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Motivations and Outline

[ The 125 GeV Higgs-like signal observed at the LHC could not be the
“fundamental” Standard Model Higgs

4 From a theoretical point of view the SM is unsatisfactory. Explore BSM solutions:
Higgs as a pseudo Nambu Goldstone boson (pPNGB) from a strong dynamics can
provide an elegant solution for naturalness

[ Minimal realisation: the 4-Dimensional Composite Higgs Model (4DCHM)
describing also new fermion and vector composite resonances

[A |deal targets for the LHC program: could produce visible effects (new resonances)
without large conflict with indirect bounds

[ More than one composite Higgs? A concrete composite pNGB realisation of a
2HDM is here presented

[A The properties of h,H,A,H* are derived in terms of the fundamental parameters of
the strong sector
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We found the Higgs boson

CMS Vs=7TeV,L=5.1fb"1 Vs=8TeV, L=5.3fb"!

[A Is it the SM Higgs ?
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[A Is it an elementary/composite particle ?

.
"l
*r
0

| ¢ data
500 S+B fit
-« B fit component

(1o
Bl 220

- - 0 j I ] 1 I
gls it unique ! 110 120 130 140 150

[ Is it natural ?

S/(S+B) weighted events/1.5GeV

[A Is it the first supersymmetric particle ever observed ?
IZ s it the only responsible for the masses of all the elementary particles ?

[A Is it a portal to a hidden world ?

Higgs as a probe of New Physics 3



Higgs as a Composite pseudo Nambu Goldstone Boson

elementary G g . . strong
fields 90 sector

The basic idea
» Higgs as Goldstone Boson of G/H in a strong sector

(Georgi,Kaplan '80s)

inspired by QCD where one observes =l Can the light Higgs be a kind of a pion
that the (pseudo) scalar are the lightest states from a new strong sector?
We'd like the spectrum of the new strong sector to be:

Spectrum:

GeV p TeV

100 MeV T \ 100 GeV h “_
2 4 pseudo Nambu Goldstone
pseudo Nambu Goldstone - boson (pNGB)
bosons (pNGB)

Mass protected by the

S, e.g. SO(5) +»SO@4)
ST global QCD symmetry!

4 Goldstones

v
T — T + Oy Higgs doublet




Higgs as a Composite pseudo Nambu Goldstone Boson

How to get an Higgs mass?

» (7 is only an approximate global symmetry go — V'(h)

SM-field couplings to the strong

sector break the global G contribution from
SM loop effects — EWSB minimum / the strong sector
2 h =0 it’s a Goldstone
SM fields
/ \

X

» EWSB as in the SM

» And the hierarchy problem?
no Higgs mass term at tree level .

2
2 9go 42 ~ ,
—> 5mh ~J 167r2 Acom [ 1/1\(0771
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Composite Higgs Models
From now on, composite=pseudo-Goldstone

How to construct a complete Composite Higgs Model?

> G/HD4, Gspy CH

» Computable Higgs mass: finite 1-loop effective potential

» Need for composite resonances! ! 4 compositeness scale
» Not too large tuning £ = 72 v =246 GeV, f~1TeV

MINIMAL MODEL with SU(2)¢

5! 1)x
Agashe, Contino, Pomarol (hep-ph/0412089) ¢
MCHM5 l\
SO(5) : )
ST@ . xST@n OB (2,2) /SO x UL)x \

sv(z)z, < ULy ,-"

)/

Higgs = pseudo-GB
(mp K myp)

Higgs as aApr'obé of New Physics

\U(l)em/



Composite Higgs Models in 5D
UV IR

Realised by Randall-Sundrum scenario
ds? = e 2K (—dt? 4+ da?) + dy?

u,d,c,s,br

Higgs= fifth component (As) of the 5D gauge field

KK mod
MOCES Symmetry breaking by boundary conditions

# resonances = o0 (KK modes)

Through AdS/CFT correspondence 5D models

Compositeness degree ~ are dual to 4D strongly coupled theories

localisation toward the IR brane

Composite physics is largely independent on the 5D bulk — only lowest modes relevant

Higgs as aprobeof New Physics



Composite Higgs Models in 5D

UV R Realised by Randall-Sundrum scenario
ds? = e 2K (—dt? 4+ da?) + dy?
u,d,c,s,br
Higgs= fifth component (As) of the 5D gauge field
KK mod
mo es\‘ Symmetry breaking by boundary conditions

# resonances = o0 (KK modes)

Through AdS/CFT correspondence 5D models

Compositeness degree ~ are dual to 4D strongly coupled theories

localisation toward the IR brane

Composite physics is largely independent on the 5D bulk — only lowest modes relevant

B Go for an effective 4D description with one level of resonances
deconstruction of a 5D model

Elementary Sector Strong Sector
< =

ApY € SUR)XU(l)y Lmix = goAuJt + AYP¥  pu, ¥ € Gstrong

90 <1 my, 1 < g, < dm

Higgs as a probe of New Physics



4DCHM = Minimal 4D realisation of MCHMb5

DC, Redi, Tesi ‘12 Agashe, Contino, Pomarol ‘04
Explicit breaking Composite sector
of global symmetry SO(5)/50(4)
2 = Moy , ¥y =0
O-model fields Q,, ®,
HPNP2019
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4DCHM = Minimal 4D realisation of MCHMb5

