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1. Background and Introduction (1/5) : Discovery of 126 GeV Higgs

As you already know,

A 126 GeV Higgs boson has been discovered at the LHC.
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1. Background and Introduction (2/5) : Next target

A primary target for future collider experiments (e.g. LHC Run-Il)
is to reveal the dynamical origin of Higgs boson.

This is closely related to the origin of masses of the SM particles.

One Key Hint for revealing the origin of mass

masses of the SM particles
t

Among masses of
the SM particles,

W /
J J masses of the top quark,
d -
£ U - z'\/

Higgs

and Higgs boson
are roughly the same order.

L

(C)2014,K.Kimura
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1. Background and Introduction (3/5) : Top quark condensation

masses of the SM particles

t This coincidence may imply that
J = the top quark plays a crucial role

for the and
. the generation of the mass of
| the Higgs boson.
- iy

(C)2014,K.Kimura

Top quark condensation

Miransky,Tanabashi,Yamawaki(1989);Nambu(1989);Marciano(1989,1990);Bardeen,Hill,Lindner(1990)

Top quark condensation (Top-Mode SM; TMSM)
= A model constructed by NJL-like four-fermion interactions
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1. Background and Introduction (4/5) : Sigma = 126 GeV Higgs ?

In general,
the NJL model predicts the existence of a sigma-meson
as a bound state of fermions with mass

My = 2M

¢

The TMSM predicts the existence of a Higgs boson
as a bound state of top quarks with mass

g — th

This relation generates a serious tension in the top quark condensation
after the discovery of 126 GeV Higgs boson.
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1. Background and Introduction (5/5) : 126 GeV Higgs as a PNGB

Copyright © 2013
Knoxville Home Saver

In the spirit of the top quark condensation, q

Q: Can we realize 126 GeV Higg.s ?

in @ model based on a four-fermion dynamics including the top quark

A: YES ! ! H.S.F, M.Kurachi, S.Matsuzaki and K.Yamawaki; arXiv:1311.6629
126 GeV Higgs emerges as

3 pseudo Nambu-Goldstone
CEREE boson

Not sigma-meson

© 2014 Linked Strategies.
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2.Model (1/6) : symmetry breaking arxiv:1311.6629

tr
Model Lagrangian: v, = | b
XL
£kin. + £4f
~ | _(lr
= G(YrXRr)(XRVL) IR = (bR> XR
Approximate global symmetry:
U(S)L X UQ)R X U(l)R
872
SSB by £*f —
\ L G>G t NCA2

U(2)L X U)R x U(1)y

8-3=5NGBs emerge
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2.Model (2/6) : Mass for NGBs arxiv:1311.6629

Model Lagrangian:

Lyvin,. + 4 + pgh Ay <A G <@

criticality = — [A\Xrxr +h.c] =G (Xexr) (XrRXL)

Approximate global symmetry:

U(S)L X U(Q)R X U(l)R
|
SSB by £ and explicitly broken by £"
U(Q)L X U(Q)R X U(l)lv

NGB:(8-3=)5=3+2
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2.Model (3/6) : full model arxiv:1311.6629

top quark mass via

top-seesaw mechanism
Dobrescu,Hill (1998); Chivukula,Dobrescu,Georgi,Hill (1999)

['kin. + £4f + Eh + ﬁt + £0thers

Model Lagrangian:

criticality PNGB = G" (xLxr) (trxz) + h.c.

Approximate global symmetry:

SSB by £* and epr|C|tIy broken by £" and £t

LX%XU
NGB:(8-3=)5=3+2
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2.Model (4/6): 5 = 3 + 2 NGBs arxiv:1311.6629
Explicit breaking term Anw <A G'x@G

rh — _ [AXXXRXL + h.c.| — & (XLXr) (XrRXL)

is invariant under the chiral transformation associated with

67:“’ 1 A
JSm 4

but not for

D s [ 4 ) A s [
Jii& o, —Jg sinf + Jo " cos
partially conserved current

Top-Mode Pseudos

H.S.Fukano(KMI) Higgs as a TMP @SCGT 14mini




2.Model (5/6): Mass of PNGBS arxiv:1311.6629

The Dashen’s formula gives

2 NGBs = massive NGBs; TOp'MOde Pseudos

) L 2 (exe) | G 20mi, +mi)
W Mag)E T s SO 12
ho) = a0 * SIN v G <G

(XRXL) = (Xgrtr)sinO + (Xrxr) cosb

3 NGBs = would-be NGBs eaten by W/Z
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2.Model (6/6): Top-Mode Pseudos arxiv:1311.6629

