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The Standard Model

The Higgs boson was discovered in 2012
&
Its properties are consistent with a SM Higgs boson

l

The SM seems to be established

However, it's not the end of the story

We still require the NP beyond the SM

Baryon asymmetry of the Universe?
What's the Dark Matter?

Origin of tiny neutrino mass?

Charge quantization”?<«—Unified theory ? (Hierarchy problem)
Some excess might be found (muon g-2, ...)



Elementary or Composite?

The Higgs sector is not understood yet

w \What is the origin of spin-0 scalar?
w What is the dynamics of the Higgs behind?
Is Higgs boson elementary or composite?

w The answer to this question determines the direction to the Grand
Unified Theory

= Elementary Scalar — SUSY? GUT over grand desert?

= Composite State——Rich field before GUT?

Modern CHM (Higgs=pNGB) is an attractive example

Kaplan&Georgi, PLB136,183&187 etc.



Higgs boson as NGB

Higgs boson is identified with pNGB, so that it can be much lighter than
the composite scale.

Symmetry breaking: G — H f :symmetry breaking scale
(_I))()C) = ei@‘A’T&F {TA} = {T¢, 7"*&}
= G H broken
F

H D SU2), X U(1),




Construction of composite Higgs models

see e.q. Contino, arXiv:1005.4269
vev G/H(coset) generators
\ v

_ e all A NG!

~ GSM is embedded in H % = S exp(—iT*h*V2/ f)
© GI/H contains at least one 1 v

SU(2)L doublet L=5(r) TIo(q¢*)tr(ALAy) + 111 (¢%)BAL ALY
Determine _ ) ) Z.
Fermion L= ) Up[p) + O (p)I'S;] 0,
Representation r=q,u,d
The quarks&leptons are part of T Z ) + M{ (p)I"5;] ¥,

large multiplets




G and H

Higgs boson is identified with pNGB associated with the spontaneous breaking of global symmetry
G—H

o Gsm Is embedded in H (the gauge coupling breaks G)
> G/H contains at least one SU(2). doublet NGB(4 d.o.f)

There are many possibilities of choosing G and H

G H NG| see e.g.

o ~ Agashe et al., NPB719,165,
minimal SO0) S0(4) 4 ~ Contino et al., PRD75,055014
DM(SM+S) SOB)  SO(B) 5  Grispaios et al., JHEP0904,070

SO() SO@4)xSO(2) 8  Mrazek et al., NPB853,1
2HDM — A B —————
SO9) SO(8) 8 | Beruzzoetal.,, JHEP1305,153

In this talk, we focus on the MCHM: SO(5)/S0O(4)




Example: MCHMA4

Agashe et al., NPB719,165

w S0O(5)/S0O(4): ANG Bosons (Higgs sector is SM-like)

sin(h/ f)
f

_pl 4 ip2 Physical Higgs
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w Matters are part of 4-dim representation of SO(5)
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The Higgs coupling

The effective Lagrangian is

2 - 2
Leﬂ’ — p % (f SlIl h/f ) B BV —+ WiWS — 2W3By) + (fr Sln4(h/f)> W/;I—WV—
| p2 I (0)W2We + (ITH(0) + 115 (0)) B, B, toel pHv — g p;fy
h=(h)+ h Deviations from the SM prediction
f?sin*(h/f) o - \25
prv ; Wiw, ~ ZW+W + — \/1—§hW+W— F— AW IEW,
() v° » (h)
here, v = fsin — = 246GeV ,| & = S11
f f? f

o The deviations are controlled by the parameter &
o The hVV&hhVV couplings are determined by G/H and independent of matter sector



The Higgs coupling

Higgs potential In MCHM4
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0*V 28 | o’
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Deviation from
the SM prediction

New dim-5 interaction




Matter representation

There are variations of the SO(5)/SO(4) model,due to matter representations

In general, g;, up, dy, £;, €p can independently embedded into
SO(5) multiplets such as 1-, 4-, 5-, 10-, 14-dim rep.