DC, Redi, Tesi ‘12

Explicit breaking
of global symmetry

HPNP2019

Higgs as a probe of New Physics

Agashe, Contino, Pomarol ‘04

Composite sector

S0(5)/S0(4)

Qg — chpo ] ¢6 = 635
o-model fields Q,, ®;

Low-energy Lagrangian a la CCWZ + p new spin-1
resonances as gauge fields of the "hidden gauge
symmetry’ +T,T extra composite fermions

Strong sector:

| Extra particle content: |
resonances +

*Spin | resonances |
*5pinl/2 resonances J

Higgs bound state

Spectrum : "o = 90/ } f

gp = strong coupling

mpy = 125 GeV
myw = 80 GeV \"

0




Linear elementary-composite fermion mixings A
— partial compositeness mostly for the \ symmetry” +T,T extra composite fermions

4DCHM = Minimal 4D realisation of MCHMb5

Agashe, Contino, Pomarol ‘04

DC, Redi, Tesi ‘12

Explicit breaking

3rd generation quarks

ArqrOr + ArqrOr

/e
e

S HPNP2019 s
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Strong sector:

+ YO HOp csenkiles s
Higgs bound state

Spectrum :

gp = strong coupling

Composite sector
S0O(5)/S0(4)

X ‘Q
|
Low-energy Lagrangian a la CCWZ + p new spin-1

resonances as gauge fields of the "hidden gauge

®; = My , Yo = &;
o-model fields Q,, ®;

| Extra particle content: |
'Spin | resonances
*Spinl/2 resonances

mT—gpf } f

myp, = 125 GeV
myw = 80 GeV \"

” v SM hierarchies are generated by the mixings:
| light quarks mostly elementary, top mostly composite




And the Higgs mass”?
AL, Ar, go goy break the global G symmetry

- Quantum loops generate V(h)
- Integrate out the composite sector and get a low-energy Lagrangian
p .
with form-factors (Agashe,Contino,Pomarol ‘04)
(@), Th(p") Gauge Sector
PT Sh a pa 3h
iy f[gi— —5 To(p) + = Hl(p) ALAD + | Ig(p) + = I'h(p) B,.B
h
mw,mz o h

+ 25} 111 (p) H'T!YH AZB.,] : s» = sin® —

f
N\
W ‘ "

Encode the strong-sector contribution

» II;(p) form factors of the composite sector

2 2
from ms,and 11, (0) = 1 e roné sector cons
in the h-background
EW scale —
,/'// . 1 . 1 1
» SM couplings = =-T15(0) = 5 + —
) gO gp
1 1 1 1

=-lp0)= 5+ 5 + 5

g2 oy 97  9rx
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Coleman-Weinberg effective potential generated at |-loop

: m lati ith the lightest
nggs MAass my ~ 0.3 yt_f,v Correlation wi h the lightes
f extra-fermion mass
top Yukawa coupling (DC, Redi,Tesi '12)
3000 p g
125 GeV Higgs asks for light (in the 2500 L ';;":?.:\-i
TeV region) fermionic partners _ ? o oo, § ¥ K0
- . = 2000 s e %,
— we are still in the ballpark with 2 : - Holdi
LHC bounds = 1500~ . * o o
S :o ¢ :.‘
o ) o
Heaviest extra-fermions require a 1000 3?.- ]
larger f value and a larger tuning 500 f =800 GeV, £~ 0.1
A > Amin ~ | [E 100 120 140 160 180 200 220
mH[GeV]

iPNP20O1Y

Higgs as a probe of New Physics 10



Extended Composite Higgs Models

Models with a larger Higgs structure with respect to the SM have been largely discussed
Supersymmetry, requires two Higgs doublets with specific Yukawa and potential terms
2HDMs offer a rich phenomenology in EW and flavour physics

Look for a pNGB realisation of extended Higgs scenarios

The structure of the Higgs sector is determined by the coset G/H

G H PGB
SO(5) SO(4) 4=(2,2)
SO(6) SO(5) l 5=(2,2)+(l,1) Doublet + Singlet
Gripaios et al.09; Redi,Tesi 12
SO(6) [SO(4)xSO(2) 8=(2,2)+(2,2) Two Doublets

Mrazek et al.11

SO(7) SO(6) 6=(2,2)+(l,1)*+(l,1) Bertuzzo et al.13
DC et al. 16; 18 \/
G 7=(1,3)+(2,2)

‘ SU(5) —=SU(4) x U(I)

New players in the game

Higgs as a probe of New Physics



Composite 2-Higgs Doublet Models

J.Mrazek et al. '11; DC,Moretti,Yagyu,Yildirim '16, DC,Delle Rose, Moretti,Yagyu '18

] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). The unbroken
group contains the custodial SO(4)

[A The presence of discrete symmetries in addition to the custodial SO(4) is crucial to
control the T-parameter and to protect from Higgs-mediated FCNCs (J.Mrazek et al.11)

[A Besides CP, one can impose a C) discrete symmetry (analogous of Z3 in the

elementary 2HDM) which distinguishes the 2 Higgs doublets: (Hi,H2) = (H,-H>).
One of them does not couple to the SM fields = INERT CASE

