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

J=20

Mass m = 125.7 + 0.4 GeV

HO Signal Strengths in Different Channels
Combined Final States = 1.17 &+ 0.17 (S = 1.2)
W w* = 0.87102
Z7Z* = 1117038 (S=1.3)
7y = 158103
bb =11 0.5
77~ =0.4 £+ 0.6
Zv < 9.5, CL = 95%

Higgs boson has been discovered!!
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1. Background and Introduction (2/5) : The origin of Higgs ?

BUT

We do not yet know anything
about the origin of nggs boson

This is one of primary targets
@ LHC Run-Il or ILC.

| would like to talk about it from the viewpoint of

126 GeV Higgs
= “composite” Higgs
H.S.Fukano(KMI)




1. Background and Introduction (3/5) : “composite” Higgs models

III

In the market, the traditional “composite” Higgs models are

1) based on the gauge theory
e.g. walking technicolor

Yamawaki,Bando,Matumoto (1986)
Bando,Morozumi,So,Yamawaki (1987)
Bando,Matumoto,Yamawaki (1986)

“Higgs” = Techni-Dilaton

SCGT2015 Talks given by many Lattice people, Kurachi, Matsuzaki, Shrock

1) based on the Nambu-Jona-Lasinio model

e g TOp quark COndensaﬁon Miransky,Tanabashi,Yamawaki (1989)
e Bardeen,Hill,Lindner (1990)

“Higgs” = Sigma meson-like particle

I1l) Higgs = pseudo Nambu-Goldstone boson

Kaplan and Georgi (1984);
Little Higgs model;
Minimal Composite Higgs Model
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“Higgs” = CP-even pion -like particle




1. Background and Introduction (4/5) : Higgs in my talk

H.S.F, Kurachi,Matsuzaki,Yamawaki (2013)

”Higgsﬂ Ta my talk Cheng,Dobrescu,Gu (2013)
= not Sigma buta PNGB

ina top quark condensate model

1) based on the Nambu-Jona-Lasinio model

e g TOp quark COndensaﬁon Miransky,Tanabashi,Yamawaki (1989)
e Bardeen,Hill,Lindner (1990)

“Higgs” = Sigma meson-like particle

I1l) Higgs = pseudo Nambu-Goldstone boson

Kaplan and Georgi (1984);
Little Higgs model,;
Minimal Composite Higgs Model
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“Higgs” = CP-even pion -like particle




P S,
1. Background and Introduction (5/5) : TMpNGBH model

H.S.F, Kurachi,Matsuzaki,Yamawaki (2013)

”Higgsﬂ Ta my talk Cheng,Dobrescu,Gu (2013)
= not Sigma buta PNGB

ina top quark condensate model

We call such model

Top-Mode
pseudo Nambu-Goldstone boson Higgs
(TMpNGBH) Model
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o oo
2.Model (1/18) : Summary of Model

Main particle contents in the model

tr tR
Step.l Wy = (bL) br
XL XR
£4f= NJL : U(g)L X U(l)XR — U(Q)L X U(l)v
Step.2

5 NGBs emerge

Lh EEW L+ vacuum ahgnment 0#0089— — <1

tep3 EWSB
5 NGBs =2 pNGBS + 3 would-be NGBs

H S Fukano(Kl\/II) TI\/IpNGB nggs l\/IodeI @SCGT201 5




2.Model (2/18) : Step.1 -particle contents arxiv:1311.6629

Step.1: Particle Contents

Main particle contents in the model
tr tR
V1, = (bL) br
XL XR

SM 3rd gen. quarks
tr,
t b
(bL) R b

Vector-like quark (= color triplet, SU(2)-singlet, Y=2/3)

XL XR
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2.Model (3/18) : Step.1 -Model Lagrangian

Step.1: Lagrangian

Lagrangian: L = Lyin. + Lay + Lp + Ly + Ly

Laf = Gar(bpxr)(XRYL)

Ly = —[AvXrXL +he] =G (Xexr) (XrXL)
1 auvyxra 1 132
L. .. = _ZW WMV — ZB Bw/

+r Y Lybr + YrY' RuYR

L; = G"(xrxr)(trxr) + h.c.
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2.Model (4/18) : Question to Step.2 arxiv:1311.6629, 1411.1199

Main particle contents in the model

7 t
v Step.1 by = (ZL) bi

XL XR

Step.2
Q: Global symmetry breaking ?