We consider typical examples:
MCHM4 MCHMS MCHM14

All the matter fermions are embedded into 4-, 5- or 14-rep.

For simplicity, we ignore the extra heavy particles
Higgs T P

125GeV gx f




Lagrangian for Matter sector

MCHM4

T )

matter L Z \If 4) Hr _I_ H?{(p)rzzz] \If?(fl) 4 Z @C(;l) [Mg(p) 4 M{(p)rzzz} \11(4)
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Deviation pattern in MCHMs

see e.q. Carena et al,JHEP1406 159, Kanemura, Kaneta, Machida, TS, PRD91,115016

Model Ry Khhh Kt KhhVV | Chhhh Chhtt
MCHMA4 1 — %5 ¢
MCHMS — 2¢ 1— B¢ —4¢
vomvia} |1 S i

+0(&?)

% In MCHM4, Kv=Kt(=Kp)
% In MCHM14, the deviation of top Yukawa coupling depend on the ratio of two form factors M1t/Mat
besides the parameter &

In the following, we consider M1t« Mot case for MCHM14



Decay Branching Ratio

S.Kanemura, K. Kaneta, N.Machida, S. Odori, TS, PRD94
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For MCHM4, BRvcrim/BRsm=1 for all the decay modes

Kex = /1 — € — T(h = XX)/Tgy(h = XX) =1 = &

@mn=125GeV




Phenomenology at LHC

1. single Higgs boson production

2. double Higgs boson production
3. gg to ZH



Constraints on &

How strong the compositeness parameter is constrained?

w Electroweak Precision Test

Correction to S-parameter and 4p leads to

f S (.25 Agashe&Contino. NPB742, 59

w LHC
For extracting the constraint from the data,

we utilize the signal strength

o(prod) - Br(h — FF)
B o(prod)sy - Br(h — FF)swum




Constraints from LHC Run-I
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S.Kanemura, K. Kaneta, N.Machida, S. Odori, TS, PRD94

2 O YYYYYYYYYYYYYYYY T T T
* y

15 MCHM 14
"+ Central value

iéf 1.0 MCHM4
0.5
o Excluded
0.0 0.1 0.2 0.3 0.4
&
y ¥ x , BR(h — XX)
F

~"BR(h = XX)su

YY Ww
W M

77
s
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Double Higgs production at LHC

Double Higgs production provides crucial hint to explore the Higgs sector

w The dominant process is Gluon Fusion
= |t has sensitivity to the contact interaction hht, t, as well as the

Higgs self coupling hhh

w Vector Boson Fusion (VBF) is subdominant process

w |t provides information on the HVV and HHVV couplings

|

single Higgs boson production
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pp —hhX—yybb

yybb mode is the most clean mode for hh production
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6,., (W*W-—hh) [fb]

Vector Boson Fus1on Process

In the SM, unitarity cancellation occurs

In the MCHMSs, the unitarity cancellation is spoiled

a0 ab=1—" 7 C — K .
1x106%- | a<-b=0.5 _ A 2 AO I g ( th‘g V) 8
1x10° F SM— 4mW
1X104é‘: -
1x103é"~ 3 . . : .
B The perturbative unitarity will be restored at
o' T ous higher energy scale M by heavy resonance
o . et contribution (“delayed unitarity”)
500 1000 1500 2000 2500 3000

Vs [GeV]
R. Contino et al., JHEP1005, 089




o(pp—»>WWX -hhX)|[1b]
r—k — ) e e NI DND DD

Vector Boson Fusion Process

S.Kanemura, K. Kaneta, N.Machida, S. Odori, TS, PRD94
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Exclusive modes

S.Kanemura, K. Kaneta, N.Machida, S. Odori, TS, PRD94
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Degeneracy between MCHMS and MCHM14 is resolved



00 t0 /ZH

qgqg — Zh

In the SM, there is a strong cancellation between diagrams

o € } {

X\

N > —
Rt

This cancellation is kept, only if relevant scale factors of
couplings are universal like MCHMA4

But in models with non-universal scale factors as MCHMS5,
we expect significant enhancement...

