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Why	  benchmarks?	  

§  Like	  most	  theorists	  (I	  think)	  I	  am	  all	  in	  favor	  of	  keeping	  
experimental	  searches	  as	  model-‐independent	  as	  possible.	  
	  

§  That	  said,	  there	  are	  many	  situaGons	  where	  it	  also	  makes	  
sense	  to	  consider	  specific	  models.	  
	  

§  The	  role	  of	  benchmarks	  is	  to	  
	  -‐	  MoGvate	  experimental	  searches	  to	  exploit	  all	  channels	  
	  -‐	  Improve	  search	  strategies	  using	  model-‐specific	  informaGon	  
	  -‐	  Define	  unambiguous	  and	  complete	  sets	  of	  parameters	  
	  -‐	  Be	  able	  to	  consider	  relevant	  model	  constraints	  
	  -‐	  Provide	  language	  to	  compare	  exp	  <-‐>	  exp	  and	  exp	  <-‐>	  th	  	  
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The	  general	  two-‐Higgs-‐doublet	  Model	  (2HDM)	  
§ 	  Two	  complex	  SU(2)	  doublets	  (Y=1):	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (five	  physical	  states)	  
	  
§ 	  General	  2HDM	  potenGal:	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Complex	  phases	  on	  λ5,	  λ6,	  λ7	  and	  m12	  can	  give	  rise	  to	  CP-‐violaGon	  
	  	  	  Here:	  CP-‐conserving	  case	  only	  (real	  parameters)	  
	  
§ 	  ReparametrizaGon	  invariance:	  	  �a = Uab�b (a = 1, 2)
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S.	  Davidsson,	  H.E.	  Haber	  [hep-‐ph/0504050]	  
Review:	  [arXiv:1106.0034]	  
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The	  Higgs	  basis	  

§ 	  Among	  the	  basis	  choices,	  there	  is	  one	  special	  case:	  the	  Higgs	  basis	  
	  	  	  where	  only	  one	  of	  the	  doublets	  acquires	  a	  vev	  
	  
	  
	  
	  
	  
	  
	  
	  

H1 = cos��1 + sin��2

H2 = � sin��1 + cos��2

hH0
1 i =

vp
2

hH0
2 i = 0

The definitions of H1 and H2 imply that

〈H0
1〉 =

v√
2

, 〈H0
2〉 = 0 , (12)

where we have used eq. (6) and the fact that v̂ ∗
ā v̂a = 1.

The Higgs basis is not unique. Suppose one begins in a generic Φ′
1–Φ′

2 basis, where

Φ′
a = Vab̄Φb and det V ≡ eiχ %= 1. If we now define:

H ′
1 ≡ v̂∗

āΦ
′
a , H ′

2 ≡ ŵ∗
āΦ

′
a , (13)

then

H ′
1 = H1 , H ′

2 = (det V )H2 = eiχH2 . (14)

That is, H1 is an invariant field, whereas H2 is pseudo-invariant with respect to arbitrary

U(2) transformations. In particular, the unitary matrix

UD ≡



 1 0

0 eiχ



 (15)

transforms from the unprimed Higgs basis to the primed Higgs basis. The phase angle χ

parameterizes the class of Higgs bases. From the definition of H2 given in eq. (9), this phase

freedom can be attributed to the choice of an overall phase in the definition of ŵ as discussed

in section II. This phase freedom will be reflected by the appearance of pseudo-invariants

in the study of the Higgs basis. However, pseudo-invariants are useful in that they can be

combined to create true invariants, which are candidates for observable quantities.

It is now a simple matter to insert eq. (11) into eq. (2) to obtain:
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, (16)

where Y1, Y2 and Z1,2,3,4 are U(2)-invariant quantities and Y3 and Z5,6,7 are pseudo-invariants.

The explicit forms for the Higgs basis coefficients have been given in ref. [17]. The invariant

coefficients are conveniently expressed in terms of the second-ranked tensors Vab̄ and Wab̄

introduced in section II:

Y1 ≡ Tr(Y V ) , Y2 ≡ Tr(Y W ) ,

Z1 ≡ Zab̄cd̄ VbāVdc̄ , Z2 ≡ Zab̄cd̄ WbāWdc̄ ,

Z3 ≡ Zab̄cd̄ VbāWdc̄ , Z4 ≡ Zab̄cd̄ Vbc̄Wdā , (17)

9
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§ 	  Couplings	  to	  vector	  bosons	  determined	  by	  mixing	  angle	  
	  
	  
	  	  	  
	  	  	  Alignment:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  possible	  with	  or	  without	  decoupling	  
§ 	  Yukawa	  couplings	  in	  arbitrary	  basis	  
	  
	  
	  
	  
	  
	  
	  
§ 	  If	  	  	  	  	  	  and	  	  	  	  	  	  	  are	  not	  simultaneously	  diagonal	  the	  Higgs	  sector	  
	  	  	  mediates	  tree-‐level	  FCNC	  (-‐>	  strongly	  restricted	  from	  data)	  

Couplings	  
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H.E.	  Haber,	  D.	  O’Neil	  [hep-‐ph/0602242]	  
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Type UR DR LR ⇢U ⇢D ⇢L

I + + + U
cot� D

cot� L
cot�

II + � � U
cot� �D

tan� �L
tan�

III + � + U
cot� �D

tan� L
cot�

IV + + � U
cot� D

cot� �L
tan�

Absence	  of	  tree-‐level	  FCNC	  –>	  2HDM	  Types	  

§ 	  To	  get	  rid	  of	  these	  FCNC	  naturally,	  implement	  a	  (sogly	  broken)	  	  
	  	  	  Z2	  symmetry	  -‐>	  2HDM	  Types	  depending	  on	  fermion	  Z2	  charges	  
	  
	  
	  
	  
	  
	  
	  

	  	  
	  	  Type	  III	  =	  Type	  Y	  =	  “Flipped”	   	  Type	  IV	  =	  Type	  X	  =	  “Lepton-‐spec.”	  
	  
