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Origin of the EWSB?

" If the resonance is the SM Higgs Boson (fundamental), then NP @TeV

scale should be present to stabilise its mass (Hierarchy Problem).

José Santiago’s talk

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

the scale A; ~ O(TeV)

B0 Technicolor: only the usual 3 GBs are accounted for, but no light

scalar particle is present.

B8 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.




Content

I¥ SM Higgs and d=6 linear effective Lagrangian

¥ A dynamical Higgs (composite state):
I The Appelquist-Longhitano-Feruglio basis (no Higgs)

I¥ The bosonic basis for a light dynamical h

I Disentangling a dynamical Higgs from an elementary one




The d=6 linear effective Lagrangian

With no evidence of specific beyond SM theories, NP effects above the

TEV scale can be parametrised by writing the Linear Effective Lagrangian

including up to d=6 operators in terms of the Higgs doublet:

e — Long + Z (9 + higher orders

with A (= few TeV) the NP scale.

Once restricting only to the bosonic sector, the effective Lagrangian is

built using the SM gauge fields strengths G, W, and Buy, and the

Higgs doublet @ (plus covariant derivatives).




The d=6 linear Lagrangian: HISZ

fi o
A2 (O, + higher orders
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f fz ) [Buchmuller, Wyler (1984)]
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Opp = ®'B,,B"® Opw = ®'B,, WH o
Ow = (D, @) WH (D, ®) Op = (D,®)'B*(D,®)
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[Hagiwara-Ishihara-Szalapski-Zeppenfeld (1993)]
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& TheSMscalar boson &®(z) —— gauge SU(2)p xU(l)y

I8  The symmetry of the scalar potential can be easier identified writing
[Longhitano, PRD22 (1980)]

~

M(z) = V2 ((I)(ZU) <I>(a3)>

V(M) = ;A (%Tr[MT M] + “;)

invariant under a global SU(2) x SU(2)g ~ O(4)
M — LMR'

José Santiago’s talk

The matrix M contains the 3 GBs and the physical h.
B When M develops VEV (M) = v?1

O4) — SU(2)y custodial symmetry

SUR2) xU(1l)y > U(1)em
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B8 Thinking at a very heavy Higgs particle, all the remaining d.o.f. are the
longitudinal components of the gauge bosons and are described by

U(z) =M(z)/v = ploam () /v
U(z) — LU(x)RT under SU(2)p xU(1)y

Why is this limit interesting? Because, only the 3 d.o.f. are needed in the
theory in order to give mass the the SM gauge bosons!

&8 Writing the covariant derivative as:

D, U(z) = 8,U(z) + %gwg(a;)aaU(x) 2 Z'—g/BM(;I;)U(;I;)@,

we can define the vector and the scalar chiral fields
V,=(D,U)U" Vi AV T

T = Uo, U’ T = [ il
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\
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The ALF Basis

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,
with no Higgs involved and considering only CP-even structures:

?}2 2

— v O £ %
i — Tr[Vu V¥ + e Tr[TV, | Tr[TVH] + iQIPQ + iLIPL

(V)

e (0, UYoQr + hoff — — (D UYL Ln + hie)

2 \
_Yukawa terms
= (QLCIDJJDDR aF hC)

i (QLéyUUR . h.c.)
— (EL(I)yLLR + hC)

W / masses
GBs Kin terms

(Du@)'(D"®)

custodial breaking Z mass contribution
Op1=(D,®) & &' (DH®) d=6 -LIx103<Ap=er<19x10°°
[Giudicea,Grojeana,Pomarol&Rattazzi, hep-ph0703164] g’
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[Appelquist&Bernard, Phys. Rev. D22 (1980) 200]
'Longhitano, Phys. Rev. D22 (1980) 1166]
Longhitano, Nucl. Phys. B188 (1981) 118]
Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241]
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T 4W“ L ZGg,,GW + Y e
VeR—q B, Tr (T W"
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TV VD WA (TV,) Tr (V, W,
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Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241]
> — Tr ((DMV”)Q) If mt=0 then these operators are
B (T D, V) Tr(TD, V") not independent from the others
= TI‘([T Vu] DMV”) TI‘(TVV) [Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]
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| parameters

A1z = Tr (D, V*)?) If m=0 then these operators are
(' D, VY Tr(TD, V") not independent from the others

Aiq = r__“r([’]_1 : VV] DMV“) TI‘(TVV) [Feruglio, Int.J.Mod.Phys. A8 (1993) 4937—4972]




What with a physical Higgs?!

E Composite Higgs Models
} 77

As | - strong resonances
A <Arf
f - Goldstone bosons
(h) # v

SU(S)C X SU(Z)L X U(l)y

SU () o < LRGN =
+
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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E E 2 Composite Higgs Models
} 27
SU(3). x SU(2)1 x U(1) As | - strong resonances
G L Y AS S 47Tf
/ - Goldstone bosons

(h) = (h) #£ v

effective interactions

} SU(3)e X U(1)em

¥ Higher order operators are suppressed by:
| for extra Goldstone leg (Goldstone-Higgs included)

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

B The degree of non-linearity is described by ¢ = (v/f)?

