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 BSM Market

 Supersymmetry

 Extra dimension

 Strong dynamics

 Walking technicolor

 Top quark condensation

 Representative scenarios in BSM market
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 Why top quark condensation ?

It is very hard to build an ETC model 
      to realize the large top-bottom mass splitting.

The origin of fermion mass 

BUT

Top quark condensation can realize 
       the large top-bottom mass splitting.

 Well-known approach is 
         extended technicolor w/ walking dynamics.

as discussed @ EHQG-seminar by Matsuzaki
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 Top quark condensation 

c.f. walking TC : techni-dilaton (can be 126 GeV) 

5 1. Introduction (3/12)

 Higgs(-like) boson 

TD : Pseudo Nambu-Goldstone boson associated with 
        the spontaneous breakdown of the approximate scale symmetry

Yamawaki et.al. 1986

Nambu 1988; Miransky et.al. 1988; Bardeen et.al. 1989

“Higgs” boson = composite object  

Matsuzaki et.al. 2012

� h0

� =

�
t̄LtR

b̄LtR

�
EW doublet scalar field :

talked by Matsuzaki @ EHQG-seminar
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 Based on 
   SM gauge + Nambu-Jona-Lashinio(NJL) model

 Four fermion coupling   
                 depends on a concrete UV model

6 1. Introduction (4/12)

What is top quark condensation ?

Nambu et.al. 1961

qL =
�

tL
bL

�

Top-Mode Lagrangian

Nambu 1988; Miransky et.al. 1988; Bardeen et.al. 1989

L = q̄Li�µDµqL + t̄Ri�µDµtR + Gt (q̄LtR) (t̄RqL)

Gt
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Higgs boson from TM ?

LSM = Lkin(�)� yt [q̄L�tR + h.c.]�m2|�|2 � �

2
�
�†�

�2

Q : Higgs in the top quark condensation model ?
A : Top-Mode Lagrangian derives the SM Lagrangian.

How ?

Top-Mode Lagrangian

Nambu 1988; Miransky et.al. 1988; Bardeen et.al. 1989

L = q̄Li�µDµqL + t̄Ri�µDµtR + Gt (q̄LtR) (t̄RqL)

with m2 < 0
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SM from NJL (step.1)

Top-Mode Lagrangian
L = q̄Li�µDµqL + t̄Ri�µDµtR + Gt (q̄LtR) (t̄RqL)

The Top-Mode Lagrangian is rewritten by

Introduce an auxiliary field :

L� = Lkin.(qL, tR)� 1
Gt

|�(0)|2 �
�
q̄L�(0)tR + h.c.

�

�(0) � Gt[t̄RqL]
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SM from NJL (step.2)

Integrate out the fermion fields on scale [µ , �]

L� = Lkin.(qL, tR)� 1
Gt

|�(0)|2 �
�
q̄L�(0)tR + h.c.

�

Lµ<� = Lkin(Z⇥⇥(0), q, t)�
�
q̄L⇥(0)tR + h.c.

�

�
�

1
Gt
� Nc�2

8⇥2

�
|⇥(0)|2 � �0

2

�
⇥(0)†⇥(0)

�2

Gt >
8⇥2

Nc�2
, Z� =

Nc

16⇥2
ln

�2

µ2
, �0 =

Nc

8⇥2
ln

�2

µ2

EWSB
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SM from NJL (step.3)

Rescale :
�

Z��(0) � �

yt =
1�
Z�

, � =
�0

Z2
�

LSM = Lkin(�, q, t)� yt [q̄L�tR + h.c.]�m2|�|2 � �

2
�
�†�

�2

� = 2� y2
t and m2 < 0with

Top-Mode SM

Lµ<� = Lkin(Z⇥⇥(0), q, t)�
�
q̄L⇥(0)tR + h.c.

