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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™*.

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.

»
»

Higgs Physics

Strongly Coupled
Scenarios

Resonance Theory
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What do we want to do?

Resonance Lagrangians can be used to

Estimation of the LECs estimate the Low Energy Couplings (LECs) of

the Electroweak Effective Theory (EWET)

Short-distance Short-distance contraints are
constraints fundamental in order to reduce the

number of resonance parameters.

Phenomenology What values for resonance masses are
required from phenomenology?
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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)x=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~(2G)=246 GeV. Similar to Chiral Perturbation Theory (ChPT)**,

2 2
2 fw 2 v
ALE by = T (wa) = ALgypr = 7 (uu)

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
My =1260GeV  — My =34TeV

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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v" Oblique electroweak observables** (S and T)

v' Dispersive relations for both S** and T*

Looking at the phenomenology*

v Short-distance constraints: two-Goldstone VFF, Higgs-Goldstone VFF, Weinberg Sum Rules

Sro
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LO
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68% CL

0.8
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3 0.2<M/M, <1
041 0.02<M,/M, <0.2 |
2f NLO: 1st WSR and M, < M, °
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* Pich, IR and Sanz-Cillero '12 ‘13’14

** Peskin and Takeuchi '92

2.0 2.5 3.0 3.5

My (TeV)

04
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-04

1.5TeV <M, <6.0 TeV
0<ky <1

NLO: 1st and

-04 -0.2 0.0 0.2 04

S

Room for these scenarios
Ky = 1
Mg = TeV
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2. Building the Lagrangian

v" Two strongly coupled Lagrangians for two energy regions:

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

v" The aim of this work:
Estimation of the Low-Energy Couplings (LECs) in terms of resonance parameters
v’ Steps:

1. Building the EWET and resonance Lagrangian
2. Matching the two effective theories

v" High-energy constraints

1. From QCD we know the importance of sum-rules and form factos at large energies.

2. Operators with a large number of derivatives tend to violate the asymptotic behaviour.
3. The constraints are required to reduce the number of unknown resonance parameters.
4. The underlying theory is less known than in the case of QCD.

v" This program works pretty well in QCD: estimation of the LECs (Chiral Perturbation Theory) by
using Resonance Chiral Theory** and importance of short-distance constraints™**.

* Pich, IR, Santos and Sanz-Cillero '16 [and in progress]
** Cirigliano et al. '06
*** Ecker et al. ‘89
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How do we build the Lagrangian?

v Custodial symmetry
v" 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)

v' Chiral power counting*

v So

v’ At low energies: Lewer = Lo+ Ls+ ...

v At high energies: Lr = cr R Op2 DG Y]+
* Weinberg '79 * Alonso et al. ‘12
* Appelquist and Bernand ‘80 * Buchalla, Cata and Krause '13
* Longhitano ‘80, ‘81 * Brivio et al. ‘13
* Manohar, and Georgi '84 * Delgado et al. ’14
* Gasser and Leutwyler ‘84 85 * Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]

* Hirn and Stern '05
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2.1. Low energies (no resonances)*

11 3 7 3 10 2
Loer =Y F0+ Y R0+ Y 7 of + Y 7o + S F o £ Y F o
i=1 i=1 i=1 i=1 i=1 i=1

1 Oi 61'
1 %( -lifuf+;w_fl—wf—lw> %(fﬁu[u#’ul/]>
2 | S o+ P ) | (S )
3| ) | G (g,
4 (u,u, ) (utu”)
5 (wuut)?
6 (Buhv(Qa”h) ()
7 (aﬂh)(auh') (uuuu >

v
g || Guh)(®" h)gauh)(a"h)

v

o | @b gy,
10 <TU‘I—L>2
11 X, X#

* Longhitano ‘80 '81

* Guo, Ruiz-Femenia and Sanz-Cillero ’15

* Buchalla and Cata ‘12 ‘14 * Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]

* Alonso et al. '13

i oY’ oY o’ oY
Ul ) uwa) | () | Usds) | ()
2 | (B wd) | ) [ Tpde) | (R
3| () | (ENwT) | (Js)Is)
N2 (Jr)(Ip)
5 2R () (T d)
6| (Z)wT) (JiTa,)
7 | GO (TN )
s (5) )
0 (8 T )
10 () )
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2.2. High energies (with resonances)”

ERT — /:R[R7X7/¢] + /:non—R[Xvw]

11 3 7 3 10 2
) =S FP 0+ FP 0+ Y FP o £ FSW o LS P ot S FS o

=1 =1 1=1 =1 =1 =1

11 3 7 3 10 2
LA =S FN 04 FN O, + Y FU W o £ 3 FSW 608 L ST FESW o 13T F W o
i=1

=1 i=1 1=1 =1 =1

I) Sp|n'0 (S,S»],P,P»])

1
Lr = §<V“RVMR—M]2%R2> + < Rxp> (R=S, P),
1
Lr, = 2 (0"R10uR1 — My, RY) + Rixp, (R =51, P1).
X = A vh2—|—c—d<uu“>—l—cfl<J>
S1 hS1 \/5 12 \/5 S
Py
Xp, = C\}ﬁ < Jp >
Xs = Ciq Js
XP = C‘f JP + dP(a':L)—h)uu

* Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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i) Spin-1 (V,V,,A,A,) with Proca formalism*

P L _ 5 pw - 5o S 5 _ O A
£y = —7 <Rw R - 2MER.R'> + <Ry X + R U > (R=V, A),
P 1 A v A A A N A N A A ~

£y} = =3 (R B =20 RuBY) + R +Rawiy (R Th A,

N f(/ " igf/ [ m 1/] + fV flw )\hV [(auh) (av ) ] + JIW
N = —_— — U U, — C
T T T a W32 '
A f )\hA f '”g"A
oo A g O"h 0"h)u'] + =4 + A )+ g
U= S S @ — @]+ e S
1% Cgl ny ~ UV ra 5641 "y
le = fVlXH —+ ﬁ < JT > XA1 = fAlXH + \/5 < JT >
W= da Ay W=l s+ AT
V1 EYl
(- = <u“T>+—<J”>+ < Jh >
Al glAl
o = o <utT > + <Ji> + < Jh >
X4, \/5 A NG 1%

* Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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i) Spin-1 (V,V,,A,A,) with antisymmetric formalism*

A 1 1
L) = =5 < VMR VoR™ = SMi R B > + < Ruxfy >
i Yo ria, 0,57 — v Ry LR 4 R e (Ry =V, Ay)
R, — 9 1 p Uolq 9 Ry 11 vty 1uv XR, 1= Vi, A1),
Fy iGy Fy bV
nv — uv + lﬁ, v + ﬁu S T IR u’ — (Oh) ut
W) = S ] s S (@ ) (@)
Fy )\hA ﬁA Z.é’A
hY = = 4 L [(9HR) Y — (OVh)uM + —= Y + Hou”
XA Bos 2\/§f \/5[( )u ( )U] 2\/§f+ 2\/5[“ U]
ey
X = By, X" + TT (0" < u’T > 0" < ulT >)
Bos
o
X = Fu X" 4 TT (0" < u¥’T > —0" < ulT >)
Bos
v \4 v CY 5}/
X = CoIE + o (VI = VU + = (V9T = V%)
Fer
v ~A v Cf‘ 6?
W= G SR (VI - )+ S (VR - V)
Fer
03/1 Yl ~¥1
uv = < JH > 4 < OMJY, — 9V JE > + < OMJE — VI >
XVl Fer \/§ T 2\/§ v v 2\/5 A A
~641 i41 5141
n = < JE > 4 <OPJL =0V JH > + < OMJy — oV JE >
XA, o V2 T 92 A A 92 \% Vv

* Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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Proca vs. antisymmetric formalism*

v By using path integral and changes of variables both formalisms are proven to be equivalent:

v" The following set of relations between resonance parameters emerges:

Fr = fp Mg, Gr = gp MR, A = N Mg, Cot = Mg,
Fr = fsMg, Gr = §sMr, AR = N M, Ct = &' Mg,
Cﬁzc’lz%'/MRa 61’2}?:5’?/]\41%7 sz :C{{/MR7 6F:E{2/MR

v" The couplings of the non-resonant operators are different: cff;)l_R + A

non—R

v By using high-energy behaviour:

Fyv Gy S ﬁAéA S

spa S SDA  _
FY (s) L+ v? ME—s v2 M3 —s — 27 2 (A) 73 =0 _
s) = ~ - .
pp 1+ Iv 9v 52 fida s B 2]_—SDPi ®) ]—"3st _ Iy 9v _ Ji94
v2 M‘Q/—s v2 M2 — 3 v?2 2 2

* Ecker et al. '89

* Bijnens and Pallante '96

* Kampf, Novotny and Trnka '07

* Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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Proca vs. antisymmetric formalism*

v By using path integral and changes of variables both formalisms are proven to be equivalent:

v" The following set of relations between resonance parameters emerges:

Fr = [fp Mg, Gr = g5 MR, AP = A ME, Cgt = ¢ Mg,
Fp = ngR, Gr = 9pMg, AR = N Mg, Cet = Mg,
CF = /Mg, C% =7¢cE/Mgr, Cf =cff/Mg, Cf =7¢/Mg.

v' The couplings of the non-resonant operators are different: ch oz

non—R

v By using high-energy behaviour:

v LECs with resonance contributions coming from X do not contain local contributions,
FSPA = FSPA — 0, so then the antisymmetric formalism is the best choice.

. . . . oM . . .
v LECs with resonance _contributions coming from Xz do not contain local contributions,

]:z'SDP = ]:z'SDP = 0, so then Proca is the best choice.