B¢ Special limit: SM correspondsto (h) =v, A,,f>v, £&—0 i
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The low-energy effective Lagrangian is constructed by means of:

{ U(z) = e @)/

h
1F = Uer Bl Vi = (D L {Em

U(x) is a 2x2 adimensional matrix. This leads to a fundamental different

wrt the SM in constructing the effective Lagrangian:
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® The GBs are in the Higgs doublet ®
¥ ® has dimension 1 in mass
& d=4+n operators are suppressed

by A p

o-model

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



The low-energy effective Lagrangian is constructed by means of:

U(m) 67jaa7ra(:1;)/v {h
1F = Uer Bl Vi = (D L O, h

& U(x) is a 2x2 adimensional matrix. This leads to a fundamental different
wrt the SM in constructing the effective Lagrangian:

SM o-model
B The GBs are in the Higgs doublet @ B The U(x) matrix is adimensional
® & has dimension 1 in mass and any its extra insertions do not
® d=4+n operators are suppressed lead to any suppression
by A p

The dimension of the leading low-energy operators
differs for a purely linear and a non-linear regime



The (Dynamical) Chiral Lagrangian

First time the complete pure-gauge & gauge-h basis
[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]
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1 1 1 1
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2
(v Zh) Tr[V,V*] +iQDPQ + L)L
AN Leoh
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sy accounts for a possible negative sign in the h-fermion couplings.
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The (Dynamical) Chiral Lagrangian

First time the complete pure-gauge & gauge-h basis
[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]

e ral = Lo -1

| Sl o T {7
b eV Pe B G S

Z_LLUJ/LLR = hC) :

sy accounts for a possible negative sign in the h-fermion couplings.

AL = cgPs(h) + cewPw (h) + cgPa(h) + ccPc(h) + erPr(h) + Y ¢;Pi(h)




[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]
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Po(k) = —= B, B* F5(h) Pra(h) = ¢*(Tr(TW,u,))2 Fia(h)

Pw(h) = —%Wﬁywa’uyfw(h> P13(h) . igTr(TW,W)Tr(T[V“,V”])flg(h)
Pa(h) = —%GZVG“W}'G(h) Pira(h) = gs“”p”\Tr(TVﬂ)Tr(VVWp,\)]-"14(h)
Po(h) = —v;Tr(V“VM)]—"C(h) Pi5(h) = Te(TD,VH)Tr(TD, V¥) Fis(h)
Pr(h) = UZQTI(TV )Tr(TVH) Fr(h) Pis(h) = Tr(|T, V,|D,V#¥)Tr(TV") Fi6(h)
P1(h) = gg' B, Te(TWH*) Fy (h) Pi7(h) = igTe(TW,, ) Te(TVH)0" Fi7(h)
P2(h) = ig' B, Tr(T[V#, V¥]) Fa(h) Pis(h) = Tr(T[V,, V. ])Te(TVH#)0" Fis(h)
Ps(h) = igTe(W,,[V*, V*]) F5(h) Pio(h) = Te(TD,VH)Tr(TV,)0" Fig(h)
7)4(h) zg BMVTI(TVM)8Vf4(h) Pgo(h) = Tr(VMV“)(‘?,,FQO(h)ﬁ”]-"éO(h)

Ps(h) = igTe(W,,, V)" Fs(h) Pa1(h) = (Te(TV,))?0, Fa1 (k)" Fby ()
Ps(h) = (Tr(V, V)2 Fs(h) Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fas(h)
Pr(h) = Tr(V, V“)c‘? 0" Fr(h) Paz(h) = Tr(V,V#)(Tr(TV,))? Fasz(h)
Ps(h) = Tr(V,V,)0" Fs(h)0" Fi(h) Pos(h) = Te(V, V) Tr(TVH)Tr(TVY) Fau(h)
Bl — e (D, VYA Fo(h) Pos(h) = (Tr(TV ))28,,8”]-“25(}@)

Plo(h) = TI‘(V D V“)(‘?”]-"m(h) PQG(h) (TI‘(TV )TI‘(TVV))2.F26(h)

Pll(h) = (TI‘(V V )) F11<h)
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Pp(h) = = B B" i (1) Pia(h) = g*(Te(TW,u))* Fia(h)
2

Pw(h) — —gZWﬁVWa’uyfw(h) P13(h) — igTr(TWM,,)Tr(T[V“,V'/])flg(h)
2

Pa(h) = —22 G5, G Fo(h) Pra(h) = ge"" P Tr(TV ) Te(V, W,3) Fra(h)

Pc(h) = — ?Tr(V“VM)]—"C (h)

Pr(h) = UZQTI(TV )Tr(TVH) Fr(h)

?in the limit F;(h) = 1 they reduce to

P1(h) = gg' B, Te(TWH*) Fy (h) . T
Po(h) = ig' By Tr(T[VH*, V) Fa(h) :the AL .ba5|s (plus r?on-.physmal
Ps(h) = igTe(W,, [VH, V¥]) F5(h)

Ps(h) = ig' B, Te(TVH)0" Fy(h) aru e rndeses)
Ps(h) = igTe(W,, V*)0" Fs (h) " Pat(h) = (I(TV,0)) 20, Far (0" Fay (h)
Eel = (V. V#))2 Fe(h) Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fas(h)
Pr(h) = Tr(V,V*)D,0" Fr(h) Paz(h) = Tr(V,V#)(Tr(TV,))? Fasz(h)
Ps(h) = Tr(V,V,)0" Fs(h)0" Fi(h) Pos(h) = Te(V, V) Tr(TVH)Tr(TVY) Fau(h)
Po(h) = Tr((D,V#)?)Fo(h) Pas(h) = (Tr(TV,))?0,0" Fas (h)

P1o(h) = Tr(V, D, VH)0" Fio(h) Pae(h) = (Tr(TV,)Tr(TV,)) Fas(h)
Pii(h) = (Tr(V,V )2 F1 (R)



[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]

Pp(h) = _gZBWBW]:B(h)
2

P (h) = —gZW/j‘,/W““”]—"W(h)
2

Pa(h) = - 2G5, G Fo(h)

Pc(h) = — %Tr(V“VM)]—"C (h)