�

�
�

1
Gt
� Nc�2

8⇥2

�
|⇥(0)|2 � �0

2

�
⇥(0)†⇥(0)

�2
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SM from NJL (summary)

LSM = Lkin(�, q, t)� yt [q̄L�tR + h.c.]�m2|�|2 � �

2
�
�†�

�2

� = 2� y2
t and m2 < 0with

Top-Mode SM = SM w/ constraint 

Top-Mode Lagrangian
L = q̄Li�µDµqL + t̄Ri�µDµtR + Gt (q̄LtR) (t̄RqL)

Gt >
8�2

Nc�2with
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VEV, top mass and Higgs mass 

  VEV for EWSB : Pagels-Stokar formula

  Top quark mass :

  Higgs boson mass :

v2
t = m2

t
Nc

8�2
ln

�2

m2
t

mt = yt
vt�
2

mh =
�

�vt

Pagels et.al. 1979

LSM = Lkin(�, q, t)� yt [q̄L�tR + h.c.]�m2|�|2 � �

2
�
�†�

�2

� = 2� y2
t and m2 < 0with

Top-Mode SM = SM w/ constraint 
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TMSM prediction

mh = (
�

2 � 2)�mt

TMSM prediction

2 : pure NJL
�

2 : gauge + NJL
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Higgs boson mass [TMSM v.s. LHC] 

 Too large to explain the LHC “Higgs” boson mass

mh = (
�

2 � 2)�mt

TMSM prediction

mh@LHC � 126GeV

1. Top quark mass might be shared by other sector

2. TMSM prediction might be modified 
mh = 2� C �mt

174GeV = mt[TM] + mt[other]

C : additional dynamical e�ect

As solutions.....
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 Model.1 [Particle contents] 
1. Top quark mass is shared by ETC sector

2.  TMSM prediction might be modified 

174GeV = mt[TM] + mt[ETC]

EWSB : v2
EW = v2

TC + v2
t + v2

b ,
vt

vEW
� 1

H.S.F and Tuominen (2012)

field TC SU(3)1 SU(3)2 SU(2)L U(1)Y

q(3)
L 1 3 1 2 1/6

t(3)R , b(3)
R 1 1 3 1 (2/3, -1/3)

t(4)L ,b(4)
L 1 1 3 1 (2/3, -1/3)

t(4)R , b(4)
R 1 3 1 1 (2/3, -1/3)

q(1,2) 1 1 3 SM SM
QTC R - - - -
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 Model.1 [Scenario]

�
t̄(3)L t̄(4)L

�
�

�
0 �t

m M
�

�
�

t(3)R

t(4)R

�
� mt[TM]t̄t + mT T T̄

m2
t [TM] � m2

M2
�2

t , m2
T �M2

�t �= 0(EWSB)

                                     derives

 Top quark(    ) and vector-like top quark(    )

 Seesaw mechanism

t(3) t(4)

Lmodel.1 = Gt

�
q̄(3)
L t(4)R

� �
t̄(4)R q(3)

L

�
SU(3)1 � SU(3)2 � SU(3)c
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 Model.1 [Result]

! ! ! !!!!!!!!!!!!!!!!!!!!!

" " " " " " " """"""""""""""""""

"
" " " " " " """"""""""""""""""

# # # # # # # ##################

5 10 50 100
80
100

200

300

�(TeV)

�
t(

G
eV

)

(tan⇥, tan�) = (1, 3)

(3, 3)
(1, 0.5)

(0.5, 3)

vTC
vEW

�
tan� � vt

vb
,

�
v2

t + v2
b

mh � 126GeV
vt � 70GeV

S, T, Rb : O.K.