E. Accomando, D. Englert, S. Moretti, T.S. in progress




Double Higgs Production
at et+e- Collider



Double Higgs production at e+e- Collider

w Double Higgs production at e+e- collider is also important process to explore the Higgs sector
w There are two processes of production
w The double-Higgs-strahlung process

w W-fusion process



/ Strahlung ee—Zhh

Iivﬁ(f(
5hhvv ''''
4 lihhh

Model Ky ChhVV | Khhh

MCHM; | 1-3¢6|1-26 [, _ 5, |+O@E)

The relevant couplings are suppressed

|

The cross section is always suppressed
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The production cross section

o(ee—Zhh) [fb]
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2 types of contributions
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Production Cross Section
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Production Cross Section
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u(ee—>vvhh)

o/osm Tor energy scan

S. Kanemura K. Kaneta, N.Machida, S. Odori, TS, PRD94
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o(ee—~hhZ)[fb]

Comparing with a 2HDM
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MCHM case shows different behaviour from
a 2HDM with large contribution to hhh coupling



Summary

w We discuss how to probe MCHMs at collider experiments
w gg—Zh process can be useful to distinguish models
w Double Higgs production process is interesting
w MCHM shows specific behaviour in the production cross section

w In particular, interesting behaviour appears in the energy scan at e+e- collider



To solve problems in SM

w Framework of CHM may be able to solve hierarchy problem
w But the other problems in the SM cannot be solved in MCHMs
(Neutrino mass, DM, BAU, etc)

l. =3 NNON-Minimal model

e.g. A Model by Chala, Nardini, Sobolev
PRD94,055006

SO(7)/SO(6)—6 NGBs (1 doublet + 2 singlets)

> Two step 1st order EWPT (strong enough)
- DM candidate



Toward UV completion

In this talk, we ignore the heavy resonances

¢ N I EH EH H HE B HE BH B B B B Nn

Higgs :' T P

125GeV - Guf

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

But they can significantly affect some phenomena

In order to study phenomenology with such resonances,
some UV picture should be taken into account.
(Especially, in the case of flavour phenomenology)

> What resonances are there?
- How is the spectrum?
> How is the flavour structure ?



Fermion mass and interaction

see e.g. G. Panico, A. Wulzer 1506.01961

There are two manners comp. sector
Bilinear type LD Al Otr +h O
: .C.
YP Ad_l qr. : R q q
|
Scalar operator of dim. d which carries Higgs
gquantum number
0 41
Running down to a scale My ~ AU (K> (d—1>0)
m d—1
Yt = V2— ~ A (ﬁ>
v A

It is often difficult to provide a large top Yukawa coupling

d=1is O.K. but it is nothing but a elementary scalar case ...



Partial Composite scenario

Kaplan, NPB365, 259

. _ A _
Lineartype: LD >qLOL - Ade_%E)/ztROR

-

Fermionic operator of dim. dr .z which carries quark
gquantum number

v dr, +dpr—5
The top mass at a scale My ~ ALARV (_>

q | q :

No direct coupling to composite sector
(only through mixing terms)

This framework is called a partial composite scenario



Toward UV completion

There are several (not many) attempts to construct a UV complete model of CHMs based on partial
compositeness

SUSY Caracciolo,Parolini,Serone(2013)
5Dim (4DCHM) De Curtis, Red1, Tes1(2011)

TC fermion&scalar Sannino, Strumia, Test, Vigian1 (2016)
Gaccilapagha, Gertov, Sannino, Thomsen (2017)

Gauge theory Ferrett1 (2013),(2014), (2016)







