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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)

�(t ! c�0) =
|�tc|2

16⇡
⇥ (mt)⇥ [(1± ⇢c)

2 � ⇢2�]

⇥
q

1� (⇢� + ⇢c)2
q

1� (⇢� � ⇢c)2



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%
<latexit sha1_base64="eVgxqSw94ru8GXWHEAhEgQosqtU=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyFuilJlT6gi6IblxXsAzq1ZNK0Dc08SDJCGbvwV9y4UMStv+HOvzHTVlDRAxcO59zLvfe4oeBKI/RhLS2vrK6tpzbSm1vbO7v23n5TBZGkrEEDEci2SxQT3GcNzbVg7VAy4rmCtdzxReK3bplUPPCv9SRkXY8MfT7glGgj9ezD85yGjg4gHd2gE1iFKI+LTrZnZ1AeIYQxhgnBpSIypFIpF3AZ4sQyyIAF6j373ekHNPKYr6kgSnUwCnU3JlJzKtg07USKhYSOyZB1DPWJx1Q3nt0/hVmj9OEgkKZ8DWfq94mYeEpNPNd0ekSP1G8vEf/yOpEelLsx98NIM5/OFw0iAc2/SRiwzyWjWkwMIVRyc6vJgUhCtYksbUL4+hT+T5qFPD7NF67OMrXqIo4UOALHIAcwKIEauAR10AAU3IEH8ASerXvr0XqxXuetS9Zi5gD8gPX2CccZk1w=</latexit>

�tch < 0.077
<latexit sha1_base64="nNrwQUZZZgFHCBmUDg5/ZT3oK4o=">AAAB/nicdVBLSwMxGMzWV62vVfHkJVgETyWp4rbQQ8GLxwr2Ae2yZLNpG5p9kGSFshT8K148KOLV3+HNf2O2raCiAyHDzHzky/iJ4Eoj9GEVVlbX1jeKm6Wt7Z3dPXv/oKPiVFLWprGIZc8nigkesbbmWrBeIhkJfcG6/uQq97t3TCoeR7d6mjA3JKOIDzkl2kiefTQQJhwQL9N0PIMNiCrIcTy7bG6EMMa5gLBziQyp12tVXIM4twzKYImWZ78PgpimIYs0FUSpPkaJdjMiNaeCzUqDVLGE0AkZsb6hEQmZcrP5+jN4apQADmNpTqThXP0+kZFQqWnom2RI9Fj99nLxL6+f6mHNzXiUpJpFdPHQMBVQxzDvAgZcMqrF1BBCJTe7QjomklBtGiuZEr5+Cv8nnWoFn1eqNxflZmNZRxEcgxNwBjBwQBNcgxZoAwoy8ACewLN1bz1aL9brIlqwljOH4Aest09zX5R8</latexit>

�tch ' 1.92⇥
p
B(t ! ch0)

<latexit sha1_base64="5+Mq5NOTp9C8gEr5VRTp4xwipJw="></latexit>



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
<latexit sha1_base64="FPorkCgdRG1B9/7i6dDZhPUCssA=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCIJSZ+t4VdOGygn1AO5ZMmmlDMzMhuSOUoW78FTcuFHHrX7jzb0zbEarogcDhnHu5OceXgmtwnE9rZnZufmExt5RfXlldW7c3Nms6ThRlVRqLWDV8opngEasCB8EaUjES+oLV/f7FyK/fMaV5HN3AQDIvJN2IB5wSMFLb3pYStyDGQHu3TsZ8Hx802nbBKTpj4Cly7LjnJy52M6WAMlTa9kerE9MkZBFQQbRuuo4ELyUKOBVsmG8lmklC+6TLmoZGJGTaS8cJhnjPKB0cxMq8CPBYnd5ISaj1IPTNZEigp397I/Evr5lAcOalPJIJsIhODgWJwKOgpg7c4YpREANDCFXc/BXTHlGEgiktb0r4Tor/J7VS0T0slq6PCuXLrI4c2kG7aB+56BSV0RWqoCqi6B49omf0Yj1YT9ar9TYZnbGynS30A9b7F3mWlaA=</latexit>



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
<latexit sha1_base64="26vvJU/vSg5dpvPbC4vXTMARt3o=">AAACA3icdVDLSgMxFM34rPU16k43wSKIQpmp711BFy4r2AdtpyWTZtrQTCYkGaEMBTf+ihsXirj1J9z5N6btCFX0QOBwzr3cnOMLRpV2nE9rZnZufmExs5RdXlldW7c3NisqiiUmZRyxSNZ8pAijnJQ11YzUhCQo9Bmp+v3LkV+9I1LRiN/qgSBeiLqcBhQjbaS2vS0EbOoIatxrOSmr11sH8LDWtnNO3hkDTpETx704daGbKjmQotS2P5qdCMch4RozpFTDdYT2EiQ1xYwMs81YEYFwH3VJw1COQqK8ZJxhCPeM0oFBJM3jGo7V6Y0EhUoNQt9Mhkj31G9vJP7lNWIdnHsJ5SLWhOPJoSBmcBTVFAI7VBKs2cAQhCU1f4W4hyTC2tSWNSV8J4X/k0oh7x7lCzfHueJVWkcG7IBdsA9ccAaK4BqUQBlgcA8ewTN4sR6sJ+vVepuMzljpzhb4Aev9C4oTliw=</latexit>



The	
  Golden	
  Mode	
  for	
  Higgs	
  Discovery

# jets
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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
<latexit sha1_base64="1ksm1xEnvmL4vl8DvkJ9wKFfo48=">AAACA3icdVDLSgMxFM34rPU16k43wSKIQpmp711BFy4r2E6hnZZMmmlDM5mQZIQyFNz4K25cKOLWn3Dn35i2I1TRA4HDOfdyc04gGFXacT6tmdm5+YXF3FJ+eWV1bd3e2KypOJGYVHHMYlkPkCKMclLVVDNSF5KgKGDEC/qXI9+7I1LRmN/qgSB+hLqchhQjbaS2vS0EbOoYatxrORnzvNYBPKy37YJTdMaAU+TEcS9OXehmSgFkqLTtj2YnxklEuMYMKdVwHaH9FElNMSPDfDNRRCDcR13SMJSjiCg/HWcYwj2jdGAYS/O4hmN1eiNFkVKDKDCTEdI99dsbiX95jUSH535KuUg04XhyKEwYHEU1hcAOlQRrNjAEYUnNXyHuIYmwNrXlTQnfSeH/pFYqukfF0s1xoXyV1ZEDO2AX7AMXnIEyuAYVUAUY3INH8AxerAfryXq13iajM1a2swV+wHr/AoDaliY=</latexit>



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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