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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 p ~ 1 constraint
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The scalar potential in 2HDMs
Two Higgs SU(2). doublets introduced:

0 +
b = (;’%) , d, = (i’é) Yo, = —1, Yo, = +1

The most general CP—conserving general 2HDM scalar potential is:
2 2 2
V(@1,92) = xi (91 =2) + 2 (102 = F) 42 [[02 + [0 = — 2]+
2 i i g
X (1011937 — (0] ®2)(@]1)] + As (Re(@]®2) — vive)” +
)\5 Im(¢1¢2)

with the 6 \; as real parameters;
C—invariance as well as a global ®, — e*X®, U(1) invariance (no tree—level FCNC)

®,, ®, get vacuum expectation values (vev):

e1=75(5) #2=75(2)
with tan 3 = % and V(= Vi) = v + V3 ~ 246 GeV &(IT
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Electroweak symmetry breaking and Higgs spectrum

) 1 [(Reg? +1lmed+ v 1 V2¢7F
ST ¢1_\7@( V267 ’¢2_\ﬁ Re g3+ ¢1m ¢3 + vo

@ 2 CP-even neutral Higgs bosons h, H with

h = Re¢?cosa+Re¢gsina

= —Reg¢isina+ Redcosa
@ 1 CP-odd neutral Higgs boson A (and a Goldstone G) with

A = —Img¢JsinB+ Rescosf
G = Im¢@lcosB+ImgIsin8

@ 2 charged Higgs bosons H* (and 2 Goldstones G*)

HE = —qﬁsin,@—i—q&;tcosﬁ
Gt = ¢1icos,8+¢2isin,8

with o mixing angle (see later) gg(lT
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Higgs spectrum: masses and mixing angle

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

o 4tan,8(4)\3+/\5)
@ tan(2a) = 4\ — 4)stan2 B + (tan2 B — 1)As

0 my=Xe(V +13), mix = Ma(Vf +3)

1 1
m = 5 [@a+2)0F + )+ 4] + 4ha3] - VR,
°
1 1
my = > [(4A3+A5)(V12+V22)+4)\1V12+4/\2V22] +§\/ Ry

where we have

2
R\ = [(4)\3 = )\5)(v12 = vzz) A AR = 4>\2v22] 4= 4v12v22(4)\3 S8 )\5)2
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Type | and type || 2HDMs

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

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

Mo /. _ Ao (o 0 = o
[ —— (uPLuqag - uPLd¢2+) _ A (dPquag —dPud; ) +he.
Vo V2

Au,dMw+/25sin B
g

Mmy,d =

’

@ Type Il: one doublet couples to up—type fermions, the other couples to down—type
fermions:

Ao /- _ A /- I
Lyvukawa, 1 = — (uPLu¢2 - uPLd¢2+) - V—;’ (dPqus‘l’ — dPLud; ) +he.

v
AuMw/2sin 3 m AdMw+/2 cos 8
= M= ——————
8 g

u
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Constraints on 2HDMs

Theoretical constraints (some examples):

@ Unitarity constraints: unitarity in V.V, — V, V,, ff>VvV.V, imply sum rules:

2 2 L _
E 8Bhivww = 8hgm Vs E 8hi VW 8h;fF = 8hsmVV gy 7> CbC.
i i

@ Perturbativity and stability constraints: A; perturbative at the EW scale
= tan g <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 Il limits within the MSSM for example
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MSSM: the SUSY example of a type || 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 Il 2HDM required, with the \; parameters dictated by the SUSY relations in the
gauge sector, the soft SUSY breaking terms (m?, m3, m3, = Bp) and the superpotential

Whaissm = —u®2 - @1 — Aj(P1 - Li)Ej — AZ(¢2 - Q)Dj — \j(Q; - 2)U;
Ai parameters read

A2 =M\ A3 = %(g\%"‘gz)_/\l
1,

M=o ds =X =2\ — 3(g7 + &)
1
m%:—|u|2+2)\1v22—§m22 m%:—|u|2+2)\2v12—%m22

1
[ S\
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Charged Higgs couplings to fermions

Type | 2HDM: with K CKM element, my,p up and down—type quark masses, the
charged Yukawa lagrangian read:

__ &
V2My sin 8

With physical Higgs states:

EYukawa, 1=

(mUKDPLD<;32+ + mpK*DP, Uq"s;) +he.

__ gcotB . _
gH—tb_2\[27MW tb[mt(1+’75)+mb(1 ’75)]

Type Il 2HDM: up and down—type quarks have different couplings:

g
Lyvurawa, 11 = —5— KUP.D
Yk, 1= M (smﬂ 1Dgz + /3

With physical Higgs states:

7) + h.c.
85 = 5y K[ cot Bme(1 +35) + tan fmy(1 — 7s)]
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Top—charged Higgs production at hadron colliders

bg — tH™ LO calculation in the s and t channels:
b H~ b H~

P v

@ Use mp(u2) in MS scheme to stabilize the calculation
mp(M72) = 4.16 GeV and m,(pz) ~ 3 GeV

@ LO as(p?) evolution, as(M2) = 0.130 in CTEQ6L1 and ABKM PDF sets,
as(M32) = 0.139 in MSTW PDF set (see later)

