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Introduction

* The Higgs boson has been discovered.

However, a big question still remains.
Is the Higgs boson Elementary scalar or Composite state?

Elementary scalar

SUSY? GUT over the grand desert?

Composite state

Technicolor

Little Higgs

‘(I\/Iinimal) Composite Higgs Model




Minimal Composite Higgs Model

‘ The Higgs boson = pseudo Nambu-Goldstone boson ‘
I\/Iinimal Set Up : G/H — 50(5)/50(4) Agashe, Contino, Pamarol, Nucl.Phys.B719

Contino, arXiv.1005.4269

e #o0f NGB =dim(G)—-dim(H) (H contains the SM gauge group)

* The breaking scale is higher than 246 GeV by a certain strong dynamics.

» G/H = SO(5)/SO(4) (# of NGB =10-6 = 4) f + decay constant
sin(h/ f) A : SO(5) gauge
Higgs fields : ¥ = ———=L(h*. K% h* h* hcot(h/f)) X : U(1), gauge

h
: 1 - o
Gauge fields : £ = 3]’“,, [H(} (p) X* X" + IIy(p) Tx[A¥ AY] + Hl(p)ZA"A".‘:.T]

—_

» Higgs potential : Coleman-Weinberg mechanism

b #
"

V(= ¢ % v+

The explicit form of the Higgs potential and matter Lagrangian depend on
matter representation.
1-, 4-, 5-, 10-, 14-dimensional rep. of SO(5). We study fourteen models.



Minimal Composite Higgs Model

‘ The Higgs boson = pseudo Nambu-Goldstone boson ‘

I\/Iinimal set Up : G/H — 50(5)/50(4) Agashe, Contino, Pamarol, Nucl.Phys.B719

Contino, arXiv.1005.4269

e #0f NGB =dim(G)—-dim(H)
* The breaking scale is higher than 246 GeV by a certain strong dynamics.

G/H = SO(5)/SO(4) (# of NGB =10 -6 = 4) Compositeness parameter :
=Vv2/f2(<1, € =0is SM limit)

g2v 1—2
r:f;;“gﬂ: 4 n W uT\/fhu 1 e e g°(1 — %) - E)hzﬂ W

G202 g2 g2(1—26) These deviations don’t
oy / hoy p
el Ve Eh, 2 4 2.7 depend on matter rep.

» Higgs potentlal : Coleman-Weinberg mechanism

<i:;f> =0, These terms are deviations
0%V, ) from the SM predictions.

< Oh? > = mp >0, Especially, the gauge
FVi\  3m} coupling deviation violates

perturvative unitarity.
In the case of MCHM, (4-dim. rep.)



RD[II;]'—’ + (Im[a;] — 1;.-2;'2 < {1;"2}9

Im[a,]

| Ampitude|?

Pertur

pative unitarity

WW scattering LLL& Jﬁw W"\Q/"W”
e
AP

cp(mh MZ)(1 - &)/ (1v2r)| < 1/2

Amplitude behavior is
regarded as a tail of
resonance.

VS [TeV]

Energy dependence remains.

0.5 —yr——r—rrr

Kanemura, Kaneta,
Machida, Shindou,
arXiv:1410.xxxx

_— Unitarity bound

The unitarity violation indicates
a new resonance scale.



In previous calculation, we didn’t discuss Im. part of Amp.

&|deg|

New resonance scale

| WW scattering amplitude
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Murayama, et al.
arXiv :1401. 3761
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phase &

ay,= GreS/(16v27) + Gp(m? — M2)(1 - €)/(4v/27)
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Measurement at LHC and Higher-energy Collider
Murayama et al U({ — W+Z — E-I_VE_I_E_

arXiv: 1401. 3761
Ay and A, are W and Z helicity eigenvalues.
0 means longitudinal mode.
Mproa(O, Aw, Az)

MProd(G)a 07 0) — MProd(G)a 07 0)626

A hal le of
/ The phase & is extracted‘b} MUt anete o

charged lepton from W
D sin(Aw @1 — Azos)sind

amplitudel|?

Ay = |lop —o_|/(ox+0_), oL =oc(sing; 2 0)

+ : Above production plane
-- : Below production plane

.;\Th&maximum asymmetry and cross
| section at 6 =0.24 with 14 TeV are

Ar ~ 0.015
o ~ 0.037 pb

12

_ , _ , This asymmetry can be observed if we
& [rad] accumulate 3000 fb! with HL-LHC.

Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx



Coupling deviation from the SM

The Higgs-gauge couplings are universal.
They do not depend on matter
representation.