“Meson” in the present model based on the four-fermlon dynamlcs

| massless massive; Top I\/Iode Pseudos

“sigma” mode in the usual NJL =

N\ /. \can be identified with
Higgs in the TMSM (TP H9) > {T1p0 | 126 GeV Higgs
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3. Phenomenologies (1/8): tHiggs in NLSM  arxiv:1311.6629,1401.6292

A low energy effective Lagrangian relevant to studying
the LHC phenomenologies of the Top-Mode Pseudos

. . U(3)m X U(l)XR
» A non-linear sigma model based on
! g U(Q)@DL X U(1)¢L+XR

1+ cos? 6 m?
GhvVv = Ghbb = Ghrr = C0SO | Gy = +0(—+

1/2 m2
5 ] , Ghee = O (;) <1

mt/
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3. Phenomenologies (2/8): tHiggs @ the LHC arxiv:1401.6292

diphoton: ATLAS-CONF-2013-012, CMS-PAS-HIG-13-001

We construct a simple chi*2 function: 22 :PLB726,38(2013),  CMS-PASHIG-13-002

WW : ATLAS-CONF-2013-030, CMS-PAS-HIG-13-022

. _ . tau : ATLAS-CONF-2013-108, arXiv:1401.5041
signal strength of tHiggs signal strength (exp) bottom : ATLAS-CONF-2013-079, arXiv:1310.3687
1 R 2_ /\X 2_
) _ * (cos ) — u?f pi (cos ) — ii;
x“(cosf) = +
coss o zz e
_ 4 ATLAS 1 cms
1 sigma error
th .. — * * 1.
sin @ = ¢ i,j € {ggF+ttH, VBF+VH} | X € {yv, ZZ*, WW™*, 771, bb}
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(95% CL allowed: 0.89 < cosf < 14— M > 278 GeV)
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3. Phenomenologies (3/8): CP-odd Top-Mode Pseudo in NLsM

arXiv:1401.6292

O oTo[o I [V/Lo oT-] o O ——————

My sin 6 m sinfcosf  _
; L:AO — Z /lt} At /}/5 | v N Agt//y5t/
EW EW
3 sin 8 cos? 0 :
; {zgaﬂA?(‘?“hg — h09, A1 0 — zmgoAghgzg} s
Vi t
3sin® 6
1 (AYD,,2) 0"y — h)0, A) 0" 2]
sin @ = Ty
mAg

CP-odd TMP does not couple to the W/Z bosons
due to the CP-symmetry
however

77 = 27 contributes in the on-shell amplitude of CP-odd TMP.
A} = Z) by
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3. Phenomenologies (4/8): Production of CP-odd TMP arxiv:1401.6292

The CP-odd TMP is mainly produced by
the gluon fusion (ggF) or top quark associate (ttA) process.

cos 6
0.937 0.943 0.949
10? | | | | ]
é 1 X =gg
S0
? 0.1,
5/ 0.0l .......... A?{..: tf
o e
0.001 » ]
360 380 400
mAg (GGV)

ggF production is highly dominant
enough to neglect the ttA production at the LHC.
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3. Phenomenologies (5/8): Total decay width of CP-odd TMP

arXiv:1401.6292

The CP-odd TMP is a narrower resonance than
the SM Higgs for the whole mass range.

