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2Introduction:  Heavy  Higgs  Searches

Searches	  for	  heavy	  Higgs	  bosons	  in	  the	  extended	  
Higgs	  sector	  (2HDM,	  HTM,	  HSM,	  …):	  

At	  the	  LHC	  experiments,	  we	  have	  found	  only	  the
125GeV	  Higgs	  so	  far.	  2TeV	  diboson,	  750GeV	  diphoton

H, A, H±, H±±, S,,,

MSSM	  neutral	  Higgs	  searches	  in	  H/A→ττ mode
→ stringent	  bound	  in	  the	  mA-‐tanβ	  plane.	  	  

mA ~	  2mt still	  open	  for	  tanβ	  ~	  O(1)	   CMS-‐HIG-‐13-‐021,	  ATLAS-‐CONF-‐2016-‐085,,,

We	  study	  the	  threshold	  effects	  to	  the	  production	  and	  decays	  of	  neutral	  Higgs	  
bosons	  with	  mA ~	  2mt.
[focus	  on	  pseudoscalar (S-‐wave),	  but	  neglect	  scalar	  (P-‐wave)]

Mixing	  of	  A	  and	  ttbar bound-‐states	  /	  interference	  effects	  in	  the	  production-‐decay	  
are	  not	  implemented	  yet. Drees,Hikasa(90) ,	  talk	  by	  C.	  Zhang



3Heavy  Higgs  Production  &  Decay
Production	  processes

Decay	  channels

Yukawa	  couplings	  

gauge	  coupling	  [∝ cos(β-‐α)]

loop-‐induced	  

LY =
X

f

⇠fA
yfp
2
f̄ [i�5]f A

Yukawa	  interactions	  [in	  2HDM]

gg ! A,

qq̄ ! HA,

qq̄0 ! H±A,

gg(qq̄) ! qq̄A,

· · ·

A ! tt̄,

A ! bb̄,

A ! ⌧�⌧+,

A ! hZ,

A ! gg,

A ! ��,

A ! Z�,

· · ·

⇠tA = cot�,

⇠b,⌧A = tan�(Type-‐II)

tan β ≳ 3. Besides, H and A can also decay into μþμ− with
about 0.3% in the type-X THDM. Regarding theH" decay,
although the main decay mode is basically tb in all the
types, that is replaced by H" → τ"ν in the type-II and
type-X THDMs with tan β ≳ 7.
Similarly, Fig. 5 shows the branching fractions of

H, A, and H" in the case of mΦ ¼ M ¼ 400 GeV and
sinðβ − αÞ ¼ 1. In all the types of THDMs,H and Amainly
decay into the top pair in the lower tan β region. However,
that is replaced by bb̄ (τþτ−) in the type-II and type-Y
(type-X) THDMs with tan β ≳ 5 (tan β ≳ 8). The decay of
H" does not change so much from that in the case of
mΦ ¼ M ¼ 200 GeV. Notice here that the magnitude
relation between the branching fraction of H=A → gg
and that of H=A → bb̄ is flipped compared to the results
in Fig. 4 except in the type-II and type-Y THDMs with
tan β ≳ 1. We note that, in the case of sinðβ − αÞ ¼ 1 and
mH ¼ mA, only the difference between the decay rate of
H → ff̄ and that of A → ff̄ appears in the power of the

phase space factor; i.e., that is the cubic (linear) power for
H (A) [9]. Thus, the decay rate of A → ff̄ is slightly larger
than that of H → ff̄. Moreover, the decay rates of
loop-induced modes such as the decays into gg, γγ, and
Zγ are different between H and A because of the CP
property.
Next, we show the branching fractions in the case

without taking the SM-like limit, e.g., sinðβ − αÞ ¼ 0.99.
In this case, the sign of cosðβ − αÞ can affect decay
properties for the CP-even Higgs bosons so that we
consider both the cases with cosðβ − αÞ < 0 and
cosðβ − αÞ > 0.
In Fig. 6, the branching fractions for the SM-like Higgs

boson h is shown as a function of tan β in the case of
mΦ ¼ M ¼ 200 GeV. For the h decay, the mΦ and M
parameters affect the H" loop contribution to the decay
rates of h → γγ and h → Zγ. When we take a larger value
of mΦ keeping mΦ ¼ M, the H" loop contribution van-
ishes. The solid and dashed curves, respectively, show the

1 10
tanβ

10
-3

10
-2

10
-1

10
0

B
R

(H
   

 X
)

Type-I

↑

bb

gg

tt hh

ZZ

WW

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-II

bb

gg

ττ

tt hh

ZZ

WW

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-X

bb

gg ττ

tt

hh

WW

ZZ

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-Y

bb
gg

tt

ZZ

WW

hh

1 10
tanβ

10
-3

10
-2

10
-1

10
0

B
R

(A
   

 X
)