Pr(h) = %Tr(TV YTr(TVH)Fr(h)

P1(h) = gg9' B Tr(TWH) Fy (h)
Pa(h) = ig' B, Tr(T[VH, V]) F2(h)
Ps(h) = igTr(W,, [V*, V7)) F3(h)
Ps(h) = ig' B, Te(TVH)0" Fy(h)
=g (W, V" )0" Fs(h)
Ps(h) = (Te(V,,V#))*Fs(h)
A= N0, 0" Fr(h)
(e — Tr(VMVV)ﬁufg(h)ﬁyfé(h)
(h)

= Tr((D,V*)?)Fo(h)
R) = Te(V, D, V)8 Fio(h)
h) = (Tr(V,V,))2 Fii(h)

Pia(h) = ¢°(Tr(TW,,)) Fiz(h)
Pra(h) = igTe(TW,u ) Te(T[VA, V) Fia(h)
Pra(h) = ge* P Tr(TV ) Te(V, W,5) Fira(h)

Pi5(h) = Te(TD,V*)Tr(TD, V") Fis(h)

Pis(h) = Tr(|T, V,|D,V#¥)Tr(TV") Fi6(h)
Pi7(h) = igTe(TW,, ) Te(TVH)0" Fi7(h)
Pis(h) = Te(T[V,, V. ])Te(TVH#)0" Fig(h)
Pro(h) = Te(TD, VA Tr(TV,)d” Fio(h)
Pog(h) = Tr(VuV“)&/fgo(h)(?’/féo(h)
Pa1(h) = (Tr(TV,,))20, Fa1(h)d” Fy, (h)
Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fas(h)
)

§in the limit F;(h) = 1 they reduce to f

¥the gauge-Goldstone Feruglio
& operators \



[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]
P (h) =~ B B* Fp(h) Pro(h) = g*(Te(TW,u,))*Fia(h)
. o P13(h) = igTr(TW,, )Te(T[VH, V”]) F13(h)
Pira(h) = ge“’”pATr(TVu)Tr(V,/Wp)\)]:m(h)

Pi5(h) = Te(TD,V*)Tr(TD, V") Fis(h)

Fr(h) Pis(h) = Tr(|T, V,|D,V#¥)Tr(TV") Fi6(h)

{ & Galloway (2012)) 2 Pur{h) = egTr(TW,q) = (RN
Bl aovced/ > (1) Pig(h) = Te(T[V,, V. |)Te(TVH#)0" Fis(h)

P3(h) = igTr(W,,[V*, V*]) F3(h) P1o(h) = Tr(TD,V*)Tr(TV,)0" Fig(h)

Pi(h)l=ig B, Tr(TV*)" F4(h) Pao(h) = Tr(V,VH)D, Fao(h)0” Fho(h)

Ps(h) = igTr(W,, V*)0” Fs(h) Po1(h) = (Tr(TV )20, Fa1(h)0” Foy (h)

Po(h) = (Tr(V,VH))? Fs(h) Paz(h) = Tr(TV ) Tr(TV,, )0 Faz (h)0” Fhy(h)

Pr(h) = Tr(V,V#)0,0" Fr(h) Paz(h) = Tr(V,VH)(Tr(TV,))* Fas(h)

Ps(h) = Tr(V,V,)0* Fs(h)0” Fi(h) Pos(h) = Tr(V, V) Tr(TVA)Tr(TVY) Fau(h)

Po(h) = Tr((D,V*)?) Fo(h) Pos (i)l = (i (GIEVE SNy e

P1o(h) = Tr(V, D, VH)0" Fio(h) Pae(h) = (Tr(TV,)Tr(TV,)) Fas(h)

P11(h) = (Tr(V, V) Fii(h)  a e



[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]
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Po(k) = —= B, B* F5(h) Pra(h) = ¢*(Tr(TW,u,))2 Fia(h)

Pw(h) = —%Wﬁywa’uyfw(h> P13(h) . igTr(TW,W)Tr(T[V“,V”])flg(h)
Pa(h) = —%GZVG“W}'G(h) Pira(h) = gs“”p”\Tr(TVﬂ)Tr(VVWp,\)]-"14(h)
Po(h) = —v;Tr(V“VM)]—"C(h) Pi5(h) = Te(TD,VH)Tr(TD, V¥) Fis(h)
Pr(h) = UZQTI(TV )Tr(TVH) Fr(h) Pis(h) = Tr(|T, V,|D,V#¥)Tr(TV") Fi6(h)
P1(h) = gg' B, Te(TWH*) Fy (h) Pi7(h) = igTe(TW,, ) Te(TVH)0" Fi7(h)
P2(h) = ig' B, Tr(T[V#, V¥]) Fa(h) Pis(h) = Tr(T[V,, V. ])Te(TVH#)0" Fis(h)
Ps(h) = igTe(W,,[V*, V*]) F5(h) Pio(h) = Te(TD,VH)Tr(TV,)0" Fig(h)
7)4(h) zg BMVTI(TVM)8Vf4(h) Pgo(h) = Tr(VMV“)(‘?,,FQO(h)ﬁ”]-"éO(h)

Ps(h) = igTe(W,,, V)" Fs(h) Pa1(h) = (Te(TV,))?0, Fa1 (k)" Fby ()
Ps(h) = (Tr(V, V)2 Fs(h) Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fas(h)
Pr(h) = Tr(V, V“)c‘? 0" Fr(h) Paz(h) = Tr(V,V#)(Tr(TV,))? Fasz(h)
Ps(h) = Tr(V,V,)0" Fs(h)0" Fi(h) Pos(h) = Te(V, V) Tr(TVH)Tr(TVY) Fau(h)
Bl — e (D, VYA Fo(h) Pos(h) = (Tr(TV ))28,,8”]-“25(}@)