Step.3
Q: EWSB ? Higgs boson mass ?
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2.Model (5/18) : Step.2 -Global symmetry in NJLarxiv:1311.6629

In Step.2, we turn off

Lagrangian: L = Ly, + £4f Ly L Ly
EW

Step.2 Lay = Gay(Y1xr)(XRYVL)
3-component real vector

@A
Introduce J
Global symmetry: * . . O=—U-¢

auxiliary field T
U(3)L X U

3 x 3 unitary matrix

1 1 N, A?
) ln —

Y A 1672 A2

Integrate out
fermion fields Z =
onscaleA, <p<A

@A\, (< A)
Effective Lagrangian by NJL:

1 N,
G4f 87‘(‘2

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015

_ 1
Lo = Lyin. + 0*®70,® — y [, ®xr + h.c.| — [Z ( A2) (PTD) + \(DTP)?




2.Model (6/18) : Step.2 -Global Symmetry breaking

Lagrangian: L = Lyin. + Lay

Step.2 Lap = Gap(YrxR)(XRVL)

1 1 N, A?
- — = e
y2 A 16w A2

_ 1 1 N,
Lo = Liin. + 07®70,® — y Y PxRr + hc| — [Z <G4f ~ 52 A2> (PTD) + )\(CI)TCID)ZI

S UB)L % Ul)yn — U2) x U(L)y

1 0
d=—U- 5 —

=V ¢ 5 NGBs emerge @ f((l))
H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015




2.Model (7/18) : Question to Step.3 arxiv:1311.6629, 1411.1199

Main particle contents in the model

7 t
v Step.1 by = (ZL) bi

XL XR
[,4f= NJL : U(g)L X U(l)XR — U(Q)L X U(l)v

¥ Step.2 5 NGBs emerge

Step.3
Q: EWSB ? Higgs boson mass ?
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2.Model (8/18) : To Step.3 arxiv:1311.6629, 1411.1199

Q: EWSB ? Higgs boson mass?

A: Vacuum alignment

by explicit breaking terms
Ln Low Ly

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015



2.Model (9/18) : Step.3 -Electroweak Interactions

Lagrangian: £ = Lyin. + Laf + (-
* EW-NGB interaction term
L) = Lw[putprus,
e 9 H 0 0 O
EW interactions 20=10 0 0
0 0 1
DuU = (0 = igW, +ig' B, ) U
3 X 1/2 0 O
W.=» Wi—, B,=B,[ 0 1/2 0
a=1 0 0O O

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015



2.Model (10/18) : Step.3 -NGB-top interaction

Lagrangian: £ = Lyin. + Lar + ' Ly
* top-NGB interaction term
Eeﬂ‘(U) = — mX [’(;L./\/lf(U)ZﬂR —I—h.C.}
7
_ V2
Ly = G"(Xexr)(trxz) +hec

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015



2.Model (11/18) : Step.3 -small NGB-NGB interaction
Lagrangian: £ = Lyin. + Lafs + L,

* NGB-NGB interaction term

—leztr [UTZOUZO} -+ CQthr [UZ() + Z()UW

Ly = —[AvXrXL +h.c.] =G (Xexr) (XrXL)

_ y® G Y Ay
C1 — 5 9 Co —
2 G4f V2f Gag
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2.Model (12/18) : Step.3 -All explicit breaking terms
Lagrangian: L = Lyin. + Lag + Ly + Loy, + L4

* NGB interaction term
f2

Loa(U) = Ttr D UTDFUS,| — my [hp My (U)bg + hec]
—leztr [UTZOUZ()} + CQthI‘ [UZ() -+ ZOUT]

To see vacuum alignment,
we need the effective potential for NGBs
taking into account all explicit breaking terms

Lh ‘CEW Lt
H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015




2.Model (13/18) : Step.3 -Effective Lagrangian for NGBs
2 —
Lar(U) = Lote [DUTDUS) — iy [BrMp(U)m + e