Type-I

↑

tt

gg

hZ

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-II

bb

gg

ττ

tt
hZ

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-X

gg

ττtt

µµ

hZ

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-Y

bb

gg

tt
hZ

1 10
tanβ

10
-3

10
-2

10
-1

10
0

B
R

(H
+    

 X
)

Type-I

↑

tb hW

ts

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-II

tb

τν

cb

hW

ts

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-X

tb τν

µν

hW

ts

1 10
tanβ

10
-3

10
-2

10
-1

10
0

Type-Y

tb

cb

hW

ts

FIG. 8 (color online). Decay branching ratios for H, A, and H" as a function of tan β in the case of mΦ ¼ M ¼ 400 GeV and
sinðβ − αÞ ¼ 0.99. For the H decay, the solid and dashed curves, respectively, show the cases with cosðβ − αÞ < 0 and cosðβ − αÞ > 0.
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Example:

loop-‐induced,	  the	  largest

threshold	  corrections

mA = 400 GeV,
sin(� � ↵) = 0.99,
mH , mH± & mA



4A→tt:  Perturbative  Calculations

A ! tt̄(⇤)

335 340 345 350 355 360
M

A
 [GeV]

0

2

4

6

8

10

Γ
A

→
t t
 [
G

e
V

]

Γ
A→tt

LO

Γ
A→tt

NLO

Γ
A→bWbW

Born

Γ
MG5_aMC@NLO

A→bWbW

HDECAY

Important	  even	  below	  mA ~	  2mt
through	  off-‐shell	  top-‐quarks

LO,	  NLO calc.	  for	  tt/bWbW

HDECAY:	  (above	  thr.)	  tt@NLO

(below	  thr.)	  tbW@LO

Drees,Hikasa(90);	  MG5_aMC@NLO

Djouadi,Kalinowski,Spira(97)
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Large	  QCD	  correction	  near	  threshold,	  
because	  of	  Coulomb	  singularity.	  



5A→tt:  Coulomb  Resummation

Non-‐relativistic	  Green	  function

Schrodinger	  Eq. with	  QCD	  potential:

V (r) = �CF
↵s

r

h
1 +

↵s

4⇡
{· · · }+ · · ·

i
E = E + i�t

⇢
�r2

mt
+ V (r)

�
� E

�
Gc(~r, E) = �3(~r)

Fadin,Khoze (87,88)	  
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6Loop-‐induced	  decays

A ! ��, gg, Z�

v =
p
1� ⌧ , ⌧ = 4m2

t/m
2
A

1-‐loop/2-‐loop	  top-‐loop	  func.Spira,Djouadi,Graudenz,Zerwas(95);	  
Harlander,Kant(05);	  
Aglietti,Bonciani,Degrassi,Vicini(07);

FA!��,t(v) = F (0)
t (v) +

↵s

⇡
F (1)

t (v)

hard-‐loop NR	  on-‐shell	  tt

Re[F]

Im[F]

≃ +

γγ:	  analytic	  2-‐loop	  correction	  known
gg/Zγ:	  2-‐loop	  numerically	  (we	  use	  1-‐loop	  amp.)	  	  

Threshold	  expansion	  → Coulomb	  summation

FNR
A!��,t(v) = At(↵s) + Bt(↵s)G(E)

Melnikov,Spira,Yakovlev(94)



7Numerical  Results

Production:	  	  	  	  	  σ(gg→A)	  also	  roughly	  ×2~3

�thr./�pert.
for A ! t¯t, ��, gg, Z�

thr./LO thr./NLO



8Summary  and  Outlook

• We	  studied	  the	  threshold	  corrections	  to	  the	  heavy	  Higgs	  decays
and	  production	  for	  mA ~	  2mt.

• Near	  the	  heavy	  quark	  mass	  threshold,	  large	  Coulomb	  corrections	  arise,
which	  have	  to	  be	  resummed to	  all	  orders	  in	  αs.

• We	  formulated	  the	  threshold-‐correction	  based	  on	  NRQCD,
and	  investigated	  a numerical	  impact	  of	  these	  corrections.	  	  

• For	  a	  phenomenological	  application,	  both	  the	  production	  and	  decay	  
have	  to	  be	  considered	  simultaneously.
⇒mixing	  of	  A	  &	  ttbar-‐state	  /	  large	  interference	  effects.	  

�thr.
A!tt̄

�pert.
A!tt̄

' 10� 20
�thr.
A!��,gg,Z�

�pert.
A!��,gg,Z�

' 2� 3 @	  mA ~	  2mt


