Two Higgs doublet models (2DHMs): the minimal gauge invariant Standard Model
(SM) extension of the Higgs sector with two Higgs doublets instead of a single one

Why looking at 2DHMs models? Several reasons:

Scalar sector of SM yet to be discovered: no experimental proof that we should
restrict to the most simple 1 Higgs doublet even in the context of SM

SUSY, one of the most well-known BSM frameworks, needs a 2HDM to describe
its Higgs sector

Allows for a richer phenomenology with additionnal new states without
contradicting the ρ ' 1 constraint
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The scalar potential in 2HDMs
Two Higgs SU(2)L doublets introduced:

Φ1 =

(
φ0

1

φ−1

)
, Φ2 =

(
φ+

2

φ0
2

)
YΦ1 = −1, YΦ2 = +1

The most general CP–conserving general 2HDM scalar potential is:

V (Φ1,Φ2) = λ1

(
|Φ1|2 − v 2

1

)2

+ λ2

(
|Φ2|2 − v 2

2

)2

+ λ3

[
|Φ1|2 + |Φ2|2 − v 2

1 − v 2
2

]2

+

λ4

[
|Φ1|2|Φ2

2|2 − (Φ†1Φ2)(Φ†2Φ1)
]

+ λ5

(
Re(Φ†1Φ2)− v1v2

)2

+

λ6 Im(Φ†1Φ2)2

with the 6 λi as real parameters;
C–invariance as well as a global Φ2 → eıχΦ2 U(1) invariance (no tree–level FCNC)

Φ1,Φ2 get vacuum expectation values (vev):

〈Φ1〉 =
1√
2

(
v1

0

)
, 〈Φ2〉 =

1√
2

(
0
v2

)
with tanβ ≡ v2

v1
and v 2(≡ v 2

SM) = v 2
1 + v 2

2 ' 246 GeV
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Electroweak symmetry breaking and Higgs spectrum

Rewrite Φ1 =
1√
2

(
Reφ0

1 + ı Imφ0
1 + v1√

2φ−1

)
, Φ2 =

1√
2

( √
2φ+

2

Reφ0
2 + ı Imφ0

2 + v2

)
2 CP–even neutral Higgs bosons h,H with

h = Reφ0
1 cosα + Reφ0

2 sinα

H = −Reφ0
1 sinα + Reφ0

2 cosα

1 CP–odd neutral Higgs boson A (and a Goldstone G) with

A = − Imφ0
1 sinβ + Reφ0

2 cosβ

G = Imφ0
1 cosβ + Imφ0

2 sinβ

2 charged Higgs bosons H± (and 2 Goldstones G±)

H± = −φ±1 sinβ + φ±2 cosβ

G± = φ±1 cosβ + φ±2 sinβ

with α mixing angle (see later)
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Higgs spectrum: masses and mixing angle

We have four masses and a CP–even Higgs mixing angle α:

tan(2α) =
4 tanβ(4λ3 + λ5)

4λ1 − 4λ2 tan2 β + (tan2 β − 1)λ5

m2
A = λ6(v 2

1 + v 2
2 ), m2

H± = λ4(v 2
1 + v 2

2 )


mh =

1

2

[
(4λ3 + λ5)(v 2

1 + v 2
2 ) + 4λ1v

2
1 + 4λ2v

2
2

]
− 1

2

√
Rλ

mH =
1

2

[
(4λ3 + λ5)(v 2

1 + v 2
2 ) + 4λ1v

2
1 + 4λ2v

2
2

]
+

1

2

√
Rλ

where we have

Rλ =
[
(4λ3 − λ5)(v 2

1 − v 2
2 ) + 4λ1v

2
1 − 4λ2v

2
2

]2

+ 4v 2
1 v

2
2 (4λ3 + λ5)2
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Type I and type II 2HDMs

Depending on the Higgs couplings to fermions, two main discussed classes of 2HDM:

1 Type I: only one doublet couples to all fermions:

LYukawa, I = −λu

v2

(
ūPLuφ

0
2 − ūPLdφ

+
2

)
− λd

v2

(
d̄PLd φ̃

0
2 − d̄PLuφ̃

−
2

)
+ h.c.