§ 	  Promotes	  tan	  β	  to	  a	  physical	  parameter	  (basis	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
	  
§ 	  MSSM:	  Type-‐II	  couplings	  at	  tree	  level,	  broken	  by	  Δb	  correcGons	  

⇢F / F =

p
2

v
MF

�6 = �7 = 0

Barger,	  Hewil,	  Philips,	  PRD41	  (1990)	  



2014-‐10-‐23	   Hamburg	  Higgs	  Workshop	   7	  

Choice	  of	  model	  parametrizaIon	  

§ 	  Even	  with	  restricGons	  to	  CP	  conservaGon,	  sog	  Z2	  there	  remains	  
	  	  	  seven	  free	  parameters:	  
	  

or	  
	  
	  

§ 	  Hybrid	  basis:	  	  
	  
	  
	  
§ 	  The	  remaining	  Higgs	  masses	  are	  related	  to	  mH:	  

0 < � < ⇡/2mH > mh

0  s��↵  1

�1,�2,�3,�4,�5,m
2
12, tan�

mh,mH ,mA,mH± , sin(� � ↵),m2
12, tan�

mh,mH , cos(� � ↵), tan�, Z4, Z5, Z7

m2
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2
(Z4 � Z5)v

2



2014-‐10-‐23	   Hamburg	  Higgs	  Workshop	   8	  

TheoreIcal	  constraints	  restricts	  coupling	  space	  
§  S-‐matrix	  unitarity	  and	  posiGvity	  of	  Higgs	  potenGal:	  

	  
Ex:	  Mh	  =	  125	  GeV	  <	  MH	  <	  MA	  =	  MH+	  	  (Z4	  =	  Z5	  <	  -‐2,	  Z7	  =	  0)	  
	  

	  
	  
	  
	  
	  
	  
	  
§  Allowed	  parameter	  region	  tends	  towards	  alignment	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  

at	  high	  tan	  β,	  posiGve	  values	  of	  cβ-α	  preferred	  

MH	  =	  300	  GeV	   MH	  =	  600	  GeV	  

c��↵ ! 0

Zi ⇠ O(1)
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2HDMC	  (2-‐Higgs	  Doublet	  Model	  Calculator)	  

§ 	  Object-‐oriented	  C++	  code	  implemenGng	  the	  general	  (CP-‐conserving)	  
	  	  	  2HDM	  in	  different	  parametrizaGons	  (including	  new	  “hybrid”	  basis)	  
	  	  	  	  
	  	  	  	  	  	  	  	  	  	  D.	  Eriksson	  (Ericsson),	  OS	  (Stockholm),	  J.	  Rathsman	  (Lund)	  
	  

	   	  	   	   	   	   	  hlp://2hdmc.hepforge.org	  
	  
§ 	  First	  released	  in	  2009,	  current	  public	  version	  is	  1.6.4	  
	  
§ 	  Includes	  links	  to	  SusHi	  (cross	  secGons),	  HiggsBounds	  (Higgs	  search	  
	  	  	  limits),	  SuperIso	  (flavor	  physics),	  MadGraph-‐4	  (event	  generaGon)	  
	  
§ 	  Can	  be	  used	  either	  as	  a	  library,	  or	  for	  simple	  applicaGons	  through	  	  
	  	  	  one	  of	  the	  provided	  example	  programs	  for	  different	  input	  bases	  

[0902.0851]	  
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LHC	  predicIons	  

LHCHXSWG-2013-001

KA–TP–41–2013
LU TP 13–44

PSI–PR–13–17
WUB/13-19

LHC Higgs Cross Section Working Group

Interim recommendations for the evaluation of Higgs production
cross sections and branching ratios at the LHC in the

Two-Higgs-Doublet Model

R.Harlander1, M.Mühlleitner2, J. Rathsman3, M. Spira4, O. St̊al5

1 Fachbereich C, Bergische Universität Wuppertal,
42097 Wuppertal, Germany

2 Institut für Theoretische Physik, Karlsruher Institut für Technologie KIT,
76131 Karlsruhe, Germany

3 Department of Astronomy and Theoretical Physics
Lund University, SE-223 62, Lund, Sweden

4 Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland
5 The Oskar Klein Centre, Department of Physics

Stockholm University, SE-106 91 Stockholm, Sweden

January 29, 2014

Abstract

In this note we give interim recommendations on how to evaluate LHC cross sec-
tions for (neutral) Higgs production and Higgs branching ratios in the general (CP-
conserving) Two-Higgs-Doublet Model (2HDM). The current status of available higher-
order corrections to Higgs production and decay in this model is discussed, and the
existing public codes implementing these calculations are described. Numerical results
are presented for a set of reference scenarios, demonstrating the very good agreement
between the results obtained using di↵erent programs.
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[LHCHXSWG-‐2013-‐001],	  [1312.5571]	  	  

§ 	  Two	  bundles	  of	  codes	  have	  been	  compiled	  to	  provide	  complete	  
	  	  	  2HDM	  predicGons	  of	  cross	  secGons	  +	  branching	  raGos	  
	  	  	  
