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1. Motivation: framework

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™*.

i) What if this new particle is not a standard Higgs
boson? Or a scalar resonance? We should look for »
alternative mechanisms of mass generation.

Iv) Strongly-coupled models: usually they do contain
resonances.

* CMS and ATLAS Collaborations. . . .
Resonances in the electroweak chiral Lagrangian, |. Rosell
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1. Motivation: what do we want to do?

Estimation of the LECs

Short-distance
constraints

Phenomenology

»

Resonance Lagrangians can be used to
estimate the Low Energy Couplings (LECs) of
the Electroweak Chiral Lagrangian

Short-distance contraints are
fundamental in order to reduce the
number of resonance parameters.

Which values for the resonance masses
are required from phenomenology?
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Why at Chiral Dynamics?: similarities to Chiral Symmetry Breaking in QCD

i) Custodial symmetry: The Lagrangian is approximately invariant under global SU(2), x SU(2)g
transformations. Electroweak Symmetry Breaking (EWSB) turns to be SU(2), xSU(2)g=2>SU(2), ;-

ii) 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~(2Gg)=246 GeV. Similar to Chiral Perturbation Theory (ChPT)**,

2 Jr 2
AEE]I?PT = 1 <Uuuu> - Aﬁ]%\%\/ = (uuu“>

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

fr=0.090GeV — v=0.246TeV
M,=0770GeV — My =21TeV
M, =1.260GeV — My =3.4TeV

v" Note the implications of a naive
rescaling from QCD to EW:

The determination of the Electroweak As in QCD, the assumed high-energy
LECs is similar to the ChPT case**. constraints are fundamental.
* Weinberg '79 ~Dobado, Espriu and Herrero '91 **Ecker et al. '89
* 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. Constructing the Lagrangian with resonances

v" Two strongly coupled Lagrangians for two energy regions:

v' Electroweak Chiral Lagrangian (ECLh) at low energies (without resonances).
v" Resonance Theory at high energies* (with resonances).

v The aim of this work is threefold:

1. Estimation of the Low-Energy Constants (LECs) in terms of resonance parameters.
2. High-energy constraints as a keypoint.
3. Phenomenological applications.

v’ Steps:

1. Building the resonance Lagrangian

2. Matching the two effective theories

3. Requiring a good short-distance behaviour
4. Phenomenology

v" This program works pretty well in QCD: estimation of the LECs (Chiral Perturbation Theory) by

*k*

using Resonance Chiral Theory** and importance of short-distance constraints***.

* Pich, IR, Santos and Sanz-Cillero [in progress]
** Cirigliano et al. ’06

*** Ecker et al. ‘89 ) ) ) 6/14
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v

v

How do we construct the Lagrangian?

Custodial symmetry
Degrees of freedom:

v' At low energies: bosons x (EW goldstones, gauge bosons, h), fermions y
v' At high energies: previous dof + resonances (V,A,S,P triplets and singlets)

Chiral counting*

o~ o) % ~ OWPp)  Guymymy  ~ Op)

v
So
v' At low energies: Lrctn = Lo+ Ly+ ...
v' At high energies: Lr = cr ROz, Y| +...

Short-distance constraints
* Weinberg '79

* Appelquist and Bernand ‘80
* Longhitano ‘80, ‘81

* Manohar, and Georgi '84

* Gasser and Leutwyler ‘84 '85
* Hirn and Stern '05

* Alonso et al. “12

* Buchalla, Cata and Krause ’'13

* Brivio et al. ‘13

* Delgado et al. 14

* Pich, IR, Santos and Sanz-Cillero [in progress]
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Bosonic Lagrangians at low and high energies

i) At low energies”

1 1

Lio= derll Lo = I ) o er = ) )+ |
+eg(upuy) (uhu”y + es{u,uty? + cq ((%hq)}é@“h) (upu”) + c7

+%C10<fiyf+ w + O f- MUXWXW \

ii) At high energies** \
P-odd terms

Ls = %Sﬂuuw

Cp = dp(avh) (Puty

rv = Iy £ Sy e w)) + R X
21/2 2v/2

La = ™)+ VXA D) A

2v/2

* Longhitano ‘80 '81
* Guo, Ruiz-Femenia and Sanz-Cillero '15
** Pich, IR, Santos and Sanz-Cillero [in progress]

