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1. Motivation

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

* 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

« Up to now all searches for New Physics have given negative Effective Field
results: Higgs couplings compatible with the SM and no new Theories

states. Therefore we can use EFTs because we have a mass
gap.

* CMS and ATLAS Collaborations.
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Higgs Physics

« Up to now all searches for New Physics have given negative » Effective Field

results: Higgs couplings compatible with the SM and no new Theories
states. Therefore we can use EFTs because we have a mass
gap. pn
A ( UV Model ) ( 777 )
top-down bottom-up
v \ Effective Description ] ( Operator Basis j

Diagram by C. Krause [PhD thesis, 2016]

* CMS and ATLAS Collaborations.
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* Depending on the nature of the EWSB we have two possibilities for these

EFTs* (or something in between):

Talk by [. Brivio

* The more common decoupling (linear) EFT: SMEFT

SM-Higgs (forming a doublet with the EW Goldstones, as in the SM)
Weakly coupled
LO: SM

Expansion in canonical dimensions

* The more general non-decoupling (non-linear) EFT: EWET, HEFT, EWChL

* LHCHXSWG Yellow Report ‘16

Non-SM Higgs (being a scalar singlet)

Strongly coupled

LO: Higgsless SM + scalar h + 3 GB (chiral Lagrangian)
Expansion in loops or chiral dimensions

Some composite Higgs models can be described within the EWET.
t

Talks by D. Buorque
Non-linear EFT and BSM models, |. Rosell and G. Cacciapaglia
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What do we want to do?

Estimation of the LECs Estimation of the Low Energy Couplings (LECs) of
the EWET in terms of resonance parameters.

Short-distance contraints are fundamental because we

Short-distance
constraints

understand the resonance Lagrangian as an
interpolation between low- and high energies and in

order to reduce the number of resonance parameters.

Phenomenology

» Following a typical bottom-up approach, what values

for resonance masses from phenomenology?
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What do we want to do?

»

Estimation of the Low Energy Couplings (LECs) of
the EWET in terms of resonance parameters.

Estimation of the LECs

Short-distance contraints are fundamental because we
understand the resonance Lagrangian as an
interpolation between low- and high energies and in
order to reduce the number of resonance parameters.

Short-distance
constraints

Phenomenology
for resonance masses from phenomenology?

» Following a typical bottom-up approach, what values

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=»SU(2), +r-

ii) Similar to the Chiral Symmetry Breaking (ChSB) occurring in QCD, i.e., similar to the “pion”
Lagrangian of Chiral Perturbation Theory (ChPT)*~, by replacing f, by v=1/(2Gg)=246 GeV.

Rescaling naively we expect resonances at the TeV scale.

* Weinberg '79 ** Ecker et al. '89 *Dobado, Espriu and Herrero '91

* Gasser and Leutwyler ‘84 ‘85 ** Cirigliano et al. '06 ~Espriu and Herrero '92

* Bijnens et al. "99 ‘00 “Herrero and Ruiz-Morales '94
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Non-linear EFT and BSM models, I. Rosell


http://inspirehep.net/record/133288
http://inspirehep.net/record/194037
http://inspirehep.net/record/200027
http://inspirehep.net/record/495757
http://inspirehep.net/record/503614
http://inspirehep.net/record/265431
http://inspirehep.net/record/713086
http://inspirehep.net/record/298247
http://inspirehep.net/record/319958
https://arxiv.org/abs/hep-ph/9308276

Estimation of the LECs

Short-distance
constraints

Phenomenology

»

What do we want to do?

»

Estimation of the Low Energy Couplings (LECs) of
the EWET in terms of resonance parameters.

Short-distance contraints are fundamental because we
understand the resonance Lagrangian as an
interpolation between low- and high energies and in
order to reduce the number of resonance parameters.

Following a typical bottom-up approach, what values
for resonance masses from phenomenology?

Similarities to Chiral Symmetry Breaking in QCD

QCD (q37 G,u,l/)

Resonance Chiral Theory

)

Chiral Perturbation Theory
(ﬁr» ’/T,')

Fundamental EW Theory (77)
)

Resonance EW Theory
(My, My, ...)

