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(Linear) Effective Lagrangian

w The Linear ElectroWeak Symmetry Breaking

® If the resonance found @LHC is the (doublet) Higgs boson
then some NP@TeV should be present to stabilize its mass

( HIERARCHY PROBLEM )

® In the absence of experimental indications pointing fo
some specific model (like i.e. MSSM) NP effects above the
TEV scale can be parametrized by writing the (linear)
effective Lagrangian including up to d=6 operators:
1 — - 1
[LZLSM‘FF Cioi +O(F)J

1=1

with A (> few TeV) the NP scale and ¢;=0(1) parameters;
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The Linear (Gauge-Higgs) HISZ Basis

® The effective Lagrangian is built using the SM (weak) gauge

bosons(W,., B,,)and the Higgs double;

® The d=6 (HISZ) basis of operators describing the gauge-
Higgs sector relevant for our discussion reads:

2
Oww = (%) I WHW,,, B . Op,=(D,®) 03! (D,d)
AN 1
Opp = (5) ®'B* B,,® . Opa = 5%(@*(1))8“(@*@)
1
Opw = T<1>TBH'/W,“,<1> . Os = (2f0)’
Ow =3 2 (D,®)'W (D, ®) . Og4=(D,®)(D"®)(D'®)
/
Op = % (D,®)'B*(D,®) , Ope = (D"D,®)(D"D,®)

[Buchmuller, Wyler (1984), Gradkoski, Iskrzynski, Misiak, Rosiek (2010); Hagiwara, Ishihara, Szalapski, Zeppenfeld (1993)] 4
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Non-Linear (Higgless) Lagrangian

The Non-Linear ElectroWeak Symmetry Breaking

® Only the 3 d.o.f. are needed in the theory in order fo give
mass the the SM gauge bosons. They can be Goldstone

bosons of a “strong chiral” symmetry breaking with f=v;
[Weinberg (1979), Susskind (1979)]

® One can give masses to fermions by introducing a strong
sector condensate (techni-fermions); imopoulos, susskind (1979)]

® No need to introduce a fundamental doublet in the theory.
The EWSB can be realized non-linearly; [caian, coleman, wess, zumino (1980)]

® Technicolor at least in its simpler implementation is severely

constrained by EW precision measurements (S,T parameters);
[Peskin, Takeuchi (1990), Holdom, Terning (1990), Golden, Randall (1991)]

5
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The Underline Assumption

® Linear (weak int.) vs non-linear (strong int.) scale setup:

weak theory
(SuUsy)

{ Effeéfive }
Lagrazngian
@=v

V4

U(l)y

d
Linear

U(D)em
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The Underline Assumption

® Linear (weak int.) vs non-linear (strong int.) scale setup:

weak theory strong theory
(SUSY) (Technicolor)
B : ] Resonances
A>w Effeéfive Q\S < 47‘-@
‘ Lagrafngian
| < .

V

LXU

iln

L X U
Llnear Nonllnear
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[Appelquist, Carazzone (1980); Longhitano (1980,1981), Feruglio (1993)]

Constructing the Chiral Fields

'« The EW symmetry breaking without the “"Higgs”:

Let’s start from the SM doublet @ (linear ¢ model):
M(z) = (5, <1>) SURLXIWY  MY(z) = LM(2)R!

and send my to infinity (keeping v=const). One removes the
physical Higgs from the spectrum keeping the 3 WBGBs

MM =02/2  MHETRETOM U() =™ (B0 L M(z) /v
Writing the covariant derivative as:

i 0 ig’
EW" (x)o,U(x) — 7Bu(w)U(:v)03

we can define the scalar and the vector LEFT chiral fields

D,U(z) =90,U(z) +

(T(:L‘) = Uo3U' V,(z) = (D,U) UT)
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The (Higgsless) Effective x-Lagrangian

Making use of U(z),T(z),V,.(z) + SM gauge bosons one can
build all possible SU(2). x U(1l)y invariants up to 4 derivatives.
The CP even gauge-Goldstone interacting Lagrangian reads:

4 )

2 2
£i<4 = _ %Tr VAV, + cr UZ Tr[TVH]? - (%Q_LU(:D) Y Qr+ h.c.)

14
_ 1 1
L£0=4 = ~3 Wi Wi = 5 Bu B + Y ci A
1=1

- J

[Appelquist, Bernard, Phys. Rev. D22 (1980) 200]

[Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
[Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]

[Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241] 8
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Making use of U(z),T(z),V,.(z) + SM gauge bosons one can
build all possible SU(2). x U(1l)y invariants up to 4 derivatives.
The CP even gauge-Goldstone interacting Lagrangian reads:

GB’s kinetic terms
W Z masses

\

-

\_

~
L4t = flw}[v"vh ﬁTr[Tv"]z —=QLU(z) Y Qr +h.c
= 1 m Cr 1 \/5 L xr R .C.
d=4 1 a uv 1 uv =2
L= = S Wi WL — 2 BB + ) i A
1=1

J

[Appelquist, Bernard, Phys. Rev. D22 (1980) 200]

[Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
[Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]

[Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241] 8
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GB’s kinetic terms Custodial breaking
W Z masses Ap = CT ~ x10~

\

s » \ # 2
£d<4=— Tr [VAV,] + CT Tr [TVH]? - ( Q.U(x2)Y QR+hc)
1
Li=4 = - B,WB o Zcz
_ = Y