cos 6
100 Q777 0949 0978 0.992 As the mass gets larger,
0 Pt (Asyg).oom” _~~¥ the total decay width decreases:
% T o F AO F AO tt
O tot (Ay) ~ T(Af — tt) ~
= : M A0
= | A
L"T 01* ; \/— ,
- 2GrN.m:im
001 . LAY - tt) = F87r2 L2 Gin? 6 - Ba(my)
00017 I Mo
150 200 400 600 1000 sinf — —1u
m(GeV) m A0

This is the salient feature closely related to the fact that
the CP-odd TMP is the partner of the tHiggs.
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3. Phenomenologies (6/8): Branching ratio of CP-odd TMP

H.S.Fukano(KMI)

/N

1075

arXiv:1401.6292
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High-mass

Higgs as a TMP

cos 6
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The accessible decay channels of CP-odd TMP at the LHC:

mhg+m2§mAg<2mt S o AgﬁZhg mode

mode
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3. Phenomenologies (7/8): High-mass CP-odd TMP @ LHC

arXiv:1401.6292
cos 6 tt : ATLAS-CONF-2013-052, PRL111,211804(2013)
0.949 0.992 0.998 0.999 diphoton: New J.Phys.15,043007(2013)
’x:'\\ | | gg : CMS-PAS-EXO-12-059
= 1000 \ (.. ~nrnmoo__ 0] ; T l.
N “wmmzzn | High-mass CP-odd TMP (mq0 > 2my)
O N s .
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m, NG e, | g
X — 8 TeV e _t - :
CAY yet by the LHC Run-I data;)
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3. Phenomenologies (8/8): Low-mass CP-odd TMP @ LHC . ... .o,

The limit for low-mass CP-odd TMP (mo +mz <m0 < 2my )
can be read off from the data on searches for
extended Higgs sectors by the CMS experiments.

cos 6
0.875 0.908 0.929
% 2 .............. 14 TeV
Sa T
R
<%
A TTmmmmmmm eI e
x 1+ CMS, /s =8 TeV,
© £ =195
05 ‘ | | | | | | A->Zh: CMS-PAS-HIG-13-025
mAg(GGV) . mhg
sin 6 =
m
The LHC Run-I data set 95%C L. limits: AO

(12; = 209 Gev 0,907 < cos (< 1)}
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4.Summary

¢ The spirit of the top quark condensation may provide a natural
explanation for a dynamical origin of 126 GeV Higgs, tHiggs,
which emerges as a pseudo Nambu-Goldstone boson.

¢ There is additional PNGB, CP-odd Top-Mode Pseudo, other
than the tHiggs.

¢ Mass relation between two TMPs:

th
M0 = M 40SIN0 < 1M 40 = L _
hy Ay AL T Gn o gnvy = cosf

¢ Mass of CP-odd TMP IS aIready constramed dlrectly/mdlrectly

m La0 > 299 GeV O 907 < COS 9(< 1)

® The dlscovery channel of CP-odd TMP in the LHC Run II would
be A-> Zh channel.
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Backup slides
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Gap equations

We focus the system: [L;, + r4f + ph

The gap equations for dynamical masses:

NG | 5 0 A? Ay <A G'< G
Mty — Mty - A —m=2_ In 5
Q72 XX me 2 2 2
i XX | ms, = My, -+ mi
N(G=G") |2 o, A
Myy = Dyy + My - - A* —m3, In 5
i XX _
Both gap equations are separated by the explicit breaking termes.
There exist nontrivial solutions g = Tx
Q2 My x
G > Guit = N2 = My, # 0 and m,, # 0

U3)r, xU(2)gr x U(1)g =

PUQ2)L xUR2)rxU)y
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Broken currents and NGBs
The broken currents and corresponding NGBs:

%LV“%L — —%LV“%L

Broken current corresponding NGB CP-property
T3k mt = z)cosf — A? sin 6 odd
T 2 = h) even
J361’-J“ + iJgj’:“ 7o Lin] = \/@w;t -
J4 it = 20sin@ + A cos 0 odd
JOH wya :1 po Lo 1 os Al o A
3L = ?ﬂg}/ A wL Sy 1 (JlR \@JBL + \/gJSL) JlR XRY XR

