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Outline

1.) BSM searches:     bounds

2.) (Non-linear) HEFT aka    EWcL aka     EWET

3.) HEFT + Resonances:     what might we expect?

4.) Resonant VBS diboson production:     WZ, evading current MR bounds

5.) Resonant DY diboson production:        Wh, evading current MR bounds
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BSM searches:

bounds
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• Experimental bounds on NP seem to be getting tighter and tighter:

1.) Diboson resonance searches have set                              (x)

2.) Contact interaction (4f ops.) searches have set   L (+)

3.) However, EW precision test still allow R in the few TeV range  

(x) See, e.g., rev: Dorigo, Prog. Part. Nucl. Phys. 100 (2018) 211

(+) See, e.g., rev: Aguilar-Saavedra et al, arXiv:1802.07237 [hep-ph]
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1.) R mass bounds: 
- Analyses heavily rely on specific models, HVT model(x) in particular

- We note that these analyses are dominated by DY production

* ATLAS-CONF-2018-016

Current most stringent bound on EW triplet-V

(x) Pappadopulo,Thamm,Torre,Wulzer, JHEP 1409 (2014) 060

• See review: Dorigo, Prog. Part. Nucl. Phys.100 (2018) 211
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2.) Contact 4-fermion interactions:

- LHC – dijets and dileptons– yields the tightest bounds: (x)

- Similar strong bounds from LEP(-) and Tevatron+LHC (+)

- Also bounds from low-E experiments *

(x) Aaboud et al. [ATLAS], PRD 96 (2017) no.5, 052004

(x) Sirunyan et al. [CMS] JHEP 1707 (2017) 013

(x) [ATLAS], ATLAS-CONF-2014-030

(x) [CMS], CMS-PAS-EXO-12-020

(x) See review: Dorigo, Prog. Part. Nucl. Phys.100 (2018) 211

(x) 3rd generation: Greljo,Marzocca, EPJC 77 (2017) no.8, 548

(-) Schael et al. [ALEPH and DELPHI and L3 and OPAL and LEP], Phys. Rept. 532 (2013) 119

(+) Zhang, Chin. Phys. C 42 (2018) no.2, 023104

(+) Buckley et al, JHEP 1604 (2016) 015

(+) Aguilar-Saavedra et al, arXiv:1802.07237 [hep-ph]

* Aguilar-Saavedra et al, arXiv:1802.07237 [hep-ph]

* Isidori, arXiv:1302.0661 [hep-ph]

* Jung,Straub, arXiv:1801.01112 [hep-ph].
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3.) On the other hand, EW precision tests still allow R at a few TeV

• We will see that this can be easily accommodated in the HEFT framework 

while still leaving a lot of space for VBS surprises at  ~ 1 - 3 TeV

Scenario 1+2-WSR *
Scenario 1-WSR *

MV from 1.5 to 6 TeV

kW from 0 to 1

* Pich,Rosell and SC, JHEP 1208 (2012) 106;   PRL 110 (2013) 181801
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(Non-linear) HEFT
aka EWcL
aka EWET

Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]
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• Higgs field representation: a matter of taste? (+)

(+) SC, arXiv:1710.07611 [hep-ph]

* Jenkins,Manohar,Trott, JHEP 1310 (2013) 087

* LHCHXSWG Yellow Report [1610.07922]

1) Linear* (SMEFT): in terms of a doublet f = (1+h/v) U(wa) <f>

2) Non-linear* (HEFT or EWcL): in terms of 1 singlet h + 3 NGB in U(wa)

Low-energy EFT (SM + …):  representations

(x) Transformations:
Giudice,Grojean,Pomarol,Rattazzi, JHEP 0706 (2007) 045
Alonso,Jenkins,Manohar, JHEP 1608 (2016) 101

if there exists an SU(2)L x SU(2)R

fixed point FC(h*)=0     (x)

?
?
?
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(i) SM content: 
- Bosons c: Higgs h +  gauge bosons Wa

m,Bm (and QCD)

+ EW Golsdtones w±,z [non-linearly realized via U(wa) (x)]
- Fermions y:  (t,b)-type doublets

(ii) Symmetries: 

• SM symmetry:   Gauge sym. group    GSM= SU(2)L x U(1)Y (and QCD)

Spont. Breaking (EWSB)   GSM HSM= U(1)EM

• Symmetry of the SM scalar sector:     