	  	  	  	   	   	   	  SusHi	  +	  2HDMC 	   	   	   	  HIGLU+HDECAY	  

Harlander,	  Mantler,	  Liebler,	  [1212.3249]	   Spira	  et	  al,	  [hep-‐ph/9510347],	  [hep-‐ph/9704448]	  
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2HDM	  Benchmark	  scenarios	  

§ 	  Scenario	  A	  
	  	  	  “Standard”	  scenario	  with	  lightest	  Higgs	  at	  125	  GeV	  
	  	  	  Mh	  =	  125	  GeV	  <	  MH	  <	  MA	  =	  MH+	  
	  
§ 	  Scenario	  B	  
	  	  	  “Inverted”	  scenario	  with	  heavy	  CP-‐even	  Higgs	  at	  125	  GeV	  
	  	  	  Mh	  <	  MH	  =	  125	  GeV	  <	  	  MA	  =	  MH+	  

§ 	  Scenario	  C	  
	  	  	  Overlapping	  CP-‐even	  and	  CP-‐odd	  Higgses	  @	  125	  GeV	  	  
	  	  	  Mh	  =	  MA	  =	  125	  GeV	  <	  MH	  =	  MH+	  	  

H.	  Haber,	  OS,	  [to	  appear]	  
(see	  also	  Baglio,	  Eberhardt,	  Nierste,	  Wiebusch,	  [1403.1264])	  
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§ 	  Scenario	  D	  
	  	  	  Heavy	  CP-‐even	  Higgs	  with	  non-‐SM	  decays,	  e.g.	  H	  -‐>	  A	  Z,	  H	  -‐>	  H+W-‐	  
	  	  	  Mh	  =	  125	  GeV	  <	  MA/MH+	  <	  MH	  
	  
§ 	  Scenario	  E	  
	  	  	  Scenario	  for	  heavy	  CP-‐odd	  /	  charged	  Higgs	  with	  
	  	  	  A	  -‐>	  H+	  W-‐	  or	  H+	  -‐>	  A	  W+	  
	  
§ 	  Scenario	  F	  
	  	  	  h	  with	  SM-‐like	  couplings	  to	  up-‐type	  fermions	  and	  vector	  bosons,	  	  
	  	  	  but	  flipped	  sign	  of	  coupling	  to	  down-‐type	  fermions	  

§ 	  Scenario	  G	  
	  	  	  “MSSM”-‐like	  (mass-‐degenerate)	  scenario	  for	  heavy	  Higgs	  bosons	  	  
	  	  	  Mh	  =	  125	  GeV	  <	  MH	  =	  MA	  =	  MH+ 	  (type	  II	  Yukawa	  couplings)	  

2HDM	  Benchmark	  scenarios	  
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Scenario	  A	  
	  “Standard”	  scenario	  with	  lightest	  Higgs	  at	  125	  GeV	  

	  	  	  Mh	  =	  125	  GeV	  <	  MH	  <	  MA	  =	  MH+	  
Z4	  =	  Z5	  =	  -‐2,	  Z7	  =	  0	  
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Type-‐I	   Type-‐II	  

§ 	  χ2	  fit	  of	  light	  Higgs	  signal	  rates	  with	  HiggsSignals	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Type-‐II	  couplings	  much	  more	  restricted	  around	  alignment,	  	  
	  	  	  	  in	  parGcular	  for	  high	  tan	  β.	  ExcepGon:	  flipped-‐sign	  scenario	  (F)	  

-‐>	  Talk	  by	  P.	  Bechtle	  
��2 < 2.30

��2 < 5.99

��2 < 11.8

Ferreira,	  Haber,	  Gunion,	  Santos,	  [1403.4736]	  	  

Scenario	  A:	  Light	  Higgs@125	  GeV	  
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Type-‐II:	  Heavy	  Higgs	  producIon	  
§  Since	  the	  H	  has	  suppressed	  couplings	  to	  gauge	  bosons	  (in	  

parGcular	  for	  Type-‐II)	  only	  gluon	  fusion,	  and	  at	  high	  tan	  β	  
also	  bb	  -‐>	  H,	  are	  accessible	  

�(gg ! H)/�(gg ! H)SM

>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  
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H	  decays	  to	  fermions	  
>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  

§  Fermionic	  decays	  dominate	  close	  
to	  alignment	  limit	  
	  

§  Complementarity	  between	  up-‐	  and	  	  
down-‐type	  modes	  typical	  for	  Type-‐II	  
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H	  decays	  to	  bosons	  

§  Bosonic	  modes	  become	  important	  
away	  from	  the	  alignment	  limit,	  
difficult	  to	  access	  in	  favored	  region	  
of	  parameter	  space	  

>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  
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§  Requiring	  posiGvity+unitarity	  and	  VV/γγ	  rates	  of	  lightest	  Higgs,	  	  
h,	  within	  20%	  of	  SM	  restricts	  the	  parameter	  space	  

Applying	  the	  constraints	  
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Scenario	  A:	  Type-‐II	  Benchmark	  
§  Define	  benchmark	  scenarios	  by	  choosing	  fixed	  values	  for	  cβ-‐α	  

and	  tan	  β inside	  allowed	  region.	  Ex:	  cos(β-α)	  =	  0.01,	  tan	  β	  =	  1.5	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Total	  H	  width	  remains	  relaGvely	  small,	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧
gg

2HDM	  

SM	  

�H/�SM < 0.1
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Total	  rates	  for	  LHC-‐13	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧

SusHi	  (MSTW2008,	  13	  TeV)	  

