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1. Motivation

1) The Standard Model (SM) provides an extremely succesful description of the electroweak
and strong interactions.

i) A key feature is the particular mechanism adopted to
break the electroweak gauge symmetry to the electroweak
subgroup, SU(2), x U(1)y = U(1)qep, so that the W and Z
bosons become massive. The LHC discovered a new
particle around 125 GeV*.

Higgs Physics

iii) What if this new particle is not a standard Higgs

St ly Coupled
boson? Or a scalar resonance? We should look for rongly L.ouple

Scenarios

alternative mechanisms of mass generation.

Ilv) Strongly-coupled models: usually they do contain

Resonance Theory

resonances. Similar to Chiral Symmetry Breaking in QCD.

v) They should fulfiled the existing phenomenological
tests.

Oblique Electroweak
Observables**

vi) They can be used to estimate the Low Energy

Couplings (LECs) of the Electroweak Effective Theory Estimation of the LECs

* CMS and ATLAS Collaborations.
** Peskin and Takeuchi '92.
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Similarities to Chiral Symmetry Breaking in QCD

i) Neglecting the g’ coupling, the Lagrangian is invariant under global SU(2), x SU(2)g
transformations. The Electroweak Symmetry Breaking (EWSB) turns out to be SU(2), x SU(2)
= SU(2)_, (custodial symmetry).

ii) Absolutely similar to the Chiral Symmetry Breaking (ChSB) occuring in QCD. So the same
pion Lagrangian describes the Goldstone boson dynamics associated with the EWSB, being
replaced f, by v=1/N(2G)=246 GeV. Similar to Chiral Perturbation Theory (ChPT)*".
IE v?
ALE by = T (w?) = ALRy = 7 ()

iii) We can introduce the resonance fields needed in strongly-coupled models in a similar way as
in ChPT: Resonance Chiral Theory (RChT)**.

L . f==10.090GeV — v =0.246TeV
v Note the implications of a naive |
rescaling from QCD to EW: M, =0.770GeV  — My =2.1TeV

My, =1.260GeV — My =3.4TeV

iv) The estimations of the S and T parameters in strongly-coupled EW models are similar to the
determination of L,, and f_,2 - f_,2 in ChPT***.

v) The determination of the Electroweak LECs is similar to the ChPT case**.

* Weinberg '79 ~Dobado, Espriu and Herrero "91 **Ecker et al. '89 *** Pich, IR and Sanz-Cillero "08.
* Gasser and Leutwyler ‘84 ‘85  ~Espriu and Herrero '92 ** Cirigliano et al. ’06
* Bijnens et al. "99 ‘00 ~Herrero and Ruiz-Morales '94
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2. FIRST STEP:

Constraining the Resonance Theory
from the Phenomenology
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2.1. Oblique Electroweak Observables

v" Universal oblique corrections via the EW boson self-energies (transverse in the Landau gauge)
1% 1 1% v 174 —
Ly, p-— — _W3 Hg3 ( )WE - §Bu HIE)LO (q2)Bu_W3 Hgo (qz)Bu - W;j H%W(qz)Wy

v S parameter®: new physics in the difference between the Z self-energies at Q>=M.? and Q?=0

9 = ~ 2tand 167 SM
€3 = ? H3O(O)) H3O(q2> — q2 HBO(Q2) _|_ gTW ,UQ, S = g—2 (63 — 63 ) .
v' T parameter®: custodial symmetry breaking
II33(0) — Iyyw (0) ,, Z(H) L SM
o= Mg, —z0 1 g% cos? O (1 =)

v We follow the useful dispersive representation introduced by Peskin and Takeuchi* for S and a
dispersion relation for T (checked for the lowest cuts):

B 167 > dt SM
S = e |5 (ps<t> ps(t™)

T = ;7 COSQQW/ ( PT(t)SM>

v ps(t) and p(t) are the sectral functions of the W3B and of the difference of the neutral and
charged Goldstone boson self-energies, respectively.

v" They need to be well-behaved at short-distances to get the convergence of the integral.

v S and T parameters are defined for a reference value for the SM Higgs mass.