7
EW Effective Theory

(V7 ¢I)

Diagram by J. Santos [VIII CPAN days, 2016]
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2. The effective Lagrangians

v" Two strongly coupled Lagrangians for two energy regions:

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

v" The aim of this work:
Estimation of the Low-Energy Couplings (LECs) in terms of resonance parameters and
phenomenological consequences: constraining the BSM heavy masses.
v Steps:
1. Building the EWET and resonance Lagrangian
2. Matching the two effective theories
3. Phenomenology at low energies.
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.
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 ‘17 ** Cirigliano et al. ‘06
* Krause, Pich, IR, Santos and Sanz-Cillero ‘19 *** Ecker et al. ‘89
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How do we build the Lagrangian?

v Custodial symmetry

v Degrees of freedom:

Talk by I. Brivio

v' At low energies: bosons x (EW goldstones, gauge bosons, h), fermions y

v" At high energies: previous dof + resonances (V,A,S,P and fermionic)

v Chiral power counting*

Y

()

* Weinberg '79
* Appelquist and Bernand ‘80  * Hirn and Stern 05

* Longhitano ‘80 ‘81 * Alonso et al. ‘12

oo 0@ S~ 0 Gum ~ O) T ~

* Delgado et al. ’14

* Manohar, and Georqi '84 * Buchalla, Cata and Krause '13 * Pich, IR, Santos and Sanz-Cillero ‘16 '17

* Gasser and Leutwyler ‘84 '85 * Brivio et al. ‘13

* Krause, Pich, IR, Santos and Sanz-Cillero ‘19

Non-linear EFT and BSM models, |. Rosell

O(p)

713


http://inspirehep.net/record/133288
http://inspirehep.net/record/8797
http://inspirehep.net/record/8975
http://inspirehep.net/record/156870
http://inspirehep.net/record/190331
http://inspirehep.net/record/194037
http://inspirehep.net/record/200027
http://inspirehep.net/record/681621
https://arxiv.org/abs/1212.3305
http://inspirehep.net/record/1272886
http://inspirehep.net/record/1263771
https://arxiv.org/abs/1404.2866
https://arxiv.org/abs/1510.03114
https://arxiv.org/abs/1609.06659
https://arxiv.org/abs/1810.10544
https://indico.cern.ch/event/846927/contributions/3623943/attachments/1955984/3250585/slides_VBS_Lisbon-2.pdf

v Custodial symmetry

How do we build the Lagrangian?

Talk by I. Brivio
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 and fermionic)
v Chiral power counting*
X (0
= ~ 0 (p”) ~ ~ 0 Gum ~ Op) T ~ O g4 ~ OO
Finite pieces from loops
(amplitude dependent)
P’ i p’ Lvp” | p s
M2 —2) ~ — 1 + ——= In=— + ... + O ]
( ) 02 [ ( 02 16720 7 ) ()
LO NLO NLO (1-loop)
(tree) (tree) Typical loop
suppression suppression
~1/M2? + ... ~ 1/(1672v?)
(heavier states) (non-linearity)
* Weinberg '79 Diagram by J.J. Sanz-Cillero [HEP 2017]
* Appelquist and Bernand ‘80 * Hirn and Stern '05

* Longhitano ‘80 ‘81
* Manohar, and Georqi '84

* Alonso et al. ‘12
* Buchalla, Cata and Krause '13 * Pich, IR, Santos and Sanz-Cillero ‘16 '17

* Delgado et al. ’14
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* Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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How do we build the Lagrangian?
v Custodial symmetry

Talk by I. Brivio
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v' At low energies: bosons x (EW goldstones, gauge bosons, h), fermions y
v" At high energies: previous dof + resonances (V,A,S,P and fermionic)

v Chiral power counting*

X Lo Y o~ o dum o~ Op) T ~ OB g4 ~ O

v v
Finite pieces from loops
(amplitude dependent)
2 r 2
p Cr. P ée 4
M(2—-2) ~ = |1 + : =) 4+ oY
v v q
.\)
QO
&)X o aH
su suppressmn
‘ + ~ 1/(1672v?)
(heavier states) (non-linearity)
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2.1. Low energies: the Electroweak
Effective Theory (no resonances)*