[A If C2 is not a symmetry of the strong sector, alighment conditions on the strong

Yukawa couplings must be imposed to suppress FCNCs (composite version of an
Aligned 2HDM Pich, Tuzén,'09 )

[ Bounds from flavour observables, Higgs data and direct searches must be satisfied

Higgs as a probe of New Physics



A Concrete Composite 2-Higgs Doublet Model

DC,Delle Rose,Moretti,Yagyu '18

clcmcnt.';rq sector strong sector

SO(6) ® U(1)y S0(6) ® U(1)y [4 The construction of the effective theory
U, lr" follows the same steps of the minimal
. Ay 4DCHM (two-site model)
A The Lagrangian of the GBs + gauge sector is: (non-linear 0-models + resonances)
fi f3 1 1
L%azlggm - ZITHDALUIP + j"Tr|D,,22|2 - ﬁ(ﬂA)w(PA)“V — 4_2(pX)“u(pX);w
9p 9px
A, X=elementary — 4%(,4’4)“,,(,4'4)“" - LI%XWX“", pA p*X=composite
gauge fields 9a Ix gauge fields
HPNP2019
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A Concrete Composite 2-Higgs Doublet Model

lementary sec _ DC,Delle Rose,Moretti,Yagyu '18
elementary sector strong sector

S0(6) ® U(1)y SO(6) ® U(1)y MThe construction of the effective theory
U, 12’ follows the same steps of the minimal
. A 4DCHM (two-site model)
A The Lagrangian of the GBs + gauge sector is: (non-linear 0-models + resonances)
auge f f 1 1 v
&M = 7 TrIDLUL + 2 TY| D, Ba? - ig2 7230w (0 = 5= (0 ) (0™ )
p PX
A, X=elementar AN, (A — 1 — X X*, A pX=composite Ui = expi51I
: Y— T3 1 ( ) (A7) 1 pv PP P f;
gauge fields 94 9x gauge fields Yo = UpSoUd
GB matrix o Zo=—i/V2(6575) — 6367)
7 [ Ouxs b3 13 ) . I,J =1,.,6
I1 armé . " 1 h -1- Zh
U — GXP i? n = ﬂhaTa = =1 _h? 0 0 E 7 4 3
a h, — th
=U,U; | \ 5 0 0 ) .
8 broken SO(6) generators 4 _
a=1,2 a=1,.,4 h*a = hg t+ vq
2=+ 1
HPNP2019
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A Concrete Composite 2-Higgs Doublet Model

DC,Delle Rose,Moretti,Yagyu '18

clcmcnt;ml sector strong sector

S0(6) ® U(1)y [4 The construction of the effective theory
U, follows the same steps of the minimal
, A >

4DCHM (two-site model)

SO6) ® U(l)y

A The Lagrangian of the GBs + gauge sector is:  (non-linear O'-models + resonances)

cges, =1L 4 DU + fz | D, | - ig? (0w () - 4g2 2 (P ) (P )

SO(4) ® SO(2) ® U(1)y

A, X=elementary — — (AA)W(AA)“" - — X X",  pAp*=composite Ui = expz'}%ﬂ
gauge fields 497 49% gauge fields Yo = UpSoUd
GB matrix ( A So=—1/V2(8765 — 830%)
/ a N Osxa hY h3 1 (h2 i 1,J =1,.,6
=UU; 4 \—h3 0 0 ) ho — thy
8 broken SO(6) generators 4 = p 4
a=12 a=1,..4 h*a = hg + vq
-2 -2 -2
=%+
/ /i f2 %] uge boson masses generated by g ”
e VEVs of the fourth components myy, = = f%sin® —
HPNP2019 of the Higgs fields 4 f 5
Higgs as a probe of New Physics Usm
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A Concrete Composite 2-Higgs Doublet Model

DC,Delle Rose,Moretti,Yagyu '18

[ Fermion sector: embed the 3rd generation quarks into SO(6) reps.

[ Partial Compositeness =

for the top
Cmix T ACstrong o ALqL
+ ¥ zﬁ‘l’l -

M These are all the possible invariants

[ All the parameters real — CP invariant scenario

Higgs as a probe of New Physics

linear couplings A_r between composite and elementary fermions

Ablt’ 6-1/3

br
Yy, Yy, My,
6-1/3
qL
62/3
YL YS, My
t
) Af}f 62/3
GBs
R+ AI il v
¥ = U SU7

Ui MY wg — o] (YT +Y3/2?) w§

[ at least 2 heavy fermions s
needed for an UV finite effective
potential [ J=1,2

t~ gt EEEES
Y /Y1,2
AR
| 4 4



Custodial Symmetry

M No custodial violation in renormalisable elementary 2HDM (E2HDM)
[ In CHMs the non-linearities of the GB Lagrangian lead to dimension 6 operators

CijChl  1rt43 Nt contribute to the T parameter for
Za>6 2 f2 (H; D uHj)(Hy D 1) generic VEVs of the 2 Higgs doublets
; 2 tOE)12
Possible solutions: T o 16 x ~ il Hyy o))

2 % TUHDIZ + (H>) [2)2
CP — assumed here el ERelil
C, : that forbids H> to acquire aVEV (H,—H,,

H,— -Hz) — NOT assumed here

Higgs as a probe of New Physics s



Custodial Symmetry

M No custodial violation in renormalisable elementary 2HDM (E2HDM)
[M In CHMs the non-linearities of the GB Lagrangian lead to dimension 6 operators

CijChl  1rt43 Nt contribute to the T parameter for
f2 (H; D uHj)(Hy D 1) generic VEVs of the 2 Higgs doublets
v?  Im[(H:1)'(H2)]?

