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Introduc,on	  and	  Mo,va,on	  
Das	  and	  Kao	  (1996)

• A	  special	  two	  Higgs	  doublet	  model	  explains	  why	  
top	  quark	  is	  the	  most	  massive	  elementary	  
par,cle	  by	  sugges,ng	  that	  it	  is	  the	  only	  fermion	  
that	  couples	  to	  a	  Higgs	  doublet	  (φ2)	  with	  a	  
much	  larger	  VEV	  (v2	  >>	  v1).	  

• This	  model	  leads	  to	  flavor	  changing	  neutral	  
Higgs	  (FCNH)	  interac,ons	  and	  CP	  viola,on.	  

• Most	  LHC	  data	  are	  consistent	  with	  the	  Standard	  
Model.	  FCNH	  interac,ons	  might	  lead	  to	  new	  
physics	  beyond	  SM.



A	  Special	  Higgs	  Model	  for	  the	  Top	  Quark











The	Higgs	Basis



Special	Models	for	the	Top	Quark

• A	Two	Higgs	doublet	model	for	the	top	quark,	 
Das	and	Kao	(1996)	

• Neutrino	masses,	mixing	and	leptogenesis	in	a	two	
Higgs	doublet	model	'for	the	third	genera6on’,	 
Atwood,	Bar-Shalom,	and	Soni	(2005)	

• Flavor-Changing	Neutral-Current	Decays	in	Top-
Specific	Variant	Axion	Model,			 
Chiang,	Fukuda,	Takeuchi,	and	Yanagida,	(2015)	



A	  General	  Two	  Higgs	  Doublet	  Model	  
Mahmoudi	  and	  Stal	  (2009)



The	  Decoupling	  Limit	  of	  2HDM	  
Gunion	  and	  Haber	  (2003)

• In	  the	  decoupling	  limit	  of	  2HDM,	  we	  expect	  

‣ Mh	  =	  O(v)	  

‣ MH,MA,MH+	  =	  MS	  +O(v2/MS)	  

‣ |cos(β-‐α)|	  =	  Ο(v2/MS2)	  	  

‣ If	  cos(β-‐α)	  =	  0,	  h0	  becomes	  the	  SM	  Higgs	  boson.	  

• Recently,	  there	  has	  been	  interests	  in	  the	  2HDM	  
parameter	  space	  where	  the	  alignment	  is	  obtained	  
without	  decoupling	  and	  without	  fine	  tuning	  where	  
H0	  and	  A0	  can	  be	  light	  and	  h0	  is	  like	  SM	  Higgs.	   
Craig,	  Galloway,	  Thomas	  (2013);	  Carena	  et	  al.	  (2014)



When	  the	  Higgs	  Meets	  the	  Top

• The	  Higgs	  boson	  is	  the	  mass	  giver,	  while	  the	  
top	  quark	  is	  the	  most	  massive	  par;cle.	  Their	  
interac;ons	  might	  give	  us	  guidance	  to	  search	  
for	  new	  physics	  beyond	  the	  Standard	  Model.	  

• The	  LHC	  has	  become	  a	  top	  factory.	  

• We	  might	  be	  able	  to	  οbserve	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  if	   
λct	  =	  ρct	  cos(β-‐α)	  can	  lead	  to	  observable	  signal.	  

• Or	  we	  might	  discover	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  the  
decoupling	  	  limit	  with	  λtc	  =	  ρtc	  sin(β-‐α).  

H0, A0 ! tc̄+ t̄c

t ! ch0



Top	  Decay	  Width 
Hou	  (1991) 

• The	  FCNH	  top	  decay	  with	  is 
 
 
 
 
ρc	  =	  mc/mt,	  ρH	  =	  MH/mt,	  +	  for	  H0	  and	  -‐	  for	  A0.	  

• The	  total	  width	  is 
 
 

�t = �(t ! bW ) + �(t ! c�0)
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|�tc|2
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Constraints	on	FCNH	Couplings

• ATLAS	data	(2018)	have	placed	6ght	
constraints	on	λtc	and	λct	with											

‣ the	top	decay	should	have																																								,	

‣ or																									,	with	λtch	=	ρtc	cos(β-α),	

‣ That	leads	to		

• If	we	choose	ρ-matrix	to	be	Hermi6an,	then  
													and														mixing	imply	|ρct|	<	0.1.		