TMSM prediction

mh = (
�

2 � 2)� �t
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 Model.2 
1. Top quark mass might be shared by other sector

2. TMSM prediction might be modified 
mh = 2� C �mt

Dobrescuet.al.(1998); Chivukula et.al.(1998); H.S.F and Tuominen(2013)

field TC SU(3)1 SU(3)2 SU(2)L U(1)Y

q(3)
L 1 3 1 2 1/6

t(3)R 1 3 1 1 2/3

t(4)L 1 3 1 1 2/3
t(4)R 1 3 1 1 2/3

q(1,2) 1 1 3 SM SM
QTC R - - - -

EWSB : v2
EW = v2

TC + v2
t ,

vt

vEW
� 1
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 Model.2 [Scenario & Result]

SU(3)1 � SU(3)2 � SU(3)c

 Vector-like partner and seesaw mechanism

                                    derives

almost the same as Model.1

Lmodel.2 = Gt

�
q̄(3)
L t(4)R

� �
t̄(4)R q(3)

L

�

+G43

�
t̄(4)L t(3)R

� �
t(3)R t(4)L

�
+ G44

�
t̄(4)L t(4)R

� �
t̄(4)R t(4)L

�

Gt, G43, G44 >
8�2

Nc�2

Gt � EWSB
G43, G44 � Not EWSB

Modified TMSM prediction

mh = 2� �t �
�

gt � g44

gt � g44 + 2gtg44

�1/2

gA �
Nc�2

8�2
GA
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1. Top quark mass is shared by ETC sector

2. TMSM prediction is modified 

20 2. Models with 126 GeV Higgs (6/6)

 Summary of Model.1&2

mh = (
�

2 � 2)� �t � 126GeV
for �t �

174GeV
2

v2
t = �2

t
Nc

8�2
ln

�2

�2
t

� (70GeV)2

v2
t = �2

t
Nc

8�2
ln

�2

�2
t

� (246GeV)2

mh = 2� �t �
�

gt � g44

gt � g44 + 2gtg44

�1/2

� 126GeV
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 TM Higgs boson coupling

almost SM
parametrical

almost SM
Model.1

almost SM
Suppressed

Model.2
TM-Higgs

f

f

f = t

f = b, �

f = t

parametrical f = b, �

vt

vEW
� 0.3

 Both models CAN give 126 GeV Higgs boson.
 How are Higgs boson couplings ? 
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 TM Higgs boson decay (w/o diphoton channel)

Model.1

almost SM

almost SMalmost SM

Suppressed

Model.2
TM-Higgs

f

f
f = b, �

can be the same 
            as the SM

vt

vEW
� 0.3

can be the same 
            as the SM
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 TM Higgs boson decay (diphoton channel.I)

almost SM

tiny

almost SM

Model.1

almost SM
Suppressed

Model.2
TM-Higgs

f = t f = t

vt

vEW
� 0.3

f = T f = T
vEW

mT
� 246GeV

5TeV
vEW

mT
� 246GeV

5TeVtiny

�(h� ��) �

������
ChWW A1

�
4M2

W

m2
h

�
+

�

f

ChffNcQ
2
fA1/2

�
4m2

f

m2
h

�������

2
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 TM Higgs boson decay (diphoton channel.II)

�(h� ��) �

������
ChWW A1

�
4M2

W

m2
h

�
+

�

f

ChffNcQ
2
fA1/2

�
4m2

f

m2
h

�������

2

Model.1 Model.2
TM-Higgs

Chff

ChWW

Chtt � 1 Chtt � 1

ChTT � 0 ChTT � 0

ChWW =
vt

vEW
� 0.3 ChWW =

vt

vEW
� 1

�(h� ��) << SM ~ SM

A1 � �7 , A1/2 � 4/3
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 TM Higgs boson signal strength [ggF]

Model.1 Model.2

TM-Higgs

<< SM ~ SMgg � h� ��

gg � h�WW/ZZ << SM ~ SM

Br(h� V V )
Br(hSM � V V )

� 1, (V = �, W, Z)

 Signal strength via ggF = difference of Br

 Model.1 : 

~ SM�
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!!
!!
!!

!!

!!

