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Origin of the EWSB?

I¥ If the resonance is the Brout-Englert-Higgs (SMS) Boson (fundamental),
then NP @TeV scale should be present to stabilize its mass (HP).
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Origin of the EWSB?

&0 If the resonance is the Brout-Englert-Higgs (SMS) Boson (fundamental),
then NP @TeV scale should be present to stabilize its mass (HP).

B8 Alternatively, this resonance could be related to a strong dynamics at

the scale A; ~ O(TeV)

¥ Technicolor: only the usual 3 GBs are accounted for, but no light

scalar particle is present.

B Composite Higgs: a larger global symmetry is considered and the
SM scalar particle arises as a (massless) GB. In this case the

resonance corresponds to a composite object.
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B TheSMscalar boson ®(z) —— gauge SU(2)r, xU(1)y

Luca Merlo, A Light Dynamical Scalar Boson 3



B TheSMscalar boson ®(z) —— gauge SU(2)r, xU(1)y

B The symmetry of the scalar potential is easier to see writing
[Longhitano, PRD22 (1980)]

~

M(z) = V2 ((I)(CE) CID(x))

4 A
invariant under a global SU(2) x SU(2)g ~ O(4)

XKM):1A<%HWFNH+E32

M = LMR!
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B TheSMscalar boson ®(z) —— gauge SU(2)r, xU(1)y

B The symmetry of the scalar potential is easier to see writing
[Longhitano, PRD22 (1980)]

~

M(z) = V2 (CID(.:L‘) CID(x))

4 A
invariant under a global SU(2) x SU(2)g ~ O(4)

V(M) = - A (%Tr[l\/ﬂ M] + “—2>2

M — LMR!
B When M develops VEV (M) = v?1

O4) » SUQ2)y custodial symmetry

SUR2)L xU(l)y = U(1)em
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The non-linear o-model notation

I8 Thinking at a very heavy SMS particle, all the remaining d.o.f. are the
longitudinal components of the gauge bosons and are described by

U(z) = M(z)/v = '™ @)/v
U(z) — LU(ZE)RT under SU(2IE SUIEE
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The non-linear o-model notation

I8 Thinking at a very heavy SMS particle, all the remaining d.o.f. are the
longitudinal components of the gauge bosons and are described by

U(z) = M(z) /v = €™ @)/
U(z) - LU(z)R" under SU(2); xU(1)y
B¢ Writing the covariant derivative as:
gt
2

we can define the vector and the scalar chiral fields

V,= D, U)U Vo LVL

Wi (x)o,Ulx) — ?:—g/B,u($)U(CU)O'3

D,U(x) =0,U(x) + :

10 = Wera U/ T S EAh

¥ Making use of these objects, it is possible to construct a basis of
independent operators describing all the SU(2);, x U(1)y interactions
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Fe) Mi(z)/v—¢ 't
B U(x)is a 2x2 adimensional matrix. Only derivatives bring dimensions.

U0 This leads to a fundamental different wrt the SM in constructing the
effective Lagrangian:
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S M(z)/o— e

B U(x)is a 2x2 adimensional matrix. Only derivatives bring dimensions.

This leads to a fundamental different wrt the SM in constructing the
effective Lagrangian:

SM

™ The GBs are in the SMS doublet ¢
® & has dimension 1 in mass
d=4+n operators are suppressed

mn
by ANP [see Eboli’s talk]
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effective Lagrangian:

SM

™ The GBs are in the SMS doublet ¢
® & has dimension 1 in mass
B d=4+n operators are suppressed

mn
by ANP [see Eboli’s talk]
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— €

10T () /v

U (x)is a 2x2 adimensional matrix. Only derivatives bring dimensions.

This leads to a fundamental different wrt the SM in constructing the

o-model

B The U(x) matrix is adimensional
and any its extra insertions do not
lead to any suppression



— €

10T () /v

U (x)is a 2x2 adimensional matrix. Only derivatives bring dimensions.

