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QCD Composite Higgs
~135 MeV ~770 MeV energy ~125 GeV  ~multi-TeV energy
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Pion is the lightest scalar boson in QCD sector. = Higgs boson is the lightest scalar in EW sector.

= Pij
> Because it is a pseudo Nambu-Goldstone boson. = [t can be expect that Higgs boson would be a
pseudo Nambu-Goldstone boson.
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Pion is the lightest scalar boson in QCD sector. = Higgs boson is the lightest scalar in EW sector.
Because it is a pseudo Nambu-Goldstone boson. = = It can be expect that Higgs boson would be a
The second resonance is rho meson having the pseudo Nambu-Goldstone boson.
large width 'p/mp ~ 0.2. (c.f. [2/Mz~0.03) > [f the second resonance “X" is broad; ' x/mx ~
The sizable tail of the cross section appears. 0(0.1), phase shift measurements are important
Hence, phase shifts can be observed in the tail to probe the new resonance.

region even if we could not reach the peak.
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0 measurement at LHC
Murayama, et al. (1401.3761)

pp — W*Z — IFult—| Phase shift can be extracted by azimuthal angle dependence
of a final state lepton.

2 ud—W*Z W*—I* e 5 Z—1* 1" L 2
|Amp| X | Z '\"zpiou ( \/>MDec;;/ I/(91 » P15 )\W)*"MDecay (925 @2, )‘Z)I
AW,AZ
Production: .\ {o; 1. V'2(9;0,0) — MBS W'2(0;0,0)€” (just a parametrization of “3")

Decay [V)Vec;;l, f (91 ’ (o"l)1 ’ AW) X ei/\“'v(.")1 and .4"\/12_}#/_ (92, bo: /\Z) o e_l‘/\7{',,2

Decay
A\ 4

) i hy — \ 70 2 - . : . - . . ,
~ ‘A e + B eWwéi—Az bZ){ X COS(0 + Awd1 — Azd2) D sin(o) Sin(Awdy — Azd2)

Due to the interference term, “0”
induces “®;” dependence of final
state leptons even when (Aw, \z) #(0,0)

Let us use

o+ — o] :
A, = . or=o0o(sino; =0
i 0L +0_ * ( '1<)

(other phase space is integrated for 0 < cos© < 1)

o, : It goes to “above” the production plane
o. : I* goes to “below” the production plane
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0 measurement at LHC
Murayama, et al. (1401.3761)

pp — W*Z — IFult—| Phase shift can be extracted by azimuthal angle dependence
of a final state lepton.

Asymmetry cross section
.............. : O~ 0.24, for example,

A+~ 1.5% (@ 14 TeV LHC)