Global CHIRAL sym. G = SU(2)L x SU(2)R x U(1)B-  GSM

Sp.S.Breaking to Cust.sym. G  H = SU(2)L+R x U(1)B-  HSM

Explicit Breaking:   LR asymmetry of  the gauge sector   (g,g’≠0)
tb splitting (lt ≠ lb)

(iii) Chiral power counting:

[boson]    order 0     (   p0 )

[ g Wm ] = [ g’ Bm ] = [  dm ] = [ g ] = [ ly ] = [mc,y ] = [ yy ]    order 1    (   p1 )

weak SM fermion coupling [ y ]  order 1 (   p1 )

• See, e.g., rev: HXSWG Yellow Report (non-linear EFT Sec.), arXiv:1610.07922 [hep-ph] 
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• EW Effective Theory (EWET = EWcL = HEFT):

- Chiral expansión:

- O(p2), LO  (  SM) :

- O(p4), NLO (pure BSM): 

(x) Buchalla, Cata, JHEP 1207 (2012) 101; Buchalla,Catà,Krause, NPB 880 (2014) 552-573

(x) Alonso,Gavela,Merlo,Rigolin,Yepes, PLB 722 (2013) 330-335

(x) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]

with                                                      , being 
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Low-energy chiral expansion

• Though not the simplest organization, it is the most general 

• Expansion in non-linear EFT’s: *

• Indeed, the SM has this arrangement but with                                                             ;  hence

LO (tree) NLO (tree) NLO (1-loop)

suppression    
1/M2 + …

(heavier states)

Typical loop suppression    
 Gk/ (16p2v2)

(non-linearity)

** Catà, EPJC74 (2014) 8, 2991

** Pich,Rosell,Santos,SC, [1501.07249]; ‘forthcoming FTUAM-15-20

** Pich,Rosell and SC, JHEP 1208 (2012) 106;   

PRL 110 (2013) 181801

Finite pieces from loops
(amplitude dependent)  (+)

100% determined 

by   L2

[ Guo,Ruiz-Femenia,SC, 

PRD92 (2015) 074005 ]

*** Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342

*** Alonso,Kanshin,Saa, PRD 97 (2018) no.3, 035010

*** Buchalla,Cata,Celis,Knecht,Krause, NPB 928 (2018) 93-106
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HEFT + Resonances:

what might we expect?

Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]
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• Analogy between QCD and possible (strongly interacting) EW extensions:
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Custodial symmetry
+ 

Resonance Lagrangian
+

UV completion hypothesis

Resonance contributions *,**

to the NLO low-energy couplings

Resonance contributions to L4 at tree level *

W,Z
h

t

4pv ≈3 TeV

MR

E

SM content
•Bosons: 

singlet h, 
EW Goldstones U(wa),
gauge bosons 

•Fermion yL,R

SU(2)LSU(2)R/SU(2)L+R

V,A,S,P, Fermionic R
EW singlet, doublet & triplet

Colour singlet & octet

Sum-rules

Mass gap

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012;

Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]

** See also: Alboteanu, Kilian, Reuter, JHEP 0811 (2008) 010; Pappadopulo, Thamm, Torre, Wulzer, JHEP

1409 (2014) 060; Corbett, Joglekar, Li, Yu, [arXiv:1705.02551 [hep-ph]]; Corbett,Éboli,Gonzalez-Garcia,PRD93

(2016) no.1, 015005; Buchalla, Cata, Celis, Krause, NPB917 (2017) 209;

de Blas,Criado,Perez-Victoria,Santiago, JHEP 1803 (2018) 109

1/MR
2

O(p2) O(p2)
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High-energy Lagrangian

with the most general linear resonance O(p2) operators (chiral + CP invariance)

(e.g., a vector triplet                                                                                                      )

Low-energy Lagrangian (tree-level)

• Solve R eom at low energies:

(e.g., for a vector triplet                                                                        )                                             

• Evaluate 

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]

1/MR
2

O(p2) O(p2)
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• The High-E Resonances leave a specific imprint in the Low-E couplings: (*)

, etc.