—e1 f2r [UTSoUX 0] + eaf?tr [USg + SoUT]

* Effective Lagrangian for NGBs

2 A2 L =
LIP(U) = f? (1 — 47T2Xf2> tr [D,UTD*Uo| — 1y [0 Mp(U)g + h.c.]

[ A2 f2A2 9 3 Q" 2\ T
-\(\O(\ —||erf? <1 - 87T2;i2> - 327T;< 192 + 19,2 + 2N y” <G4f> tr [UTxoUEO]

o

HAY . C, F?

i (1 " 5P )]tr - ae%\«\“"“ 1

. .
CQF2 (6

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015

1-loop correction




2.Model (14/18) : Step.3 -Effective potential for NGBs
Effective potential for NGBs:

Vet (U) :[ClFQ}r UTSoUS0| — (CoFtr [USo + SoUT]

/ cosf 0O sin 9\
The vev of U is parametrized by ( 0 1 0

v \—Siné’ 0 cos@/
Vet (U . . 05~ 6 — 'COS@

If(C1)> 0,(C)# 0 with G2 |

&V ) —
Vg (U = (U)) is minimized at |cos = 52 + 0
1
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2.Model (15/18) : Step.3 -Realization of EWSB

Effective potential for NGBs:

Vet (U) = [ClFQ}r UTSaUS0| — tr US4+ SoUT]

The vev of U is parametrized by (U) =

/COSH 0 sin@\
0 1 0

\— sinf) 0 cos@/

tr
b ~ vy b
M (XIL) (XrXxL) # 0 (XrtL) #0

e 2
Cs

0 +£|cosf = —|< 1
B c

cos 6 (

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015
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2.Model (16/18) : Step.3 -Realization of Higgs mass

Effective potential for NGBs:

Verr (U) = [ClFQ}r UTSaUS0| — tr Uy + ZoUT]

At 0 #

H.S.Fukano®KMl) |

= 2C sin” 0 = mi‘o sin” 6 |

<1, EWSB and

3NGBS = would-be NGBs eaten by W/Z bosons .‘

| 2 NGBs = massive NGBs; Pseudo-NGBs

i ~ o - == = -zl
A R e O S Y = A i N ST RN o e ) S ST ool

TI\/IpNGB nggs l\/IodeI @SCGT201 5



2.Model (17/18) : Summary of the model
Main particle contents in the TMpNGBH model

7 t
v Step.1 by = (ZL) bi

XL XR
£4f= NJL : U(g)L X U(l)XR — U(Q)L X U(l)v

¥ Step.2 5 NGBs emerge

Ln Lew L¢ vacuum ahgnment 0 # cost) = = <1

/5tep — EWB
5 NGBs =2 pNGBS + 3 would-be NGBs

H S Fukano(Kl\/II) TI\/IpNGB nggs l\/IodeI @SCGT201 5




2.Model (18/18) : Top quark mass in TMpNGBH model

TMpNGBH - top quark interaction: —1m, [¢p M ¢(U)¢gr + h.c.]

cr (0 0 0 0 0 O
:GOOOUOOOWZ
4\N0 0 1 1 0 0

After the vacuum misalignment, mass matrix is given by

[

0
My ((U)) = 1y (GO>

o OO
o OO
—_ O O

Ny
SIS

M U(

sin 9\

cosf 0 cos 9

Thus

el i Q! 2]
My >~ My , My~ my sinfcosb (G4f> 1 — cos* 6 <G4f)

Top SeeSaw mechanism

Dobrescu,Hill(1998);Chivukula,Dobrescu,Georgi, Hill (1999)
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3. Phenomenologies (1/6)

phenomenological aspects of TMpNGBH model:

* Electroweak precision tests
(EWPTSs),

* Higgs sighal strength@LHC,

% Direct search of
CP-odd TMpNGB, t" quark

H.S.Fukano(KMiI) TMpNGB Higgs Model @SCGT2015



3. Phenomenologies (2/6): TMpNGBH V.S. EWPT arxiv:1311.6629

cos ., my areconstrained from EWPTs.