PDF: MSTW 2008lo0

cross section ~ 3.7 b

stat. error: 1/VN~3% (300fb~") :
~~~~~~ : <1 % (3000 fb~') i

Asymmetry (x 1 0

: |t would be possible to observe
: the phase shift @ HL-LHC, but
|t seems not so significant.

: (not so changed even if the efficiency ~ 70%)

--------------------------------------------------

1.5

Let us use
Oy —O— o _
AL = o+ |, o4 = o(sing; 2 0)
Oy +0_
(other phase space is integrated for 0 < cos© < 1)

o, : It goes to “above” the production plane
o. : I* goes to “below” the production plane
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0 measurement at the ILC (preliminary)

ete — WW~ — lvqd’

Phase shift can be extracted by azimuthal angle o (cf. Barklow, et al, ‘96)
dependence of a final state lepton as in the case of LHC. s N
ee ~WW -vl'ud at \S=1TeV
ee -~-WW -v/Iud
Y P e T N R S T e S TR P E /\__/
- M, =2TeV : / « 0.5
- x=T,/M, : x=0.6
1.5 : |
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> | o
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0.0- . —— 0.2
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reu(1TeV) = 9.6 |b)
0'1_0 r/2 R 37/2 or
There is a possibility to observe the phase shift — \_ ki p

if the cross section and the angular distribution

can be measured with O(1) % level. (detailed BG estimation is necessary)
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Anticipating new resonance scales from o

e.g.) MCHM

> |[n minimal composite Higgs models (MCHMSs), Higgs interactions

are deviated from the SM, which are characterized by ¢ =

> Due to the deviation of h-V-V coupling, perturbative
unitarity is violated in high energy scales.

v2 / f2 _ - i
(f is the breaking scale of SO(5) =+ SO(4))
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> New resonances would appear below the unitarity violation scales,
and (partly) cure the unitarity of the amplitude.

= New resonances keep the amplitude within the unitarity circle.

1
Re[a)? + (Im[a] - %)2 < (é)2

Im[a]

(o‘ =tan~'

= We consider s-wave elastic scattering case.
(on the unitarity circle) g

§ =tan™’ [ /(2Re[aq]) + \/1 (4Re[ao)?) — 1

(Im[a/]/Re[a])
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(- In the -1t scattering, phase shift has been experimentally observed.\
> The data can be fitted by

_f tan ' [(T,/m,)S/(m2 + T2 - §))
= tan_1 [(I',,,,-"'m,,)S,.-"'(mﬁ + riz' — S)- +7 for S = mﬁ + l'f,

for S<mi+r2 §"
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-~

§ =tan™' [1/(2Re[ao]) o \/1/(4Re[ao]2) - 1}

Ansatz

\

i { tan" [(T,/m,)S/(m’ +T? — S),

tan~' [(F,/m,)S/(M2+T2 ~8)| +n for S=m?+I?

for S<m?+r?

=4(¢, S) =d(m,, I, S)
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“0” has important information about the resonance scales!
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> Since MCHMs have many varieties according to Yukawa interactions,
we need to discriminate them.

= ./ oSM
MCHMo.u.0 Rqi = gZ/gz
Label Model KV |ChhVV | Khhh Chhhh Kt Kb |Chhtt |Chhbb
A MCHM,; |[VI—=¢&[1-2¢|yT—¢ 1-1¢ VI—E|VI=¢| —€ | —¢
,, ,, — _ 1—2¢ | 1-28¢/34+28¢2/3 || 1-2¢ 1-2¢ | B
B MCHM; |vI—¢€|1-2¢| = — e | e | 4E| 4
,, ,, 1—2¢ | 1-28¢/34-28¢2/3 | 1-2 1—2
B MCHM;, [V1—¢&[1—2¢ ng = \/T_‘i_‘E ng —4E | —4¢
C,C’| MCHM, [VvI=E&|1-2¢ Hy H, Fy % Fs | —4¢
- — ; 2 /e =
D | MCHMj5.0 |vVI—€|1— 26| 172 | A e 122 | VT—¢|-4¢| —¢
i 1 2
E |MCHMs.10.10 [vI—€|1—2¢| J2% |ZREEERN /T —¢ |/ T—¢| —¢ | ¢
F, | O I\'ICHI\"I5_14_10 \/1 — f 1— 2§ Hl H2 F5 \/1 —{ Fg —{
G | MCHMygs.10 |VI—€|1— 26| L2 S L] Wi L2 | g | —ag
B [MCHMg.1410|vT—&[1 —2¢| H, H, | e || -4