1
@ Central scale ur = po = B(MH_ + m¢) = minimize the higher order QCD
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Top—charged Higgs production at hadron colliders

With X kinetic phase-space term and xi. = (M}~ — m{)/3, the partonic cross section is:
P GF Oés(lﬁ:) 2 2 — 2 D) 2
oyn = 7(m cot® B+ m cot” B/ tan 5)
4 uv2s M b(uF) cot” B/
1— x4+ A\ 2
2(1-24 (1 - x0) In (T2 ) = B-TxA
[ e ( ht) 1= szn Y ( ht)
5000 : : -
o1(My = 230 GeV)
on(Mu =230 GeV) e
L | o(My = 412 GeV) —
orn(Mu = 412 GeV)  ceeeee
CTEQ6L1
100 -
wl Nl U
o(pp — tH™) [fb] X
1 V5 =7 TeV
1/5 1)2 1 3 7 10 20 40

T
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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 J@ @
= different sets on the market: MSTW, ABKM, CTEQ), etc. ;

o

Hadronic cross section

ij=8,9

1 1
olpp—tH )= > / dX1/ dxofi(x1)f(x2)8 (8 = x1xS) © (? > (me + my- )2)
0 0
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Top polarization asymmetry in bg — tH™

Left (-1 helicity) and Right (+1 helicity) polarized top quarks : Az =

5000

or(My = 230 GeV)
oL (My = 412 GeV)
or(My = 412 GeV)
CTEQ6L1

1000

100 |

10 |

o(pp — tH") [fb]

o1,(My = 230 GeV)

1t Vs=17TeV
1/5 7z 1 3 710 20 40
tanf
@ gy x cotf in type | 2HDM:

OL— OR
oL+ OoRr
0.3 F t =\
Alp(pp — tH™)
N V5="17 TeV
CTEQ6L1
0.1+
0F
-0.1
My = 230 GeV .
0.2 My =412 GeV oo B
-0.3
1/5 12 1 3 710 20 40
tanj

Alr constant in type | 2HDM, Al = Alk(tan 8 = 1)
@ Alk =0 for tan 8 = \/m;/mp ~ 7 in type || 2HDM
@ Easy to distinguish low and high tan 3 regimes in type || 2HDM; combine

o(bg — tH™) & Air to distinguish type | and type Il 2HDMs gg(lT
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Scale and PDF uncertainties on the asymmetry

Scale uncertainty: estimated with factorization scale varied in the interval
o/k < ur < Kpo with K =2,3,4

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

0.3 0.3 Err— ——
t — t =\ N\, MSTW LO oo
02}  Air(pp —tH7) 02l Afr(pp — tH") R
V=T TeV J5="T TeV
0.1 CTEQ6L1, My = 230 GeV 0.1t Mg = 230 GeV
ol Loir oL 1
102 L 1.05
o1l 1 o1l 1
0.98 - 0.95
o2p 0ol N f\ 02F ool
02 1 3 71540 02 1 3 71540
0.3 b -0.3
1/5 2 1 3 710 20 40 1/5 12 1 3 710 20 40
tanf tanf

@ Even with k = 4: scale uncertainty below 2%

@ PDF uncertainty estimated below 4%

Side remark: PDF uncertainty accounts also for the as(MZ) uncertainty ﬂ(IT
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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 Il 2HDMs

@ NLO SUSY QCD corrections sizeable and negative for large tan 3,
Aot /0ot = —15, —20% (Dittmaier et al., Phys.Rev. D83 (2011) 055005 )

@ NLO EW corrections also negative and decreasing for large tan 3 (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 Ap approximation,
mp — mp/(1 — Ap), for heavy SUSY spectrum
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SUSY results

The effect of SUSY NLO corrections is hardly seen on the production cross section
o(bg — tH™):

) r -} E
1.4 <o.15-
=T ) E
‘1{ 12F o(pp—tH ) at LO 0.1 +Aatlo
& [ ©ofpp—1tH)atNLOSUSY 0.055 % A at NLO SUSY
=] r E
11— £
F \s=14Tev o \5=14TeV
0.8/~ Heavy SUSY scenario -0.05 Heavy SUSY scenario
[ Effective bottom mass 01; Effective bottom mass
O8L =270 Gev - M,.=270 GeV
[ -0.15F
0.4~ 0 5;
r -0.2F
0.2 E
L -0.25—
P P T P FTE T P T TR DU SO S S S
5 20 25 30 35 40 5 10 15 20 25 30 35 40
tanp tanp

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

We have used mSUGRA scenario of type LS2: mg = 300 GeV, m;/, = 150 GeV,

Ao = —500 GeV, 1 > 0 (see Beccaria et al,, Phys.Rev D80 (2009) 053011) gg(lT
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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 A;r in the charged Higgs
production channel bg — tH™ which:

> is nearly insensitive to scale uncertainty
> hardly depends on the PDF choice, implying that the PDF uncertainty is
very small
@ A;r helps to distinguish large tan 8 and low tan 3 regimes and type |l models
versus type | models (except in the low tan 3 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 tan 8 at the LHC
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