Plo(h) = TI‘(V D V“)(‘?”]-"m(h) PQG(h) (TI‘(TV )TI‘(TVV))2.F26(h)

Pll(h) = (TI‘(V V )) F11<h)



[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]

/2

—%BWBWFB(h)
2

g a apuy
= — LW W Fy (h)

4
g2
ey CE TR

5
(V)
_ZTr(V'uVM)FC(h)

2

= %Tr(TV )Tr(TVH) Fr(h)

P1(h) = g9’ By, Te(TWH) Fy (h)
P2(h) = ig' B Te(T[V#, V¥]) F2(h)
Ps(h) = igTe(Wy, [VH, V7)) F3(h)
Ps(h) = ig' B, Te(TVH)0" Fy(h)
=g (W, V" )0" Fs(h)
Po(h) = (Te(V,VH))> Fs(h)
=Pk Sl Lt e

Ps(h)

Tr(V,V,)0" Fs(h)0" Fi(h)

Pi2(h) = g*(Te(TWpw)) Fra(h)

Pis(h) = igTr(TW,, ) Te(T[VH, V*]) Fi3(h)

Pra(h) = ge* P Tr(TV ) Te(V, W,5) Fira(h)
e e I DS e e DS Lt
s e By e e

Pi7(h) = igTe(TW,, ) Te(TVH)0" Fi7(h)
P18(h) TI“(T[VM, V,/])TI”(TV'U“)({)V.FB(}L)

A e R S e

Pgo(h) = TT(VMVH)ﬁy.FQO(h)anéo(h)

Po1(h) = (Te(TV,))?8, Fa1(h)0” Fyy (h)
PQQ(h) TI‘( )Tr(TV,,)(?“Fgg(h)(‘?”FéQ(h)
Paz(h) = Tr(V, V“)(Tr(TVV))2]:23(h)
Poa(h) = Te(V, V) Tr(TVH*)Te(TVY) Fau(h)

2] “a EE Em;; aaQa az/; “'9

Pae(h) = (Tr(TV,)Tr(TV,)) Fas(h)
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Pp(h) =~ By, B" Fis(h) Pia(h) = g*(Tr(TW,))* Fra(h)

Pw(h) — —gTjWEVWaMV.Fw(h) P13(h) — igTr(TWMV)Tr(T[V“,VV])flg(h)
Pl = —QZEGZVGO’“’/Fg(h) Pra(h) = ge"* P Tr(TV ) Tr(V, W, ) Fra(h)
Pc(h) = —%—;Tr(V“VM)FC(h) Pis(h) = Te(TD,VH)Te(TD, V") Fi5(h)
Pr(h) = U;Tr(TV )Tr(TVH) Fr(h) Pis(h) = Te([T, V., | D, Vi EeCIRVAS DTS00
’pl h) gg BHVTI‘(TW“ e . T s MV)TI"(TV'LL)({)VJT17<}L)

Pa(h) = ig' B, Tr(T[V*¥ . 3 1 ( 24) ,V,,])Tr(TV“)@”Flg(h)
Pg h) ZgTI‘( M,/[V’u ' 'LL)TI'(TVV)aV.Flg(h)
Pl = D TV“ pa ra mete rs ] ¥10, Fao(h)0” Fho(h)

12 4.))° 0, Fo1(h)0” Fyy (h)

(
(
(
(
5(h) = igTr(W,, V#)O
(
(
(
(

Bl = (e (V,, V)" F (h) 7>22(h) Tr( )Tr(TVV)a“Fzz(h)é‘”Fég(h)
P(h) = Tr(V, V“)c‘? 0" Fr(h) Paz(h) = Tr(V, V“)(Tr(TVV))2]:23(h)

Poith) = TV, V,, )0" Fs(h)0" Fi(h) Poa(h) = Te(V, V) Tr(TVH*)Te(TVY) Fau(h)
Po(h) = Tr((D,V*)?) Fo(h) Pas(h) = (Tr(TV,))?0,0" Fas(h)

P1o(h) = Tr(V, D, VH)0" Fio(h) Pae(h) = (Tr(TV,)Tr(TV,)) Fas(h)

P11(R) = (Tr(V, V)2 F11(h)



The F.(h) Functions

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]

The functions F;(h) = g(h, f) are generic functions of h/f (and can be derived

only once a fundamental model is chosen). It is common to write,
2

h
Fi(h)zl—l—QOéi——Fﬁi—Q—l—...
(v (v

with «;, 8; generic functions of & = 02/f2.




The F.(h) Functions

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]

The functions F;(h) = g(h, f) are generic functions of h/f (and can be derived

only once a fundamental model is chosen). It is common to write,
2

h
fi(h)zl—l—z&i——Fﬁi—Q—l—...
(v (v

with «;, 8; generic functions of ¢ = v?/f?.