Lg\)NET = Z (i&v"d, & —v (€LY Er + huc)))
&
1

A~ A~

1 T7uy 1 - oI 1 v
o _2<WWWM >2 - _<B;WBH >2 - 242 <GWGH >3

29 29"
1 1 5., v?
+ §3Mh8“h — §mhh — V(h/v) + Z}"u(h/v) (u,ut)s

* Longhitano ‘80 ‘81 * Guo, Ruiz-Femenia and Sanz-Cillero '15
* Buchalla et al. ‘12 ‘14 * Pich, IR, Santos and Sanz-Cillero ‘16 ‘17
* Alonso et al. '13 * Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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2.1. Low energies: the Electroweak

Effective Theory (no resonances)* Bosonic sector

12 3 8 i O. O.
4 - 2 2 ) 7
Lower = D F O+ F 0+ Y Fof - ,
— — — 1 (P o — T2 )2 | S [, w] )
=1 1=1 1=1 4N+ s H 2 ©
3 5 5 10 4 4 2 4 n 2 1( yyf fp,uf ) < #Vf )
U Y ) (o " Y v+ I J—w )2 — v )2
+ Y FOF + > F o + > FO; pATECRAT Z + -
: 7’ Z 3 By | G,y
4 (upuy Yo (utu )o —
5 (u,ut)3 —
; YT
6 —“—2—(0 ]13(0 h) (uyu” o —
3 I -
g | @uh)@R)OR)@R) B
v
9 —"—(dvh) (%, )e —
10 (Tuy )% o
11 X, X1 o
* Longhitano ‘80 ‘81 * Guo, Ruiz-Femenia and Sanz-Cillero '15 12 ( GW Gr >3 o
* Buchalla et al. ‘12 ‘14 * Pich, IR, Santos and Sanz-Cillero ‘16 ‘17
* Alonso et al. '13 * Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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2.1. Low energies: the Electroweak
Effective Theory (no resonances)”*

12 3 8
~ ~ 2 2
Lower = D F O+ F 0+ Y Fof
=1 =1 =1
3 ~ 12 o~ 2 10 4 4 2 ~ 4 ~ 4
+ Y F oY + > F oY + > F oY
1=1 1=1 =1

2.2. High energies: Resonance

Lagrangian (with resonances)** Field (R9,) |RY |R'; [R% |R% |
s 3 1 1 A

ERT - 'CR[R7 X ¢] + 'Cnon—R[X> w]

: P 1 2 1 1
« Bosonic resonances:
V with Proc 3 2 2 2
« V,A,Sand P
* SU(2) singlets and triplets A with Proc 3 2 2 2
« SU(3) singlets and octets
« Spin-1 resonances with Proca or antisymmetric formalism V with ant. 2 ) 2 1
«  Fermionic doublet resonances: A with ant. 2 5 2 1
+ Including operators with one heavy fermionic resonance Fermionic 6

** Pich, IR, Santos and Sanz-Cillero ‘16 17

** Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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2.1. Low energies: the Electroweak
Effective Theory (no resonances)*

2.3. Matching low and

12 3 8
4 ~ o~ 2 2 . .
Lower = 2 FiOi+ > FO:+Y F Of high energies
=1 =1 1=1
3 2 2 10 4 4 2 ~ 4 ~_ 4
+Y FUOor Y B or + Y oy , ,
; ; ; etOett D] /[dR] S, R
2.2. High energies: Resonance
H H *%
Lagranglan (Wlth resonances) v Integration of the heavy modes
Lrr = Lr[R, X, %] + Lnon-rIX, Y] v Similar to the ChPT case***
* Bosonic resonances: v EWET LECs in terms of
. VA SandP resonance parameters™*
+ SU(2) singlets and triplets _
«  SU(3) singlets and octets v' Tracks of resonances in the
«  Spin-1 resonances with Proca or antisymmetric formalism EWET.