Depends on G/H

MCHM/gSM Carena et al. JHEP 1406 (2014)

Rhodp = Ghee hod

Kanemura, Kaneta, Machida,
Shindou, arXiv:1410.xxxx

The Higgs-fermion and Higgs-self couplings
are not universal. They depend on matter
representation. We can distinguish models
by correlations among several coupling
deviations.
Depends on Matter representation

Label Model (“ Kt Kp Khhit | KRB
A MCHM vI—E&|1—2e01 =€ 1— L¢ VI—E|VI—E& —¢ | —&
B MCHMs [T — &1 — 26 122 1—28¢/3+28¢7/3 128 | L2 g —ag
B MCHM,o |vT—&|1—2¢6] 125 1_235_,13__52552;3 128 | A | —ag| —as

C, C'| MCHMyy |vI—£|1—2£§8 Hy Hs Fy :5% Fg | —a¢
D MCHMs 510 |T—E&|1 — 2¢ ;Lﬂig& 1—23.5_,13_—52852;3 ‘153% VI —F| —ae| —¢
E | MCHMy 010 [T — |1 — 26 128 | 12883288\ T —2| T—¢| —¢ | —¢

F. F’'| MCHMs.14-10 |v1 — £€|1 — 260 H;y H> Fy |v/1—-¢&| Fs | —¢
G | MCHMios 1o [T —E|1— 26| L28 |I280 30280 /8| 7 —g| 128 | —¢ | —ag

MCHM 01410 VT = &|1 — 26| Hi H> | T | ag| —4€
MCHM a 110 VT — |1 — 26| 128 [ 1=280/322867/3 ) 1-2¢ | 12¢ | _g¢| g¢

H, H'| MCHM 4510 [T = &|1 — 26§ H; Hoy Fy L2 | By | —ag
B |MCHMi4 10-10|vT —&|1 — 260 Hy H> T | e | 4E| 4

LT [MCHM 41410 T —£|1 — 28\ H: Hoy F3 T | Fs | —48)




Fingerprint identification of MCHMs : k, vs.

Kanemura, Kaneta, Machida, Shindou, arXiv:x1410.xxxx
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Label Model
A MCHNM,
If measured value
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is on this line,
T K ETSITTR o
’ 4r | AvahwraLLvL (L1
(A, D, E, F F) S, O MOHM
are still D | MCHM:x 10
degenerate. E | MCHM;. 1010
F, B I"-ICH:'»'I;:,_I_J]_I[}
ILC(500) ILC(1000) T
V5 (GeV)  250+500 250+500+1000 S ST
L (fb=1) 2504500 250450041000
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Fingerprint identification of MCHMs : k,, vs. k,

Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx

Model

MCHM,

AN AFATTN
VLS L LIVAE,

® FSAATTHR o

; | VAN LRI |

MCHM: 5 10

MCHM:_ 10.10

MCHM: 1410

| AAATTA N

W SHTTR W

|_uuu_u]1_|_].1_1|_|

| ® NAATTHE 0
Avar LAy A -1

B FSATTE

LT RIS N )]

A AAATTA N
AVL R ALYE L= a1

0.2z 0.16 0.12 0.08 0.04 0
T T T T T T T T T T |
|
SM |
100F-----—— -~ --
. (A, E)
i ILC 500 : or
|
0.98 ILC 1000 |
! )
' = (D, F’)
|
0.96 |
|
0.94} w . |
vy l
= |
Q : ILC(500) ILC(1000)
0.92} | /5 (GeV) 2504500 250+500+ 1000
| L (fo=1')  250+500 250+500+1000
I = = Y 8.3 % 3.8 %
ﬂ Q f #h_ i 20 % 1.1 %
9+ F | . W 0.4 % 0.3 %
. e 0.5 % 0.5 %
— B — p— — 1 2.5 % 1.3 %
0.9 092 094 096 098 1.00 o 1.0 % 0.6 %
K rtr— 1.9 % 1.2 %
V T (h) 1.7 % 1.1 %
ptp= 91 % 16 %
hhh 83 % 21 %
BR(invis.) < 0.9 % <09 %
o 2.8 % 18 %

AAOTTRT. . .. ..

|—"“—"""'—"‘I‘:|.—I'I.—J.Ll

ILC Higgs White paper




1.00

We may
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entification of MCHMs : k, vs. A,/ AV,

ra, Machida, Shindou, arXiv:1410.xxxx
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summary

The Composite Higgs model is one of the promising
candidates of the essence of the Higgs sector.

By using phase shift information, we can explore new
resonance scale above the LHC direct reach..

We have discussed how to distinguish various models of
MCHM
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Coupling deviation from the SM Khos = T 1 Thie

Kanemura, Kaneta, Machida, Shindou, arXiv:1410.xxxx

Label Model g Ky | Eravv || Shih Khhhh Ky Ky |Khhtt ﬁ'-th
A MCHM, |1 —=¢&|1 —2¢|W/1—=¢ 1 — Z¢ v1I—E|VT—&| —¢ | —¢
B MCHM; | T —E|1—2¢| 1228 |L28egise)s ) 12 | 126 | _qe | —gg
B MCHM,, [T —&|1— 2¢ fﬂi 1—285_,13_—52852;'3 \15355 :ﬂi _4g | —ag

C,C’| MCHMyy [VT—¢&|1—2¢| Hy H> Fy | o= | Fe |—4¢
D MCHM:_5.10 | T = &|1 — 2¢ ffi%s 1—285_,13_—52852;'3 \lﬂi JT—E| —a¢| —¢
E | MCHMs 1010 [T — &1 —2¢ fﬂi 1_255-’1:255%3 VI=E|VI=E| —¢ | —¢