U0 This leads to a fundamental different wrt the SM in constructing the

effective Lagrangian:

SM

™ The GBs are in the SMS doublet &
B & has dimension 1 in mass
B d=4+n operators are suppressed

mn
by ANP [see Eboli’s talk]

o-model

B The U(xz) matrix is adimensional
and any its extra insertions do not
lead to any suppression

The dimension of the leading low-energy operators
differs for a purely linear and a non-linear regime
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£3 Making use of these objects, it is possible to construct a basis of
independent operators describing all the SU(2);, x U(1)y interactions

Custodial breaking

14 Z. MELRES ¢ e Ap=cp < 19% 1078 Yukawa terms
GBs Kln\terms 4 [see Kogler’s talk] \
2 &

L4 :%Tr VAV, ] + er UZ Tr[TV#] Tt [TV,] - QrU(x)Y Qp + h.c.>

(77

2 2 /2

L= _ Ga GW—ZW“ WW——B BW+ZCZ
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The Appelqwst-Longhltano Bas IS
g B, e (T
Ay = Gg) BBl BN A )
‘\ Ag = o Ibe (SRR N

Vies/,,

W+WW,;/ / Ay =
A —
As

Al =
Al = 3

(10

(Tr

(V. VH))’
(Vi VL))

2 (Tr (TWH))°
P gl (VA7 el (NN )
AS = 0 E’LWP)‘TY (TVM) Tr (VU WpA)

e

(V.VH*) (Tr (TV,))
OVl AR (BN ) e (17 )

A1 = (Tr (TV,,) Tr (TVV))2

e

e

m

T ((DMVM)Q)
e 0920, ) TR ID), AT
(LAY D) ) (1N )
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What with a physical Scalar?!

E Composite Higgs Models

SU(3)C X SU(Q)L X U(l)y

Luca Merlo, A Light Dynamical Scalar Boson

b

As | - strong resonances

A <A4mjf
i - Goldstone bosons
(h)

SU(3)c < LRI E-.
+
effective interactions
[Georgi & Kaplan, 1984;

Dimopoulos, Georgi & Kaplan 1984;
Banks, 1984;
Galison, Georgi,& Kaplan, 1984;
Dugan, Georgi & Kaplan 1985;
Agashe, Contino & Pomarol 2005;
Gripaios, Pomarol, Riva & Serra 2009;
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What with a physical Scalar?!

: b Composite Higgs Models
} 27
SU(3), x SU(2)r, x U(1) Ag | - strong resonances
c L Y AS . 47Tf
J - Goldstone bosons

() ()

} } SU(3)e X U(1) em
SUS e 2 AN +

effective interactions

B8 Higher order operators are suppressed by:

| for extra Goldstone leg (Goldstone-Higgs included)

A, for extra derivatives and gauge field strength
[Manohar&Georgi, 1984]
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What with a physical Scalar?!

: b Composite Higgs Models
} 27
SU(3), x SU(2)r, x U(1) Ag | - strong resonances
c L Y AS . 47Tf
J - Goldstone bosons

() ()

} } SU(3)e X U(1) em
SUS e 2 AN +

effective interactions

B8 Higher order operators are suppressed by:

| for extra Goldstone leg (Goldstone-Higgs included)

A, for extra derivatives and gauge field strength
[Manohar&Georgi, 1984]

B The degree of non-linearity is described by ¢ = (v/f)?
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Pure gauge and gauge-h operator

UZ U2
o T I VAV Fe (W) + er & - Tr [TV Tr [TV, )\ Fr(h)

F . ( 2;”@QLU(Q;) Y QRM+ h.c.)

> F(h) = go(h,v) + Egi(h,v) + E2g2(h,v) + ...

h h? [Contino et al. 2010,
Fe(h) = (1 +2a5 | bvg | "')Azatovetal. 2012,
1]
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Pure gauge and gauge-h operator

‘Cgfige—h =5 ‘Ch = N ‘C = N £§L<:3 g [:224
1
EQ—O 5(8 h) (8uh) (1 o g gFH(h)) o V(h) [see AzatoV’s talk]
UZ 1)2
e — T I VAV Fe (W) + er & - Tr [TV Tr [TV, )\ Fr(h)

F . ( 2;”@QLU(Q;) Y QRM+ h.c.)

> F(h) = go(h,v) + Egi(h,v) + E2g2(h,v) + ...