Fermionic doublet resonances:

Talk by I. Brivio

* Including operators with one heavy fermionic resonance

** Pich, IR, Santos and Sanz-Cillero ‘16 '17 *** Ecker et al. ‘89
** Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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3. Phenomenology I: S and T at NLO*

v" Oblique electroweak observables** (S and T)
v' Dispersive relations for both S** and T*

v' Short-distance constraints: two-Goldstone and Higgs-Goldstone form factors, Weinberg Sum Rules

* Pich, IR and Sanz-Cillero '12 ‘13’1

** Peskin and Takeuchi ‘92
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v' Short-distance constraints: two-Goldstone and Higgs-Goldstone form factors, Weinberg Sum Rules

T T T T T T T T T T

0.4 1.5TeV <My <6.0 TeV :
L 0<KW <1

02 4

0.2 < My/Mj < 1

04 0.02<My/My <02 | ]

= 00 B :

o2r 1st WSR and My < Mj ]

onl O‘O-o.lsl ST s 20 s |3_|0| - |3_|5| —
My (TeV)

Room for these scenarios

1st and 2n
I EUUTE Kw (also a) = 1
-04 -0.2 (;) 0.2 04 MR ~ TeV

* Pich, IR and Sanz-Cillero '12 ‘13’1

** Peskin and Takeuchi ‘92
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3. Phenomenology ll: estimation of the bosonic LECs*

v' Integration of the heavy modes etSert DGY] [dR] e"Sbo -]

v" The case of P-even bosonic operators**:

7 O; F;
1/ ppv _ puv _FXQ/—ﬁ\Q/ Fﬁ—ﬁi
1 1<f+ f+ul/ f— f—m/>2 4M‘2/1 + 4Mil
3 3
3 Ly pp Uy _ryGy  1raGy
?( + [uN U ]>2 2M‘2/31 2MA%)2
G? G
4 v P Vv A
(upt )2 (uhu” )2 AMZ, + 13,
2 2 ~2
G G
5 (u,ut Yo (uy,u” Yo € _ Dy _ ¥4
" AMg,  4My,  4AM3,
6 (agh)(auh) (upu” s _X}lbv v® _ )\?A 22
1)2 v M‘Q/l Mil
3 3
9,h)(d,h) d2 \hA 2,2 RV 2,2
7 ( w v WV P 1 1
(0uh)(9"h)(9yh) (0" h)
8 A 0
0 (9,.h) Y CEaMA RV
v - Mié M‘2/31 ** Pich, IR, Santos and Sanz-Cillero ‘17

** Krause, Pich, IR, Santos and Sanz-Cillero 19

* Pich, IR, Santos and Sanz-Cillero ‘16 -
* Pich, IR and Sanz-Cillero [in preparation] Non-linear EFT and BSM models, |. Rosell 10/13
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3. Phenomenology ll: estimation of the bosonic LECs*

. . Talks by K. Long
v" Integration of the heavy modes etSett DGl / dR] S, B and D. Bachas

v The case of P-even bosonic operators™*: v Experimental constraints:

; o, 7 LEC Ref.
o o 097< sy <1.13 ATLAS’19
| O Fo = 2 )2 | =T A4 —0.0024< F, <0.0016 | S and PDG’18'
Vg Al
— —0.06< F3 <0.20 Da Silva et al.’197
31 S T wl) ~fuGy _ FaGy —0.0006< F,  <0.0006 CMS'19f
1 Al
% —0.0010 < F; + F5 < 0.0010 CMS'197
G? G?
MoV V A
4 (it )2 Cutu” ) AMZ, * 43,
) - o From one-loop considerations one
v C
5 ()2 (w2 TRV ERRP TR YV would expect F; = 1/(472) = 10-3.
6|  Duh)Oh) A D Vs
v? v 2 M2, M?, : : *okk
Vi Al The running is known***:
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'U2 2 2M§,31 Mié M‘2/31
5 1 M.J. Herrero and Ruiz-Morales '94
g | (0uh)(0"h)(0,h)(9"h) 0 1 Delgado et al. ‘14
v* + M. Rauch’16
— 1 C. Garcia-Garcia et al. ’19
9 (0,h) PP ) CEa\te PV
v - w2 Mi; M‘2/31 ** Pich, IR, Santos and Sanz-Cillero ‘17

