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Purpose

To introduce some theoretical backgrounds and phenomenological

implications on the extended Higgs sector beyond the SM, such as
the 2HDM.

To focus on the 2HDM, which is (i) mostly studied due to many well-
motivated theoretical framework and pheno implications, (ii) more
accessible at the ongoing/upcoming collider searches.

Mainly focus on the LHC direct searches: the current constraints
from the 125 GeV Higgs measurement, and the direct searches for
heavy Higgs bosons at the leading order.

Other extensions such as singlets/triplets are possible, since they
can form gauge-invariant operators with the SM Higgs doublet, e.qg.

|®|°|S|%, | D> Tr(Z?).



Background

e The minimal SM Higgs sector: one complex Higgs doublet ®, LHC
measurement of M, = 125 GeV [2012)].

* Let us consider some BIG picture beyond the SM, the unification of three
fundamental interactions? In the framework of GUT(+SUSY), three gauge

couplings unify at ~ 10'° GeV.
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Background

In the GUTs, the EW sector usually contains two Higgs doublets.

For the Georgi-Glashow SU(S), one usually considers the SUSY
extension. The GUT-scale Higgs sector must contain super-fields

of Sy and gH to be anomaly-free. The scalar components give
the (H,)y_. and (H;)y__, fields at the EW scale.

(H,)y—_, couples to the up-quarks, and (f,),__, couples to the
down-quarks/charged leptons, this is known as the Type-lI
2HDM.

Beyond the SU(5): SU(6), two Higgs doublets come from EH
and 15y, also a Type-ll 2HDM (2106.00223)



Background

The first 2HDM proposal was by T. D. Lee (nhon-SUSY), to seek
for the CP-violating sources beyond the CKM matrix in the quark
sector.

One can always allow a relative phase between two Higgs
V Y
doublets, i.e., (@) ~ —1, (D,) ~ ol 2

V2 V2

The whole lecture will not cover the CPV 2HDM. Its mixing
pattern is more complicated, and also involves EDM experiment.

All current studies of the 2ZHDM from the pheno motives are
viewed as the effective approach at the EW scale,

~ (0(100) GeV.
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The 2HDM
(CP-conserving)



The general 2HDM

| use the SM fermion irreps of (with O, = T3 + Y/2)
1 4 2
QL:(3929+§)MR:(3913+§)dR:(3919_§)

The most general 2HDM contains two complex Higgs doublets of ®, and
®,, both under the irrep of 2_ | of the SU(2); & U(1),.

®, and @, have 8 real scalar d.o.fs. By Nambu-Goldstone theorem: #

Physical Higgs bosons = # real scalar d.o.fs - # NGB =42 - 3 = 5, we
expect 5 Higgs bosons rather than one.

The renormalizable Lagrangian: & = L. + Ly iawa — V(P , P))

The kinematic term is simple: Z};, = | D, ®, * + |D,®, B
where D, ®; = (d, — igW/iai/Z —ig'B,2)®;



The 2HDM potential

* The most general 2HDM potential determined by gauge-
iInvariance and renormalizability :

(D, , D)) = m? | D, |* + m2, | D, |* — (m? D0, + H.c.)
A

1 2

—\cpl\4+—\c1>2\4+,13\c1>1\2\c1>2\ + 24| @D, |

—(c1>ch1>2)2 - 2g(DTD ) (DT D,) 4 A4(D D) (DI D,) + H . c.

'hls Is called the generic basis, a more useful one is called the
physical basis.

e Inthe CPV case, m12 , A5 ¢ 7 are complex. In the CPC case, all

parameters are real. We consider the soft-breaking Z,
symmetry, which sets 4¢ ; = 0.



The 2HDM potential

T

Expressed in components: CD]- =z, —(vj + hj + iﬂjo) j=1,2

° J \/5

e To count the d.o.f.: four charged complex scalars of (7:1“: : nzi), two

neutral real scalars of (hl , hz), and two neutral pseudo-real scalars of

(JZ'? : ﬂ'g). These states are called the gauge eigenstates. We shall
obtain the mass eigenstates from the 2HDM potential.

e The NGBs correspond to longitudinal components of (W=, Z%),
coming from two states from the (ﬂli , Jl'zi) and one state from the

(72'? , JZ'S). One is left with two charged Higgs bosons of H*, one

pseudo-real (CP-odd) Higgs boson of A, and two real (CP-even) Higgs
bosons of (h, H).