mu,d =
λu,dMW

√
2 sinβ

g

2 Type II: one doublet couples to up–type fermions, the other couples to down–type
fermions:

LYukawa, II = −λu

v2

(
ūPLuφ

0
2 − ūPLdφ

+
2

)
− λd

v1

(
d̄PLdφ

0
1 − d̄PLuφ

−
1

)
+ h.c.

mu =
λuMW

√
2 sinβ

g
, md =

λdMW

√
2 cosβ

g
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Constraints on 2HDMs

Theoretical constraints (some examples):

Unitarity constraints: unitarity in VLVL → VLVL, f f̄ → VLVL imply sum rules:∑
i

g 2
hiVV = g 2

hSMVV ,
∑
i

ghiVV ghi f f̄ = ghSMVV ghSMf f̄ , etc.

Perturbativity and stability constraints: λi perturbative at the EW scale
⇒ tanβ ≤ 50

nearly no general bounds on masses, for specific cases see e.g. [JHEP 0908 (2009)
069] or MSSM limits

Experimental constraints:

Model–dependant limits, see type II limits within the MSSM for example
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MSSM: the SUSY example of a type II 2HDM
In the minimal supersymmetric extension of the SM (the MSSM), two Higgs doublets
required in the theory because:

Gauge anomalies cancellation: with only one Higgs doublet the charged higgsino
superparter anomaly remains

Analytic superpotential: 2 Higgs doublets needed to give mass to up and
down–type quarks

A type II 2HDM required, with the λi parameters dictated by the SUSY relations in the
gauge sector, the soft SUSY breaking terms (m2

1,m
2
2,m

2
12 ≡ Bµ) and the superpotential

WMSSM = −µΦ2 · Φ1 − λe
ij(Φ1 · Li )E j − λd

ij (Φ2 · Qi )D j − λu
ij(Qi · Φ2)U j

λi parameters read

λ2 = λ1 λ3 = 1
8
(g 2

Y + g 2)− λ1

λ4 = 2λ1 −
1

2
g 2
Y λ5 = λ6 = 2λ1 − 1

2
(g 2

Y + g 2)

m2
1 = −|µ|2 + 2λ1v

2
2 −

1

2
m2

Z m2
2 = −|µ|2 + 2λ2v

2
1 − 1

2
m2

Z

m2
12 = −1

2
v1v2(g 2

Y + g 2 − 4λ1)
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Charged Higgs couplings to fermions

Type I 2HDM: with K CKM element, mU,D up and down–type quark masses, the
charged Yukawa lagrangian read:

LYukawa, I =
g√

2MW sinβ

(
mUKŪPLDφ

+
2 + mDK

∗D̄PLUφ̃
−
2

)
+ h.c.

With physical Higgs states:

g I
H−tb̄ =

g cotβ

2
√

2MW

K∗tb

[
mt(1 + γ5) + mb(1− γ5)

]
Type II 2HDM: up and down–type quarks have different couplings:

LYukawa, II =
g√

2MW

(
mU

sinβ
KŪPLDφ

+
2 +

mD

cosβ
K∗D̄PLUφ

−
1

)
+ h.c.

With physical Higgs states:

g II
H−tb̄ =

g

2
√

2MW

K∗tb

[
cotβmt(1 + γ5) + tanβmb(1− γ5)

]
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Top–charged Higgs production at hadron colliders

bg → tH− LO calculation in the s and t channels:

b

tg

H− b

g t

H−

Use mb(µ2
F ) in MS scheme to stabilize the calculation

mb(m2
b) = 4.16 GeV and mb(µ2

F ) ' 3 GeV

LO αs(µ
2
F ) evolution, αS(M2

Z ) = 0.130 in CTEQ6L1 and ABKM PDF sets,
αS(M2

Z ) = 0.139 in MSTW PDF set (see later)

Central scale µF = µ0 =
1

6
(MH− + mt)⇒ minimize the higher order QCD

corrections (see Plehn, Phys.Rev. D67 (2003) 014018)
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Top–charged Higgs production at hadron colliders