** Krause, Pich, IR, Santos and Sanz-Cillero '19
*** Guo, Ruiz-Femenia and Sanz-Cillero ‘15
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3. Phenomenology Ill: contact four-fermion operators*

v With light leptons and/or quarks
v" From dijet production
N =21.8 TeV from ATLAS
N =18.6 TeV from CMS
N=16.2 TeV from LEP
v" From dilepton production
N =26.3 TeV from ATLAS
N =19.0 TeV from CMS
N=24.6 TeV from LEP
v Including top and bottom quarks
v" From high-energy collider studies
N = 1.5 TeV from multi-top production at LHC and Tevatron
N = 2.3 TeV from t and ttproduction at LHC and Tevatron
N\ = 4.7 TeV drom dilepton production at LHC
v" From low-energy studies

AN=14.5TeV fromB, — B, mixingB
N = 3.3 TeV from semileptonic B decays

* See references in Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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4. Conclusions

v" Up to now all searches for New Physics have given negative results: Higgs couplings compatible
with the SM and no new states. Therefore we can use EFTs because we have a mass gap.

v" As a consequence of the mass gap, bottom-up EFTs are appropriate to search for BSM.
Depending on the nature of the EWSB we have two possibilities:

v" Decoupling (linear) EFT: SMEET
v SM-Higgs and weakly coupled
v' Expansion in eanonical. dimensions

v" Non-decoupling (non-linear) EFT: EWET (HEFT or EWChL)

v" Non-SM Higgs and strongly coupled
v' Expansion in loops or chiral dimensions
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v" Non-decoupling (non-linear) EFT: EWET (HEFT or EWChL)

v" Non-SM Higgs and strongly coupled
v' Expansion in loops or chiral dimensions

v" Similarities to ChSB of QCD -> ChPT and RChT

v" Phenomenology

v Estimation of the LECs by using resonance Lagrangians and short-distance constraints.

v NLO calculation of Sand T.
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v" As a consequence of the mass gap, bottom-up EFTs are appropriate to search for BSM.
Depending on the nature of the EWSB we have two possibilities:

v" Decoupling (linear) EFT: SMEET
v SM-Higgs and weakly coupled
v' Expansion in eanonical. dimensions

v" Non-decoupling (non-linear) EFT: EWET (HEFT or EWChL)

v" Non-SM Higgs and strongly coupled
v' Expansion in loops or chiral dimensions

v" Similarities to ChSB of QCD -> ChPT and RChT

v" Phenomenology

v Estimation of the LECs by using resonance Lagrangians and short-distance constraints.

v NLO calculation of Sand T.

Room for these BSM scenarios and Mz2 2 TeV.

Non-linear EFT and BSM models, |. Rosell 13/13



Phenomenology IV: HVT diboson searches*

v" Our model-independent approach can be related to the popular Heavy Vector Triplet simplifed
model (HVT)**.

v" LHC diboson production experimental analysis (ATLAS and CMS).

v' Exclusion in the (mass, coupling) plane and the scale /\

Integration of
A (TeV) heavy modes
0.06
800 l
4
21 _ vt % e
i 600 F:‘F7 +‘F8 + 4 _4M‘2/
¢« 005 1 ] 1 ]
400 ' '
EWET Resonance
2o Lagrangian
0.04
0.8 09 1 2. 3. 4. 5. 6.
MV (TeV) * Krause, Pich, IR, Santos and Sanz-Cillero ‘19

** Pappadopulo et al. ‘14
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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' A set of relations between resonance parameters emerges.

v" The couplings of the non-resonant operators are different: (") £ LW

non—R non—R

* Ecker et al. ‘89

* Bijnens and Pallante '96

* Kampf, Novotny and Trnka '07

* Pich, IR, Santos and Sanz-Cillero ‘16 '17

* Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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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' A set of relations between resonance parameters emerges.

v' The couplings of the non-resonant operators are different: ")~ = &)
v High-energy behaviour is fundamental:
) -~
v G FarG
1+ V2V 28 AzA 28 _2]:3SDA% (A)
FY _(s) = ¢ v My — s v M5 — s v
o 1 + ngV ’ + ngA 2 - ZfSDPi (P)
\ v2 ME —s v2 M3 —s 3 2
SDA  __
* Ecker et al. '89 s =0 ~
* Bijnens and Pallante '96 SDP Iv 9v fidi
* Kampf, Novotny and Trnka '07 ~7:3 = - 9 - 2

* Pich, IR, Santos and Sanz-Cillero ‘16 ’17
* Krause, Pich, IR, Santos and Sanz-Cillero ‘19
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