The 2HDM potential

* To obtain the Higgs spectrum, one first minimizes the 2HDM

T
potential in the unitary gauge, i.e., ((Dj) = T <O : vj> ,
2
oV
—=0=>
an

> 2 ) 0
my, = mpytan f — 5(’%"1 + /13+4+5V2>

2 2 2 2
my, = myp,/tan fj — 5(%"2 + 434445V >

to replace them into the Higgs potential.

« Two Higgs VEVs: v +vZ = v2 = (/2Gp) ™!, tan f = v, /v,



The 2HDM potential

 The charged Higgs bosons

1 : . _. [ tanp -1 7wt
_Eﬂii = [m%z — 5)\4+5vzsm5c03[3] (my ,7m5) < o 1/tan[3> (7&) :

2
mi, |

— = AgysV”
sinffcosfp 2

= M2 =

e The CP-odd Higgs bosons

1 , tan3 —1 9
~Lay = 5(mia — dov” sin  cos ) ‘(”?’“g)< -1 1/tan5) (é) |

)
mi,

2 _ 2

sin 3 cos 3

e The zero-mass states correspond to the NGBs.



The 2HDM potential

e The CP-even Higgs bosons

M2 M? h
~Ln; = (b, o) (M; M%E) (h;> ’

2 2 2
M2 _ ]V[fl S —SBC n v2 /\16[3 -+ /\585 )\3+48565
A\34+483C3 )\28/23 = )\50[23 ’

e The mass matrix does not have zero eigenvalue in general and will be
diagonalized by a orthogonal transformation:

H\ Co So h1 hi) [ ca —Sa H

h]  \ =s,co ! \ o he | \sy, co | \ B |-
« is called the mixing angle between two CP-even Higgs bosons of
(h,H)



The 2HDM potential

e The parameters of A, in the 2HDM potential cannot be directly

determined, one can measure Higgs boson masses and mixings
through experiments.

* The transformation between the generic basis and the physical basis
is useful [to check it yourself]:

M7s2 + M3 c2 — mista

A1

2,2 ’
vecy
) MZc2 + M%s2 —mi,/ts
2 — 2 92 )
vesg
A3 = 12 [(MIQJ . Ml%)saca +2]V[:2t . m%2] :
v SﬁCﬂ SﬁCﬁ
1 m?
A = (M3 —2M3Z + —2),
v 8505
1 m?
As = 5 L — M3).
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The 2HDM potential

e A little summary: the 2HDM parameters in the physical basis include masses of
M, ,My , M, M, m122), and two angles of (a, tan f3).

» To probe the Higgs self-couplings in the 2HDM: to transform 4, into the quantities in the
physical basis, such as A, Ay, and etc. In the CP-conserving 2HDM, there cannot be
CP-violating terms like 4, 4.

Example:
M}% Ch—a m? Cp_
_ 2 12 » p—a
Appi = 2—v[sﬂ_a +2¢c5_ (S5_q+ t )| — — vcﬂ_a(sﬁ_a + t )
2p p-p 2p
M2
= oM — I Under the alignment limit of ¢5_ — 0
mhh = 5 9 p—a
ol ) s ey 2mYy o 39pa
Dy = = | MG+ 2MD(— 1+ 263, — =22 + L2 4 -3¢,
Vv tZﬂ Sﬁcﬂ 212’3



The MSSM 2HDM

e The MSSM 2HDM potential contains three different contributions:
(1) The D-term from the SUSY kinematic terms

(2) The F-term of uH H , from the super potential, this leads to a SUSY p-problem
(3) soft SUSY-breaking terms

* The full MSSM Higgs potential reads
2 2 2 2
V=(ul>+m}) | H* + (1> +m3) | Hy|> = Bue fHH! + H . c.)