With λ kinetic phase–space term and x2
ht = (M2

H− −m2
t )/ŝ, the partonic cross section is:

σ̂I/II =
GF αs(µ

2
F )

24
√

2 ŝ

(
m2

t cot2 β + m2
b(µ2

F ) cot2 β/ tan2 β
)

[
2
(

1− 2x2
ht(1− x2

ht)
)

ln

(
1− x2

ht + λ

1− x2
ht − λ

)
− (3− 7x2

ht)λ
]

σII(MH = 412 GeV)

σI(MH = 412 GeV)

σII(MH = 230 GeV)

σI(MH = 230 GeV)

CTEQ6L1

√
s = 7 TeV

σ(pp → tH−) [fb]

tanβ
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1
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PDF convolution

Parton Distribution Functions (PDFs)

Probability density of a given parton (quarks, gluons) to be extracted from the
(anti)proton with a fraction x of the (anti)proton momentum

Non–perturbative quantity, fitted on data by different collaborations
⇒ different sets on the market: MSTW, ABKM, CTEQ, etc.

Hadronic cross section

σ
(
pp → tH−

)
=
∑

i,j=g,q

∫ 1

0

dx1

∫ 1

0

dx2fi (x1)fj(x2)σ̂ij (ŝ = x1x2S) Θ
(
ŝ ≥ (mt + mH−)2

)
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Top polarization asymmetry in bg → tH−
Left (-1 helicity) and Right (+1 helicity) polarized top quarks : ALR ≡

σL − σR

σL + σR

σR(MH = 412 GeV)

σL(MH = 412 GeV)

σR(MH = 230 GeV)

σL(MH = 230 GeV)

CTEQ6L1

√
s = 7 TeV

σ(pp → tH−) [fb]

tanβ
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1
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CTEQ6L1

√
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LR(pp → tH−)

tanβ
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gH−tb̄ ∝ cotβ in type I 2HDM:

AI
LR constant in type I 2HDM, AI

LR = AII
LR(tanβ = 1)

AII
LR = 0 for tanβ =

√
mt/mb ' 7 in type II 2HDM

Easy to distinguish low and high tanβ regimes in type II 2HDM; combine
σ(bg → tH−) & ALR to distinguish type I and type II 2HDMs
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Scale and PDF uncertainties on the asymmetry
Scale uncertainty: estimated with factorization scale varied in the interval
µ0/κ ≤ µF ≤ κµ0 with κ = 2, 3, 4

PDF uncertainty: estimated as the difference between the various central predictions
(ABKM, CTEQ6L, MSTW)

206 MSSM Higgs production at the LHC

Scale and PDF dependence; impact of the SUSY NLO corrections

Up until now we have calculated the asymmetry only at leading order, and made

central predictions. The yet uncalculated higher order QCD contributions on this ob-

servable can be estimated from its dependence on the factorisation scale µF at which the

process is evaluated. Starting from our reference scale µ0 we vary µF within the range

µ0/κ≤ µF ≤ κµ0 with the constant factor chosen to be κ= 2, 3 or 4. The left panel of

Fig. 67 shows the variation of the polarisation asymmetry for the choices κ = 2, 3 and 4.

The insert shows the scale variation relative to the asymmetry value when the central

scale is adopted.

The main output of this calculation is that the scale dependence is very low. Indeed,

in the low and in the high tan β region, it is at most at the level of 2%, even for the high

κ = 4 choice for the scale interval. At moderate values of tan β, tan β � 7, the relative

variation is much larger since the asymmetry vanishes83. However the absolute impact

of the scale variation is comparable to the one obtained for low and high tan β values,

and thus small in absolute terms. It is worth mentioning that the NLO QCD total cross

section σtot exhibits a bigger residual scale uncertainty estimated to be of the order of

10–20% at the LHC with
√

s = 7 TeV, see Ref. [210].
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Figure 67: The scale variation (left) and the PDF dependence (right) of the asymmetry At
LR at leading

order at the LHC with
√

s = 7 TeV as a function of tanβ. We consider the type II 2HDM

characterized by MH± = 230 GeV. In the inserts, shown are the variations with respect

to the central CTEQ value.