/2
(h) + &

[Alonso,Gavela,LM,Rigolin&Yepes, 1212.3305]
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[Alonso,Gavela,LM,Rigolin&Yepes, 1212.3305]

COMPLETE BASIS

OF INDEPENDENT
OPERATORS

24 CP-even operators

Appelquist-Longhitano basis
for F(h) — constant

Luca Merlo, A Light Dynamical Scalar Boson

(h) =g9g B Tr (TWH) Fi(h)

(h) =ig BuTr(T[V*,V"]) Fa(h)

(h)F = g Te@7:0 Ve SVl BT

Palh) =i g’ By, TeIN Al e

Ps(h)s =0 g Be(W o Ne o= i)
(B — (nEERvE ()

Pr(h) = (Tr (VL V.))* Fr(h)

Ps(h) =g (Tr (TW*))* Fs(h)

Py(h) =igTr(TW,,)Tr (T [V*,V”]) Fo(h)

P1o(h) = g P T (TV,,) Tr (V, W) Fio(h)
P (D NV RS T ()

Pia(h) = Tr(ED V(IR DN ES Dt
Pi3(h) = Tr([T, V,] D, VH) Te(TVY) Fis(h)
Pralh) = ¢ g T[T, )il CENES SR o)
Pis(h) = Lr(T [V, Voo s VAT
Pis(h) = Tr(V, D, V*) 8" Fig(h)

Pi7(h) = Te(T D, V)Tt (TV,) 8" Fiz(h)
125 = eV, V“) 0,0" Fis(h)

Pio(h) = Tr (V, V) 0*Fig(h)0” Fio(h)
Pao(h) = Tr (TV,,) Tr (TV,) 0" Fao(h)8” Fag(h)
Pa1(h) =Tr (V, V“) (Tr (TV,))* Fau(h)
Paz(h) = Tr (V. V) Tr (V) T CIRVASIRE Dt
Pos(h) = (Tr (T 'V ,))? 8,0" Fas(h)

Pou(h) = (Tr (TV,) Tr (TV,))? Faul(h)



1.0

0.5

(O‘ BR)SM

(0 BR)srpH

-0.5

-1.0

[Giudice,Grojean,Pomarol&Rattazzi, arXiv:hep-ph0703164]

i | I | | 1 | | | | | I | I | |

o(VBF) BR(h-WW,2Z)
o(h) BR(h-yy) -
7(tth) BR(h-bb) -
o(VBF) BR(h-T7),

o(h) BR(h-WW,ZZ) -

o e e S O Eaa O EE O EE o o s s il

O o o T e e e e ey B e e e @ e
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The flavour Sector

t
The Flavour Puzzle
1.5 I ——— |% I — T T T
E v %9 E w
o 8 Amg& Amg ]
E sin.2p E
05 — 7 “wZ A
- ////////// Amy 4
[ &g % . ]
IS 0.0 -t — I\ B 10"
- a | 1
i o _
-0.5 — A A
- 1 FCNC are suppressed in the SM
-1.0:— € _:
=T v R R
_1 5 B | I | | I I i | I I | | I R | 1 1 I( | | I - )I ] [See Maiani’s and Gavela’S talkS]

100500 05 10 1520 Minimal Flavour Violation ansatz
P [Chivukula & Georgi, 1987;

Hall & Randall, 1990;

; : Giudice,lsidori&Strumia, hep-ph/0207036]
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[Alonso,Gavela,LM,Rigolin&Yepes, 1201.1511]
[Alonso,Gavela,LM,Rigolin&Yepes, 1212.3307]

'8 d =4 chiral operators with insertions of h

aed 4_2 ey Ga Os(h)

il i=1.2.3

O:(h) = £ Qr Ar 7" {T,V,} Qu F(h)
Og(h) = _L )\F’y’uVMQLF(h)

Og(h) — iQL )\F’}/’LLTVMTQLF(}L)
Os(h) = 5 Qu Ar 7" [T, V,] Qu ()

A=Yy Y +Yp Y =Viyiv 432
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It is easier to read the interaction vertices in the unitary gauge:

£l =- % WUy law (1 + Bw h/v) + iacp(1+ Bop h/v)] X

X (y%]V e Vy%) Dr +hec.|+
Zy, [a3Uy* (yi + Vyb V") UL (1 4 8% h/v)