[Appelquist, Bernard, Phys. Rev. D22 (1980) 200]
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\

(

\_

[d<4 _ T)[V“V ] + cT [#V“] N ( QLU(x) y¢QR + h.c. )\

_ 1
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1=1
J
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The (Higgsless) Effective y-Lagrangian

Making use of U(z),T(z),V,.(z) + SM gauge bosons one can
build all possible SU(2). x U(1l)y invariants up to 4 derivatives.
The CP even gauge-Goldstone interacting Lagrangian reads:

GB’s kinetic terms Custodial breaking YUk t
W Z masses Ap = cT ~ x10~ u aW; erms
/

\

(

\_

[£<4 _ _ v® \[V#V ] + cT [#V“] = ( QLU(x) y¢QR + h.c. )\

_ 1
Li=4 = - B,WB o Zcz

1=1
J

®
[Appelquist, Bernard, Phys. Rev. D22 (1980) 200]
SM Gauge Boson [Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
kinetic terms [Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]
[Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241] 8
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The (Higgsless) Effective y-Lagrangian

Making use of U(z),T(z),V,.(z) + SM gauge bosons one can
build all possible SU(2). x U(1l)y invariants up to 4 derivatives.
The CP even gauge-Goldstone interacting Lagrangian reads:

GB’s kinetic terms Custodial breaking YUk t
W Z masses Ap = cT ~ x10~ u aW; erms
/

\

(

\_

rd<4 _ _ 2’IY\[V“‘V,,] + cT [*'V“’] N ( QLU(x) y¢QR + h.c. )\

_ | . v v
LY = =2 Wi, Wi = 2 B, BM(+ ZCiA' {>| gauge-GBs

4 V2

(" CPeven ALF

| inferactions

- /
® :
[Appelquist, Bernard, Phys. Rev. D22 (1980) 200]
SM Gauge Boson [Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
kinetic terms [Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]
[Appelquist&Wu, Phys.Rev. D48 (1993) 3235-3241] 8
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The ALF CP even basis

Basis of CPeven gauge-Goldstone operators up to 4 derivatives:

Ay =gg B, Tr (TWH)
Ay =ig B, Tr(T[VH, VY]
As =igTr (W, [V*, VY]
Ay = (Tr (V, VH))?

As = (Tr (V,V,))’

As = g* (Tr (TWH))?

A7 =igTr(TW,,)Tr (T [V*,V"])
As = g P Ty (TV,) Tr (V, Wyi)
Ag =Tr(V,V*) (Tr (TV,))?

Ao =Tr(V,V,) Tr (TV")Tr (TVY)
Ay = (Tr (TV,) Tr (TV,))?

[Appelquist&Bernard, Phys. Rev. D22 (1980) 200]
[Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
[Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]

p
A =Tr ((D,V*)?)

\

./413 — TI‘(T DMV“) TI‘(T D,/VV)
Ay =Te(T,V,]D,VH) Tr(TVY)

™

)
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Ao =Tr (V,V,) Tr (TVH) Tr (TVY)
Ay = (Tr (TV,) Tr (TV,))?

[Appelquist&Bernard, Phys. Rev. D22 (1980) 200]
[Longhitano, Phys. Rev. D22 (1980) 1166, Nucl. Phys. B188 (1981) 118]
[Feruglio, Int.J.Mod.Phys. A8 (1993) 4937-4972]

p
A =Tr ((D,V*)?)

\_

N )
If m¢= O these ops are not

Au3 = Te(T D, V*) Tx(T D, V") independent from A; — A;;!
. ) If m¢# O can eventually be
A =Te([T, V, | D, VH) Te(TVY) traded by fermionic ops ! 9
AN J

mercoledi 16 luglio 14



0/Cgyy

[CMS & ATLAS Collaborations (2014)];

The light scalar discovery

19.7fb"' (8 TeV) + 5.1 fb' (7 TeV
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[CMS & ATLAS Collaborations (2014)];

The light scalar discovery

19.7 b’ (8TeV)+ 5.1 o' (7 TeV)

....................
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[Is this resonance the SM-like Higgs particle (doublet)?)

10
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Which effective Lagrangian ?

11
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Which effective Lagrangian ?

w YES - EWSB is linearly realized!

® New physics effects are produced by some WEAK
intferacting physics with Agy = 1 TeV,

® The LINEAR effective Lagrangian is the best tool (HISZ);

|

11
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Which effective Lagrangian ?

' wYES EWSB is lmearly reallze

® New PhYSIcs eFFec S rodu 2dBY some WEAK

intferacting physms Witk EW

® The LINEF R eFFechve Lagrangian is the best ook, HISZ);

wNO - EWSB is non-linearly realized!

® New physics effects are produced by some STRONG
interacting physics with Ag ~4rnf 2 TeV

® The NON-LINEAR y-Lagrangian is the best tool (ALF?);

L

I ————————————————————T
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Which effective Lagrangian ?

' e, < YES - EWSB is linearly realizegle="

-

® New physics effecteame.produced By some WEAK

inferacting physics wish=Tpy 2]

® The LINET R effective Lagrangian is the best ook, HISZ);

wNO - EWSB is non-linearly realized!