8/14
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3. Estimation of the LECs

v" Integration of the heavy modes . _
et et DGl /[dR] S D, Rl
v Similar to the ChPT case*
v" Results**
F2 [2 2 F?
C1 - V2 + V2 + A2 — A2
AMZ " 4MZ T 4MZ  4M?2 = 0
; ; FVGV FAGA F/VX?V’U FA)\?AU
2 —C = — - cg = - —
2MZ  2M3 M2 M?
FyGy  FaGa _ Fy XV Fyahay
Y VR YV e Ve R VP
1% A My M3
2 2 = =
. GV+GA Clo:_Fa_Fa_Fj_Fj
AMZ  4M3 8MZ  8MZ  8M3% 8M3
& & & N FFy  FaFy
5 = - - c = — —
AMZ AMZ  4M? 10 AMZ  4M?2
X?V 24,2 )\?A 242 F‘2/1 ﬁf&l
06 — - - C11 — — —
W AT
. d%g2 n ARV zUQ n )\’1“4 zvz
oM2Z T M2 M2

v" Next step: short-distance constraints

* Ecker et al. ‘89
** Pich, IR, Santos and Sanz-Cillero [in progress]

Resonances in the electroweak chiral Lagrangian, |. Rosell 9/14



4. Short-distance constraints™

v" From QCD we’ve learnt the importance of sum-rules and form factos at large energies:
v' Operators with a large number of derivatives tend to violate the asymptotic behaviour.
v" The constraints are required to reduce the number of unknown resonance parameters.
v In strongly-coupled approaches to the EWSB:
v" The underlying theory is less known.

v We consider form factors into two EW Goldstones and into fermion-antifermion.

* Pich, IR, Santos and Sanz-Cillero [in progress]
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4. Short-distance constraints™

v" From QCD we’ve learnt the importance of sum-rules and form factos at large energies:
v' Operators with a large number of derivatives tend to violate the asymptotic behaviour.
v" The constraints are required to reduce the number of unknown resonance parameters.
v In strongly-coupled approaches to the EWSB:
v" The underlying theory is less known.

v We consider form factors into two EW Goldstones and into fermion-antifermion.

Vector form factors and considering only P-even terms

1

/ “ ALy = 5(62 — e3) (fi" Tups w]) + quzjoh ([ VHIV)
® v F v ZG 1 v
: \ v ALp = S BV fl) + 55 Vs ) + eva (VAT V)

FyGy ¢ FvGy v?
F’U 2 — _ — — _
nr(d) L ME — ¢? FyGy = v° v 2M 2M7
2 V2Fy ey, = —1 21,0 Fyeva 1
Fi@(qz) = 1- \/§FVCV1q— Vv quo} = =

M2 — ¢ CV2M2 O 2M2

* Pich, IR, Santos and Sanz-Cillero [in progress]
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5. Phenomenology: oblique electroweak observables (S and T)

v" Universal oblique corrections via the EW boson self-energies:

v' S*: new physics in the difference between the Z self-energies at Q?=M,? and Q?=0

v' T*: custodial symmetry breaking

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)**:

v

v

B 167 > dt SM
S = e |5 (ps<t> 20

T = e COSQHW/ ( PT(t)SM)

ps(t) and p+(t) are the spectral functions of the W?B and of the difference of the neutral and
charged Goldstone boson self-energies***, respectively.

They need to be well-behaved at short-distances to get the convergence of the integral.
S and T parameters are defined for a reference value for the SM Higgs mass.

We considered only P even terms***.

* Peskin and Takeuchi '92

** Pich, IR and Sanz-Cillero ‘13’14
Barbieri et al. 93 Resonances in the electroweak chiral Lagrangian, |. Rosell
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i) NLO results: 1st and 2nd WSRs*
oall 1.5TeV <M, <6.0TeV ]
0<ky <1

1 > KW > 094 0.2
MAz MV> 5TeV : |

(68%CL) = oo

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

- = :

Kw

Similar conclusions, but softened

i 0.2 <M,/M, <1 ] v Amoderate resonance-mass splitting implies K, = 1.
e2r 0.02<M/M,<0.2 | ]

0.0_I|.||I||||I||||I||||I||||I||||I||||
0.5 1.0 1.5 2.0 2.5 3.0 3.5

My (TeV)

v M, <1 TeV implies large resonance-mass splitting.
v In any scenario M, > 1.5 TeV at 68% CL.

iii) Preliminary results: inclusion of fermion cut doesn’t change appreciably the results**.