The second potential source of uncertainty comes from from the presently not satis-

factory determination of the gluon and bottom quark PDFs. We have chosen to estimate

the impact of the different choice of PDFs collaborations together with some differences

in the choice of the value of αs(M
2
Z). As already discussed in the case of SM Higgs pro-

duction this is a way to estimate the PDF uncertainties. In the right panel of Fig. 67 we

show the dependence of the asymmetry on tan β when the CTEQ, the MSTW [128], and

83This is nothing more than a numerical effect: as the asymmetry vanishes, the precision of the

numerical calculation is less than the true scale uncertainty.

Even with κ = 4: scale uncertainty below 2%

PDF uncertainty estimated below 4%

Side remark: PDF uncertainty accounts also for the αs(M
2
Z ) uncertainty
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SUSY corrections to top–charged Higgs production

SUSY scenarios only investigated through the loop structure of bg → tH− process
in type II 2HDMs

NLO SUSY QCD corrections sizeable and negative for large tanβ,
∆σtot/σtot ' −15,−20% (Dittmaier et al., Phys.Rev. D83 (2011) 055005)

NLO EW corrections also negative and decreasing for large tanβ (Beccaria et al.,

Phys.Rev. D80 (2009) 053011)

Impact of the SUSY spectrum:

NLO EW corrections enhanced in a light SUSY spectrum

The bulk of SUSY corrections accounted for in the effective ∆b approximation,
mb → mb/(1−∆b), for heavy SUSY spectrum
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SUSY results

The effect of SUSY NLO corrections is hardly seen on the production cross section
σ(bg → tH−):

208 MSSM Higgs production at the LHC
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Figure 68: The total production cross section (left) and the asymmetry At
LR (right) at leading order

and including the NLO SUSY corrections at the LHC with
√

s = 14 TeV. We consider

the MSSM scenario of Ref. [362] characterized by a heavy sparticle spectrum and MH± =

270 GeV. tanβ is varied from 5 to 40. Figure taken from Ref. [364].

with some accuracy through the left–right top asymmetry, obtained by identifying the

polarisation of the top quarks. This asymmetry has been proved to be essentially free

from scale and PDF uncertainties, and still sensitive to radiative effects from new physics

scenarios such as supersymmetry. The combined measurement of the production cross

section and the polarisation asymmetry could discriminate between various new physics

scenarios: two–Higgs doublet models of type I versus type II and the MSSM versus

non-supersymmetric models, at least for intermediate values of tan β. For tan β � 1 or

tan β ≤ 1 the method allows for the determination of the region of tan β but not for the

exact value of tan β, since in this two regions At
LR has a plateau. The only region where

the distinction between type I and II 2HDM becomes challenging is for tan β ≤ 1 where

the asymmetry is the same in both models. This polarisation asymmetry is thus worth

investigating theoretically and experimentally in more detail.

This concludes the production of the MSSM Higgs bosons at the LHC. We will now

end this part IV by giving the consequences of these theoretical results on the MSSM

parameter space and also on the SM Higgs boson search at the LHC.

Sizeable correction in the asymmetry: allow to distinguish between SUSY and
non–SUSY Type II 2HDM

We have used mSUGRA scenario of type LS2: m0 = 300 GeV, m1/2 = 150 GeV,

A0 = −500 GeV, µ > 0 (see Beccaria et al., Phys.Rev D80 (2009) 053011)
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Summary

Top–charged Higgs production at the LHC:

Rich Higgs sector in Two Higgs doublet models: two CP–even neutral Higgs h,H,
one CP–odd neutral Higgs A and 2 charged Higgs H±

We can define a top polarization asymmetry ALR in the charged Higgs

production channel bg → tH− which:

I is nearly insensitive to scale uncertainty
I hardly depends on the PDF choice, implying that the PDF uncertainty is

very small

ALR helps to distinguish large tanβ and low tanβ regimes and type II models
versus type I models (except in the low tanβ region)

The SUSY corrections are sizeable: we can distinguish between SUSY and
non-SUSY 2HDMs

We then have good prospects to have a clean measure
of the parameter tanβ at the LHC
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