The University was established in 1887

7
724

N
N
Y
S
DR i
A
772777
1’/;(/:
777
7
Z

Y 7
7/
7
7 I/’
7z

L\
\\ U\
e
72/
/777

25/ 7
e

Ih-,lp ij

j
Z
7z

77
%
/i

AN\
O
Q
)
=
=.
=
C
=
<

O f

gano S

/NEEEFHT_Chichib§

B N, Kewadoe  saitama

‘23“,*~

. O

... N%_| TokoroZawa
FOKY NI < PRI

7. S
N ? LR v > 8
2 e
e

N Chuo-Maindzin L
o S > A\

¢ Sagaminara L =
HIRIE 7 AT

: Mt. TanzaW% - ‘D Y;koélrﬁa A H an @d d d i r p O rt

A e

In the physics group: 5 faculties (incl. me)
' 2 Particle theorists

1 1 ILC experimentalist
2 Astrophysicists (Theorist & ALMA)




Coset: SO(7)/SO(6)

- 6 NGBs (4 of them are identified with SM-like Higgs)

at least at the (unsuppressed) leading order. In particular, 1f
we want k to lead to a two-step EWPT and » to be a DM
candidate without contlicting with Higgs searches (see
Secs. IV and V), the following conditions must hold:
i) n = —n is an unbroken symmetry; (ii) u2 < 0; and
(111) the physical masses of /& and k are such that m;, < 2m,_,
which 1s favored by 4,, = 4,.

N\




In order to realise such a situation

SM fermions are embedded to 7 and 27 of SO(7)

Br=(0 0 0 0 0 irbg bg)', (20

1
b—=—(—=it, t; ibp b, 0 0 0)I, (21
QL \/Z( L L L L ) ( )
/06><6 lbL\
b
it
.
L — 2 L
0
0
\ iby by i, -1, 00 0 )
(Osxs Csy. ISy, \
—l.é’SL \Yy s
i e, 195
QEZE ifc;,  —cp
0 0
(s —iCsy Ccp ilc; O 0 0
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The quartic coupling A, 1s generated only at the next-to-

leading order, but it has been introduced since it plays an

important role in the EWPT phenomenology. At any rate, it

1s expected to be much smaller than the other quartic

couplings. The rest of the parameters are functions of the

dimensionless spurion coefficients «,, ;, as well as y and ¢,
2 I 2

Ky = _Ef (4at,1 —Ta;5 + acrC ), (24)

ﬂ;% — —2at,2f2, (25)

pe = 2f*(apy® + a2l = ay5), (26)

An =4y —ag), (27)

Ay = Hago —apy), (28)

e = oy — gy + (o) — ac2)E]. (29)

Uy -

Ak

2K2

1
2

1 1
4/1h,7h2 n- 4,1h,<h21<2.

Two Regimes:

‘Regime I a., = —a. . This 1s the most natural scenario

since the size of these two coefficients 1s expected to be
stmilar, and 1t still allows for A, = A;,, contrary to the
Ccasc Ao = Ae 1.

Regime II. |a.,| < |a. |~ |a;;/E?]. As we will see,
accounting for the DM relic density observation will
completely fix the mass of » and its interactions with
nuclei in this case.”

In Regime I we obtain
B =5t =gl (0
I = A (31)
while 1n Regime Il we get
= 3021 - 28), (32)
A = (33)




Annihilation processes:

1
0’(’7’7 — hh)vo ~

Different from SO(6)/SO(5)




DM constraint
1 1 1 [ v 1 1 1 [ . 1 T T [ T T T T [ T T T T [ T T T T [ T ]
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’f
I E/ i
25t - FIG. 4. Main diagrams contributing to the scattering of DM
r” Ty, ~ 730 GeV I particles by nuclei.
241 - Concerning direct detection experiments, the two main
T T diagrams contributing to the scattering between DM
0.10 0.15 0.20 0.25 0.30 0.35 0.40 particles and nuclei are depicted in Fig. 4. The correspond-
' ' ' )\ ' ' ' ing cross section can be parametrized as [22]
hk 2 22 2
L (56)
: : : 4x mymy, /
FIG. 2. Value of f leading to Q, = Qpy as a function of 4, 1n | |
Regime I (dashed blue line) and Regime II (solid green line). The | | Where 7 is the nucleon mass, i, is the reduced mass of the
. . . system (with m,, > m,)
masses m, corresponding to two extreme points are also depicted.
m,m,
fy = — ~m, ~ 1 GeV, (57)
m, + m,