Type-‐II:	  cβ-α	  =	  0.01,	  tan	  β	  =	  1.5	  
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Scenario	  A:	  Type-‐I	  Benchmark	  
§  For	  Type-‐I,	  larger	  deviaGons	  from	  SM	  in	  the	  coupling	  to	  vector	  

bosons	  is	  allowed.	  Ex:	  cos(β-α)	  =	  0.05,	  tan	  β	  =	  3	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Sizeable	  branching	  raGos	  to	  bosonic	  final	  states	  can	  be	  	  
accommodated,	  total	  width	  remains	  very	  small	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧
gg

2HDM	  

SM	  



2014-‐10-‐23	   Hamburg	  Higgs	  Workshop	   22	  

Total	  rates	  at	  LHC-‐13	  

tt̄

hh
W+W�

ZZ

Type-‐I:	  cβ-α	  =	  0.05,	  tan	  β	  =	  3	  

SusHi	  (MSTW2008,	  13	  TeV)	  
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Scenario	  C	  
	  Overlapping	  CP-‐even	  and	  CP-‐odd	  Higgses	  @	  125	  GeV	  	  

	  Mh	  =	  MA	  =	  125	  GeV	  <	  MH	  =	  MH+	  	  

3.3 Scenario C

In this work we do not treat CP-violation in the 2HDM Higgs sector. Nevertheless, a situation of
CP-admixture could arise from the CP-odd Higgs boson, A, having a mass close to mh ! 125 GeV.
Requiring that mA = mh, we obtain from Eq. (62)

Z5 =
m2

H −m2
h

v2
s2β−α. (66)

Requiring in addition that mH± = mH gives

Z4 = −Z5 − 2
m2

H −m2
h

v2
c2β−α. (67)

The remaining parameter is fixed to Z7 = −Z5 in this scenario.

Figure 22: Allowed parameter space (green) with Scenario C relations imposed for the Zi and mH =
250 GeV.
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Scenario	  C:	  Degenerate	  states	  

§  Our	  framework	  is	  CP-‐conserving,	  but	  Scenario	  C	  can	  “emulate”	  a	  
CP-‐admixture	  for	  the	  signal	  in	  some	  channels:	  
	  
	  	  h/A	  -‐>	  γγ	  (inclusive)	  –	  A	  contribuGon	  exists,	  O(%)	  –	  interesGng?	  
	  	  h/A	  -‐>	  WW/ZZ	  	  (inclusive)	  –	  no	  tree-‐level	  A	  coupling	  
	  	  h/A	  -‐>	  bb	  (VH)	  –	  no	  tree-‐level	  A	  coupling	  (inclusive/lH	  -‐	  yes)	  
	  	  h/A	  -‐>	  ττ	  (inclusive)	  –	  similar	  h/A	  contribuGons	  possible	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  

Type-‐I	  
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Scenario	  C:	  h/A	  producIon	  

A	  

h	  

Total	  

c��↵ = 0.05

SusHi	  (8	  TeV)	  

§  Total	  cross	  secGon	  dominated	  by	  SM-‐like	  h	  for	  high	  tan	  β	  
(Yukawa	  decoupling	  in	  Type-‐I)	  
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Inclusive	  ττ	  signal	  composiIon	  
Rh/A

⌧⌧ =
�(pp ! h/A)⇥ BR(h/A ! ⌧⌧)

�(pp ! HSM)⇥ BR(HSM ! ⌧⌧)

c��↵ = 0.05

§  The	  currently	  allowed	  value	  for	  the	  ττ	  rate	  (within	  errors)	  could	  
easily	  accommodate	  for	  a	  large	  CP-‐odd	  contribuGon	  

A	  

h	  

Total	  

h	  

A	  

c��↵ = 0.05
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Conclusions	  
§  The	  2HDM	  is	  a	  useful	  theoreGcal	  framework	  to	  discuss	  the	  

searches	  for	  addiGonal	  Higgs	  bosons	  at	  the	  LHC	  
	  

§  Model-‐dependent	  interpretaGons	  of	  results	  ogen	  require	  
benchmark	  scenarios	  to	  reduce	  complexity	  of	  full	  parameter	  
space	  and	  to	  ensure	  consistent	  communicaGon	  of	  results	  
	  

§  We	  propose	  a	  set	  of	  2HDM	  scenarios	  for	  LHC	  Higgs	  searches	  
capturing	  different	  model	  capabiliGes	  	  
	  	  

§  For	  the	  125	  GeV	  signal	  we	  include	  opGons	  for	  the	  light	  CP-‐even,	  
heavy	  CP-‐even	  or	  overlapping	  CP-‐even/CP-‐odd	  states	  
	  

§  The	  scenarios	  are	  defined	  in	  new	  “hybrid	  basis”	  implemented	  in	  
the	  public	  2HDMC	  code.	  PredicGons	  for	  total	  cross	  secGons	  and	  
branching	  raGos	  available.	  
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Backup	  
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TheoreIcal	  constraints	  

§ 	  Unitarity	  
	  	  	  PerturbaGve	  unitarity	  of	  the	  S-‐matrix	  for	  longitudinal	  vector	  	  
	  	  	  boson/Higgs	  scalering,	  saturated	  with	  tree-‐level	  contribuGon.	  
	  
