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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)



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.		
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Heavy	
  Higgs	
  Decay	
  Branching	
  Frac1ons
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Constraints	
  from	
  B	
  Physics
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Signal	
  and	
  Background	
  at	
  the	
  LHC
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Higgs signal
(�̃tc=0.24,1)

200 400 600 800 1000

10-1

1

101

102

103

104

mH (GeV)

�
(p
p
�

H
�

tc
�

bl
�c

+
X
)(
fb
)

(a) s = 8 TeV

�̃tc=0.24

�̃tc=1
�ii =�i

cos(�-�)=0.1

tb+tj
wbb+wjj
tt
Higgs signal
(�̃tc=0.24,1)

200 400 600 800 1000

10-1

1

101

102

103

104

mH (GeV)

�
(p
p
�

H
�

tc
�

bl
�c

+
X
)(
fb
)

(b) s = 14 TeV

�̃tc=0.24

�̃tc=1

�ii =�i

cos(�-�)=0.1



Mass	
  Reconstruc,on
We	
  require	
  that	
  the	
  reconstructed	
  invariant	
  masses	
  
should	
  center	
  around	
  mt,	
  mW,	
  and	
  Mφ

	
  .	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

• Assuming	
  an	
  on-­‐shell	
  W,	
  we	
  evaluate	
  kz	
  of	
  the	
  neutrino	
  
with	
  lepton	
  momentum	
  (p)	
  and	
  missing	
  transverse	
  
energy.	
  Usually,	
  there	
  are	
  two	
  possible	
  values	
  for	
  kz.	
  We	
  
select	
  whichever	
  leads	
  to	
  a	
  better	
  reconstruction	
  of	
  the	
  
top-­‐quark	
  mass:	
  Min[mt2	
  -­‐(k+p+pb)2],	
  and	
  define	
  the	
  
reconstructed	
  top	
  mass	
  as	
  MtR	
  =	
  Mblν	
  such	
  that	
   
|Mblν	
  -­‐mt|	
  <	
  0.15mt	
  or	
  0.20mt.	
  

• The	
  invariant	
  mass	
  of	
  the	
  top	
  and	
  the	
  charm	
  should	
  
have	
  a	
  peak	
  near	
  Mφ:	
  |Mblνj	
  -­‐mφ|	
  <	
  0.15Μφ	
  or	
  0.20Μφ.





Discovery	
  Contour	
  at	
  the	
  LHC 
cos(β-­‐α)	
  =	
  0.1



Conclusions
• It	
  is	
  of	
  great	
  interest	
  to	
  search	
  for	
  the	
  link	
  between	
  the	
  

heaviest	
  par8cle	
  (top)	
  and	
  the	
  mass	
  giver	
  (Higgs).	
  

• It	
  is	
  a	
  win-­‐win	
  strategy	
  to	
  search	
  for	
  the	
  FCNH	
  top	
  decay  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  the	
  heavy	
  Higgs	
  decay	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .  
In	
  the	
  decoupling	
  limit,	
  the	
  produc8on	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  and	
  
the	
  FCNH	
  decay	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  can	
  be	
  sustained	
  by	
  sin(β-­‐α)~	
  1.	
  

• The	
  FCNH	
  decay	
  of	
  heavy	
  Higgs	
  bosons	
  will	
  be	
  observable	
  
for	
  ρtc	
  >	
  0.1	
  and	
  cos(β-­‐α)	
  ~	
  0.1	
  up	
  to	
  MH	
  =	
  800	
  GeV	
  with	
  
3000	
  R-­‐1	
  of	
  data.	
  

• We	
  might	
  find	
  out	
  if	
  nature	
  chooses	
  the	
  same	
  mechanism	
  
for	
  electroweak	
  symmetry	
  breaking	
  and	
  tree-­‐level	
  FCNC. 

H0 ! tc

t ! ch0 H0, A0 ! tc̄+ tc̄

gg ! H0
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Flavor	Changing	Higgs	Decays	to	τμ

• Recent	CMS	data	has	set	a	limit	on	the	
branching	frac6on	B(h	to	τμ)	<	0.25%	

• In	a	general	2HDM,	the	FCNH	coupling	of	
hτμ	is	propor6onal	to	cos(β-α)	while	the	
FCNH	couplings	of	Hτμ	and	Aτμ	are	
propor6onal	to	sin(β-α).	

• In	the	decoupling	limit	or	the	alignment	
limit	of	2HDMs,	we	expect	cos(β-α)	~	0,	and	
sin(β-α)	~	1.



ATLAS	Collabora6ons,	JHEP	1803	(2018)	042	
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Implica6ons	of	h	to	τμ	from	CMS	Data 
CMS	arXiv:1502.07400;	ATLAS	arXiv:1508.03372;	

CMS	arXiv:1712.07173

• CMS	data	in	Run	1	had	a	2.4σ	excess	

‣ Best	fit	branching	frac6on:	0.84	+-0.38%	

• It	is	compa6ble	with	1σ	excess	from	ATLAS	

‣ Best	fit	branching	frac6on:	0.77+-0.62%	

• The	2.4σ	excess	is	ruled	out	by	2016	CMS	data	

• An	upper	limit	is	set	for	B(h	to	τμ)	<	0.25%



Higgs	to	tau	mu	
Hou,	Jain,	Kao,	Kohda,	McCoy,	Soni	(2018)



Implica6on	of	New	CMS	Data

• CMS-HIG-17-001	

• B(h0	to	τμ)	<	0.25%	at	95%	C.L.	

• (|Yτμ|2	+|Yμτ|2)1/2	<	1.43	x	10-3	

• For	cos(β-α)	=	0.1,	ρτμ	<	2	x	10-2	

• gτμ	=	Yτμ	=	ρτμ	cos(β-α)/sqrt(2)



Constraints	on	Parameters	
cos(β-α)	=	0.1



Decay	of	Heavier	Higgs	Bosons



Cross	Sec6on	of	the	Higgs	Signal



Discovery	Contours	for	the	Pseudoscalar



Discovery	Contours	for	the	Heavier	Scalar



Conclusions

•Strong	experimental	constraints	exist	for	FCNH	
interactions,	but	third	generation	fermions	might	
offer	promising	signatures	for	new	physics	at	the	
LHC	and	future	hadron	colliders.	

•In	the	general	2HDM,	the	coupling	probed	is	 
λhτμ	=	ρτμ	cos(β-α),which	is	expected	to	be	small	in	
the	alignment	limit	of	cos(β-α)	\to	0,	where	the	light	
CP-even	Higgs	boson	h0	approaches	the	standard	
Higgs	boson.



Conclusions

•The	pseudoscalar	A0	boson	has	FCNH	coupling	  
λAτμ	=	ρτμ	that	is	independent	of	cos(β-α),	while	the	
heavy	CP-even	scalar	H0	has	FCNH	coupling	 
λΗτμ	=	ρτμ	sin(β-α).	

•It	should	be	noted	that	A0	is	more	promising	than	H0	
because	of	its	higher	production	cross	section	and	
fewer	decay	channels	affecting	its	decay	to	τμ,	but	
H0	decay	depends	also	on	Higgs	potential	due	to	
h0h0	mode.
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