+a%Dy* (yp + Vy3V) D (14 8% h/v)]

g
2 cos Oy

B 5 X iNm

u,d Z K—I_ = 7T+DV
meson oscillations
B — 2

BT s 1Ty
W meson oscillations
aw.cp —> e YL
sl

B — X,y
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It is easier to read the interaction vertices in the unitary gauge:

£l = % WUy law (1 + Bw h/v) + iacp(1+ Bop h/v)]x

X (y%]V = Vy%) Dr +he.|+
Z, [asUy" (y& + VypVT) UL (1 + By h/v)

+ag D" (yh + VytV) D (14 8% h/v)]

g
2 cos Oy

The O4(h) is CP-odd and introduce a source of CP violation. This is interesting
since it introduces an exotic h-fermion couplings:

h
5£§§:4 D) B <1 + Bcp ;) Oy

If acp will turn out to be of order 1, then this would be a test of this framework

once both low-energy flavour experiments and LHC precision on h-fermion
couplings nears the 10~ level.
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AF =1 Observables

" Z-mediated

Observable  Bound (@ 95% C.L.)

Bl — T 00 = @) < 0.00¢
Kt —atovr —0.044 < a% < 0.133
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AF = 2 Observables

B8 Meson Oscillations

The Z-mediated contributions
is already much suppressed
duetothe AF =1 bounds.

|:> Large deviations are expected in the K system

AMgp., Cpg/f AMp
Large deviat ted only in AM, but ——-2¢ — 21 —_Fs
arge deviations are expected only In g PU AMBS ZSAMBS

SM
in particular Sy i, is expected to be SM like.
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@ 30 ranges

0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74

T SESESEEE
s L

w
S
0.0042
0.0040 §
0.0038 PE3
_ L
5 ~
= 0.0036 .
& 3
[ I
0.0034
|
B
0.0032 o
|
0.m30 3 3 M n 3 n 4 1 5 3§ 4 4 r M 4 5 5 ) 3§ 5 (\i
0 20 40 60 80 100 120
y(®)
= sl =g s v = 66°
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T R TR 1 [ O T e |

BR(B_'_ e T+V)/AMBd

Rgr/am (x 107 ps)
I

10¢ :
il _ Z
= i §
3 0.5: :
% Z
m OO- L I N T BT B
1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4

ex (x 107) _

SM values: aw,acp € [ — 1,1

ex ~ (1.88 £0.3) x 107° a2 € | — OHE0N

Rzr/am =~ (1.62+0.13) x 10~*
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acp

2.5
2 208
1 :
=
% L5F gj ]
2 L
& -
£ 10}

05F .

0.0-...|....l....|....|..1.|....|..-|~ S ) ) S T N R L

1.7 1.8 19 20 21 22 23 24 10 -08 -06 -04  —02 0.0 0.2
ex (x 1073) aw
Correlation plot between ex and Rpr/an- aw — acp parameter space for the

aw,acp € [—1,1], a} € [ - 0.1,0.1] observables inside their 30 error ranges and
1OF R e = al € [ —0.0087,0.0440].
0.5 e i
j Considering B — X~
0.0 -
~0.5+
-1.0 ;\ ‘ ks e I — —
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2
aw - 20



Final Remarks

B No striking evidence of NP associated to scalar sector has been found
= we should live with the idea of a fine-tuning (Hierarchy Problem)
= NP is still waiting to be discovered

B NP could consists in a strong interacting dynamics at the TeV scale:
= Strong resonances at A, not seen yet

= Deviation from the SM couplings of the SMS particle

B  We constructed the effective Lagrangian up to d = 5 in both the gauge
and flavour bases

B We studied the phenomenology mainly of the flavour sector and it turns
out that the Lagrangian parameters can be as large as 1, even with NP at
the TeV scale

B A correlation is established between the possible signals in low-energy

searches of CP-violation and anomalous h-fermion couplings at the LHC
Luca Merlo, A Light Dynamical Scalar Boson 2|
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0 The parameter ¢
[Contino, 1005.4269]