If we consider the SM as a reference, the combinations ¢;F;(h) become:

fBW RN S v+h__ [0
Opw = B, WH P Do) U()
£2 LW £2 v (5’3) \/5 1
/ 2
— fBW%BM,/TI(TW’LW) (”U i h)
8 g
= g9/ i A%

= ¢1 99’ B, Tr(TWH ) Fy(h) = c1P1(h)

with qzjfBTW a; =1 o —1 £




Connection with the Linear Basis

We can repeat the previous exercise and see the connection among the bases:

§ §

Opp/f* = ZPg(h) Oww/f* = ZPw(h)

Occ/f* = ~=Pa(t) Opw/f? = SPi(h)

05/ = (k) + SPu(h) Ow/f* = SPy(h) ~ SPy(h)

Osa/f? = SPu(h) - SF(YPr(h)  Osa/f’ = €Pu(l

G = gpﬂ(h) - g]-"(h)Pc(h)

Onia/f* = SPou(h) + SPo(h) + 2Pr(h) — €Ps(h) — 2Po(h) — SPro(h)
with  F(h) =1 +2% + 2—2

We added two pure-h operators (only the first was previously considered by
Buchalla,Cata,&Krause (2013)):
1

Pi(h) = S (@M@ WFu(h)  Pog = —5(@,0"h) Fau(h)

V2




2

Po(h) = —%Tr(V“VH)]:C(h)

Pr(h) = %Tr(TVM)Tr(TV“)]-’T(h)

g

[ — —IBWBW]:B(h)

Pw (h) = —%W“ W Fus (h)
Palh) = — 2262, G Fa(h)

Pi1(h) = g9’ B, Te(TWH) Fy(h)
g B, T (T[V", V")) Fa(h)
Ps(h) = igTe(W,,[V*, V¥]) Fs(h)
Pa(h) = ig' B, Tr(TV#)0" Fy(h)
Ps(h) = igTr(W,, V#)0" F5(h)
Ps(h) = (Tr(V,V*))° Fs(h)

737(h) = TF(V V“)c‘) (’9”]-"7(h)
Pg(h) = Tr(V,V,)0" Fs(h)0" Fg(h)
BEESNI (D, V) Fo (h)

7) O(h) — TI(V D V“)@Vflo(h)
Pll(h) = (TI’(V V )) Fll(h)

Pia(h) = g*(Te(TWy,))* Fiz(h)
PlS(h) 5 igTI'(TWuV)Tr(T[VM7 VV])FB(h)
P1a(h) = ge*P Tr(TV ) Tr(V, W, ) Fia(h)

7715(h) — TT(TDNV’U)TI’(TDVVV>.F15(h)

P16 h — TI‘([T,V,/]DHV'M)TI‘(TVV).FH;(h)
7)17 = z’gTr(TWW)Tr(TV“)(?V}"U(h)
7)18 h = TI‘(T[VN,V,,])TT(TV“)ayflg(h)

(h)

(h)

(h)

(h) =Tr(TD,V*)Tr(TV,)0" Fi9(h)

(h) = Tr(V, V)0, Fao(h)0 Foo(h)
Par(h) = (Tr(TV,,))?8, Far (h)0” F3y (h)

(h)

(h)

(h) =

(h)

(h) =

7322 h Tr(TVM)Tr(TV,,)(?“]:QQ(h)@’/]:ég(h)
Paz(h) = Tr(V,V#)(Tr(TV,))* Fasz(h)
Pos(h) = Tr(V, V) Te(TVH)Tr(TVY) Fau(h)
7325 h — (TI‘( ))28,/8”]:25(h)
Pas(h) = (Tr(TV,)Tr(TV,))* Fas(h)
Pir(h) = 5 (0uh) (") Fir(h)
P = — (9,6 p A ’



2
(V)
_ZTI(VMVM)FC(h)
2

Pr(h) = UZTr(TVN)Tr(TV“)FT(h)

A

Q

P
|

g/2

Pp(h) = _TBWBW]:B(h)
g2
Pw (h) = —ZWﬁVWaW]:W(h)

g2
i ——SG“ e i)

D

Pi(h) = g9 BWTI‘(TWW)]i(h)
Pa(h) = ig' B, Tr(T[V#, V¥]) Fa(h)
Ps(h) = igTe(W,, [V*, V¥]) Fs(h)
Pa(h) = ig' B, Tr(TV#)0" Fy(h)
Ps(h) = igTe(W,, V#)0" F5(h)
Ps(h) = (Tx(V,,V*))*Fe(h)

Pz(h) = Tr(V, V“’)(? 0" Fr(h)
Ps(h) = Tr(V,V,)0" Fs(h)9" Fg(h)
Po(h) = Tr((DV*H)?)Fo(h)

'P O(h) = Tr(V D V’U’)(()V./—'.lo(h)
Pui(h) = (Te(V, V)2 Fui(h)

Pia(h) = g*(Te(TWy,))* Fiz(h)
PlB(h) 5 igTI'(TWuV)Tr(T[VM7 VV])FB(h)
P1a(h) = ge*P Tr(TV ) Tr(V, W, ) Fia(h)

7715(h> = TI‘(TDNV’“)TI‘(TDVVV).Fw(h)

ot o - e} - ‘ z etk eS| R ‘ ~ RN
PV S P S N T B B N IR Y T Ny D 7Y )
/
E E U
a
)

_‘have siblings of d=6 and then are§

BT A LS b fop R0 Lo o Ra o gD T o ) SRSl e Nen B4 Lo b
o .. . X N s . > - . Lo~ S ~
() ] ; O U U T - y

Pa1(h) = (Tr(TV ,,))?8, Fa1 (h)d” Fyy (h)
Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fas(h)
Paz(h) = Tr(V,V#)(Tr(TV,))* Fasz(h)
Pos(h) = Tr(V, V) Tr(TVH)Tr(TVY) Fau(h)
Pos(h) = (Tr(TV ))28,,8”]—“25(h)

Pas(h) = (Tr(TV,)Tr(TV,))* Fas(h)



2

Po(h) = =T (VAV,) Fo(h) Pra(h) = ¢*(Tr(TW,) Fia(h
Pr(h) = %Tr(TVM)Tr(TV“)]:T(h) P13(h) = igTe(TW,, ) Tr(T[VH, V”]) Fi3(h)
g/Q | 7714(h) = gE“Vp)\TI‘(TVM)TI‘(V,/Wp)\)fM(h)