	  
§ 	  PosiGvity	  of	  the	  potenGal	  
	  	  	  In	  the	  case	  with	  CP-‐conservaGon	  and	  	  λ6	  = λ7	  =	  0:	  

�1,�2 > 0 �3 > �
p

�1�2

�3 + �4 � |�5| > �
p

�1�2

Ginzburg,	  Ivanov,	  PRD72	  (2005)	  115010	  Zi ⇠ O(1)
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From	  Hybrid	  basis	  to	  Higgs	  basis	  

§ 	  Higgs	  basis	  condiGon	  for	  sog	  Z2-‐breaking:	  
	  
	  
	  
§ 	  Preferred	  basis	  in	  which	  sog	  Z2-‐breaking	  is	  manifest:	  
	  
	  
	  
§ 	  Remaining	  quarGc	  couplings	  (in	  the	  Higgs	  basis)	  determine	  the	  
	  	  	  CP-‐odd	  and	  charged	  Higgs	  mases:	  

where

Z(1) =

(

Z1 + Z4 Z6 + Z7

Z∗
6 + Z∗

7 Z2 + Z4

)

, (43)

and

Z(11) =

(

Z1Z14 + Z3Z24 + 2|Z6|2 + 2Re(Z6Z∗
7 ) Z4Z67 + Z6Z14 + Z5Z∗

67 + Z7Z24

Z4Z∗
67 + Z∗

6Z14 + Z∗
5Z67 + Z∗

7Z24 Z2Z24 + Z3Z14 + 2|Z7|2 + 2Re(Z6Z∗
7 )

)

. (44)

In eq. (44), we have employed the notation,

Zab ≡ Za + Zb . (45)

Explicit calculation of eq. (42) yields

t1 = 2i
[

(Z1 − Z2)Im(Z6Z
∗
7 )− Im(Z∗

5Z
2
67)

]

= 0 , (46)

t2 = (Z1 − Z2)
[

Z1Z7 + Z2Z6 − Z34Z67 − Z5Z
∗
67

]

+ 2Z67
[

Z67(Z
∗
6 − Z∗

7 ) + 2i Im(Z6Z
∗
7 )
]

= 0 . (47)

First consider the case of Z7 = −Z6. In this case, t1 = 0 is automatic and t2 = 0 yields either
Z1 = Z2 and/or Z6 = Z7 = 0. The case of Z6 = Z7 = 0 corresponds to the so-called inert 2HDM
where the Z2 discrete symmetry is manifest in the Higgs basis. The case of Z1 = Z2 and Z6 = −Z7 is
a special point of the 2HDM parameter space. In this case λ1 = λ2 and λ7 = −λ6 for all basis choices.
Moreover, one is guaranteed that λ6 = λ7 = 0 in one of those basis choices. If Z7 #= −Z6, then it is
convenient to simplify eq. (47) by multiplying by Z∗

67, which yields

(Z1−Z2)
[

Z1|Z7|2+Z2|Z6|2−Z34|Z67|2+Z1Z7Z
∗
6+Z2Z6Z

∗
7−Z5Z

2 ∗
67

]

+2|Z67|2
(

|Z6|2−|Z7|2
)

= 0 . (48)

The imaginary part of eq. (48) is equivalent to eq. (46). The real part of eq. (48) yields

(Z1−Z2)
[

Z1|Z7|2+Z2|Z6|2−Z34|Z67|2+Z12 Re(Z6Z
∗
7 )−Re(Z5Z

2 ∗
67 )

]

+2|Z67|2
(

|Z6|2−|Z7|2
)

= 0 . (49)

We now impose the conditions specified by eq. (22), which ensures the CP-invariance of the scalar
potential and the vacuum.2 It immediately follows that t1 = 0. Moreover, since a real Higgs basis
exists, we are free to rephase the Higgs basis fields such that Z5, Z6 and Z7 are real. Then, the
remaining condition for the existence of a basis where λ6 = λ7 = 0, namely t2 = 0, takes the form

(Z1 − Z2)
[

Z1Z7 + Z2Z6 − Z345Z67
]

+ 2Z2
67(Z6 − Z7) = 0 , (50)

where Z345 ≡ Z3 +Z4 +Z5. If a real Higgs basis exists such that eq. (50) is satisfied, then there must
exist a real basis where λ6 = λ7 = 0 and ξ = 0. The value of tan β in this basis is easily determined
by inverting eqs. (13) and (20) [with ξ = 0] to obtain

λ6 =
1
2

[

Z1c
2
β − Z2s

2
β − (Z3 + Z4 + Z5)c2β

]

s2β + Z6cβc3β + Z7sβs3β = 0 , (51)

λ7 =
1
2

[

Z1s
2
β − Z2c

2
β + (Z3 + Z4 + Z5)c2β

]

s2β + Z6sβs3β + Z7cβc3β = 0 . (52)

Indeed, by adding and subtracting eqs. (51) and (52), respectively, we reproduce the result of eq. (50).
Moreover, the parameter tan β is also determined,

tan 2β =
2 tan β

1− tan2 β
=

2(Z6 + Z7)

Z2 − Z1
. (53)

2In the special case of the inert 2HDM where Z6 = −Z7 and Z1 = Z2, both the scalar potential and the vacuum are
automatically CP-invariant without further conditions.
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Note that we can write Z6 + Z7 = ε6
(

|Z6| + ε6ε7|Z7|
)

which indicates that β is a pseudo-invariant
quantity. Indeed, since the physical Higgs masses and couplings are independent of ε6 = ±1, the
values of tan 2β that correspond to the existence of a basis of scalar fields in which λ6 = λ7 = 0 is
given by

tan 2β = ±
|Z6|+ ε6ε7|Z7|

Z2 − Z1
. (54)

It is convenient to work in a convention where the ratio of vevs is non-negative, in which case we can
take

0 ≤ β ≤ 1
2π . (55)

However, even within this convention, eq. (54) has two solutions corresponding to the two choices of
sign. That is, if β is a solution to eq. (54) that lies in the interval specified in eq. (55), then 1

2π− β is
also a solution that lies in the same interval.