)
- |
-
- L

J- L T . L L ‘_b

121 50(5)/S0(4) 1 BTeV.
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gl 5TeV .-~~~
sTev &V [ . 7 -

- [
- A I‘_r' a T L —
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& E E -
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- I
i
i

B
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¢ F aer "
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4 e 2 & .-_.-' - +'. - —
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|'I.l F _.-"- L T -___r
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L
_l.l-. r r .-.._ a 0 . il .
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* g .- 11e
= f ;‘r - - L=
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In the general effective approach, £ could be even larger
than 0.2, but a specific UV completion is necessary.
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B The parameters a and ¢ Combined Likelihoods: ATLAS + CMS + Tevatron
[Azatov&Galloway, 1212.1380] | 0

_ ol
_
WO

H bb

Dh -... HE - Ih - 13 - Jh
a
B The operator proportional to ¢r violates custodial symmetry and gives a

contribution to the p parameter:

L7 % TP < g = s = L9 s 10
[Giudicea,Grojeana,Pomarol&Rattazzi, hep-ph0703164]
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Operators in &

Pi(h) = g9 B,,Tr (W) Fi(h)
P2(h) =ig B Tr (T [V#,V"]) Fa(h)
Palin) —0edbelQUin e ) sl
Ps(h) =ig B, Tr(TVH) 9" Fy(h)
Ps(h) =1igTr(W,, V*) 0" Fs(h)

It is interesting to make connection with the linear regime: we define the
linear siblings those operators written in terms of the Higgs doublet H, that
includes the pure gauge part of the operators P;(h).

The lowest dimensional siblings of Pi1_5(h) have d =6 and have been
pointed out in [Giudice,Grojean,Pomarol&Rattazzi, arXiv:hep-ph0703164]

(D*H)'W,,, (D*H) (D*H)' (D H) B,

Luca Merlo, A Light Dynamical Scalar Boson
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I Operators that are related to the quark masses

P11(h) = Tr ((D,V*)?) Fi1(h)

Plg(h) 1I'(r]:‘ZD V’u) TI‘(TD Vy)flg(h)
B = e (E VD, V) RNV TR
7)16(h) 1I‘(\f D V'UJ) 8”]—"16(h)

Prrlin)l = AU EIRL AR B A G 5 )

P11—13(h) were already known in the context without a scalar Higgs

. J S Y
Using: (D W,LW)j sl

/
8 Bu, =~ THTV, ]+ Y g QumhiQ:
i=L R

v*Tr[V, o;| + gQLvyanL

L -
ﬁTr(O_j DMV'LL) — ZQL o UYQR —I—hC

%Tr(T D, V") =iQ,TUY Qg + h.c.

Luca Merlo, A Light Dyhamical Scalar Boson
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Minimal Flavour Violation

[D’Ambrosio,Giudice,lsidori&Strumia, hep-ph/0207036]

B8 The flavour symmetry is the symmetry of the kinetic terms
G = DU e 2eelliic- < SUS) 0
@) g o (L8 1) Dgr ~ (1,1, 3)

B Lagrangian invariant under G¢if Yp ~ (3,1,3)and Yy ~ (3,3,1)

I Masses and Mixings are reproduced, but NOT explained: for quarks
[Alonso,Gavela,LM&Rigolin, 1103.2915]

[Alonso,Gavela,Hernandez&LM, 1206.3167]

g0 m, 0 0
9 mq 9 U
Vi = v2 [, e A V2ui [ e
- 6 0 . 0 0
V' CKM matrix

Luca Merlo, A Light Dynamical Scalar Boson 28



AF = 2 Observables

M5 = (M5)sm + (M5)np

@ — Rx {772 A So(zs) + n1 A2 So(ze) + 203 A Ae So(ze, Zlft)}

(Mi3)np = R |12 X (i Qaw +vi agp) Glxt) +...) +

/2'773)\15)\(; (vi Caw +atpy;) H(ze,Te) + ... ) + ...

large deviations L i

/{6 6?’ 906

\/§ (AMK)exp

Im (M{5) g, + Tm (M5)

210 NP]
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Gl q QiQOB

e — Er, [ So(z:)]

G
CBd:CB = 1—|—26LWyt S(It) oot e
0

(1)

\ large deviations

2 2 G(z¢)
©B, = ¥B, = 2aw acp Y; beO( 5

small deviations

AM, = 2|M%| = (AM,)smCa,
Sypks =sin(28+2¢p,)
Syg = sin(2fs — 2¢p,)

Luca Merlo, A Light Dynamical Scalar Boson



BT(B = Xs’V)Ea:p (3 55 Sl 024 =i 009) X 10_4 quite precise

numbers!