i small
0.25 -
I my and cosf
0.20+
I large
17015,
95%C.L. allowed |
0.103 S-T ellispsis 7
G" /G = 0.3 (dotted),
0.05 = 0.5 (dashed), 7
I = 0.7 (solid)
OOO \ \ \ \ \ \ L]
0.005 0.01
S

95 % C.L. allowed region: m; > ¢

H.S.Fukano(KMI)

\

TMpNGB Higgs Model

S = 0.08 £0.10
T" = 0.10 = 0.08

Ciuchini,Franco,Mishima,Silvestrini (2013)

EWPTs place constraints on s} and my

sL_smH[ (

G//
Gay

2
) cos™ 9}

—1

My o i 1 —cos*6 "\’
v sinf cos 0 (G /G4y) Gaf
( G//
8.11 TeV, cosf > 0.997 for = 0.3,
Gay
G//
3.23 TeV, cosf > 0.991 for = 0.5,
Gay
G//
1.19TeV, cos > 0.952 for = 0.7,

G4§




3. Phenomenologies (3/6): Higgs in TMpNGBH model

After adding £, . = G (G xp) (T2 (T bR) + Ger (o xg) (T2 (P 75) + h.c

Higgs sector in TMpNGBH model:

U

2 12
£hg = JhVV aul <92th;W_M | J —gg th'uZ'u>

2

/

Mr 40~ my ;o7 mt 5oz LN,

—Ghrr ——heTT — ghbb hitt — gniy hot't
Vew Vew Vew Vew

where

GhvvV = Ghbb = Ghrr = COS0

2c08260 —1 m?
ghtt = 'rO( ;)

cos 6 my
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3. Phenomenologies (4/6): Higgs signal strength arxiv:1401.6292

chin2 function for H1225 signal strengths

= a function of cos 6

6
~E 5
<A =14 :
|4 95 % C.L. allowed region
|>”< 3 IS given by
~ 2
1 'i‘, ,
) : ; 10.97 < cosf <1 }
090 092 094 096 098 1.00 A
cos 6 |
diphoton: ATLAS-CONF-2013-012, CMS-PAS-HIG-13-001
Ll : PLB726,88(2013), CMS-PAS-HIG-13-002 G//
WW : ATLAS-CONF-2013-030, CM.S-PAS-HIG—13—022 independent Of -
tau : ATLAS-CONF-2013-108, arXiv:1401.5041 G4f

bottom : ATLAS-CONF-2013-079, arXiv:1310.3687
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3. Phenomenologies (5/6): EWPT & LHC constraints arxiv:1401.6292

v 4
°]

)
8.11TeV, cosf > 0.997 for — = 0.3,

iy 2> § 3.23TeV, cos >0.991  for — = 0.5,

\ 1.19TeV, cosf > 0.952 for \

We take a benchmark point which allows
light t’-quark and light CP-odd TMpNGB:

my 2, 1800GeV ;. m o Z 500 GeV

Y
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3. Phenomenologies (6/6): CP-odd TMpNGB and t’-quark

arXiv:1401.6292,1411.1199

cos 0
097 0978 0.988 0.992
CP-odd TMPNGB ;" “Faews "™
= / for \/s =14 TeV, £ = 3000 fb™"
e A->Zh: CMS-PA$-HIG-13-025
Characteristic channel of Y T~ T
CP-odd TMpNGB: %
. 010 c§0.001 I
99 — Ay — Zph, ° \ \ o
518 600 800 1000
mAg(GeV)
) cos 0
t q u a r k 0.97 0.981 0.989 0.993
05
.. , : Wty
characteristic channel of t’: =04
? ht
/ O T 0.3 £
" — hyt =02
an) :
In a vector-like model: 0.1 0
Br(t' — WTb) : Br(t' — Zt) : Br(t' — ht) 010 S S————— At —
3852 2400 3200 4000
0-5 Aguilar—Seg{/gdéa et.al. (2013(;.25 for My = 2TeV mt’(Gev)
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4.Summary

¢ 126 GeV Higgs (CP-even TMpNGB)
= a pseudo Nambu-Goldstone boson
based on the Top quark condensation.