P (h) = 2= By, B Fp(h)

_ yA

BLUE ' 7715(h) == TI‘(TDNV’U’)TT(TDVVV).Fw(h)

# have siblings of d=8 and then are " .
weighted by 52 f Pis(h) = Te([T, V,|D, VH)Tr(TV") Fig(h)

B SCSTAorataiNSa iisaevce D7 (h) = igTr(TW,, ) Tr(TVH#)0" F17(h)
Po(h) = ig BWTr(T[V“ V¥])Fa(h) Pig(h) = Tr(T[V,, V., ])Tr(TVH)0" Fis(h)
Ps(h) = igTe(W,, [V*, V¥]) Fs(h) Pig(h) = Tr(TD,V*)Tr(TV,)0" Fig9(h)
Pa(h) = ig' B, Tr(TV#)0" Fy(h) Pao(h) = Tr(V, V*)0, Fao(h)0” Fay(h)

Ps(h) = igTe(W,, V)" Fs(h) Pa1(h) = (Tr(TV,))?0, Fa1(h)0” Foy ()
Ps(h) = (Tr(V,, V)2 Fe(h) Paa(h) = Tr(TV ) Tr(TV,)0" Faa(h)0” Fao(h)
P:(h) = Tr(V,, V“)a 0" Fx(h) Paz(h) = Tr(V,V#)(Tr(TV,))* Fasz(h)
Ps(h) = Tr(V,V,)0" Fs(h)0" Fg(h) Pas(h) = Tr(V,V,)Te(TVH)Tr(TVY)Fas(h)
Po(h) = Tr((D,V*)?) Fo(h) Pas(h) = (Tr(TV,))?0,0" Fas(h)
P1o(h) = Tr(V, D, V*)d” Fio(h) Pas(h) = (Tr(TV,)Tr(TV,))? Fae(h)
Pii(h) = (TT(V \% )) Fi1(h) PH(h) %(@ h)(@“h)fH(h)
S r— %(fh@“hﬁfgﬂ(h) 18



2
(Y
2

Pr(h) = UZTr(TVN)Tr(TV“)]:T(h)

A

Q

P
|

g/2

Pp(h) = _ZBWBW]:B(}‘)
g2
Pw (h) = —ZW;}VWWV}—W(h)

2
Pa(h) = - 2G5, G Fo(h)

Pi(h) = g9’ B, Te(TWH) Fy(h)
Po(h) = ig’BW/Tr(T[V“,VV])fQ(h)
Ps(h) = igTe(W,, [V*, V¥]) Fs(h)
Pa(h) = ig' B, Tr(TV#)0" Fy(h)

| welghted by f

1(h) Tr(V'D V“E)“]:l(
P11(h) = (Tr(V,V,)) 2 Fri(h)

Pia(h) = g*(Te(TWy,))* Fiz(h)
Pi3(h) = igTe(TW,, ) Te(T[VH, V¥]) Fi3(h)
Pra(h) = ge"PATr(TV ) Tr(V, W, ) Fra(h)

Pis(h) = Te(TD,V*)Tx(TD, V*) Fis(h)

PlG(h) — TI‘([T, V,/]DMV'M)TI‘(TVV)JT"H;UL)
Pi7(h) = igTe(TW,, ) Te(TVH)0" Fi7(h)
Pig(h) = Te(T[Vy, V) Tr(TV#)9" Fig(h)
Plg(h) — TI‘(TDMV’LL)TI'(TV,/)anlg(h)
Pgo(h) = TI‘(VMV’M)(()VFQQ(h)(K)VJT'éO(h)
(h) = (Tt(TV,,))?8, Fo1(h)d” F3y (h)
(h) = Tr(TV,)Tr(TV, )" Faa(h)0" Foq(h)
(h) = Te(V, V) (Te(TV,))* Faz(h)
(h) =Tr(V,V,)Te(TVH)Tr(TV")Fau(h)
(h) = (Tt(TV,))?9,0" Fas(h)
Pas(h) = (Tr(TV,)Te(TV,))  Fae(h)



Disentangling a Dynamical Higgs |

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]
Correlations present in the linear basis are absent in the chiral basis

Op/f* = f—6P2(h) == %774(h) (similar for Oywy)




Disentangling a Dynamical Higgs |

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]
Correlations present in the linear basis are absent in the chiral basis

Og/f* = f—6P2(h) == §P4(h) (similar for Oywy)
ie?q

et 2
Op =—2 A, W FW (v + h)?

: 7, W FW (v + h)?

8 cos Oy

y
eg e
Al A B h 2, b0k h h
dcosOy " L ) 4cos? Oy " L )
Sy st ny ie’g %3 ny
[t =2icga A W W Fo(h) - 2 Z, W EW ™ Fy(h)
cos Oy
IO = 4 7HOYF(h) - g TRF ()
S cos Oy~ M S cos2 Oy M -




Disentangling a Dynamical Higgs |

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]
Correlations present in the linear basis are absent in the chiral basis

@ — %Pz(h) + §P4(h) (similar for Oy/)
ie?q

et 2
Op =—2 A, W FW (v + h)?

: Z W HFW T (v + h)?

8 cos Oy
2

eg e
Al A h 2, b0k h h
dcosOy " L ) 4cos? Oy " (v )
Sy st ny ie’g %3 ny
Pa(h) = 2ieg” A, W *W "l — 2 Z W HW T i
cos Oy
Py =——2 A, 700" - g TROVF ()
N cos Oy~ M S cos2 Oy M -

due to the decorrelation in the F;(h) functions: i.e.

i T W o e 1=

19

Z-W-W-h€e £-W-W




Disentangling a Dynamical Higgs |

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]
Correlations present in the linear basis are absent in the chiral basis

@ — %Pz(h) + §P4(h) (similar for Oy/)
ie?q

et 2
Op =—2 A, W FW (v + h)?