2 ' '
g8 +8 8
+ g (|Hu|2—|Hd|2)2+7|H;Hd|2

it Si =A== = l 2 2 — l 2
To make it simple: 4, = 4, = /13—4(g +2°) /14_2g
The MSSM Higgs masses (tree-level): Mﬁ = Bu, MJ_% = Mj + m‘%,

1
My = B M + m; F (M + m3)* — AMim7 cos®2f3)"?

A general patternis: M, ~ M, ~ My



The Higgs-gauge

e |et us get back to the Higgs-gauge interactions in the physical basis, which can be
decomposed as:

ZLin= Ztree T Lpvv+ L ppvv + L ppv

* The most important terms:
2 2

2myy, P
Ly = ( WW =27 Zﬂ>(sﬁ_ah ¥ cp o H)
We can parametrize &, = Sp_q @nd Ey = Ch_g

Ch_gq = cos(f} — «) is a very useful parametrization, Co_gq ™ 0 with the global fit, and this is
called the alignment limit.

e In the most pheno studies, one assumes M, = 125 GeV, and other states of (H , A, H*) to
be heavy.

Under this limit, only the 7 is responsible for the EWSB, and the H does not quite couple to
gauge bosons. Phenomenologically, the H mostly couples to the fermions but not bosons.



The Higgs-gauge

e Some other Higgs-gauge couplings:
g
GAhZY) = —=—cy (ps + Py’

Cw
G(AHZ") = 2g S5 o(pa+ )" © A — hZIHZ decays
Cw .
l
G(hhW}W,) = GHHW, W) = Egzn/w

i / .
G(hhZ,Z,)) = G(HHZ,Z) = E(g2 I z)nﬂy . neutral Higgs
pair productions at lepton colliders

_ 8 _
G(Z,H™H") = Cow(pt+p7),
2CW
G(AH™H™) = —ie(p™ +p~), : charged Higgs pair
productions




The 2HDM Yukawa

* The most general 2HDM Yukawa can be:
_ vdlA d2 A
—ZLy=Y; Qydig®, + Y;70;;dir®,
£17 £27 1A T 2 A 5
+Y Ly @y + YLy Py + Vi Qi ®y + Vi Quipe®y + H . c

~/

Here, @, = i®¥0,, with ¥ = — 1.

* This is problematic, since there can be tree-level flavor-changing neutral
currents (FCNCQC).

* This is to be avoided by assigning all right-handed fermions of a given
charge to one particular Higgs doublet, by Paschos-Glashow-Weinberg.



The 2HDM Yukawa

* There are usually four types of Yukawa assignments in the
general 2HDM:

ur dr Ugp

Type-I (I)Q (I)Q (I)Q
Type—II (I)Q (1)1 (I)l
Lepton-specific ®o Py Py
Flipped Oy Dy Py

* Most of the general 2HDM discussions focus on the Type-|
and Type-ll.

« For the MSSM, two Higgs doublets of (H,)y_,; and (H;)y__;

with opposite hyper charges to cancel the [SU(2) L]2U(1)Y
anomaly. It is thus a Type-Il 2ZHDM.



The 2HDM Yukawa

Express the Yukawa couplings in terms of the mass
eigenstates:

m _ _ _
~Zy= Y, — (G0 + &, rH - iel frsA
7
+\/§[Vud(%5;;aPLd | "zdgjaPRd) | ":f D PRl |HY +H .

51]; : aff ] §£ are Yukawa couplings normalized to the SM Higgs
Yukawa couplings.



The 2HDM Yukawa

Type-I Type-II LS Flipped
ho|sp-at > Speat TS Spoat LT spat E°
g SB—a + Cﬁt;a SB—a — tBCB—q SB—a T+ CBt;a SB—a — tBCB—q
ho| S8—a T L% Sp-a —18Cs—a  Sp—a —tCa-a  Sp_at °
B CBa~ 5t CBa— Tt CBaT Tt CBa T T4t
B | co—a— B cpatilpspa  CBa— E*  Cgatissp-a
H | C-a— 5% Cpattssp-a Csattsss-a Caa— “°
TR : :

i —i5 ts —15 ts
fil _tlﬁ % ta _é

Exercise: write down these couplings under
the alignment limit of ¢;_, = 0



Some theoretical
constraints



Constraints

Before we consider any pheno implications, there are several
theoretical constraints to the 2ZHDM.