® New physics effects are produced by some@TRONG}
interacting physics with Ag ~4rnf 2 TeV

. The@oN-LINEAR] v-Lagrangian is the best tool (ALF?);

L

T —1
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The (light) dynamical Higgs scenario

The presence of the new light scalar resonance / should be
included. Extension of the ALF (Higgless) chiral Lagrangian;

® One can introduce /1 as a generic SM “singlet” (whose couplings
do not coincide necessarily with the ones of the ¢ component
of the linear model, i.e. doublet);

12
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of the linear model, i.e. doublet);

[Composife Higgs j

[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

® the new scalar / is light because is the GB of a global G/
symmetry breaking (4 in SO(5)/SO(4)); tagashe, contino, Pomarol (2005)]

® the GB dynamics with a typical the scale f > v will induce
the (non linear) EWSB v = v(f, (h)) ;

12

mercoledi 16 luglio 14



The (light) dynamical Higgs scenario

The presence of the new light scalar resonance / should be
included. Extension of the ALF (Higgless) chiral Lagrangian;

® One can introduce /1 as a generic SM “singlet” (whose couplings
do not coincide necessarily with the ones of the ¢ component
of the linear model, i.e. doublet);

(Bu’r not onl@ [Composife Higgs j [Bu’r not onl@

[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

® the new scalar / is light because is the GB of a global G/
symmetry breaking (4 in SO(5)/SO(4)); tagashe, contino, Pomarol (2005)]

® the GB dynamics with a typical the scale f > v will induce
the (non linear) EWSB v = v(f, (h)) ;

12

mercoledi 16 luglio 14



The Underline Assumption

® Linear (weak int.) vs non-linear (strong int.) scale setup:

weak theory
(SuUsy)

Effeicfive
Lagrangian

13
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The Underline Assumption

® Linear (weak int.) vs non-linear (strong int.) scale setup:

weak theory strong theory
(SUSY) (Composite)

{ EFFe;ci'ive } Resonances
Lagrangian As < Arnf
3 f Goldstone
v of G/H

LXU(

L X U
32( h
@ Linear Nonlinear @
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L X U
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=’v ’U=’U(f, [();év]
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The Dynamical Higgs y-Lagrangian

® The effective y-Lagrangian for the pure gauge and gauge-h
interaction can now be built from the SM gauge boson +

U(QZ‘) — eidaﬂa(x)/v —I_ { h(ﬂf)
T(z) = UosU' , V,(z) = (D,U) U' Ouh(z)

14
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The Dynamical Higgs y-Lagrangian

® The effective y-Lagrangian for the pure gauge and gauge-h
interaction can now be built from the SM gauge boson +

U(iE) — eidawa(m)/v —I_ { h(ZU)
T(z) = UosU' , V,(z) = (D,U) U' Ouh(z)

(

\§

~
The complete gauge-Goldstone-Higgs interaction basis has

been derived: the dynamical-h equivalent of the ALF basis

J

14
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The Dynamical Higgs y-Lagrangian

® The effective y-Lagrangian for the pure gauge and gauge-h
interaction can now be built from the SM gauge boson +

U(ZE) _ eiaaﬂa(x)/v —I_ { h(ZC)
T(z) = UosU' , V,(z) = (D,U) U' 0,.h(z)

® The total Lagrangian can be split as: Lpy = Lsn + ALY,

4 )

1 1 S | 5
Lsy =+ 5(3,,]1)(8"’1) -1 Wi Wi — — B, B* +

4
—V(h) - "szrr[vuvu] (1 + %)2 +

(%

ﬁQLU(CU) Y Qr (1 - %) + h.c.

- J

14
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:

A£X<4 = { [ewPw + CB'PB + ccPc + CT'pT +caPul +

+Z€ ‘en, P, +§Zcﬂ’ +£2Z ciPi + €* ca6 Pag

\_ 1=11

~

J

15
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:

_
AL, {5 lewPw + cB’PB +eoPo + cT'PT + CH'PH]}

+ Zf icy, P, + §Zcz7’ + &2 Z ci Pi + €% cag Pog

\_ 1=1 1=11 )

The first line shows the modification of the gauge-h and h ops.
of the SM Lagrangian + custodial breaking (d=2) term:

2 2
Pw = _%Tr(WWW“V) Fw(h) Pp= _gZBuvBW]:B(h)
2 2
Po = —UZTr(V,LV“) Fo(h) Pr = %Tr(TV“)Tr(TV“) Fr(h)

Pi = 5 (0,h)(0"h) Fu (h)

15
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Modification to the SM Lagrangian

The functions F;(h) encode the dependence on h and are
assumed to be generic polynomials in h. In general one has

5]

h
[-Fi(h) =1+2ai; + 5iv—2+...
with the coefficients o, generic functions of § =

1)2

72
In this notation the connection between our convention and
the one often used in the literature:

v? h h? v = h
7 T T A R "
L35 - Tr(VFV,) (1+2av +bv2> 75 @10YQr (1+cv)
4 )
reads: |[g=1+ 560(20‘0 —1)—cu

[R. Contino, C. Grojean, M. Moretti,
F. Piccinini and R. Rattazzi (2010)]
[Azatov, Contino, Galloway (2012)]

2

CH
=1 - £—
C 52

\_

16
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:

A£X<4 = { [ewPw + CB'PB + ccPc + CT'pT +caPul +

+Z€ ‘en, P, +§Zcﬂ’ +£2Z ciPi + €* ca6 Pag

\_ 1=11

~

J

17
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:

~
AEX<4 =& [6w'Pw + CB'PB + ccPc + cT'PT + cH'PH] +

+ Zf ‘e, Pu, + £Zcﬂ? + & Z ci Pi + €* ca6 Pas
\ =11 y,

The second line shows the new Higgs, gauge-Goldstone-Higgs
operators for a light dynamical scalar field;

17
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:
R

A£X<4 = & [ewPw + CBPB + ccPco + chT +enPu] +

\_ sl 1=11 )

The sec(See Kanshin ta”Jhe new Higgs, gauge-Goldstone-Higgs
operato namical scalar field;

17

mercoledi 16 luglio 14



[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

asis of gauge-Goldstone-Higgs operators up to 4 derivatives:

The second line shows the new Higgs, gauge
operators for a light dynamical scalar field;

oldstone-Higgs

17
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:
™)

AEX<4 = [6w'Pw + CB'PB + ccPc + cT'PT + cH'PH] +

\_ sl 1=11 )

The second line shows the new Higgs, gauge-Goldstone-Higgs
operators for a light dynamical scalar field;
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Modification of the SM Lagrangian

. £ =02/ f? NPT
Basis of gaug gs operators up to 4 derivatives:
A R

LYo :@CWPW + ¢PB + ccPc + crPr + cuPu| +

+ ”’2}% @Cz @Z c; P; +‘626 P26

1=11 )

The second line shows the new Higgs, gauge-Goldstone-Higgs
operators for a light dynamical scalar field;

E is the non-linearity parameter (£ =1 in techicolor, while in
ComPOSi'l'e nggs one can have ES 0.2_0.4) [Grojean, Matchedonski, Panico (2013)]
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Modification of the SM Lagrangian

. £ =02/ f? NPT
Basis of gaug gs operators up to 4 derivatives:
A R

LYo =@CW'PW + ¢PB + ccPc + crPr + cuPu| +

- STOPG QP KDY o 4P

1=11

The second line shows the new Higgs, gauge-Golds’rone-Higgs
operators for a light dynamical scalar field;

E is the non-linearity parameter (£ =1 in techicolor, while in
ComPOSife nggs one can have gs 0.2_0.4) [Grojean, Matchedonski, Panico (2013)]

4 )
Beware: it is NOT an expansion in &!

Just a useful tool to connect with the linear case
1\ .5
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Modification of the SM Lagrangian

Basis of gauge-Goldstone-Higgs operators up to 4 derivatives:
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The “Dynamical” EW Chiral Lagrangian

Extension of the ALF basis of CP-even operators for the gauge
and gauge-Higgs sector up to four derivatives:

(Pi(h) = gg BuTr(TW™) Fi(h)
Pa(h) =ig BT (T [VH,V"]) Fa(h)
Ps(h) =igTr(W,, [V*,V¥]) Fs(h)
Pa(h) z'g'BWTr(TV“) 0" Fa(h)
Ps(h) i g Tr(W,, V) 0" Fs(h)

\_

Po(h) = (Tr(V, V*))? Fg(h)
P2(h) = (Tr (T V,))* 0,0" Fr(h)
Ps(h) =Tr(TV,)Tr (TV,) 010" Fs
Po(h) = Tr ((D,V*)?) Fo(h)

Pio(h) = Tr(V, DHV“) 0" Fio(h)

~
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The “"Dynamical” EW Chiral Lagrangian

Extension of the ALF basis of CP-even operators for the gauge
and gauge-Higgs sector up to four derivatives:

(" Pi(h) =gg BuTx (TW™) Fi(h) Po(h) = (Tr(V,V*)® Folh)
Pa(h) =ig BuTr (T [V*,V"]) Fa(h) Pz(h) = (Tx (T V,.))* 8,0" F(h)
Ps(h) =igTr(W,, [V*,V”]) Fs(h) (h) Tr (TV,) Tr (TV,) 0"0" Fs
Ps(h) =ig' Bu,Te(TVH) 0" Fu(h) (h) = Tr ((D,V*)?) Fo(h)
| Ps(h) = ig Te(Wu V*) 0 Fs(h) 7710( ) = Te(V, D, V) 8" Fio(h)
(Pua(h) = (Te(V VL)) Fua(h) Pio(h) = Te(T D, V#)Te(TV,) & Fio(h)
Pia(h) = g2 (Tr (TWH))? Fia(h) Poo(h) = Tr (V,, VH) 8, Fao(h)d” Fh(h)
Piz(h) =igTr(TW,,)Tr (T [VH*,VY]) Fi3(h) le(h) = Tr (TV,,)? 8" Fa1(h)d" Fiy (h)
Pra(h) = g’ Tr (TV,) Tr (V, W) Fra(h)  Paa(h) = Tr (TV,) Tr (TV,) 0" Faa(h)d” Fyy(h)
Pys(h) = Te(T D, V*) Te(T D, V") Fis(h) Pas(h) = Tr (V,, vu) (Tr (TV,))? Fas (h)
Pis(h) = Tr ([T V.| D, V¥)Te(TVY) Fie(h)  Pas(h) = Tr (V,V,) Tr (TVH) Tr (TV”) Fau(h)
Py7(h) =i g Tr(TW,,, ) Tr(TV#) 8¥ Fi7(h) Pas(h) = Tr (T V,)* 8,0" Fas (h)
k,PIS(h) = Tr( [V, Vo |)Te(TVH#) 0% Fig(h) Pas(h) = (Tr (TV,) Tr (TV,))* Fas(h) y
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The “"Dynamical” EW Chiral Lagrangian