Possible solutions: T x 16 X — X
2 (|(H1)|? + |[(H2)|?)?

gdZG 2

CP — assumed here
C, : that forbids H> to acquire aVEV (H,—H,,
H— -H;) — NOT assumed here

Flavour structure

If CP is the only discrete symmetry, the Yukawa couplings of the elementary 2HDM are

Lo D YA (aruHy + agy Ho)uly + Y, @ (a1aH + agaHo)dl,

No tree level FCNC if a’s are the identity in flavour space = Aligned Yukawa Couplings
(Pich, Tuzon, '09)

In composite 2HDM higher dim. operators contribute to Higgs mediated FCNCs

Higgs as avpr'db.e of New Physics s



Composite Higgs and Flavour

Thanks to the pNGB nature of the Higgs doublets, the Yukawa terms including all the non-linearities
can be recast as  (Agashe, Contino "09) The ratio aj/a; predicted by the

$\)S ij ‘ﬁ, (aluF i"’ [Hz] + a9y Fé‘ [ H z])u-}2 4+ ... strong dynamics after integrating

%O out the heavy resonances

Fi2[H] are trigonometric polynomials starting with H, > — like in the elementary case

The assumption of alighed Yukawa couplings is not a stronger requirement in the composite
scenario than in the elementary one !

Higgs as aprobeof New Physics



Composite Higgs and Flavour

Thanks to the pNGB nature of the Higgs doublets, the Yukawa terms including all the non-linearities
can be recast as  (Agashe, Contino "09) The ratio aj/a; predicted by the

$\)$ thjqi (aluFi"' [HZ] -+ aguFéfv [}[Z])u-}2 + ... strong dynamics after integrating

%O out the heavy resonances

Fi2[H] are trigonometric polynomials starting with H, > — like in the elementary case

The assumption of alighed Yukawa couplings is not a stronger requirement in the composite
scenario than in the elementary one !

BUT in composite scenarios four-fermion operators are generated integrating out the
composite fermions and vectors

g W W g S, They can mediate
's a SM AN Pl e % FCNGs at tree-level if
M a. <, SV — S L:lwiijkwl . the flavour coefficients
fermion N i M A f V ikl (A)\)ij (ANX are
" P A=) f P v S generic
l/) Vekm Vekm lp
These effects are suppressed if a
partial alignment of All with the ““» § § as in the SM
CKM matrix is realised
(Redi,Weiler 11; Barbieri et al.12) l/) - - 1/1

Vckm Vckm

We will work under these assumptions to

Higgs as a probe of New Physics realise a flavour symmetric composite sector "



The Higgs Potential

The SM fields are linearly coupled to operators of the strong sector and explicitly break its symmetry

A potential for the Higgses is radiatively generated

jL,R-“-‘-A Lr/f The derivation follows the same steps of the
&« minimal scenario — by integrating out the
% T heavy resonances and deriving the form factors

AN 1 [ d'% [3
YLR iV1-loop = F/ (2mY1 |:§VG(H1aH2)—2NcVF(H1,H2)

By expanding up to the fourth order in 1/f, Vg and Vr show the
same structure of the Higgs potential in the elementary 2HDM

m;2 (i=1,.,3) and Aj (j=I,...,7) are determined by the parameters of the strong sector

12 12 1 2 11 22 12
f Y1, Yz, AL, AR, M\p, M\p, M\p, 9p

heavy fermion mass

Yukawas linear mixings
parameters

fi=f2, gp = gpx and assuming a LR structure for the fermion Lagrangian as in the minimal model

(partial compositeness for the top)

Higgs as a'prlc')b'e of New Physics
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Present bounds on the CHM parameters

* Higgs coupling measurements

J 2.5

For SO(5)/SO(4): 1 26)

gavv = givv V1 =& guss = glsf{h}[fﬁ =R

CMS Projection for precision of Higgs coupling measurement

L(tb™)| x, | xw | xz Ko Kb Ky Kr
300 | [57] | [4,6] | [4,6] | [68] | [10,13] | [14,15] | [6,8]
3000 | [25] | 1251 | 124] | 351 | [47] | [7.10] | [25]

In our analysis: f = 600 GeV (§ < 0.17)

HPNP2019
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LN LN B LA B N B SN B SN L N N L N A N A AN A
[ % SMprediction ATLAS Preliminary
+ Bestiit Vs=13TeV, 36.1 1"
i SRISRENRAS S o Heyy and H—2Z"—4l "]
------- Combined 95% CL

m,, = 125.09 GeV

H-»yy 68% CL

—

1 couplings still
{ constrained
1at =10% level

£ <0.2

__ 9nvv
— SM
Invv




Present bounds on the CHM parameters

* Higgs coupling measurements
For SO(5)/SO(4): (- 2)
9rnvv = 9ivv VI =& gnis =9t m=F  eoap
CMS Projection for precision of Higgs coupling measuremenf
L(fb~ 1) Ky KW K7 Kg Kp Ky Kt
300 [5,7] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8]
3000 [2,5] | [2,5] | [2,4] | [3,5] | [4,7] [7,10] | [2,5]