5 NGBs emerge with the decay constant f as:

<O ‘JZ’(ZE)‘ Wf(p)> — —leféabpue—ip'aj , a,b=4,5,6,7, A




Broken currents

J;LM = &L’YM)\%EL

= ty"xXL + XMt

= (toy"tr + Xey"xe)sin20 + (tLy"xr + X1v"tr) cos 20,
Tl = Ay

= [—fLVMXL + ;CL”YMEL]

= —i(tcyY"xe — xoY"tr) ,
N % )

= by XL + Xyt br

= (va”tL +t_L’y“bL) sin 0 + (I_?L’YMXL +)ZLW”LbL) cosf,
T3l = by A

= [—5LV“5€L + >:<L7“5L]

= — ([_)L’)/’utL — EL’)/’MZ)L) sinf — 1 (BL’)/'MXL — )_(L’}/’ubL) cos @,

N
I

- I g
(JfR - %J?)L” + EJ3LM)

(XrY"XR — XLY*XL)

e Rl o B B

[)_(RVMXR — Pt sin? 0 — xp P xr cos? 0 — (Epy*xr + Xry"tr) sin 6 cos 9}
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NGBs as composite fields (current basis)

H.S.Fukano(KMI)

XriL —Toxr

(Xrtr —trLxgr)cos — (XrXL — XLXR)Sin0,
—1 (XREL + gLXR)

—i (Xrtr +tLxRr)cos0 + i (XrXL + XLXR)SInO
()ZREL — zLXR) + ()ZREL + zLXR)

2Xrbr ,

(XREL — 6LXR) — ()ZREL + [;LXR)
_ZELXR ’

XRXL — XLXR

(XrtrL, —trxr)sin® + (XrXL — XLXR) CoOsO.

P1otbar < PorinL
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NGB as composite fields (mass basis)

il

¢

¢

eyeyejoe

H.S.Fukano(KMI)

7w cosf + it sin 6

XrtL —tLXR
% () + i)
V2¥rbr ,

—(m$ — in])

V2
—V2br xR

5
Ty

—1 (XRfL + fLXR)

—i (Xrtr +trxr)cosO + i (XrXL + XLXR)SING,

—m}sin @ + w1t cos 6
XRXL — XLXR -
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Dashen’s Formula Ay <A
Explicit breaking term G < G

L" = —[AyXrxL +h.c] — G (Xrxr) (XRXL)~

The masses of the 5NGBs can be estimated

by the Dashen’s formula:
Dashen (1969)

1 & P
?Lb N F <O | [Za 7 [Qb 7 _ﬁh}] ‘ O>

PNGB ass
Noether’s charge with the broken currents
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NLsM(I)

Below the mass of “sigma”-mode, the effective Lagrangian is
described by a non-linear sigma model based on the coset space:

g _ U(S)L X U()R
H  U@2)xUQQ)y

We introduce representatives of this coset space:

é- o Z a,)\a 7-‘-7;4 )\A - &- o _7: 7T24 )\A-
— ex T , — ex

a=4,5,6,7

h
where 0

0 0
tr [A*A’] =267 , A =10 0 O
0 0 V2
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NLsM(I1)

We further introduce the “chiral” field:

U=¢)-S-&p ¥ =

o O O
o O O
_— O O

The transformation properties:

&L= M) o9 . Cr—hmed) fregip - U— g5 U-gig
where

9 =1951- 1R} 957, EUB)L, g1r € U(1)R and h(m, g) € H

The covariant derivative:

) 3 Ta/2 0 1/2 0 0 ]
DU=R|8,—igy W 0 | +igB,| 0 1/2 0||RT-U
a=1

0 00
cosf 0 —sinf
R( 0 1 0 )
sinf 0 cosf

H.S.Fukano(KMI) Higgs as a TMP @SCGT 14mini



NLsM(II1)

Lagrangian for NGB sector:

rexplicit breaking term seeeermmmossermmmmmom——n

The realistic W/Z boson masses require v, = fsin0
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NLsM(IV)

Interaction between NGBs and top quark: . (6059 (1) S;M)
tR sind 0 cos0

yuk. \/§

XR

where
,  2(mi +m3,)