and fy ~ 0.3 [54-56]. For the considered ranges of param-
eter values, Eq. (56) yields o ~ 107%°—10~% c¢m?, depending
on the actual value of f. These values are around 1 order of
magnitude below the Large Underground Xenon (LUX)
experiment bound in the DM mass range 730-960 GeV [57].
However, it will definitely be reachable in the new round of
data and experiments [5 8].11




WIMP-nucleon cross section [zb]
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EWPT

Two step phase transition:

(v,0,0)

(0, vy, 0)
(0,0,0) = vo(T"), vo(T,) — v1(Ty,) (T" >1T,) (h, k,n)

U1
U9

|1}1 (Tn) |/Tn > 1 : necessary for EWBG

EWPT in Regime 1 EWPT in Regime 11
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FIG. 3. Scatter plot of the parameter space exhibiting a strong EWPT in Regime I (left panel) and Regime II (right panel). The region in
green indicates the points for which V; (h, k; T = 0) has a local minimum at v, (the contrary in the white area) and such a minimum is
deeper than the one at v, (the contrary in the orange area). The points on the left of the black dashed line are unfavored by the Higgs
searches. The filled (empty) circles correspond to EWPTs with bubbles expanding (not expanding) at the speed of light. For some
parameter points the outcome is not determined because of numerical instabilities 1n CosmoTransitions, as commented in footnote 9.
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EWPTs 1n the (purple) region on the right of the red curve.



Measurements at LHC RUN-I

ATLAS-CONF-2015-044
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Including decay of h
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ILC Higgs White paper, arXiv:1310.0763

Table 6.2. Expxected accuracies Ag;/g; for Higgs boson couplings for a completely model independent fit assuming
theory errors of AF;/F; = 0.5%

Mode  ILC(250) ILC(500) ILC(1000) ILC(LumUp)

2% 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
WW 4.9 % 1.2 % 1.1 % 0.6 %
4/ 1.3 % 1.0 % 1.0 % 0.5 %
tt — 14 % 32 % 2.0 %
bb 5.3 % 1.7 % 1.3 % 0.8 %
Y 5.8 % 2.4 % 1.8 % 1.0 %
cC 6.8 % 2.8 % 1.8 % 1.1 %
T 91 % 91 % 16 % 10 %
Cr(h) 12 % 5.0 % 4.6 % 2.5 %
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Abstract

We show that the dark matter (DM) could be a light composite scalar 7, emerging
from a TeV-scale strongly-coupled sector as a pseudo Nambu-Goldstone boson (pNGB).
Such state arises naturally in scenarios where the Higgs is also a composite pNGB, as in
0(6)/0(5) models, which are particularly predictive, since the low-energy interactions

of n are determined by symmetry considerations. We identify the region of parameters
where 7 has the required DM relic density, satisfying at the same time the constraints
from Higgs searches at the LHC, as well as DM direct searches. Compositeness, in
addition to justify the lightness of the scalars, can enhance the DM scattering rates
and lead to an excellent discovery prospect for the near future. For a Higgs mass
mp ~ 125 GeV and a pNGB characteristic scale f < 1 TeV, we find that the DM mass
is either m, ~ 50 — 70 GeV, with DM annihilations driven by the Higgs resonance,
or in the range 100 — 500 GeV, where the DM derivative interaction with the Higgs
becomes dominant. In the former case the invisible Higgs decay to two DM particles

arX1v:1204.2808v3 [hep-ph] 30 Jul 2012

could weaken the LHC Higgs signal.