Generally, the self-couplings in the 2HDM potential cannot be
arbitrarily too large and/or too negative.

These are nothing new, but something already existing for the
SM Higgs V(®) = u2|®|* + 4| D |*.

Higgs potential bounded from below (BFB), the Higgs
potential cannot become negative: 4 > 0



Constraints

e |Lee-Quigg-Thacker unitarity bound (1977): use the Goldstone
equivalence theorem to constrain the NGB scattering

processes.

e The joint neutral scalar scattering processes forming a4 X 4

1
matrix for the amplitudes. (W, W, ,—Z,Z; ,——hh ,Z; h)
\V/2 V2

1

5=> |A| <27 = m™ < 870 GeV

Re(a) | <




Constraints

e In the 2HDM: the BFB requires no direction can lead to V < 0. [hep-ph/
0207010]

11,2 > 0,13 > _\//11/12,13"'&4_ |j¢5| > _\/ﬂ«lﬂz

e Unitarity bound [hep-ph/0508020, 1509.06060] :

1 1 _

[ Xixa O 0 0 ) [ 30 2u+4a VAR VM)
1| 0 Yae O 0 2t 3N 3V2A L 3V2ML
16T 0 0 Zgs 0 | SVIAE  3VBAE Ag 4 2 + 3AE 3\

\ 0 0 0 Zss \ 3VZ\,  3VaX 3N As+ 21 — 3AE )
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Constraints

e The EW precision measurements (Peskin-Takeuchi S, T, U
obligue parameters), which are one-loop corrections to the

W+W~ , ZZ propagators.

Current (1.7 x 107 Z’s)

CEPC (101°Z’s)

FCC-ee (7 x 10 Z’s)

ILC (10°2’s)

correlation o correlation o correlation o correlation
7 ST T Ul s T Ul @[S T Ul @2 s T U
S | 0.04+0.11 11092 | —-0.68 | 2.46 1]0.862 | —0.373 | 0.67 1] 0.812 0.001 | 3.53 1| 0.988 | —0.879
T | 009+0.14 | — 1| —-087| 255 | — 1|-0735| 0.53 | — 1| -0.097 | 4.89 | — 1| —0.909
U | -002+0.11 | — - 1| 208 | — - 1| 240 | — - 1| 3.76 | — - 1

measure of the custodial symmetry: p ~ 1 4+ aAT




Constraints

e The full analysis of the S, T, U parameter in the 2HDM: H.J.He,
Polonsky, S. Su (hep-ph/0102144)

300f —— AT = -0.051
[ —— AT =-0.0255
200l — AT =0
- —--- AT = 0.0255
| ---- AT = 0.051
_ 100}
> [
8 I
N—" 0_
O [
£ [
< ~100}
~200f
_300}7

-300 -200 -100 0 100 200 300
Am, (GeV)

EW precision points to the degenerate heavy Higgs bosons



The pheno of 2HDM



The LHC fit

e So far, the LHC only finds one SM-like Higgs boson of

M, = 125 GeV, no other (heavier) Higgs bosons in the
spectrum were found yet.

* Meanwhile, we can learn something from the LHC

measurements of the 125 GeV Higgs boson already. This is

usually performed through a global fit of
2HDM bS)2

){2 — Z (Mi o /’tio

2
O,

l
,ul.zHDM = (6 X Br)’"™®™M/(5 x Br)® for specific signal
channels



The LHC fit

. //tl."bs and o; come from the experiments, a summary from the
Run-| data is here (Gu, Li, Liu, Su, Su, 1709.06103):

Channel | Production | Run-I | Channel | Production | Run-I
Y ggh 1107535 | 7h7 ggh 1.0%0%
VBF 1.310: VBF 1.3707

Wh 0.5715 Wh 1.4+
Zh 0.575% Zh 2.2122

tth 2.2+79 tth ~1.973
WWw* ggh 0.841047 bb Wh 1.019:2
VBF 1.2104 Zh 0.4704

Wh 1.6172 tth 1.157057

Zh 59759 27 ggh 1.137037
tth 5.0713 VBF 0.1+%1




The LHC fit

e How to make the fit in practice? In principle, they involve
productions and decay branching ratios with the 2HDM
couplings.