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I, I [IMCHMs1410|v1 = €1 —2¢| H, H, Fy —1;—355 Fs | —4¢
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> Since MCHMs have many varieties according to Yukawa interactions,
we need to discriminate them.

MCHMq.u-p determined by G/H

determined by matter representations

Ki = gi/9;

Label Model KV Chh\h Khhh Chhhh Kt Kb |Chhtt|Chhbb
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3. Fingerprinting of minimal composite Higgs models

MCHMs4  MCHMs-5-10
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£ (=v7I®) Kb
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I
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0.2 0.16 0.12 0.08 0.04 0

e.g. (A) MCHMs and (D) MCHMs.s.10

|
|
|
|
0.98 - ! .
! degenerate in K, —k, plane
:
|
0.96 - e !
Q N ,
X o :
L '
0.94 - QJ !
O :
()‘- |
|
0.92 - Q ! Facility LHC ~ HL-LHC  ILC500
. V5 (GeV) 14,000 14,000  250/500
: [ Ldt (fb=')  300/expt  3000/expt 2504500
' T ( (o 1
0.9 : Ky 5— 7% 2 —5% 8.3%
1 H._q 6 — 8%| 3 - 50/( 20%
| 1 1 | | 1 | 1
VA 4—-'('1 2_t(' 0:. )
0.9 092 094 096 098 1.00 w0 4 o A
K2 4 — 6% 2 — 4% 0.49%
Ky K 6 — 8% 2 — 5% 1.9%
Kd = Kb 10 — 13% 4 —-7% 0.93%
Ky = Kt 14 — 15‘7( 7 - lU‘X 25‘%

[Higgs Working Group Report]
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MCHMa4 MCHMs-5-10
o VEE I
Kt 1 — 5 \ l—f

& (=vZIf?)
02 016 012 008 004 0O
| | I | I | ,' :
I ILC500
400~ e 1:_:9_”{ (250+500fb)
1 4
\ [
0.98 / ' [AeLhc
'
s W g
X 3 £ '
0.94 - \ E
:
0.92- |
(C.1)
0.9- ® F
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e.g. (A) MCHMs and (D) MCHMs.s.10

degenerate in K, —K,

¥

The degeneracy is solved in
K, — Kk, plane

plane

Facility LHC HL-LHC  ILC500
Vs (GeV) 14,000 14,000 250/500
[ Ldt (fb=')  300/expt  3000/expt 2504500
Kin 5—T% 2 — 5% 8.3%
Kg 6 — 8% 3 - 5% 2.0%
KW 4 — 6% 2 — 5% 0.39%
Kz 4 — 6% 2 — 4% 0.49%
Ky 6 — 8% 2 — 5% 1.9%
Kd = Kb 10 — 13% 4 —-T% 0.93%
Ky = Kt 14-15% 7-10% 2.5%

[Higgs Working Group Report]




Summary

Summary

> Composite Higgs scenario is one of new paradigms to explain
why Higgs boson mass is around 125 GeV.

> Analogy with pion physics in QCD may help us to search new
resonance scales above the EW scale.

> Phase shifts in weak gauge boson scatterings can be a clue to
new resonances.

> We have also discussed the relation between “£”and “d” by
setting an ansatz between unitarity violation and the phase shift of
pi-pi scattering amplitude.

> Phase shift measurement can be an important method to
search new resonance scales at LHC and the ILC.

= Some of MCHMs could be discriminated by the ILC.
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* ® measurement at LHC

pp — W*Z — I'vlitl™
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* ® measurement at the ILC

ete — WW~ — lvqd’
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* ® measurement at the ILC
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* examples; MCHM4, MCHMs MCHM4 MCHMSs

Ky v1-¢§ v1-¢§

1 —2¢

KF v1=¢§ = ;

L 4 1 | ] ] I 1 1 1 l Ll I I 1 I 1 | || I l 1 1 ] 1 I I | 1 I I 1 | | SI\'I
o e k: = a./q°
ATLAS Preliminary . s T i = 9i/9;
3 Vs=7TeV, [Ldt = 4.6-4.8 fb"
(5 =8 TeV, [Ldt =203 1" Obs. 68% CL = - Obs. 95% CL

Combined h— yy,ZZ* WW* tt,bb

— Exp. 68% CL =~ Exp. 95% CL

N
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1 _ -2 ! E o ?
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_/50'3
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* €< 0(0.1) is preferred.
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