: Z W HFW T (v + h)?

8 cos Oy
2

eg e
Al A h 2, b0k h h
dcosOy " L ) 4cos? Oy " g )
Sy st ny ie’g %3 ny
[t =2icga A W W Fo(h) - 2 Z, W EW ™ Fy(h)
cos Oy
IO = 4 7HOYF(h) - g TRF ()
N cos Oy~ M S cos2 Oy M -

due to the nature of the chiral operators (different ¢; coefficients): i.e.
e\ €« v — 4 — h vy—W-—-W-—-h €& v—Z—h
Z—W -—-W & -7 —h Z—W -—-W-—-h €» /—-—7—h

19




Disentangling a Dynamical Higgs |

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]

Bounds from TGV+Higgs
R N U AT 7 T

2
DX tovatiggs

NN~ O
{

L G - o om o= o=

0.75

-0.75

b o = om = ) P L

20
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|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]
Bounds from TGV+Higgs
B RN T T 7 T ]

> 0 O
x

2
DX tovatiggs

0.75

—0L7/8

ZB = 4(202 —+ a4) g fB§
EW = 2(263 = CL5) T4 fwf

Need of more precision for: - discovering BSM physics with TGV and HVV
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Disentangling a Dynamical Higgs i

Specific “relevant” signals are expected in the chiral basis
but not in the linear one (and vice versa

P14(h) — gE—S’qu)\TI“(TV“)TT(V,/Wp)\).FM(h)
C and P odd, but CP even

M PR W W Zy Fra(h) eMPAZ, AW W Fra(h)
W Zy wy
ZP
W A, W

The interactions of this operator are described in the linear regime by an
operator with d=8 and therefore a signal at collider would be an indication in

favour of the chiral EW realisation, wrt the linear one.
2|




Disentangling a Dynamical Higgs i

|Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, 1311.1823]

Simulation of what can be seen at LHC (7+8 TeV, 7+8+14 TeV) for g5Z
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Present results, mainly from LEP Il (WW pairs and single W production)

and radiative corrections to Z physics

Measurement (+68% CL region) 95% CL region
Experiment ge g7 C14
OPAL — (B [—0.28, 0.21] ORI 012
L& IO [—0.21,0.20] =0, 0, 11
ALEPH —0.0641913 [—0.317,0.19] FEORISSUSING
90% CL region from indirect bounds gZ: [—0.08,0.04] | c14 : [—0.04,0.02]
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and radiative corrections to Z physics

Present results, mainly from LEP Il (WW pairs and single W production)

Measurement (+68% CL region) 95% CL region
Experiment ge g7 C14
OPAL — (B [—0.28, 0.21] ORI 012
L& IO [—0.21,0.20] =0, 0, 11
ALEPH —0.0641913 [—0.317,0.19] FEORISSUSING
90% CL region from indirect bounds g?: [—0.08,0.04] | c14 : [—0.04,0.02]

Expected sensitivity on 952 at the LHC (7+8 TeV and 7+8+14 TeV)

68% CL range

95% CL range

Data sets used

Counting p% > 90 GeV

p#% binned analysis

Counting p% > 90 GeV

p#% binned analysis

(4.64419.6+300 fb~1)

748 TeV (—0.066, 0.058) (—0.057, 0.050) (—0.091, 0.083) (—0.080, 0.072)
(4.644+19.6 fb=1)
748414 TeV (—0.030, 0.022) (—0.024, 0.019) (—0.040, 0.032)

(—0.033, 0.028)

LHC7+8 could have already a sensitivity that competes with the present bounds
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B NP could consists in a strong interacting dynamics at the TeV scale:

= Strong resonances at Ag, not seen yet

= Deviation from the SM couplings of the Higgs

¥ To disentangle a dynamical Higgs from an elementary one:

= Correlations present in the linear basis are absent in the chiral one

= Specific “relevant” signals are expected in the chiral basis, but not in

the linear one, and vice versa

B Need of more precision to disentangle a dynamical Higgs with TGV+HVV
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= we shou

= NP s stil

Final Remarks

ence of NP associated to the Higgs sector has been found
d live with the idea of a fine-tuning (Hierarchy Problem)
waiting to be discovered

B NP could consists in a strong interacting dynamics at the TeV scale:

= Strong resonances at Ag, not seen yet

= Deviation from the SM couplings of the Higgs

¥ To disentangle a dynamical Higgs from an elementary one:

= Correlations present in the linear basis are absent in the chiral one

= Specific “relevant” signals are expected in the chiral basis, but not in

the linear one, and vice versa

B Need of more precision to disentangle a dynamical Higgs with TGV+HVV

&' A dedicated study on q5Z with LHC data could have already something to say

about the presence of BSM physics and on the nature of h!!!

A




Thank you




Backup



SI LH [Giudice,Grojean,Pomarol&
Rattazzi, arXiv:hep-ph0703164]
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The SILH Lagrangian is just a linear Lagrangian, alternative to the HISZ one.
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Other Effective Chiral Lagrangian
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The parameter &

[Contino, 1005.4269]
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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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— igl e (WEa, Wy —W;a,WHV, + g¥ (O WHW— —

Triple Gauge Vertices

ogWWV = zgwwv g1 (W+ W=RrVY — W;VVW_'IW) i /ivW:WV_vMV

— {/77 Z} and Jww~y =

B,W W)V,

e = gsinfy, gwwz = gcosby

The SM values are: g7 = = (o = L el e = T — g =11

Coefl. Chiral Linear
xe?/ sz x & x &2 xv2 /A2
1
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From the table, we can read out two correlations:

9 9
S 16e
AK 7 + —gAﬁ;7 = Aglz = me (2012 T 013)52 ;
9 2
C e
Agg + 545 = —— 16,
Sp Sp

d=6 linear effective basis

chiral basis truncated to §-weighted operators

:: No possibility of distinguishing a dynamical Higgs from
an elementary Higgs if £ < 1, considering only TGV.