The case of Z1 = Z2 and Z6 = −Z7 must be treated separately. In this case, a Z2 symmetry
governing the quartic terms of the scalar potential is automatically present, and the corresponding
values of β for which λ6 = λ7 = 0 are determined from the following quadratic equation,

(Z1 − Z3 − Z4 − Z5) tan 2β + 2Z6(1− tan2 2β) = 0 . (56)

Solving the quadratic equation for tan 2β and allowing for both sign choices of Z6 yields four solutions
for β in the interval specified in eq. (55). That is, if β1 and β2 are solutions for a given choice of ε6,
then 1

2π − β1 and 1
2π − β2 are also solutions.

2.4 Special forms for the Higgs–fermion Yukawa couplings

We next turn to the Higgs-fermion Yukawa couplings. One starts out initially with a Lagrangian
expressed in terms of the scalar doublet fields Φi (i = 1, 2) and the interaction–eigenstate quark fields.
After electroweak symmetry breaking, one can identify the 3× 3 quark mass matrices. By redefining
the left and right-handed quark and lepton fields appropriately, the quark and charged lepton mass
matrices are transformed into diagonal form, where the diagonal elements are real and non-negative.
The resulting Higgs–fermion interaction Lagrangian in terms of the quark and lepton mass-eigenstate
fields, U = (u, c, t), D = (d, s, b), N = (νe, νµ, ντ ), and E = (e, µ, τ), is given by

−LY = ULΦ
0 ∗
a hUa UR −DLK

†Φ−
a h

U
a UR + ULKΦ+

a h
D †
a DR +DLΦ

0
ah

D †
a DR

+NLΦ
+
a h

E †
a ER + ELΦ

0
ah

E †
a ER + h.c. , (57)

where K is the CKM quark mixing matrix, hU,D,L are 3 × 3 Yukawa coupling matrices and there is
an implicit sum over a = 1, 2. The diagonal quark and charged lepton mass matrices are given by
MF = (v1hF1 + v2hF2 )/

√
2, where F = U,D,E. However, the couplings of the neutral Higgs bosons to

the fermions are not flavor-diagonal. Thus, eq. (57) would yield large tree-level Higgs-mediated flavor
changing neutral currents (FCNCs) which is in conflict with observed data.

In a general extended Higgs model, tree-level Higgs mediated FCNCs are absent if for some choice
of basis of the scalar fields, at most one Higgs multiplet is responsible for providing mass for quarks or
leptons of a given electric charge, as first pointed out by Glashow, Weinberg and Pascos (GWP) [9,10].
This GWP condition can be imposed by a symmetry principle, which guarantees that the absence of
tree-level Higgs mediated FCNCs is natural. By an appropriate choice of symmetry transformation
laws for the fermions and the Higgs scalars, the resulting Higgs-fermion Yukawa interactions take on

9

m2
A = m2

Hs2��↵ +m2
hc

2
��↵ � Z5v

2

m2
H± = m2

A � 1

2
(Z4 � Z5)v

2
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Numerical	  comparisons	  
2HDMC HDECAY

BR � (GeV) BR � (GeV) �2H/�HD

h ! bb̄ 0.6812 3.790⇥ 10�3 0.6827 3.820⇥ 10�3 0.992
⌧+⌧� 6.587⇥ 10�2 3.664⇥ 10�4 6.548⇥ 10�2 3.664⇥ 10�4 1.000
µ+µ� 2.332⇥ 10�4 1.297⇥ 10�6 2.318⇥ 10�4 1.297⇥ 10�6 1.000
ss̄ 2.484⇥ 10�4 1.382⇥ 10�6 2.503⇥ 10�4 1.400⇥ 10�6 0.987
cc̄ 3.059⇥ 10�2 1.701⇥ 10�4 2.976⇥ 10�2 1.665⇥ 10�4 1.022
gg 8.110⇥ 10�2 4.511⇥ 10�4 8.166⇥ 10�2 4.569⇥ 10�4 0.987
�� 1.130⇥ 10�3 6.284⇥ 10�6 1.117⇥ 10�3 6.250⇥ 10�6 1.006
Z� 8.728⇥ 10�4 4.855⇥ 10�6 8.677⇥ 10�4 4.855⇥ 10�6 1.000
W+W� 0.1233 6.859⇥ 10�4 0.1226 6.860⇥ 10�4 1.000
ZZ 1.540⇥ 10�2 8.569⇥ 10�5 1.531⇥ 10�2 8.566⇥ 10�5 1.000

Total width 5.563⇥ 10�3 5.595⇥ 10�3 0.994

H ! bb̄ 8.492⇥ 10�5 1.536⇥ 10�4 8.526⇥ 10�5 1.542⇥ 10�4 0.996
⌧+⌧� 9.667⇥ 10�6 1.748⇥ 10�5 9.667⇥ 10�6 1.748⇥ 10�5 1.000
µ+µ� 3.419⇥ 10�8 6.182⇥ 10�8 3.419⇥ 10�8 6.183⇥ 10�8 1.000
ss̄ 3.070⇥ 10�8 5.552⇥ 10�8 3.115⇥ 10�7 5.636⇥ 10�8 0.985
cc̄ 3.787⇥ 10�6 6.848⇥ 10�6 3.706⇥ 10�6 6.706⇥ 10�6 1.021
tt̄ 5.976⇥ 10�6 1.081⇥ 10�5 5.986⇥ 10�6 1.082⇥ 10�5 0.998
gg 8.382⇥ 10�5 1.516⇥ 10�4 8.669⇥ 10�5 1.568⇥ 10�4 0.967
�� 1.642⇥ 10�5 2.969⇥ 10�5 1.653⇥ 10�5 2.989⇥ 10�5 0.993
Z� 5.300⇥ 10�5 9.584⇥ 10�5 5.300⇥ 10�5 9.584⇥ 10�5 1.000
W+W� 0.5872 1.062 0.5872 1.062 1.000
ZZ 0.2606 0.4713 0.2606 0.4712 1.000
hh 0.1493 0.2699 0.1493 0.2700 1.000
W±H⌥ 2.658⇥ 10�3 4.806⇥ 10�3 2.663⇥ 10�3 4.815⇥ 10�3 0.998