* Productions: four channels of ggh, VBF, Vh, and tzh.
orrpm(88 = 1) oyppm(tth)

— — u\2
osm(88 — ) osm(tth) i)

orupm( VBE) _ orupm( V1) = ( év)z

osm(VBE) osm(Vh) :

* Decays: the best tool is the 2ZHDMC (https://
2hdmc.hepforge.org/). [to give a demo here]



https://2hdmc.hepforge.org/
https://2hdmc.hepforge.org/

tang

The LHC fit . o0

2HDM TYPE-I 2HDM TYPE-II
50F
30}
20t
10}
5 L
Q.
i 5
Y MW 95%CL CEPC5fb™"
iL M 95%CL LHC 3000 fb™
95%CL CEPC 5 fbo™ M 95%CL LHC 300 fo™
0.5F
Il 95%CL LHC 3000 fb™ W 95%CL LHC Run-1
0.2k I 95%CL LHC 300 fo
W 95%CL LHC Run-I
01 C 1 1 1 1 1 1 1 1 1 1 1 L L L L 1 1 1
-05-04-0.3-02-0.1 0 0.1 02 0.3 04 05 -01 0 0.1 0.2 0.3 0.4 0.5
cos(B-a) cos(B-a)
2HDM TYPE-L 2HDM TYPE-F

tang

MW 95%CL CEPC 5 fb™"
B 95%CL LHC 3000 fb™
W 95%CL LHC 300 fb™’
B 95%CL LHC Run-|

M 95%CL CEPC 5 fb™
M 95%CL LHC 3000 fb™
B 95%CL LHC 300 fb~"'
B 95%CL LHC Run-|

0.2 0.3 0.4 -0.1 0 0.1 0.2 0.3 0.4 0.5

cos(B-a)



The LHC fit

e The alignment limits of ¢;_, — 0 are shown for all four types

of 2HDM. More constrained regions are expected from the
Run-Il and the future e*e™ colliders.

* The large-tan f# regions are highly constrained in the Type-lI,
LS, Flipped.

* There are also the "wrong-sign” bends in the Type-li, LS,
Flipped, where 5;1" and/or 55 — — 1.



The LHC searches

Next: What do these constraints mean to the future searches
to the heavy states in the 2ZHDM?

The neutral Higgs bosons (H , A) are mostly produced via the
ggF, plus the tf-associated productions.

The neutral Higgs bosons (H , A) can mostly decay into
fermions, rather than the vector bosons. The loop-induced

final states of (gg, yy,yZ) are suppressed.

Several exotic decays: A — hZ,HZ , H*WT, either
suppressed by alignment limit or phase space.



The LHC searches

* Possible search channels for neutral Higgs bosons under the
alignment limit:

A decays Final states Alignment limit H decays Final states Alignment limit
Tt H— (777, pTp v
SM fermions A= (T uen) v SM fermions ( o )
A — (tt,bb) v H — (tt,bd) v
A— hZ _ gauge bosons H — (WW ,ZZ) _
Exotics A— HZ v H— AZ v
A HXEWTF v H— H*WT v
Exotics H — hh —
Loops A — (99,77,7%) v
H— AA —
H— HtTH- v
Loops  H —(99,77,72) v

NC, Jinmian Li, Yandong Liu, 1509.03848



The A/H decays

* This is usually the leading decay modes with tan f = 1

10 . — . . . 10 . — . . .
(@) (a)
] 1},
< 0-11/___33 E < O.1f .
e 0.01L o A 0.01h o
0001} —= - 0.001} ' —= [
10—4 L . . . . . 10—4 : . . . . . .
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
My (GeV) My (GeV)

Left: Type-Il, Right: Type-ll



tan

The A/H decays

« A/H — 77 dependences on tan f (Type-ll)

BR(A — 11)
50
40 1 0—1
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20
-2
10 10
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3 107°
2
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N W~ O0oN
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1000

1502.05653



BR(H®)

The LHC searches

o Inthe Type-Il: gy ~ myt(1 +5) + my(1 —ys)/1,

 The charged Higgs bosons H * are mostly produced via three-
body productions of pp — tbH™, and decays into tb. Both

the Iow—tﬂ and high—tﬁ regions are sensitive.