* Peskin and Takeuchi '92.
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2.2. The Calculation
i) The Lagrangian

Let us consider a low-energy effective theory containing the SM gauge bosons coupled
to the electroweak Goldstones, one light-scalar state S, (the Higgs) and the lightest

vector and axial-vector resonances:
Ky=Kz;=a=w=1 recovers the SM vertex

L = UZ wuut) (1 + /ZW Sl> N T and S, sector
L 1 GV
2\/_ Vo 1) + 5 Vi [0, u”)) — 1 and V sector
\/— A [2) + V2277 0,81 (A ) @uum 7, S, and Asector
Seven resonance parameters: Ky, Fy, The high-energy constraints
Gy, Fa, ASA, M, and M, are fundamental.
ii) At leading-order (LO)*
V,A F2
AN = = AN ANN——ANN _ur IV Mg)
A

* Peskin and Takeuchi '92.
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iii) At next-to-leading order (NLO)*

- - - EEERN

, \% \%
"MLV AN Y AW — Y AN— — AN

PR . P v' Dispersive relations

O O RN et e O | |
v" Only lightest two-particles cuts have

;Mé,, ,,m,, ,,ﬁ,, ,,M been considered, since higher cuts

are supposed to be suppressed**.

iv) High-energy constraints

VAV

v We have seven resonance parameters: importance of short-distance information.
v"In contrast to QCD, the underlying theory is ignored
v" Weinberg Sum-Rules (WSR)***:

) 9 dt [ImITyy (1) —ImIlax(t)] = o2
an
30(s) = g” tan Oy s Iyy(s) —aa(s
/ dtt ImHV\/( ) — ImHAA(t)] = 0
v We have 7 resonance parameters and up to 5 constraints:

v" With both, the 1st and the 2nd WSR: k, and M,, as free parameters
v' With only the 1st WSR: «,,, M, and M, as free parameters

* Barbieri et al.’08 ** Pich. IR and Sanz-Cillero 12 *** Weinberg '67
* Cata and Kamenik ‘08 *** Bernard et al. '75.
* Orgogozo and Rynchov "11 “12
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iii) At next-to-leading order (NLO)*

- - N N

, \% \%
"MLV AN Y AW — Y AN— — AN

PR . P v' Dispersive relations

O AR O R e e O s | |
v" Only lightest two-particles cuts have

;Mé,, ,,m,, ,,ﬁ,, ,,M been considered, since higher cuts

are supposed to be suppressed**.

iv) High-energy constraints

v We have seven resonance parameters: importance of short-distance information.
v"In contrast to QCD, the underlying theory is ignored
v" Weinberg Sum-Rules (WSR)***:

2 22 5 o 1st WSR at NLO FyGy = v?
IstWSRatLO: Sy — fady = O (= VFFA and AFFAM): FANA = kv
M2
2nd WSR at LO: FZ — F3 = ° ond WSR at NLO: . M_g

v We have 7 resonance parameters and up to 5 constraints:
v" With both, the 1st and the 2nd WSR: k, and M,, as free parameters
v With only the 1st WSR: k;, M\, and M, as free parameters

* Barbieri et al.’08 _ ** Pich. IR and Sanz-Cillero 12 *** Weinberg '67 A Ecker et al. '89 AAPich, IR and Sanz-Cillero 08
* Cata and Kamenik ‘08 *** Bernard et al. '75.
* Orgogozo and Rynchov "11 “12 917
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i) LO results

I.i) 1st and 2nd WSRs**

Srto =

Ao M3
7 (1+3%)
M, M5

A2
My,

v

< SLo < —+
MV

iii) Only 1st WSR***

1
Sto = 4W{U—+Fj (——

* Gfitter

* LEP EWWG

* Zfitter

2

My M,

Arrv?

Sto >
LO M‘2/

** Peskin and Takeuchi '92

2.3. Phenomenology

S=0.03+0.10 * (My=0.126 TeV)
T=0.05+0.12* (My=0.126 TeV)

Sro
25¢

20F

15}

)

AtLO M, > M, > 1.5 TeV at 95% CL

*** Pich, IR and Sanz-Cillero 12
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ii) NLO results: 1st and 2nd WSRs*

iif) NLO results: 1st WSR and M,, < M,*

1>k, > 0.94
My= M, >4 TeV
(95%CL)

68% CL

10k

08}

3 I
06 -
0.4
: 0.2 < My/M, < 1
02f 0.02 < My/M, < 0.2
00 L I T T T T S T T T Y N Y S N AN N N N HNY S B N
05 10 15 20 25 3.0 35
MV (TeV)