• Thus	we	choose	|ρct|<	0.1,	while	|ρtc|	<	1.		

t ! ch0 ! c��

b ! s� B � B̄

B(t ! ch0) < 0.16%
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�tch ' 1.92⇥
p
B(t ! ch0)
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Future	  ATLAS	  Expecta,ons

• At	  the	  LHC	  with	  collider	  energy	  of	  8	  TeV	  and	  an	  
integrated	  luminosity	  L	  ~	  25	  {-‐1,	  ATLAS	  set	  a	  limit	  
for	  the	  branching	  frac,on	   

• At	  the	  LHC	  with	  collider	  energy	  of	  14	  TeV	  and	  an	  
integrated	  luminosity	  L	  =	  3000	  {-‐1,	  ATLAS	  expects	  
to	  set	  a	  limit	  for	  the	  branching	  frac,on	   

B(t ! ch0
) < 0.83% or ⇢tc cos(� � ↵) < 0.174

B(t ! ch0
) < 1.5⇥ 10

�4
or ⇢tc cos(� � ↵) < 0.0234



pp ! tch0 ! tcbb+X
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FCNH	  Top	  Decays	  at	  the	  LHC 
Hou	  (1991);	  Hall	  and	  Weinberg	  (1993); 
Aguilar-‐Saavedra	  and	  Branco	  (2000); 
Kao,	  Cheng,	  Hou,	  and	  Sayre	  (2012); 
Chen,	  Hou,	  Kao,	  and	  Kohda	  (2013).

ghtc(CS) =

p
mtmc

v
⇠ 0.06

�htc(HW) = ✏Q3✏U2 ⇠ 0.2



Reconstructed	  Echarm 
Han, Jiang, and Sher (2001)



Discovery	  Poten?al	  with	  8	  TeV



Discovery	  Contours 
L	  =	  20	  {-‐1	  at	  8	  TeV;	  	  30	  {-‐1	  at	  14	  TeV



pp ! tch0 ! tcZZ⇤ +X
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The	  Golden	  Mode	  for	  Higgs	  Discovery
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Constraint	  from	  the	  Golden	  Mode	  for	  
Higgs	  Discovery

• The	  CMS	  preliminary	  result	  with	  full	  7	  and	  8	  TeV	  
data	  shows	  13,	  8,	  and	  4	  events	  with	  0,	  1,	  and	  2	  
jets,	  respec,vely,	  a}er	  selec,ng	  events	  with	   
121.5	  GeV	  <	  M4l	  <	  130.5	  GeV.	  

• The	  resul,ng	  95%	  confidence	  level	  limit	  on	  the	  
rela,ve	  signal	  strength	  between	  t	  to	  ch0	  and	  
inclusive	  Higgs	  produc,on	  is	  around	  31%,	  	  

• That	  can	  be	  converted	  to	  a	  limit	  of	  6.5	  pb	  on	  the	  
effec,ve	  cross	  sec,on	  of	  t	  to	  ch0	  at	  8	  TeV,	  or	  a	  
branching	  ra,o	  limit	  around	  1.5%.	  



pp ! tch0 ! tcWW ⇤ +X
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Discovery	Poten6al	of				
t	to	ch	with	h	to	WW	

Jain	and	Kao	(2018)	

• h	to	WW	has	the	second	largest	BF.	

• We	study	WW	to	ll	+MET.	

• The	cluster	traverse	mass	of	ll	offers	good	
approxima6on	to	reconstruc6on	the	Higgs	
mass	(ll)	and	the	top	quark	mass	(cll).



Invariant	Mass	Distribu6ons



Transverse	Mass	Distribu6ons



Cross	Sec6on	of	Signal	and	Background



Cross	Sec6on	of	Signal	and	Background



Discovery	Poten6al



Discovery	Poten6al



Transverse	Mass		
ATLAS	Phys.Le|.	B789	(2019)	508-529



Cluster	Mass	
Collider	Physics	by	Barger	and	Phillips



MC	versus	MT



Summary	  for	  FCNH	  top	  Decay

• It	  is	  of	  great	  interest	  to	  search	  for	  the	  link	  
between	  the	  top	  quark	  (t)	  and	  the	  Higgs	  
bosons	  (H0,	  h0,	  A0).	  

• A	  discovery	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  would	  suggest	  the	  
existence	  of	  an	  extended	  Higgs	  sector	  
beyond	  the	  usual	  2HDM-‐II	  and	  MSSM.	  

• Experimental	  studies	  of	  h0	  to	  bb,	  WW*,	  ZZ*,	  
τ+τ-‐	  and	  γγ	  modes	  will	  provide	  important	  
informaRon	  for	  FCNH	  interacRons.  

t ! ch0
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