X

Vi = J SInG

Interaction between hg and SM fermions other than top quark:

Mg _ Mo T Mea _

= —cosf | ¥ h{utu® + Y hd*d* + ) hje*e®
(Y

la=1,2 EW a=1,2,3 EW a=1,2,3 EW

others
L yuk. | h9
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t-t” mixing angle

¢ ot
LL(R) CL(R) SL(R)
t! st ct
L(R)/) m L(R) L(R)
— - 1/2 _
| m2 . —m2 4 2
¢t = ﬁ 1+ xxm2 tfn 5 Mt ~ cos
i 2 2 2 71/2 i
st = L 1—mXX_mtX—|_'uXt ~ sin 6
L = /3 2 2 =
i 2 2 12 T
A 1 1_|_mxx+mtx_'“xt N 1_1
R 2 .2 =
V2 my, — mj 2
. 11/2
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1"\ 2
1+ (G—) cos® 0sin® 0

1\ 2
1 — (%) cos? 6 ,

LL(R)

XL(R) g

G

~1/2

2
—) cos® 0(1 + cos” )

G

4 1/2

1/2
5 cos® 0(1 + cos? 9)] .

1/2
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The Peskin-Takeuchi S,T-paramters pesintakeuchi (1990,1992)

The CP-odd TMP is not constrained from the S,T due to the CP-symmetry.
However, t’-quark mass can be constrained from the S,T.

03: | cos ) = 0.907
"L cos 0L > 1 - l
t’-quark direct search 02 o st =099 g = 0.08+0.10
would also provide T = 0.10£0.08
another constraint 7 0.1 psT = 0.8
for the mass of , 7 Ciuchini,Franco,Mishima,
CP-odd TMP 00. 95% C.L. allowed Silvestrini (2013)
01 / g
~0.01 0 g 001 0.02
754 GeV < my < 809 GeV for cos @ = 0.907

6255 GeV < my < 7308 GeV for cos @ = 0.99
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S,I-parameters

For my > myy > my

3 1 /
S = (64 [~y = () Fanan)|
3 2041 Ty
T = 167‘(‘8‘2/‘/6%/‘/ (52)2 [(82)2%’ - (1 + (62)2) Tt + (62)25675/ t—CIit n Cl?tt 7
where
Laq = mi/mQZ 7 (CL — t7t,)
5(22 4+ %) — 22zy 3 — a7 =y’
F(x,y) = Cahd ) 2 Y | “y(@ + ) 31;3 : lnf
9(x — y) 3(z —y) Y
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Higgs search data on 2D plane

decay channel | f(ggF+ttH) | 4(VBF+VH) | Au(ggF+ttH) | Au(VBF+VH)
vy (ATLAS) 1.6 1.7 0.25 0.63
Z7* (ATLAS) 1.8 1.2 0.35 1.30
WW* (ATLAS) 0.82 1.66 0.36 0.79
717 (ATLAS) 1.1 1.6 1.16 0.75
bb (ATLAS) ~ 0.2 = 0.64
vy (CMS) 0.52 1.48 0.60 1.33
Z7* (CMS) 0.9 1.0 0.45 2.35
WW* (CMS) 0.72 0.62 0.37 0.53
77 (CMS) 1.07 0.94 0.46 0.41
bb (CMS) ~ 1.0 — 0.5
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Partial decay widths of CP-odd TMP

L(A] — gg9) = \/561:;’;5:1?49 sin? 6 - Af/Q(Tt) + cos HAf/Q(Tt/) ’ :
T(A) —vy) = \@C;;?;j:zig sin” 6 - NCQ%A{‘/Q(H) + cos HNCQtQ,Af/Q(Tt/) ’ :
F(Ag — Zth) = 9\/526;2:1?4;) sin” @ - ﬁA(mhg) [(::% — sin® (9) + :Z% cos” H} 2

2
Ba(my) = \/1 mi

m
AY

2] 2]
(g —mz) | | (g + mz)
6A(mh0) — 1 — 5 1 —

\ Ay "ag
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