* Pich, IR and Sanz-Cillero ’13 ‘14

1.5TeV <M, <6.0TeV
04 0<KVV <1 7

02 5

02+

-04 -02

Similar conclusions, but softened

v" A moderate resonance-mass splitting
implies K, = 1.

v M, < 1 TeV implies large resonance-
mass splitting.

v"In any scenario M, > 1.5 TeV at 68% CL.
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3. SECOND STEP:

Constraining the Electroweak Effective

Theory from the Resonance

heory
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3.1. Matching the theories™

Once we have constrained the Resonance Theory by using short-distance
constraints and the Phenomenology, we want to use it to determine the Low-
Energy Constants (LECs).

Two strongly coupled Lagrangians for two energy regions:

v Electroweak Effective Theory at low energies* (without resonances)
v" Resonance Theory at high energies** (with resonances)

The LECs contain information from heavier states.
Steps:

1. Building the resonance Lagrangian

2. Matching the two effective theories

3. Requiring a good short-distance behaviour

This program works in QCD: estimation of the LECs (Chiral Perturbation
Theory) by using Resonance Chiral Theory

As a preliminary example we show this game in the purely bosonic Lagrangian

* Pich, IR, Santos and Sanz-Cillero ’14 [in progress]

The Impact of Resonances in the Electroweak Effective Lagrangian, |. Rosell

13/17



3.2. The purely bosonic Lagrangians

1) At low energies*

£y = iaﬂfﬁ”fw—fﬁ”f_w
g (a2 = ) (/4 u,,]>
+as(uyuy,) (uu”) + as (uﬂu“>2
b H( f+w+f“”f—uu>

ii) At high energies™* \

e @51@ " Terms not appearlng in QCD
NG p

Lr = 0

* Longhitano ‘80 ‘81

** Pich, IR, Santos and Sanz-Cillero ’14 [in progress]
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3.3. Determination of the Low-Energy Constants

1) Matching* ; _ , _
F2 F2 F? F?

VAN VE Ry Ve Ry Ve
FyGy  FaGa
az —az = — —
2 oMZ  2M3
o FyGy  FaGa
a3 = - —
S M2 2M3
Ny Gy G2
AMZ " aM?
" G G G
AMZ — AMZ  4M3
Ho = Ry FR  F}
8M2Z  8M2 8MZ 8M3
7oo— FyFy  FaFa
YT aM2 aME

ii) Next step: short-distance constraints + fermionic operators*®

* Pich, IR, Santos and Sanz-Cillero '14 [in progress]
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4. Summary

1. What? Electroweak Strongly Coupled Models

v" We should look for alternative ways of mass generation:
What if this new particle strongly-coupled models.

2. Why? | around 125 GeV is not a v
SM Higgs bosson?

They should fulfilled the existing phenomenological tests.

v" They can be used to determine the LECs

a) EWSB: SU(2), x SU(2)g & SU(2),.x: similar to ChSB in QCD: ChPT.

3. Where? | Effective | b) Strongly-coupled models: similar to resonances in QCD: RChT.
approach

c) General Lagrangian with at most two derivatives and short-distance
information.

Determination of S and T at NLO Determination of the LECs
4. How?
1. Dispersive representation forSand T 1. Integrating out the resonances
2. Short-distance constraints 2. Short-distance constraints
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Constraining strongly-coupled models by considering Sand T

v' Strongly coupled scenarios are allowed by the current experimental data.
v The Higgs-like boson must have a WW coupling close to the SM one (k,=1):
v With the 2nd WSR K, in [0.94, 1] at 95% CL

v For larger departures from k=1 the 2nd WSR must be dropped.
v" A moderate resonance-mass splitting implies k,, = 1

v" Resonance masses above the TeV scale:

v AtLOM,>M,>15TeV at 95% CL.
v' With the 2nd WSR M,, > 4 TeV at 95% CL.
v" With only the 1st WSR M,, < 1 TeV implies large resonance-mass splitting.

Determining the LECs in terms of resonance couplings

v" Matching the Resonance Theory and the Electroweak Effective Theory.
v Similar to the QCD case.

v" Short-distance constraints are fundamental.
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