BABI= X v)sar = (3.15£0.23) x 107°

The modification of the CKM induces modification on B — X7

The effective Lagrangian relevant for this decay at p, =~ my:

6
ViV ZCz(ub Qi) + Cry(1p)Qry (1p) + Csa () Qs (p)

; {66660‘075‘03%

/-
TN T

4G
g




To compute the Br(B — X,~v) we need to:

Compute the Wilson coefficients C; at the matching scale

Ci(pw) = C2M(uw) + ACE=* (uw)
4

ACT (uw) o< aw yi + (ajy + agp)y;

o

large deviations

Apply the running under QCD (mixings among operators arise) down
to the low-energy scale puy = my

8
16 Sh 5
AC7y () =123 AC7, (pw) + 3 <7723 o 7723> ACsc(pw) + ACy(pw) Z ki

=1l

as(pw)
g (:Ub)

= = 0.45




Impact of the physical Scalar

How the presence of a light SMS could modify the previous analysis?

B Tree-level FV couplings of the SMS:

e %(@h)(&’“h) O tenEFalh) = VL
+ %Tr AT ) Sl - @ % Tr [TVH#] Tr [TV ]| Fr(h) +

i ( Y_G,U(z)Y QRFy(h)+h.c.> e

2v/2
> Fy(h)z(l—l—c%—l—...> NO

¥ Loop-level contributions:

Vi Negligible
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d = 5 chiral operators

There are no operators with 2 LH or 2 RH quark fields, but all the
operators are written with 1 LH and 1 RH quark fields.

X,
Lrs =) bi Y
=4
3 18
PN ISP A
=l 2 1=9 5

Integrating out the strong resonances
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Dipole-type operators:

Xlzg/QLO-W/UQRB,LW XQ:g/QLO-W/TUQRB,LW
Xs=9Qro" o, UQrW,, Xy =9Qro" o, TUQrW,,
X5:gSQLO-'LWUQRGw/ XGZQSQLO-MVTUQRG,LW

Xr=9Qro" To; UQrW,, Xs=9Qro"” To,TUQrW,,

> DLO"LWDRFW/ DLO"W/DRG'LW

Operators containing o"" :

e =0 (V. V.| UQR Xio = Qra My, Vo RO
B0 e [V, 1TV, TIUQr Xi»=Qrc" [V, T Vo ok

Other operators containing V u:

Xis =QrV,V*UQR Xia=QrV,VF¥TUQR
Xis =QrV,TV"UQgr Xip = @ M, TV URUI@E
X17:QLTVMTV'UUQR XlSZQLTVMTV“TUQR
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2 d =5 chiral operators

d g° b%— 92b%i/v— + i — QC%Z/V— v i —
5£X:5 :4COS(92 A DLDRZ’LLZ’M—F?A DLDRWMW H4+ g A Dy o* DRWM W +

% 5. gD F 9925 smwp.g d%D o )
i o 5 o g — 5 ©
i o il 2 cos Oy A 2 gl AS ol
b AQLL— S b AT S

o g

This effective Lagrangian is written at the matching scale ps = Ag
and in the following we take (s = 4mv, that maximizes the contributions.
The running is now two-step:

¥ a6-flavour running from Ms down to UW

¥ a5-flavour running from 4w down to Ub (as before)
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BR(b — sv) = 0.000315 — 0.00175 b%, , 4 0.00247 (b%;)’

0.0007
0.0006
0.0005

0.0004 -

BR(B—X $Y)

0.0003 |
0.0002

0.0001

0.0000
-1.0 -0.5 0.0 0.5 1.0
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BR(b — s) = 0.000315 — 0.00175b%; ; + 0.00247 (b))

be . = 3.8b% + 1.2b%

05

10,

-04 —-0.2 : : : 0.6
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