99 Bu,Tr (TWH) Fi(h)

i g’ BuTr (T [V*,VY]) Fa(h)
g T (W, [V, V*]) Fs(h)

i ¢’ B, Tr(TVH) 8" Fy(h)
igTr(W,, V*) 0" Fs(h)

Ps(h)
Pz(h) =

(h)
(h) =
O(h)

= (Tr (V. V*))? Fs(h)

m (Tv ))? 8,8" Fx(h)
V,)Tr (TV,) 8"8" Fq
Tr( (D, V") )
Tr(V, D, V*) 8" Fio(h)

o(h)

~

-
Pi1(h)

Pia(h
P15(h
Plg(h

\

= (Tr (Vu Vu))2 ]:ll(h)

Pia(h) =g (Tr (TWH"))? Fia(h)

Pi3(h) =1igTr(TW,y,)Tr (T [V#,V]) Fis(h)
g e"P Tr (TV,) Tr (V, W,») Fra(h)
Tr(T D, V*) Tr(T D, V") Fis(h)
Tr([T, V.| D, VH) Te(TVY) Fre(h)

i g Tr(TW,,,)Tr(TVH) 8” Fi7(h)
(TVH) 8" Fis(h)

TV, V) Tr

Extension of the ALF basis of CP-even operators for the gauge
and gauge-Higgs sector up to four derivatives:

BLUE
in the limit 7;(h) =1 reduce
to the ALF gauge-GB basis

=\_ N
= Tr (V,V*) (Tx (TV,))? Fas(h)
=Tr ( ) Tr (TVH) Tr (TVY) Faua(h)
V,)?9,0" Fas(h)
= (Tr (Tvar(Tv,,))z Fao(h) )
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The “"Dynamical” EW Chiral Lagrangian

Extension of the ALF basis of CP-even operators for the gauge
and gauge-Higgs sector up to four derivatives:

Pi(h) = gg BuTr (TWH) Fy(h) Po(h) = (Tr(V,V*)® Folh)
Pa(h) =ig BuTr (T [V*,V"]) Fa(h) Pz(h) = (Tx (T V,.))* 8,0" F(h)
Ps(h) =igTr(W,, [V*,V”]) Fs(h) ( ) =Tr(TV,)Tr(TV,) 010" Fs
Ps(h) =ig' Bu,Te(TVH) 0" Fu(h) (h) = Tr ((D,V*)?) Fo(h)
'P5(h) =19 Tr(W,, V*) 0" Fs(h) Plo(h) Tr(V, D,V*) 0" Fio(h)
7 A ) N Pio(h) = Tr(TD,V*)Ti(TV,) 8" Fig(h)
' RED | Puolh) =T (V. V") 0, (W0 Fio(h)
| new operators with derivatives of &) P, (k) = Tr (TV,)? 8*Fy1(h)8” Fi, (k)
the light scalar field (some already |p) Paa(h) = Tr (TV,) Tr(TV,) 8" Faa(h)8” Fjo(h)
in Azatov, Contino, Galloway (2012)) Pas(h) =Tr(Vy, V“) (Tr (TV, )) Fa3(h)
M rercrer—eecrm e meieeyerorc) Paa(R) = Tr (V,,V,) Tr (TV#) Tr (TV?) Fau ()
Pi7(h) =i g Te(TW,,,)Tr(TVH) 0" Fi7(h) Pas(h) = Tr (T ) 0,0" Fas(h)
\’Pls(h) = Tr(T [V, V,])Tr(TV#) 0" Fi5(h) Pa6(h) = (Tr (TV,) Tr (TV,))* Fas(h)
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[Alonso et al, Phys.Lett. B722 (2013) 330-335]

The “Dynamical” EW Chiral Lagrangian

Extension of the ALF basis of CP-even operators for the gauge
and gauge-Higgs sector up to four derivatives:

Po(h) = (Tr(V,VR)? Fs(h) )

not independent in Pr(h) = (Tr (T V)" 8,0" Fr(h)
Ps(h) =Tr (TV )Tl‘ (TV ) 6“8”]-'8
i L e S S L
Poolk) = TV, DVH) 5" Fiy(h)

the m¢ = O limit, or
fermions

J

(Pi(h) = (Tx (Vi V2))? Fu(h) D10(l.) = THE DLVIYI(TV,) & Fiolh)

Pia(h) = g* (Tr (TWH))? Fia(h) Pao(h) = Tr (V. V#) 8, Fao(h)0” Fyy(h)

Pis(h) =igTr(TW,,)Tr(T[V*,VY]) Fig(h) Pa(h) =Tr(TV,)? 8" Fa1(h)d" Fy (h)

Pia(h) = geP Tr (TV,) Tr (V, W,0) Fra(h)  Pos(h) = Tr (TV,) Tr (TV,) 8" Faa(h)d” Fas(h)
Pi(h) = (TD YV To(T D, V) Fisih) Pas(h) = Tr (V, V“) (Tr (TV,))” Fas(h)