* Pich, IR and Sanz-Cillero '13 ’14
** Pich, IR, Santos and Sanz-Cillero [ in progress]
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5. Phenomenology: contributions to 7 — pp *

Tipically it is complicated to keep a small BSM contribution to 7 s pp **, as experiments
require™*.

The low-energy Lagrangian:
ALy = qupoh' <f+uuvMJ1’;> + 611/}1 " (f—uuV“JZ>

By using the estimations of the LECs in terms of resonance parameters and the short-distance
constraints (fermion-antifermion vector and axial vector form factors), we get:

b2hO 9 Fyeyqv? V2
C v e _ = —
10 V2M2 o 2ME
b2hO 9 Facaiv? v?
C v = e
H V2M?2 2M?%

From phenomenology we get the upper bounds:

U2 < 1.4 % 1072

\c‘ffhovﬂ < 7Tx1073

v SoMy > 1.5TeV gnd Ma = 2TeV _ Similar to bounds from S and T.

* Pich, IR, Santos and Sanz-Cillero [in progress]
** Agashe et al. ‘06

** Efrati, Falkowski and Soreq '15
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6. Conclusions

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 <
SM Higgs bosson?

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.

Effective
?
3. Where" approach

A

b) Strongly-coupled models: similar to resonances in QCD: RChT.

c) Chiral counting and short-distance constraints.
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6. Conclusions

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 <
SM Higgs bosson?

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.

Effective
?
3. Where" approach

A

b) Strongly-coupled models: similar to resonances in QCD: RChT.

c) Chiral counting and short-distance constraints.

Estimation of the LECs

1. Integrating out the resonances
2. Short-distance constraints

Phenomenology: natural suppression in low-energy observables

1. Sand T: M, > 5 TeV (My > 1 TeV) for 1st and 2nd WSR (only 1st WSR)
2. Contributionsto Z — bb : My > 1.5TeV
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Backup slides: calculation of Sand T
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 h (the Higgs) and the lightest vector

and axial-vector resonances:

Ky=Kz;=a=w=1 recovers the SM vertex

2
r = 2 (uﬂu“> <1 4 2w h) T  and h sector
4 v
Vi 1) + tGy Vo [t u¥)) ) 1T and V sector
zf 22
+ ﬁ A £ V2 M4 0,h (AP ) N 1, h and A sector
Seven resonance parameters: Ky, Fy, The high-energy constraints
Gy, Far A", M, and M,. are fundamental.

ii) At leading-order (LO)*

Vv, A
AN = = AN ANNA——ANN » SLO:47T<]\F4—‘2§—]\Z—%)
1% A

B o
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iii) At next-to-leading order (NLO)*

~ ~ s N v s N v

/\/\/(/\/\/’\/\/:( /\/\//\/\/( %/W/:(%

-

] ] i i v' Dispersive relations
s N4 A e N A

W O
v" Only lightest two-particles cuts have

§M’§__ __fvé__ __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)***:

) 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)*

s \\ v s \\ /k\\ % v /r\\ v
W //\/\/ /\/\/:( //\/\/ W J VARV /\/\/:( J ARV
N N _ N _ N

-

. i ) v Dispersive relations
A A A A ,\/\/

AVAV, oo AVAVERAVAV: AVAVERAVAV
N N ) U v" Only lightest two-particles cuts have

§M’§__ __fvé__ __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)***:

S 1st WSR at NLO FyGy = v’
1st WSR at LO: Fy My — Fy My = 0 (= VFFA and AFFA): FaA A =
2 2 2 M‘2/
2nd WSR at LO: Fy, — F; = v 2nd WSR at NLO: Kw = M—Ex

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 16/14
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i) LO results

Srto =

Backup slides: Sand T at LO

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

A2

SLo
257
i.i) 1st and 2nd WSRs** 20/
A2 . M‘Q/ 1.5
M‘Q/ Mi 10}
87TU2 O.Sf
< SLo < i
M‘2/ 0.0

My

iii) Only 1st WSR***

2

Sto = 4W{U—+Fj(

* Gfitter

* LEP EWWG

* Zfitter

My

Arrv?

Sto >
LO M‘2/

11
My M3

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

** Peskin and Takeuchi '92 *** Pich, IR and Sanz-Cillero 12
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