0.2 0.4 0.6 0.8 1
0

1

2

�b

WW/ZZ

��

µ
X

=
�

g
g
F

�
S
M

g
g
F

�
B

r(
h
�

X
)

B
r(

h
S
M
�

X
)

26 3. In light of LHC (6/9)

 TM Higgs boson signal strength [WW/ZZ] 

Br(h�WW/ZZ)
Br(hSM �WW/ZZ)

:�

� Br(h� bb̄)
Br(hSM � bb̄)

� 1� �b

remains small...

 Signal strength via ggF = difference of Br

 Model.1 : Br(h� V V )
Br(hSM � V V )

� 1, (V = �, W, Z)

~ SM�

L � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄bL � (1� �b)hb̄b

L � (1� �b)hb̄b



H.S.Fukano(KMI) Current status of TMSM 09.05.2013

/ 30

!!
!!
!!

!!

!!

0.2 0.4 0.6 0.8 1
0

1

2

�b

WW/ZZ

��

µ
X

=
�

g
g
F

�
S
M

g
g
F

�
B

r(
h
�

X
)

B
r(

h
S
M
�

X
)

27 3. In light of LHC (7/9)

 TM Higgs boson signal strength [diphoton]

 We can improve 
  

              by introducing new vector bosons ....

Br(h� ��)
Br(hSM � ��)

HOWEVER.....

remains small...
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 Current LHC results (ggF VS VBF)

ggH,ttH
µ

-1 0 1 2 3

VB
F,

VH
µ

0

2

4

6
ττ →H 

 WW→H 
 ZZ→H 
 bb→H 
γγ →H 

CMS Preliminary -1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

0

0

ATLAS-CONF-2013-034

CMS-PAS-HIG-13-005

 Model.1 is ruled out 
   by WW/ZZ-decay channel 
      and/or VBF+VH @ LHC 

68% CL 
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 TM Higgs boson status 

Model.1 Model.2
TM-Higgs

<< SM ~ SM

gg � h� ��

gg � h�WW/ZZ

<< SM ~ SM

<< SM ~ SMVBF, VH

<< SM depend on 
        -couplingshf̄f

X
X
X
X

X

VBF,VH� bb̄, ���+
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 Top quark condensation is an alternative scenario 
                                      to ETC w/ walking dynamics.

 Top quark condensation gives

 There are several scenarios 
                        to realize 126 GeV Higgs boson.

 Model.1[top mass shared by ETC] 
                                is already ruled out by LHC data.
 Model.2[modified TMSM prediction] is 

                                                          a viable TMSM.

mh = (
�

2 � 2)�mt

Thank you very much !!
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 Model.2 [Effective potential]

V (�,⇥) =

�

�M2
t |�t|2 + M2

� |��|2 +
�

f=t,b,�

M2
�f |⇥�f |2

�

�

+C�t

�
⇥�t + ⇥†

�t

�
+ C��

�
⇥�� + ⇥†

��

�

+
�

2

�

����������

�
�†

t�t + ⇥†
�t⇥�t

�2

+
�
�†

��� + ⇥†
�b⇥�b

�2
+

�
�†

��� + ⇥†
��⇥��

�2

+ 2
����†

t �̃� + ⇥†
�t⇥�b

���
2

+ 2
���†

��t + ⇥†
��⇥�t

��2

+ 2
����̃†

��� + ⇥†
�b⇥��

���
2

�

����������

� : EW doublet
� : EW singlet
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 htt and hTT coupling

ct
L � 1EWPT constraints imply

mt �
yvt�

2
� ct

Lct
R , vEW � vt , st

L �
mt

mT

where

and

L � �chtt
mt

vEW
t̄th0 � chTT

mT

vEW
T̄ Th0

chtt �
vEW

mt

y�
2
ct
Lct

R , chTT �
vEW

mT

y�
2
st

Lst
R

chtt � 1 , chTT � 1