In our analysis:

* Direct searches of heavy spin-| resonances

f> 600 GeV (€ <0.17)

x‘—

1.5

0.5

25 T
*  SM prediction ATLAS Preliminary
+ Bestiit {s=13TeV,36.1 1"
N Vorined 8936 C1. H-syy and H—2ZZ*—4]
------- Combined 95% CL 105.00 GV
H-»yy 68% CL M = 12
sadas sl a g s lu | sl |
0.7 08 09 11 12 13 14

Search for new vector resonances decaying in di-bosons in
36.7 fb~' data at v/s = 13 TeV recorded with ATLAS (1708. 04445)
adapted to our composite 2HDM parameters

In our analysis:

2 2.5 TeV as function of g, —

Very conservative: narrow width approximation, BR=50%
OK with bounds from EWPTs

HPNPZO1Y
Higgs as a probe of New Physics

couplings still

constrained

1at =10% level

£ <0.2

- BR =20%

opopowwwzzZ
. BR =50%




Present bounds on the CHM parameters

7T T YT T T T TTTTY T TTTTTTTTY
. T | | | 1 T I

* Higgs coupling measurements 7T+ sMpredeton ATLAS Preliminary
[ ¢ DR {s= 13 TeV, 36.1 "
. ——— Combined 68% CL .
For SO(5)/SO(4): B SRS ez
SM (1 — 25) H-syy 68% CL m,, = 125.09 GeV
guvv =9gpvv V1 =& gurp = Py ap—

UITT=E =

CMS Projection for precision of Higgs coupling measurement

couplings still

constrained

J1at =10% level

L(fb™" Ky KW K7 Kg Kp Ky Kt ]
300 | [57] | [46) | [46] | [68] | [10,13] | [14,15] | [6,8] : 1 € <0.2
3000 | [25] [ 1251 241 [ 351 [47] | [710] [[25] o5 . | bt ]
07 08 09 1 11 12 13 14 Ihvv
In our analysis: f = 600 GeV (§ < 0.17) o
* Direct searches of heavy spin-l resonances i PP VPOWWWZZZ

 BR =50%

Search for new vector resonances decaying in di-bosons in
36.7 fb~' data at /s = I3 TeV recorded with ATLAS (1708.04445) _°
adapted to our composite 2HDM parameters > R = 20%

,\5‘
L —
-
-~

In our analysis: mp = 2.5 TeV as function of g —

N
R

Very conservative: narrow width approximation, BR=50%

OK with bounds from EWPTs

e Direct searches for partners of the 3rd generation quarks
Lower mass bounds depend on the BR assumption: mT(Wb=50%) > |-1.2 TeV

In our analysis: mt 2 | TeV
OAYNYaUlY

Higgs as a probe of New Physics




Parameters of the model

Up to the fourth order in the pNGB fields we get the same structure of the E2HDM potential
V(Hy, Hy) = m2HIH, + m2H*H2 - [m§HTH2 + h.c.]

—(HfH )2 + (Hz 2)? +Ag(H{ Hy)(H} Ha) + \a(H| Hy) (H} H1)

—(H“H )2+/\6(H* H{sz H,) + h.c.

mglfermion ~ Wy%y

the quartic couplings
are in the perturbative
domain

04 appears at the
quartic order in yLr

2500 30 1000 1500 2000 2500 3000

f [GeV)
600GeV < f < 3000 GeV, 0 < X < 10f, 2<g,<10

C: breaking in the strong sector (Y;# 0) induces m3%, A¢, A7 =0
It is not possible to have a softly broken Z; scenario

To study the EWSB ® |mpose the potential to be minimum for: f sin(v/f)=vsm=246GeV
dynamics and the scalar o Impose 120 < mn(GeV) < 130 V2 = v% + U%
spectrum — @ Impose 165 < mp(GeV) < 170
P———— ————
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2-Higgs Doublets as pNGBs

WE GOT SOLUTIONS!
A realistic Aligned 2HDM can be realised in a composite scenario

e CP, ¢

® The vanishing of the two tadpoles of the CP-even Higgs bosons requires tuning which
is larger for large f (as expected)

12
® The requirements to reconstruct mn and Mmewop |- smaller density of

select values of tanf = va/lv1 < 10 et points at large f

Comment: tanf is basis-dependent. In the
E2HDM it is uniquely identified if the Z;
properties are specified ex. Type-l or Type-Il

A comparison of the two scenarios for
fixed tanf values is not correct

2500 3000

® Tuning: the minimal tuning A ~ 1/§ = f2/véy is not sufficient to depart from
vsm ~ f and other cancellations must be advocated — higher order terms in the
fermion couplings yLr are needed

‘
l

Higgs as a prébe'c;f New Physics 20



Higgs Boson Masses

Same physical Higgs states as in the E2HDM: h,H,A, H*

N . :