Total width 1.808 1.808 1.000

A ! bb̄ 1.568⇥ 10�3 2.564⇥ 10�3 1.573⇥ 10�3 2.572⇥ 10�3 0.997
⌧+⌧� 1.859⇥ 10�4 3.039⇥ 10�4 1.858⇥ 10�4 3.038⇥ 10�4 1.000
µ+µ� 6.573⇥ 10�7 1.075⇥ 10�6 6.571⇥ 10�7 1.075⇥ 10�6 1.000
ss̄ 5.385⇥ 10�7 8.804⇥ 10�7 5.466⇥ 10�7 8.939⇥ 10�7 0.985
cc̄ 7.219⇥ 10�5 1.180⇥ 10�4 7.067⇥ 10�5 1.156⇥ 10�4 1.021
tt̄ 1.395⇥ 10�2 2.280⇥ 10�2 1.399⇥ 10�2 2.288⇥ 10�2 0.997
gg 8.874⇥ 10�3 1.451⇥ 10�2 9.060⇥ 10�3 1.482⇥ 10�2 0.979
�� 2.380⇥ 10�5 3.891⇥ 10�5 3.155⇥ 10�5 5.159⇥ 10�5 0.754
Z� 5.725⇥ 10�6 9.360⇥ 10�6 5.724⇥ 10�6 9.361⇥ 10�6 1.000
Zh 0.5747 0.9396 0.5746 0.9397 1.000
ZH 2.221⇥ 10�6 9.852⇥ 10�6 6.029⇥ 10�6 9.859⇥ 10�6 0.999
W±H⌥ 0.4006 0.6550 0.4005 0.6550 1.000

Total width 1.635 1.635 1.000

Table 10: Numerical comparison between neutral Higgs branching ratios and decay widths
calculated with 2HDMC and HDECAY for reference scenario A.
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Experimental	  results	  
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Figure 7: Left: observed and expected 95% CL upper limits for gluon fusion production of an
A boson of mass 300 GeV as a function of parameters tan b and cos(b � a) of the Type I (upper)
and II (lower) 2HDM. The parameters determine the A production cross section as well as
the branching fractions B(A ! Zh) and B(h ! WW⇤, ZZ⇤, tt, gg) which are relevant to this
search. Right: the sB(A ! Zh) contours for Type I (upper) and II (lower) 2HDM adopted from
Ref. [33]. The excluded regions are below the open limit contours.
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Figure 8: Combined observed and expected 95% upper limits for gluon fusion production of
a heavy Higgs boson H and A of mass 300 GeV for Type I (left) and Type II (right) 2HDM
as a function of parameters tan b and cos(b � a). The parameters determine the H and A
production cross sections as well as the branching fractions B(H ! hh), B(A ! Zh), and
B(h ! WW⇤, ZZ⇤, tt, gg), which are relevant to this search.

the 2HDM. This is the first search for these decays carried out at the LHC. We used multilepton
and diphoton final states from a dataset corresponding to an integrated luminosity of 19.5 fb�1

of data recorded in 2012 from pp collisions at a center-of-mass energy of 8 TeV. We find no
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models with general CP-conserving tree-level potential
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The Feynman diagram coupling for Hhh with SU(2)L ⇥ U(1)Y ! U(1)Q electroweak sym-

metry breaking may be obtained from the quartic interactions in (A.2) by eliminating the

fields �0
1 and �0

2 in favor of the mass eigenstates h and H and expectation values v1 and v2
using the mixing relations (2.3) with the result

gHhh =
v

4

h
cos↵

�� (3�1 + �3 + �4 + �5) cos� � 3(�6 + �7) sin�
�

+ sin↵
�� (3�2 + �3 + �4 + �5) sin� � 3(�6 + �7) cos�

�

+ 3 cos(3↵)
�
(�1 � �3 � �4 � �5) cos� + (�6 � 3�7) sin�

�

+ 3 sin(3↵)
�
(��2 + �3 + �4 + �5) sin� + (3�6 � �7) cos�

� i
(A.2)

The combinations of quartic interactions �1, �2, and �3 +�4, appearing in the Hhh coupling

may be written in terms of the physical masses mh,mH ,mA, the expectation value v, the

mixing angles ↵ and �, and the quartic interactions �5, �6, and �7 [36]
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With these relations, the Hhh coupling for the tree-level potential (A.2) may be written
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The Hhh self coupling is homogenous in cos(� � ↵), and vanishes in the alignment limit.