Pieh) = T,V D V) Te(TVY) 16(h) Pas(h) = Tr (V,V,) Tr (TVH) Tr (TV") Fay(h)

Piz(h) = (TWuu)%(TV”)3Vf17(h) Pas(h) = Tr (T V,)? 0,8" Fas (h)

(P“(h) = ( [V, V) Te(TV#) 8" Fis(h)  Pag(h) = (Tr (TV,,) Tr (TV,))? Fas(h) y
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The “"Dynamical” EW Chiral Lagrangian
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The Linear Siblings

® The power oFis determined by finding the linear sibling:
l.e the lowest order linear operator that gives rise to the
same gauge interactions of P;(h). For example consider Os.
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The Linear Siblings

® The power oFis determined by finding the linear sibling:
l.e the lowest order linear operator that gives rise to the

same gauge interactions of P;(h). For example consider Os:

1 ,, v+ h
F(D@)*B“ (D,®) —>s o=\ \J/ri ) u ((1))
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The Linear Siblings

® The power oFis determined by finding the linear sibling:

l.e the lowest order linear operator that gives rise to the
same gauge interactions of P;(h). For example consider Os.

1 t v - (v+h) 0
f(D ®)'B*(D,®) ¢ = NG U(1>

2
g (BWTr(T [V, Vo)) (1 + h)2 + 2BHTr (TV,) 0, (1 " h)2>
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The Linear Siblings

® The power oFis determined by finding the linear sibling:

l.e the lowest order linear operator that gives rise to the

same gauge interactions of P;(h). For example consider Os:
1

C 2D B (D3 — o= (v \J/“ih) U ((1))
(

¢ » B\ 2 ) I
s (B Tr(T[VH,Vu])(l-i- ) + 2B*'Tr (TV,) (1+ )

L) Lom
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The Linear Siblings

® The power oFis determined by finding the linear sibling:
l.e the lowest order linear operator that gives rise to the
same gauge interactions of P;(h). For example consider Os.

t v . _(U-i—h) 0
—(D,®)'B"(D,®) ®= U(1>

T et
b [f Pa(h b [f Pa(h

® The power of‘ in front oF each operator tells us at which
order the sibling appears in the linear expansion;
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The Linear Siblings

® The power oFis determined by finding the linear sibling:
l.e the lowest order linear operator that gives rise to the
same gauge interactions of P;(h). For example consider Os.

t puv . _(U-i—h) 0
—(D,®)'B"(D,®) ®= U(1>

®(B“”Tr Vi, Vo)) (1 + h) + 2B T (TV,,) (1 ! h)2>
b [f Pa(h b [f Pa(h

® The power oF‘ in front oF each operator tells us at which
order the sibling appears in the linear expansion;

® Disentangling between Linear and Non-Linear expansions;

( see Brivio talk)
19
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[Alonso, Brivio, Gavela, Merlo, SR in preparation]

CH models vs Low Energy & powers

€ dependence and degrees of non-linearity

® We have introduce the &-powers in front of our basis
operators based on the dimension of their siblings;

® Check the correctness of this assumption at least in a well
motivated framework: Composite Higgs models;

Y« Composite Higgs models on G/H coset

® The Higgs and the 3WBGS are GBs of the G/ breaking
(4 in the SO(5)/SO(4) MCHM case); agashe, contino, Pomarol (2005)]

® The GB dynamics related to the scale f > v has something
to do with the EWSB v = v(f, (h)) (model dependent way);

[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]
20
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[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

SU(5)/S0O(5) example

@ Instead of SU(2).xSU(2):/SU(2)v global breaking of the EW
effective y-Lagrangian (Higgsless ALF) one can consider:

G/H = SU(5)/S0(5) ®(z) C SU(5)/SO(5)

® To the Goldstone field U(x) one replaces the non-linear field
O(x) belonging to the coset of SU(5)/SO(5):

[9(:1:) —~ e"%ﬂx(x)_/ AN X(x%osa 1) Xz(@ (a(x) _ h(z) ; <h>>

1 0 0 U(x)ey ‘ 1 0
X(x)—ﬁ<<u<:f>e1> eyt o) 2= () 62—(1)

® SU(5)/SO(5) effective y-Lagrangian building blocks:
C{va, B,, ©, V,=(D,O) @D

21

mercoledi 16 luglio 14



[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

SU(5)/S0O(5) example

@ Instead of SU(2).xSU(2):/SU(2)v global breaking of the EW
effective y-Lagrangian (Higgsless ALF) one can consider:

G/H = SU(5)/S0(5) ®(z) C SU(5)/SO(5)

® To the Goldstone field U(x) one replaces the non-linear field
O(x) belonging to the coset of SU(5)/SO(5):

C@(m) —~ e‘ﬂ,ﬂx(x)_/ AN X(x%osa 1) Xz(@ (a(x) _ h(z) Jj <h>>

0 0 €1
X(a:)—1< WY 0 U( )e2>< 3 SM WBGBs )
V2(\(Ule)er)h (U(z)er)!