SM-like Higgs

® They are identified in the Higgs basis after a rotation by an angle f:

tanf = va/v1
only one doublet provides aVEV and contains the GBs of W,Z
® (CP-even states: ) 5 1o 5 o )
my, = cgM7; + sg M3y + s M7, M3,
2 2042 | 2 pAp2 2 tan20 =2+ 2
Mg = SOMll -, CgM22 — 329M12 Mll o M22

The tadpole conditions involve only M, and M|, while /M», is ~ unconstrained thus
mh~Mii~v mu~Mn~f and 0 is predicted to be small: OE) for large f

0.30 g

® (CP-odd states:

0 = mixing angle between
the two CP-even Higgses h,H ma= Mpn + O(v) ~f

mH: = Mxn + O(v) ~f

f =00 SM limit

H,A, H* decouple and h = hSM
1000 1500 2000 2500 3000 W——‘ —w
f [GeV]

wodan, ’ u A jor ‘- ' !”&‘QJ’-‘“""‘:‘\N“ S S

green points satisfy the bounds from

HPNP2O19Y direct and indirect Higgs searches

Higgs as a probe of New Physics tested against nggSBounds

E—— T WWWSSand HiggsSignals 2]




Masses of the extra-Higgses

. ma grows linearly with f
tan B= 4 ...; .,0 e - . m2A (@4 f 2 (I +tanZB)

Mass Splittings
mH+ and ma are predicted to be highly degenerate:
very sharp prediction in the C2HDM:

600 800 1000 1200 1400 1600 1800 2000 g2
f[GeV] m%li — mﬁ o« =¥
1672

g

larger mnu-ma splitting in the €2HDM than

in the MSSM
-20 GeV < my-ma < 60 GeV

Ex: asignal H = A Z accompanied
by the absence of A = W*" H* could
be a hint of C2HDM

A = HZ" could also be useful

HPNP2019
Higgs as a probe of New Physics

22



Higgs Boson Couplings

® Couplings to SM fermions:
Assuming flavour alignment (Y xY?3) to guarantee the absence of tree level FCNCs

—Lyukawa = E n:f f [€ h + f}ff H] f o+ AH: couplings
=u,d,l
1 |

fixed by the strong dynamics and correlated to other observables

g — e ——

The fermion masses are also predlcted\\/m;z}z M‘I, Yisg + Y263 [1+O®€)]

mqQ,T ~ heavy fermion masses /_
tanB = valv- “en/2 momr QOT f I

e

HPNP2019
Higgs as a probe of New Physics
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Higgs Boson Couplings

® Couplings to SM fermions:
Assuming flavour alignment (Y xY7) to guarantee the absence of tree level FCNCs

—Lyukawa = Z —L —= f [ﬁ;{ h + 5{1 H] '+ A H couplings
f=u.dl USM ! !

fixed by the strong dynamics and correlated to other observables

The fermion masses are also predlcted

7’USMALAR M\p Y18;9+Yzca[| +OE)]

mqQ,7 ~ heavy fermion masses mt

tanf = va/v1 o \\‘/_ mQT’I QOT ﬁf e
. 1.00
® Couplings to SM gauge bosons:
0.98
In £2HDM, due to the non-linearities of the
derivative terms, we get corrections of order & >°-96
to the hVV couplings. Also modified by the R
mixing angle O as in the E2HDM *in €C2HDM, 6 ~ O(E) for large f
kv=(1-&/2) cosO 0.92 . f = 00 SM limit
VEWZ . 1000 1500 2000 2500 3000
green points satisfy the bounds from f[GeV]
— aé‘;_ r|o'b_e obeLeb\;i/ — direct and indirect Higgs searches tested against HiggsBounds
88 P Y R ———— ——— HiggsSignaIs
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E2HDM or C2HDM ?

kv=(1-&/2) cosO
0 ~ OF) for large f

1000 1500 2000 2500 3000

f [GeV]

HPNP2019
Higgs as a probe of New Physics

If a deviation in kv is measured (few %)
it requires a mixing 00 in the E2HDM
while it can be explained with 6~0 and f ~I TeV
Ex: kv=0.96 @
— sinO = 0.28 within the E2HDM
— sinO = 0, f =870 GeV within the C2HDM

f [GeV]
infinity 1741 1231 1005 871 779
—— .

I

03

Ax,, = - 6%
0.25

e n) 0.2\
=

05|

0.1

C2HDM

| |

[ | | !
0 002 004 006 008 0.1

0
E2HDM E

Even if sinO is predicted to be <0.1 a
deviation in ky can be addressed in

the €2HDM by a suitable value of f

-1%

0.05
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E2HDM or C2HDM ?