F, F’| MCHMs_14.10 |1 — €|1 — 2¢|| H;y Ho Fy 1—¢&| Fs | —€
G | MCHMigs10 |VT—&|1— 26| L2 |I2/B/8 )| gz L2 | e | —ge
B |MCHMio1410|v/T—&|1—2¢|| Hi H) vie A= A e S
B | MCHMiyi10 |VT— &1 —2¢|| 128 | L2038 /8 || L3¢ | L2 | e | g

H, H'| MCHM14.510

ik

B |[MCHM14 10-10

I.7 1IMCHM 414101 — &




Coupling deviation from the SM

MCHM
Khod = Ghod /thsga

1 3(1—28)M} +2(4 — 23
T—¢ 3M} +2(4 — 5¢)]
—— M} +2(1 — 3¢) M4 —— M} — (4 — 156) M}
fo = vi=¢ M"-‘Jr?(l—{)ﬂ[;' Br=vi=¢ ﬂ}f— (4—5‘5)_&{;‘
3Mi + (23 —409M5 M+ 2(T - 9¢) M
3M} 4+ 2(4 — 56) M3 Mt +2(1 — &M
M} — (34 — 45¢) M}
Mi — (4 —56)Mj

3 5E2 3 21m? A48~
H = 1- 5—*:+_£2— L+ — .
2 ¢ :ﬂm.h 16 12
25¢ , 53 : 288~
Ho = 11— H+¢2+_ Im?2 L+ —
2 9 5 3_??1_% QL _1.2



SO(5) generators & eigenvectors

® 5-representation

(T68),. = —% Ef“bﬂ (8705 — o%¢) & (9767 - 5;;-5;1)]
i 1 T a i
T =-— (51- 5% — & 5.?) .
[ i) [ 0)
v _ L ; v 1 U
(=-) VG . (=) — NG ;
\ 0 \ 0
[0 ) [ —i [0\
1 0 ! 1 0
V- =7 =5 0 | veg = 0
V2 1 V2 0 0
\ 0 ) \ 0 ) \ 1)



SO(5) generators & eigenvectors

® 10-representation

?'T{DJ:I} — =

(3,1) :
(1,3)

(2,2) :

+i

1

U(£1,0) = ﬁ
v = —=
(0,41) \/E
‘U{_]J"rzr_]fg] T
Vi—1/241/2) =

—1
—1
+
0 0 0

(T} £4T3),  veo =T%,
(TH T ?Tﬁ)* U[U‘,D] — T;%*
1 1
ﬁ[T — JLT ) U[+1j.f2,+1j.rg} ﬁ(Tl + ?T ]a
1 . 1
E(T — ), Ul+1/2,-1/2) = ?(TS T £T4)'
0 )
0 . .
0 Anti-symmetric
0 T B
0
/o2 W, — ()



SO(5) generators & eigenvectors

® 14-representation

_ 1
(3,3) : T = \/—5(53-5545;5?), a<b a b=1,--,4
1 i
T = ﬁ[éif&j' — gpttaathy, a=1,23
_ , 1
(2,2) : T} = \/—5(535? + 6567, a=1,---,4
- . o
(1,1) : 7Y = Qﬁdlag(l,l,l,l,—él].
(1 2 0\
1 2t =2 0
0 0

L0 0 00 0) ET\PE#O



Matter sector of MCHM

Many var ations depending on matter representations

1,4,5, 10, 14 representations

ex) MCHM, SM quarks

- d
. Ir IR (other fields
‘115;4) - (Q ) ) ‘Ijgf) - ) ‘1’&) - UpR are non-
B d dynamical)

r=q,u,d r=u,d

MCHM var ations (Introducing q;, ug, dg)

MCHM. (9., Ug, dg)=5 rep.
MCHM 4519 (ay, ug dg)=(14,5,10) rep.

We discuss 14 variation models of MCHMs.



Matter sector

® MCHM,
cmetter — NGy (5 (p) + T (p)0'S] OO+ ST W (Mg (p) + M (p)T
r=q,u,d r=u,d
® MCHM.
matter __ = (5) . r . e 5
= Y 0 [l + Siplg s v

r=tr, 1tR:bL’bH

+ 0 Mg+ StMEE] U8 40,7 (M + tvby] wl

ARV

+ h.c. .



Matter sector
® MCHM,,

EE?tter _ Z [Gflﬂ)pna)(ljglﬂj 4 (erglﬂ))pl—[;(lljgl{]jzf)]

r=qr.tr.bRr
—( 10 .
+ 00 M (2T M e
+ 00 A + () M (U5 4 hee.

® MCHM,,

creser — % [ pYprIp e 4 (Z@EMJ);;JHWIJSMJET)+(ET_E,M)Z*);;JH;(ZRIJE,“JZT)]
r=qy, ,tR,bR

+ T (T ) M s 4+ (2T Y sh i (st st
PR ED (TS (DTS MEEEON) + e