Near the alignment limit it may be expanded in a power series about cos(� � ↵) = 0, with

the result
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interpretation in 2HDM from direct search 
H->hh & A->Zh ->l’s,    

• and from ATLAS measurement of   
h(125) ATLAS-CONF-2014-010 

 

Experimental	  results	  
ATLAS-‐CONF-‐2014-‐010	  
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Total	  width	  
0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  

§ 	  The	  experimentally	  favored	  region	  is	  driven	  by	  the	  total	  h	  width,	  
	  	  	  which	  in	  turns	  follow	  closely	  the	  coupling	  to	  b	  quarks	  

ghdd̄
gSM
hdd̄

= sin(� � ↵)� tan� cos(� � ↵)
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Scenario	  A	  (Type-‐I):	  Light	  Higgs	  rates	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  
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Scenario	  A	  (Type-‐II):	  Light	  Higgs	  rates	  
§  Allowed	  region	  driven	  by	  total	  width	  (h	  -‐>	  bb)	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  
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Flavor	  constraints	  
§ 	  The	  most	  important	  constraints	  from	  flavor	  physics	  can	  be	  
	  	  	  summarized	  as	  follows:	  
	  
	  	  	  Type-‐I/II	  Yukawa	  couplings:	  	  	   	  tan	  β	  >	  1	  
	  	  	  	  	  	  Type-‐II	  Yukawa	  couplings:	   	  MH+	  >	  350	  GeV	  

F.	  Mahmoudi,	  OS	  
	  [0907.1791]	  and	  work	  in	  progress	  

Type-‐I	   Type-‐II	  

Figure 3. Regions of the (mH+ , tan�) parameter space indirectly excluded by flavour constraints
at 95% C.L. for the di↵erent 2HDM Yukawa types. The colour coding corresponds to exclusion by
di↵erent constraints, as described by the legend. The green region is allowed by all constraints.

approximate relations MH± ⇠ MA or MH± ⇠ MH . Results from LHC MSSM searches

for H/A ! ⌧⌧ can then also be used to constrain the charged Higgs mass. To illustrate

this, we show in Fig. ?? constraints similar to those presented in Fig. ??, but now with the

additional assumption MH± = MA. The other Higgs masses are decoupled, and play no role

in the constraints. We see that the excluded region extends towards higher masses, where the

A ! ⌧⌧ channel at present has better sensitivity than charged Higgs searches. For types I,

III, and IV, the exclusion at low tan� ends abruptly at the threshold where A ! tt̄ opens up.

This is not the case for the high tan� region excluded in type II models, since the coupling

of A to down-type fermions is enhanced by tan�, resulting in exclusion out to much larger

values for MH± . As already mentioned, we expect even stronger exclusion—in particular for

the 2HDM type II—by taking into account the latest CMS results on H/A ! ⌧+⌧� [? ].

Unfortunately, these results are not yet available as a model-independent limits, and we are

unable to use them to constrain the 2HDM at this point.

Similarly to the direct constraints from colliders, some of the limits on the charged Higgs

parameters from flavour physics depend strongly on the 2HDM type, while others are type-

independent. The combined flavour constraints are shown in Fig. ??, where the di↵erent

colours show exclusion (at 95% C.L.) by di↵erent flavour observables (as indicated by the

legend). In the general 2HDM (unlike the supersymmetric case) these results have a negligible
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Scenario	  A	  (Type-‐I):	  Rates	  relaIve	  to	  SM	  
§  Rates	  relaGve	  to	  SM	  for	  cos(β-α)	  =	  0.05,	  tan	  β	  =	  3	  (Type-‐I)	  
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Scenario	  B	  
§  “Inverted”	  scenario	  with	  lightest	  Higgs	  below	  125	  GeV,	  	  

second	  CP-‐even	  Higgs,	  H,	  as	  the	  SM-‐like	  Higgs	  at	  125	  
Mh	  <	  MH	  =	  125	  GeV	  <	  MA	  =	  MH+	  (MH+	  above	  350	  GeV	  for	  Type-‐II)	  
	  	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Constraints	  from	  LEP/Tevatron/LHC	  (gray).	  Below	  90	  GeV	  only	  
allowed	  soluGon	  is	  alignment	  of	  heavy	  Higgs:	  	  
In	  Type-‐II	  also	  LHC	  constraints	  at	  higher	  tan	  β	  for	  mh	  >	  90	  GeV.	  

Type-‐I:	  tan	  β	  =	  1.5	   Type-‐II:	  tan	  β	  =	  10	  

|c��↵| ! 1
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Scenario	  B	  (Type-‐I):	  Decays	  

§  Fix	  the	  remaining	  free	  parameter	  cβ-α	  to	  ensure	  H	  SM-‐like,	  
get	  predicGons	  for	  varying	  Mh	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  gg	  cross	  secGon	  similar	  to	  SM,	  which	  modes	  could	  be	  used?	  

Type-‐I:	  tan	  β	  =	  1.5,	  cβ-‐α	  =	  0.99,	  MH	  =	  125.5	  GeV	  

W+W�

ZZ

bb̄
⌧⌧

��

ggH	  

ggH	  (SM)	  

SusHi	  (MSTW2008,	  8	  TeV)	  



2014-‐10-‐23	   Hamburg	  Higgs	  Workshop	   42	  

Scenario	  C	  (Type-‐II):	  ττ	  composiIon	  

§  Larger	  variaGon	  in	  h	  rate	  from	  BR(h	  -‐>	  ττ)	  (non-‐zero	  cβ-α)	  
RelaGve	  contribuGon	  of	  CP-‐odd	  Higgs	  always	  above	  35%	  
	  

§  Low/high	  tan	  β	  in	  principle	  excluded	  from	  direct	  searches	  /	  rates	  
Define	  benchmark	  at	  minimum	  of	  combined	  rate	  

c��↵ = 0.05 c��↵ = 0.05

A	  

h	  

Sum	  

h	  

A	  