0.92

0.90 ===

kv=(1-&/2) cosO
0 ~ OF) for large f

Ex: kv=0.96 @

1000 1500 2000

f [GeV]

H-oW*W-,ZZ; A= Z*H; H*—= W h decays would

be suppressed within C2HDM as compared to E2HDM -
024

Similarly, for the H production: 'qéools\
Higgs-strahlung and vector-boson fusion would be very 0.1
suppressed in the €2DHM, unlike in the E2ZHDM due 0.08

to sin@ dependence

2500 3000

— sin® = 0.28 within the E2HDM
— sin@ = 0, f = 870 GeV within the C2HDM

f [GeV]

If a deviation in kv is measured (few %)
it requires a mixing 00 in the E2HDM
while it can be explained with 0~0 and f ~1 TeV

779

03

infinity 1741
: L2 T Y

1005 871
v T v T

AK,, = - 6%

0

0
E2HDM

A close scrutiny of the H signatures would be

a key to disentangle between the two models

Higgs as aprobe of New Physics

0.02

0.06 0.08

Even if sinO is predicted to be <0.1 a

deviation in kv can be addressed in
the €2HDM by a suitable value of f

24



LHC phenomenology of the extra pNGB Higgses

08 =
G —tanp q
Htt and Hhh are strongly correlated in oo ™ * = 15 Gu3 g |
C2HDM and carry the imprint of ¢ “7% .
. A7 -10 € 010
compositeness — » ®
20 005
-25
-15 10 05 0.0 00035 30 05
AHM / Vam /\Hhh / Vam

HPNP2019

Higgs as a probe of New Physics



LHC phenomenology of the extra pNGB Higgses

e G —tanp e
Htt and Hhh are strongly correlated in o " g 4T T Grang »
€2HDM and carry the imprint of <5 “~%
. NF-10 ch 0.10
compositeness — » @
-20 0.05
-2'5-15 -1.0 -05 0.0 0,003 - - —
g CP_even H Aon | Ve 5 0 . 05 0.0
10 B O e st ot i A S | .
L R SR H — tt represents the main decay mode -
08 ! |
06| Wi BR(H-tt) Below the tt threshold, H = hh dominates
x| ' : :
@ |- e BR(HSWW) BR(H—hh) ~ 80%, BR(H—VV) ~ 20% (sinO predicted to be small)
BR(H = Z2)~ 1/2 BR(H 2WW) not shown in the plot

HPNP2019

Higgs as a probe of New Physics
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LHC phenomenology of the extra pNGB Higgses

020

0s =
—t
Htt o ¢ = ~t— b

Htt and Hhh are strongly correlated in oo s T Gtang »

€2HDM and carry the imprint of <5 “~%

o

. NF-10 <xc>o1o
compositeness —> » @
-20 0400
-25 0.00
-15 -1.0 -05 0.0 00> = "y '
IZ CP-even H A { Ve . TR, oo
10 Y. £ A e ,.,';-e_:-'!;y;{f}"-:..:_':'m'vﬁ“-‘r.‘. “MP“? .
D R Y R H — tt represents the main decay mode -
08 ' =
os| gt BR(H-t) Below the tt threshold, H = hh dominates
o4 — : :
i : S BR(H—hh) ~ 80%, BR(H—VV) ~ 20% (sinO predicted to be small
04| . BR(H->WW) P

BR(H = Z2)~ 1/2 BR(H 2WW) not shown in the plot

IZ CP-odd A A— tt represents the main decay mode
A— Zh dominates below the tt threshold

™ Charged H* H"—= W"h and H*— bt are the relevant decay channels
H*— bt is the main decay mode as mp+>m;

HPNP2019

Higgs as a probe of New Physics
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C2-symmetric scenario

If Y=0 we get a Co.symmetric scenario = a composite version of the IDM

(only one Higgs doublet develops a VEV)

50
M m: gives the mass to the second Higgs doublet '
M no spontaneous breaking of Cy s realised ;40 o
. . i
[ H is lighter than Hz and H 3
If Cz is preserved also by lighter quarks and leptons & 2
can H be a dark matter candidate ? g !

.
-0 "

-.,'

e o /. . .
(36017 1 Rk

-

APNYQULY

Higgs as a probe of New Physics
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C2-symmetric scenario

If Yi1=0 we get a Co.symmetric scenario = a composite version of the IDM
(only one Higgs doublet develops a VEV)

50
M m: gives the mass to the second Higgs doublet '
no spontaneous breaking of C;is realised ;40 a3 Ms = My,
T + ms = My,
[ H is lighter than Hz and H 3w
If C, is preserved also by lighter quarks and leptons g 2 s,
can H) be a dark matter candidate ? ¢ ! A .

' d
o, T

vl a . .
Y » e . o
St T 3N

To reproduce the DM relic density with a neutral

component of an inert Higgs doublet we need Asss 500 1000 7500 2000
for any mass point, also important to extract bounds mu1 [GeV]
from direct detection 102 My, =M, =M, +1 GeV
— Ays=1.0 - Ays=-1.0
use the analysis by Belyaevetal.’|6 — 10} T e W e
S He dandlySIs by BelY - upperfimit | T T TT T
The relic density upper limit is exceeded by o 10° PV L R L
mH1 = 600GeV if |A345] < 0.1 (mH1 = 200GeV from DD) 3 10°
= 10?2 xcluded by LEP
o -
C2HDM can predict |A345| ~| for large mu1 (~ ITeV) &
) 10
H| can be a dark matter candidate for & 10*
200 = mH1(GeV) = 1000 10° |
_ APNP&ULY _ 1007 10° 10°
Higgs as a probe of New Physics Mh, (GeV)
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Conclusions

T Higgs as a pseudo Nambu-Goldstone Boson is a compelling
possibility for stabilising the EWV scale

[ Realistic scenarios can be built and analysed with the full spectrum
including new particles