¢ EWSB & pNGB masses = the vacuum misalignment
¢ Top quark mass = the top seesaw mechanism
¢ EWPT, LHC Higgs measurements : O.K.
¢ Signal candidates: CP-odd TMpNGB & t’ quark
500 GeV S m yo 1800 GeV < my

Thank you very much
H.S.Fukano (KMI)




Backup slides
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Broken currents and NGBs

The broken currents and corresponding NGBs: _ o
U1y e — =y 1L
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
JH [y a _ L L ou L 8u JEH oA K
3L — ¢L7 A wL S = 4 Jir — %JSL + ﬁJSL 1R — 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
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NGBs as composite fields

Ty ~ XriL — fLXR
= (Xrtr —toxr)cost — (XrXL — XLXR)Sinb,
mo~ i (XREL + gLXR)
= —i(XrtL +tLxr)cost +i(XrXL + XLXR)SINO,
wp +im{ o~ ()ZREL — zLXR) + ()ZRgL + zLXR)
= 2XRr0L,
T — AT~ (XRZN?L — ZLXR) - ()ZREL T ZLXR)
= —2bLXR,
Ti  ~ XRXL — XLXR

= (Xmrtr —trxr)sinf + (XrXxXL — XLXR)COs0.

P1otbar < PorinL
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t-t” mixing angle

?fL B CE —82 tL tR B —C% S% tR
/ - t t ’ / - t t
1| m2., —m? + u? 177 _ G\’ _
¢t = = |14 X X ~cosf |14 [ — | cos*Osin?6| ,
— - 1/2 — 2 -
1 m2 L m2 € 2 G//
st = —= |1 XX X Q'LLXt ~sinf |1 — | — ] cos*@| ,
\/5 mt/ - mt G
- 1/2 5
1 m2 _|_m2 4,2 1 G//
cp = — |1+ = txz'uxt :1——(—) cos* 0,
- 1/2
t 1 mix + m%x - “?ct G" 2
sp = — |1— 5 5 ~ — cos” 0
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S & T parameters

3 1.
S = () | g (P |
3 £N2 |/t \2 t\2 2 2Tp Ty Ty
_ r— (1
s 167s7, ¢ty (52) {(SL) " ( ) )xt—l_(CL) Ty — Ty Ty |
2
mCL
Lag = m2Z ,(&:t,t/)
5( 12 2) — 22x 3xy(x —x° -y
Fla.y) = 2@ 97) y  3ay(z +y) Vot

9(x —y)? 3(x —y)? Y
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Branching ratio of CP-odd Higgs

Balm) = 1 — 47;%? C Batmg) J {1 (mhg ;mz) ] {1 (mhg tmz) ] _

ﬂGFNcm%on sin® 0 ’ - e e
I'(AY -~ : .
(A7 = ) 872 < cos 0 > Balma),
\/ﬁGFO‘gm?qo sin® 6 ’
['(AY — gg9) = T L (0089 ) Af/Q(Tt) + 2(sinf cosb)|
V2Gra?mi, | /sind 8 8N, ’
0 o Aj . Sin 9 A SlVe
[(A, — vy) = T (cos@ ) NcQi A7 )o(Tt) + 9 (sinf cos )| |,
LAY — Zph)) = L sin? @ - Ba(mpo) [ Z_ cos” 0
2567 mig
= ol
T 0.01
O+
<
= 0.001
an
1074 —
518 1000 2000

mAg (GGV)

H.S.Fukano(KMI) TMpNGB Higgs Model @SCGT2015




Partial decay widths of t” quark

2 3 M2 2 M2
W ¢/ t
gy — 8 e (mE MEY (2w ME md - 20+ mi
64mez, - ZTY 2MET \m2 T m? m?, m?, ’
2 2 m?2 m?2 + m?
Y m h9 h? My
L(t"— hit) = 32—7rmt/5 (m; 2 ) (Chr + Cir) (1 + 2 > +4ChLChRmt/] :
t/ / /
2 2 m?2 m?2 + m?
Y m AY t A? iy
F(t/ — Agt) = 32—7_‘_77%/5 (ms 2 ) (Cfo + CEXR) (1 T m% ) —4CarCar t’]
t/ t/ /
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