* Ecker et al. '89

* Bijnens and Pallante '96

* Kampf, Novotny and Trnka '07

* Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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3. Estimation of the LECs

v" Integration of the heavy modes

leiSeff[XﬂP] — /[dR] eiS[X,w,R]

v" Similar to the ChPT case*

v" Results**

* Ecker et al. ‘89
** Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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v" Integration of the heavy modes

v" Similar to the ChPT case*

v" Results**

v Purely bosonic operators

* Ecker et al. ‘89

** Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]

3. Estimation of the LECs
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3. Estimation of the LECs

v" Integration of the heavy modes
v Similar to the ChPT case*

v" Results**

v Purely bosonic operators

v" Two-fermion operators

* Ecker et al. ‘89
** Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]

Integrating out resonances in strongly-coupled electroweak scenarios, I. Rosell

leiSett D] — / [dR] S D, Rl
= 1 =
cacy! FyCY  FCA
1 2_”]3_ TVEME T \RM
5 _GvCY  G4CY _2V20MV Oy 2v2uNACH
V2MZ~ 2M2 MZ M3
; R CY  FuCf IEZET
V2M Z \/5-'\!% V2M, ‘21 V2 M 31
4l - \/§FV, CXI _ \/5?416';’ B
M, ME,
. dpey
2 WIQ)—
1 ZF 3 B
\/§M€1 \/5*“‘1.;21 1
7 0

14/17



3. Estimation of the LECs

v" Integration of the heavy modes .
lpiSete X, ] [dR) oS, Rl
v Similar to the ChPT case*
v Purely bosonic operators ) (cf)® B A
2M?2 MZ M2
: ()’ T dd_dd _da
M2 OMZ ' 2M2  OME  2M3,
(c£)? | (")
3 o
_ TER IMZ
v" Two-fermion operators D)2 ()
4 L L -
AME " AMG,
5 (@)? @ B
TOMZ 23
6 @) (o) B
v Four-fermion operators _ 2My  2Mj
ol e? @2 (@) @) B
AMZ " AM2  AMY AM3,
g | @) @? @) () B
AMZ ' AME  AME AMY,
9 ()2 (G
M2 M?
ol €ty (C)* (Cs)? o
OMZ  2MZ, ' 2M3  2M3,

* Ecker et al. ‘89

** Pich, IR, Santos and Sanz-Cillero ‘16 [and in progress]
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4. Short-distance constraints and the purely bosonic sector*

v" Only P-even bosonic operators

v" Short-distance constraints coming from two-Goldstone and Higgs-Goldstone vector form
factors and Weinberg Sum Rules.

v" Results in terms of a few resonance parameters:

P T (1)
4M3%  4M2 4 \MZ = M3
P o I SN ¢ R U
8M2  8M3Z SMZM?Z (M2 — M2)
FvGV 7}2
o= T T T
P € N €. B I3
4M2 AMZM?
oo GGy d (M- Mpp
AMZ ~ AMZ  AMZ AMZ M?
£ _(AQE)QW :_1\4‘2,(1\4%\4—6Ma)v2
A A
g b YN d MPOME M
2M?% M? 2M? MS§
Fs = 0
Fo = —FA]\;Q;AU Z—]\ﬁf
A A

* Pich, IR, Santos and Sanz-Cillero 16
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5. 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); = SU(2),_.: similar to ChSB in QCD: ChPT,

Effective
?
3. Where? | . ooach [{ b)

A

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

c) Chiral power counting and short-distance constraints.
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5. Conclusions

1. What? Electroweak Strongly Coupled Models

P : v" We should look for alternative ways of mass generation:
What if this new particle
2. Why? | around 125 Gev ?s not a strongly-coupled models.

SM Higgs bosson?

v" They can be used to determine the LECs

/

a) EWSB: SU(2), x SU(2); = SU(2),_.: similar to ChSB in QCD: ChPT,
Effective
3. Where? approach 3 b) Strongly-coupled models: similar to resonances in QCD: RChT.
c) Chiral power counting and short-distance constraints.
Estimation of the LECs
1. Building the low-energy and high-energy Lagrangian
2. Equivalence between Proca and antisymmetric formalism
3. Integrating out the resonances
4. Estimation of the LECs
5. Short-distance constraints
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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=Ks,=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)*

V, A

AN == AN ANNA——ANN _ __F_fl)

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

N ~ ;TN v s N v

/\/\/(/\/\/’\/\/:( /\/\//\/\/( */\/\//\/\/:(*/\/\/

-

. ) v' Dispersive relations
A A 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 not known.
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 N v s N v

/\/\/(/\/\/’\/\/:( /\/\//\/\/( *’\/\//\/\/:(*/\/\/

-

- - v" Dispersive relations

MQ% AN— g - Q _A
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 not known.
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: «,,, 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 1917

Integrating out resonances in strongly-coupled electroweak scenarios, I. Rosell



Backup slides: Sand T at LO and at NLO

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

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*
1.5TeV <M, < 6.0 TeV

04+ B

0<ky <1
1>xky >0.94 |
M,z My, > 5 TeV | *
(68%CL) o oo

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

-04 -0.2

Kw

Similar conclusions, but softened

i 0.2 <M/M, <1 ] v Amoderate resonance-mass splitting implies Ky, = 1.
*2r 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.

iv) 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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