[ A concrete realisation of a composite aligned 2HDM is now available
with parameters determined by the underlying strong dynamics

Waiting for BSM signals

Let’s continue in exploring new ( but also old ) ideas to explain what
the SM fails to explain

Higgs as a probe of New Physics 7



Future developments: EVV Baryogenesis

M B violation: SM sphalerons

M C,CP violation: CKM phase is not enough,
new sources of CPV from complex Yukawas in
the strong sector or from non-trivial fermion
embeddings

M Out of equilibrium: (strong) first order
phase transition

Gravitational wave spectrum ma = mu+
and projected eLISA sensitivity

—  N2A5M5LG ]

—  N2AIM5L6

1071} ]
—  N2A2M5L4

1079

100

Higgs as;‘a'pk'ob'e of New Physics

EWBG in elementary 2HDM:
Fromme et al. 0605242
Cline et al. 1107.3559
Dorsch et al. 1611.05874

EWBG in composite models:
Espinosa et al. 1110.2876
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C2HDM versus MSSM

Compositeness

Supersymmetry
weak strong

: bound state
nature of the Higgs elementary 0 ~ (PP)

el e oy el fermion/boson interplay  no elementary scalars

lightness of the Higgs L pseudo Nambu-Goldstone

2HDM
Higgs structure 2HDM required depending on the (broken)
global symmetry

Can we distinguish the two paradigms by looking at the 2HDM dynamics!?

Several observables can be used to discriminate between C2HDM and MSSM:

1.02

® ky(delayed decoupling)

MSSM

1.00

® mass spectrum o
® heavy Higgses’ decay patterns |
e (lightest) top partner spectrum <ol o

094|::

(DC, Delle Rose, Moretti, Yagyu, '18)

0.92|:

HPNP2019 el

Higgs as a probe of New Physics 200 400 600 800 1000 1200 1400 1600
my [GeV]
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H signal/exclusion at the HL-LHC

05

0.0}es

e
bvd -05
3
00
€ 10
a
S
O -15
O
bt
T 20 Excluded by B — Xsy
assuming C°=T*
-25
200 400 600 800 1000 1200 1400
my [GeV]

¢ satisfy the present bounds from direct and indirect searches

® in addition have Kyy , Kyy and Kg; within the 95%CL projected
uncertainty at L = 3000 fb™"'

e in addition 95% CL excluded by the direct search
gg = H — hh — bbyy at L = 3000fb™

H production at the LHC dominated by gluon fusion + top loop

HPNP2019

Higgs as a probe of New Physics
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Flavour Constraints

For a flavour symmetric composite sector (Y| « Y3!), the heavy Higgses can only
mediate tree level charged current processes and loop effects in neutral ones

The Higgses have interactions with fermions aligned in flavour space
All the flavour constraints are due to a rescaling of the SM rates

M Meson decays: B,D — tv mediated by H* (relevant for small masses
and/or large H*tv couplings, not here)
[ Transitonb = sy: B = Xsy - relevant parameters are € p+and E2h+

M Bs — p*p - relevant coupling is & H+ Efe~ T+ O(T)

We implement partial compositeness for t,b,t
€'+ are not related directly to the Higgs 0.0
potential (negligible contribution to v and m)

— they can be taken small to reduce the effects

in the charged currents Yo 1.0

Excluded regions in the C2HDM (mu+, E%+ )
plane by flavour constraints are below the lines

(20 constraints from Enomoto, Watanabe ‘16,
Misiak et al. '15

green points satisfy the bounds from
HPNP2019 direct and indirect Higgs searches . .cted against HiggsBounds

Higes as a probe of New Physics
& E A d HiggsSignals
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CP violation in C2HDM

‘Z Differently form the gauge sector which is fixed by the symmetry group of the strong

dynamics, for the fermion sector one can choose different group representations for the
fermionic fields

M We choose to embed the SM fermions into the fundamental 6 of SO(6) which decomposes
into (4,1) ® (1,2) of SO(4) x SO(2)

M The left-handed doublet g. has aunique embedding into the (4,1)23 while the right-handed
component tr can be embedded in two different ways because the fundamental contains two
SU(2). singlets. An extra angle O, parametrises this ambiguity (analogously Oy for the br)

(tR)* =tr(TR)*  A=l.6 (Y%) = (0,0,0,0, cos by, isin ;)
™ 1f8.#0 a physical phase is responsible for CP violation

M If also Cy is broken by the strong sector, the T parameter gets an unacceptable contribution

for a generic vacuum structure
° porg sy Py mIHY (H)P
72 (KER) 2 + [(H2) )2

Conclusion:

In the C2HDM the T parameter can be protected by either
(approximate) CP or (approximate or exact) C2 (Mrazek et al.11)

Higgs as a probe of New Physics 33



Typical mass spectrum of the C2HDM

Y. p,
.‘ 2
O e A =T t V") top Yukawa
x A 2 22 2
0 Y Ncyt2 I+ tﬂ my, 1y, my;
=AY 2 eP IR
Yy ) 8a7 (1 +148)* mp—my my
-Y1/Y>
2 Y= C; breaking term
h mi o~ S Y22 miz,mi2= lightest top partner masses
16727 ¢
g*=m /f
HPNP2019

Higgs as a probe of New Physics
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