Higgs-Vector-Vector Vertices
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+ g WIW TR + ¢ (B W W, 8k + h.c.) + g 8,V 0, W h

where V,, =0,V, —90,V, with V={A Z W G}

Writing the couplings as
(]) S g”L(J)S i Ag(j)

the only non-vanishing SM contributions are given by
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Coeft. Chiral Linear
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From the table, we can read out several correlations:

2e?
I 1 1
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e 2) ) @) de
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:: No possibility of distinguishing a dynamical Higgs from
an elementary Higgs if £ < 1, considering only HVV.



Comparing TGV and HVV, a correlation arises that holds only for the d=6
linear effective basis. In particular, it does not hold for the chiral basis even

considering only &- weighted operators.

USg 1 2 1 2
Akz—Agh = 2 |(c3 = 53) (alihy + 2055, ) + 2500 (20myy — 9z — 20557 ) |

Deviations from this correlations indicate that d=6 linear description is not
satisfactory:

d=8 becomes import

the non-linear description is mode adeguate

or...



Quartic Gauge Vertices
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Other constraints on the parameters

0 From EWPD, we can constrain 2 parameters: S and T parameters

S0 = ¢ =4x107° and —2x 107 = cpi= NSl
'8 From TGV and HVV, we can constrain other 8 parameters: at 90% C.L.
Set A Set B
= [ 1.8,2.1) U[6.5, 10] sy = 11: [—0.78, 2 4 NG NP
e 00 =6 50 [—2.1, 1.8 sy = =1 [S 100G RN B R
a4 —0.47,0.14]
as —0.33,0.17]
ayy —0.12, 0.51]
ap —0.50, 0.21]
CH (—0.66, 0.66] (—1.1,0.49]
Co [—0.12,0.076]
Cs [—0.064, 0.079]

SetA: CLG,CL4,CL5,CLB,CL[/V,CH,QCLC—CC:O vazHﬁ
Set B : g , G4 , G5 ,QB , Aw , CH = 20¢ — CC HVV # Hff




SetA: CZG,CZ4,CZ5,CLB,CLW,CH,QQC—CC:O vazHﬁ
Set B : e o Ol G o Ghelnh Ehive SaGis —1 2050 — e HVV # Hff

LHC+Tevatron Higgs data. Set A LHC+Tevatron Higgs data. Set B
B R AR T R A

B L 557
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| X2min,A = X2min,B| < 0.5

Data: Tevatron DO and CDF Collaborations and LHC, CMS, and ATLAS
Collaborations at 7 TeV and 8 TeV for final states yy, WtW-, ZZ, Zy, b b, and tt”



||_»—IC-|-’IFevo1tr<
= S / - ﬂ Degeneracy: interference between SM and ag anomalous contrib.
0 * 2nd min: the anomalous contrib. = -2 top-loop contrib.
. Barrier: gluon fusion Higgs production depleted between the min.
L Sy relative sign between ag and top-loop contrib. to hgg vertex
. SET A-SET B: cy contributes to the top-loop contrib.

£
AX Higgs
QO o 4 0 ©

N

QO = N W

¥ From EWPD on the quartic gauge couplings, we get

coupling | 90% CL allowed region

Co (—0.23,0.26]
5 —0.094, 0.10]
o —0.092, 0.10]
Ca (—0.012,0.013]

Co6 [—00061, 00068]




Disentangling a Dynamical Higgs i

The simulation for LHC (7 TeV, 14 TeV) has been done taking cuts and precautions:

" Focused on WZ production, considering leptonic decays of W and Z (background)
D S s S (") = e or i
¥ Main background: SM production of WZ pairs; W and Z production with jets; ZZ
production with one Z in leptons with one charged in missing E, the other in tt pair.
B8 Detection efficiencies rescaled to the one by ATLAS for TGV AK,, g7, \z.
I We closely follow the TGV analysis performed by ATLAS (cuts on transverse
momentum and pseudorapidity).

B The cross section in the presence of an anomalous gg,Z is then given by
7 Z\ 2
0 = Opex +0sm + Oing 95 + oano (95)

In the SM, Zff and Wff contain a CP odd component. The amplitude for any
subprocess qq — W Z contains SM contributions that are both C and P odd and

that interfere with the contribution from the anomalous.




68% CL range

95% CL range

Data sets used

Counting p% > 90 GeV

p#% binned analysis

Counting p% > 90 GeV

p#% binned analysis

748 TeV (—0.066, 0.058) (—0.057, 0.050) (—0.091, 0.083) (—0.080, 0.072)
(4.64419.6 fb1)
74+8+14 TeV (—0.030, 0.022) (—0.024, 0.019) (—0.040, 0.032) (—0.033, 0.028)

(4.64-+19.6+300 fb~1)

. Counting p% > 90 GeV

Simple even counting analysis, assuming that the observed events are SM and

looking for values of 952

restriction to p7 > 90 GeV increases the sensitivity.

— 7 .. -
. p7 binned analysis

inside the 68% and 95% CL allowed regions. The

i 2 : AT i .
Simple X based on the contents of the different P distributions with no cuts.

Same conditions of the previous method.