1 . . . :
: f H* — tb : T Is=14TeV
_/ [ oth L T
’ HE — 1v 1 T TS
0.1F H* — cs | C o e TS
. E H:I: — bc E g S e TR
i HE — v : = [ e T
: | 5 L T e T
! - I
- 1 T 101
o -
o -
0.01 / 5 T F
f - --—--tanB=60
Z tan 3 = 2 | i tang = 35
102 = tang =15
:I | 1 | | 1 1 | 1 1 1 1 | 1 1 | | | 1 1 | 1 1 1 1 | 1 1 | | 1 | 1
0.001 200 250 300 350 400 450 500 550 600

150 200 300 400 500 M, (GeV)
MH:I: [GeV]



The A/H/HT searches

* The 77 searches covers the large-tan f regions (Type-ll)

60
50

40
30

hMSSM

LHC 14 TeV
300 fb°

20

10

tanp

w ~ OO

100 200 300 400 500 600 700 1000

M, (GeV)

1502.05653



The A/H decays

e A/H — tt dependences on tan f (Type-ll)

BR(A — ff) BR(H— )
50 50
40 40 |-
30+ 30+
20+ 20 -

10 10}

tan

tan
n W H o~
T T T T 11

n W OO
T T T T 1T 11

200 300 400 500 ~ 600 700 800 ~ 900 1000 200 300 400 500 600 700 800 900 1000
M, (GeV) M, (GeV)

1502.05653



A/H — tt

e A/H — ttis particularly challenging, due to the strong
interference effects:

(b)

8§ 0909999

~

hep-ph/9404359



A/H — tt

e Master equation for signals:

0= [ 4P (14t 0+ sts P = 1t
Ores. (S ) 8int.(§ )

e CP-even and CP-odd cases (Dicus, Willenbrock 1994)

(‘fﬂ)zl 12(814m})
— Mz + iMyTy

2

I’GS

2 [ (551)211/2@/ 4mt2 ) ]
Vit 647r §— M% + iMyTy,




ddsig/dmy (fo/GeV)

A/H — tt

 The line shapes with/w.o. the interferences

B (@)
o (@)
— T

N
o

h 3F

13 TeV LHC
B.W +Interference

13 TeV LHC

B.W +Interference

550
my (Gev)

S
()] +
) r ;
o |
9 [ 3
g K S CP-even]
° -2 - Bcp=11/4 1
_ _af CP-o0dd
600 650 750 800 850 900 950
my (Gev)

Carena, Z.Liu, 1608.07282



13 TeV LHC
Type || 2HDM
CP-even Scalar

Scenario B@ 3 ab™’

13 TeV LHC
Type [l 2HDM

CP-odd Scalar |
Scenario B@ 3 ab™’

Scenario A@ 3 ab™

g

= 5
" 05 - }
Scenario A@ 3 ab™
(& ? %
’8\7 \“ B /
O, o ".“ T P
400 500 600 700 800 900 1000
my (GeV)
Amy; | Efficiency Systematic Uncertainty
Scenario A | 15% 8% 4% at 30 fb~! halved at 3ab~!
Scenario B | 8% 5% 4% at 30 fb~!, scaled with v/ L

Carena, Z.Liu, 1608.07282



Summary

e | also hope this gives the audiences some brief ideas on
what can be expected from the 2HDM. | restrict myself
from too many technical details.

e Some of the ongoing research topics: the UV origins of
the 2HDM (from GUT), the CPV 2HDM (both EDM probes
and the collider signatures), and the related topics of the

EW phase transitions.