® SU(5)/SO(5) effective y-Lagrangian building blocks:
CWW, B,, ©, V,=(D,O) @D

=
)

S8
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[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

SU(5)/SO(5) example

@ Instead of SU(2).xSU(2)=/SU(2)v global breaking of the EW
effective y-Lagrangian (Higgsless ALF) one can consider:

G/H =SU(5)/SO(5) (5)/S0(5)

® To the Goldstone field one replaces the non-linear field
O(x) belonging to the coset of SU(5)/SO(5):

[e(x) —~ ei%ﬂx(z)_/ + i\ X(x%osa 1) Xz(@ (a(x) _ h(z) ; <h>>

| \wkw}@lywezﬁ
® SU(5)/SO(5) effective y-Lagrangian building blocks:

CWW, B,., O, Vu:(DMG))@D
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[Georgi, Kaplan (1984); Dimopoulos, Georgi, Kaplan (1984); Galison, Georgi, Kaplan (1984); Dugan, Georgi, Kaplan (1985)]

SU(5)/S0O(5) example

@ Instead of SU(2).xSU(2):/SU(2)v global breaking of the EW
effective y-Lagrangian (Higgsless ALF) one can consider:

G/H = SU(5)/S0(5) ®(z) C SU(5)/SO(5)

® To the Goldstone field U(x) one replaces the non-linear field
O(x) belonging to the coset of SU(5)/SO(5):

[9(:1:) —~ e"%ﬂx(x)_/ AN X(x%osa 1) Xz(@ (a(x) _ h(z) ; <h>>

1 0 0 U(x)ey ‘ 1 0
X(x)—ﬁ<<u<:f>e1> eyt o) 2= () 62—(1)

® SU(5)/SO(5) effective y-Lagrangian building blocks:
C{va, B,, ©, V,=(D,O) @D
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SU(5)/S0O(5) EW y-Lagrangian (custodial)

Basis of CP-even gauge-Goldstone operators up to 4 derivatives

\_ &l
® New possible structures compared to the SU(2).xSU(2):/SU(2)v
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[Alonso, Brivio, Gavela, Merlo and SR in preparation]

SU(5)/S0O(5) EW yx-Lagrangian (custodial)

Basis of CP-even gauge-Goldstone operators up to 4 derivatives

i Pr(vs o
Ao = _ZTr (VMV“) w [V“ VVD
o n (5.5) o () (5
Aw = =T (W, W) =T (V,V,) T (V2 v)
/“ZB@ =g"Tr (Gﬁuv@T:é“V) Ag = Tr (DMV“)2)

Awe = ¢*Tr (OW,, 01 W)

Ai=gg T/(@B’W@TVNVW Ay = Tr
g Ay =ig Tr (ﬁuv [{7“, ’/D - Ag = Tr ((DM\N/'“)\N/',, \N/'”) 'y

® New possible structures compared to the SU(2).xSU(2):/SU(2)v
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[Alonso, Brivio, Gavela, Merlo and SR in preparation]

SU(5)/SO(5) EW yx-Lagrangian (custodial)

Basis of CP-even gauge-Goldstone operators up to 4 derivatives

)T (V“ V)

Ab — ((D 1JLL\2)

(= (V VeV, V)

Js = e (V, V, V1 9)

the m¢= O limi’r,. or .Ag — Tv ((D "fu\"]' \ru)
traded by fermions )

® New possible structures compared to the SU(2).xSU(2):/SU(2)v
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[Alonso, Brivio, Gavela, Merlo and SR in preparation]

SU(5)/S0(5) decomposition example

Decomposing the high energy operators in terms of the low
energy gauge and chiral structures one obtfains for example

‘| ) =Pah) + 2Pa ()

Py =ig By, Te(T[V". V") (1)
{ 2 // ==> F(h) = sin’ (h-;f(m)J
Py =1ig By, Te(TV!)0" 7 (1)

Ay =ig'Tr (ﬁuy [\7“,
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[Alonso, Brivio, Gavela, Merlo and SR in preparation]

SU(5)/S0O(5) decomposition example

Decomposing the high energy operators in terms of the low
energy gauge and chiral structures one obtfains for example

‘) = Pa(h) +2Pa ()

Py =ig By, Tr(T| ) F(h) h+ (h)
- F(h) = sin®
{,Pzi — ig’ BMVT}(‘V/M;V F(h) > ( 2f )

® In the & < 1 limit one recover the linear d=6 operator:

h 2
+ 2ig' B, Tr(TV#)9” ( ) )

S

as expected as a doublet is embedded in SU(5) representation.

Ay =ig'Tr (ﬁuy [\7“,
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Summary & Outlook




Summary & Outlook

NP Beyond the SM can be described using either a linear
or a nonlinear realization of the EW symmetry breaking
depending on the (unknown) physics BSM;
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Summary & Outlook

NP Beyond the SM can be described using either a linear
or a nonlinear realization of the EW symmetry breaking
depending on the (unknown) physics BSM;

® A generalization of the (Higgsless) ALF basis is discussed,
adding a light scalar dof. For the first time the completfe
gauge and gauge-Goldstone-Higgs basis has been derived;

® A complete study of specific realizations of Composite
Higgs models is underway.

(STAY TUNED)

24

mercoledi 16 luglio 14



Backup

mercoledi 16 luglio 14



hee Brivio talk [Brivio et al. JHEP 1403 (2014) 024]

Linear HISZ vs nonlinear basis

Mapping between d=6 linear vs O( &) nonlinear operators:

Oww = > WHW,,0/4 e > Pw(h) = —g*Tr(W,, WH) Fi(h)/2
Opp = g'®'B*"B,,®/4 e > Pp(h) = —g'°B,,B" Fp(h)/4
Opw =99 ®'B*"W,, /4 o > Pi(h) = g4 B,,Tr(TWH) Fy(h)
Op = g (D, @) B" (D, ®)/2 (>Py(h) = i g B, Tr (T [V#,V¥]) Fp(h))
’\gm(h) =i g B, Tr(TVH) 3" F4(h) )
Ow = (D, ) W™ (D,®)/2 [ Pa(h) =i gTx (W, [V, V¥) Fa(h)
k P5(h) - ig TI'(WN,,V“) 3”.75(’1) )
Os1 = (D,®) @01 (D, ®) »Pr(h) = (0,h)(0"h) Fr(h)/2
Op2 = 0,(®T®)0"(®1®)/2 0// Pc(h) = —v*Te(V,V*) Fo(h)/4
Op.4 = (D,®)(D*®)('®) Pr(h) = v*Tr(TV,)Te(TVH) Fr(h)/4
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hee Brivio talk [Brivio et al. JHEP 1403 (2014) 024]

Linear vs Nonlinear basis

Different predictions for gauge vs Higgs-derivative couplings:

Op = ¢ (D,.®)'B*(D,®)/2 ==P»|cp (A""W;W;(Lh, h?) + A’“’Zu&,h(l,h)))

(nonlinear siblings)\‘
\4

Pa(h) =ig’ B, Tr (T [V#,V"]) Fa(h) Ps(h) = ig'B,, Tr(TVH) 8" F4(h)
@2 AWEW (1, b, th @ AM Z,8,h(1, @

cz2 and ¢, in general are not correlated (differently from the
linear expansion case);
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[Giudice, Grojean, Pomarol, Rattazzi (2007)]

Linear basis: HISZ vs SILH

Mapping between d=6 linear vs SILH operators:

w = g WHW,, /4 > OSILH — (&tg; D, ®)(D,WH)/2
Opw = gg ® B"W,, /4 OSILH — (@t D, 3)(9,B")/2
Op =g (D“q))TBHV(DU(I))/z. \,‘OSILH (D”‘I’) (D¥®)BH /2
Ow = g(D,.®)'W*(D,®)/2 O EH = (DF®) o (DY ®)YWH /2
Opp = g®' B"'B,,®/4e >0 = (919)B* B,
“— U
Og1 = (D,®) ®d1(D,®) oFH = (@' p, ®)(®' D @)/2
Op 2 = 0,(T®)0*(®T®)/2 * 0 = 9, (2T0)0" (0T®) /2
Op3 = (®T®)3/3 e »OSTEH — (919)3/3
Op,4 = (D,®)"(D"®)(2'®) O, = (@1®)Q QR + h.c.
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[Giudicea,Grojeana,Pomarolc&R
attazzi, arXiv:hep-ph0703164]

Ch
£SIL1L = —0!

2p (H'H) o, (H'H) + — 5 fz (H"DP‘H) (

22 (HH) + ( ;ﬂfﬂ*ﬂﬂﬂfﬂ + h.c.)

a y /
_I_'E-Cmfg (HTJEFH) (Dywpyji + g (HTFH) (31!3#”)

Zmz

iﬂuw ICHﬂQ
DFH DYH W“ DFHY(DYH B
+igyr g2 D H)' o (D" H)W,, + 1075 (DM H) (D H)

G’vg g 1 7 GQ'QS' yt t [} LAl
H HB B* H HG’ G’
T16nf? g2 T 162 f2 g2

Comn = 5{%(@,}0(5%};{@ + %%m*rw [TV,] F(h)? +

— Cslﬂ—F(h}a + (Cy;ﬁ@LU diag(yu,yp) Qr F(h)** + h-ﬂ-) +
2
—z%% (DWH), Tt [0; V,] F(h) + %Cmﬁl; (8,B") Tx[TV,] F(h) +

v C{‘gwgww( Tt [0; V, V)] F(h}——Tr[m J BF(W) +

cuBg 1., 1
ST B (JTr [TV, V] F(B) + {Tr[TV,] 0,F(h)) +

CS’QS yt a e
F()+ 15 g3 3 GG ()
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P>, P in explicit CH models

Alonso,|B,Gavela,Merlo,Rigolin
to appear very soon!

Defining

Ay = ig' B, Te(TIVH,VY]) | Ag = ig'B,, Tr(TVH) 0" h/v

£ D C2f2(h)./42 n C4f4(h)A4

model C2.'F2(h) C4.’/-"4(h)
: 1 1
linear %1—6(v—|—h)2 %Zv(v—l—h)
SU(5)/S0(5) _ ) | .
SO(5)/SO(4) &/2 sin? {%} 2/ 2€ sin [%
SU(3)/SU(2) x U(1) %sin2 {%} Eo/E sin [2790
© — h £ =v?/f* € |0,1]
25 /1
30
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P>, Py in explicit CH models

Alonso,|B,Gavela,Merlo,Rigolin

In SU(5)/50(5): S ———
model c2F2(h) caFa(h)

linear /Cé 116 (v + h)? /Cé iv (v + h)

osow | @a[E]  ava[
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