[ Relation with Longhitanos’s couplings Fj = aj + O(h);   notice:  aj≥5 relabelled ] 

(*) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]

, etc.
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S-parameter and form-factor couplings 
(bounds after using exp S+T in 1+2-WSR scenario)

W3B-correlator
(S-parameter)

g*WL
+WL

-

(vector form-factor)

Z*WL
+WL

-

(axial form-factor)

* Pich,Rosell and SC, JHEP 1208 (2012) 106;   PRL 110 (2013) 181801

* Pich,Rosell,Santos,SC, PRD 93 (2016) no.5, 055041

Theory:
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VBS and HBS couplings 
(bounds after using exp S+T in 1+2-WSR scenario)

• wawb
 wc wd scattering

• wawb
 hh scattering

• gg w+ w- scattering

• hh hh scattering  0

 HEFT couplings in the range 

Fj, aj, aj ~  v2/MR
2 ~   10-3 – 10-4

Theory:

* Pich,Rosell and SC, JHEP 1208 (2012) 106;   PRL 110 (2013) 181801

* Pich,Rosell,Santos,SC, PRD 93 (2016) no.5, 055041
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• In the ballpark of current experimental measurements, 

with recent important improvements from VBS:

• Useful to observe the summary: (x)

See A. Apyan’s talk

(x) Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098

[ATLAS], PRD 95 032001 (2017)



Resonances and the (non-linear) Higgs effective Lagrangian 21/43J.J. Sanz Cillero

Resonant VBS 
diboson production: 

WZ, evading current MR bounds

Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP11(2017)098
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* Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098

• Relevant HEFT Lagrangian up to NLO:



Resonances and the (non-linear) Higgs effective Lagrangian 23/43J.J. Sanz Cillero

• WLZLWLZL PWA unitarization:  Inverse Amplitude Method (IAM)

1) PWA elastic unitarity: 

2) Low-E matching to HEFT up to NLO, MIJ(s) = MIJ
(0)(s) + MIJ

(1) (s) + … 

See, e.g., (and refs therein): classical Works,

(x) Truong, PRL 61 (1988) 2526 

(x) Dobado,Herrero,Truong, PLB 235 (1990) 134

(x) Dobado,Pelaez, PRD 47 (1993) 4883 

(x) T. Hannah, PRD 51 (1995) 103 

(x) Dobado,Herrero,Truong, PLB 235 (1990) 129 

and more recent,

(x) Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098

(x) Espriu,Mescia, PRD 90 (2014) no.1, 015035; Espriu,Mescia,Yencho,PRD 88 (2013) 055002

(x) Delgado,Dobado,Llanes-Estrada, JPG 41 (2014) 025002; JHEP 1402 (2014) 121; PRL 114 (2015) no.22, 221803; PRD 91 (2015) no.7, 075017

(x) Buarque Franzosi,Ferrarese, PRD 96 (2017) no.5, 055037 

(+) For alternative unitarizations, e.g., K-matrix, see D. Zeppenfeld and Reuter’s talk; Perez,Sekulla,Zeppenfeld, EPJC 78 (2018) no.9, 759; 

Kilian,Ohl,Reuter,Sekulla, PRD 93 (2016) no.3, 036004; Brass,Fleper,Kilian,Reuter,Sekulla, arXiv:1807.02512 [hep-ph]
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• WLZLWLZL IAM unitarization  Resonance pole generated at    spole =(MV-iGV/2)2

• Analytical expressions in the Equiv.Theor. Limit: 

[although WLZLWLZL in our analysis!!!]

b=a2

benchmark

b=a2

benchmark
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• HEFT+R Lagrangian used to implement IAM  IAM-MC ufo  MG5_aMC 

Suppressed at high-E

(x) Ecker,Gasser,Leutwyler,Pich,de Rafael, PLB 223 (1989) 425-432

(x) Barbieri,Isidori,Rychkov,Trincherini, PRD 78 (2008) 036012

(x) D'Ambrosio,Espriu, PLB 638 (2006) 487

(x) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]
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• IAM-MC model for :                                    Benchmark b=a2 , fv=0    

• Requirements:

*Recovery of                             at low-E

* Froissart bound

To avoid a moderate violation of unitarity 

[although crossing partially lost]

in MG5_aMC 
from IAM pole

with z=s
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• Benchmark points of this study:
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• WZWZ subprocess: polarizations (in the WZ rest frame)

• ppjjWZ at LHC: SM backgrounds and polarizations (in the WZ rest frame)

BP1 BP1’

SM-EW SM-EW
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• Backgrounds: 

• Optimal VBS cuts: (*) [MG5_aMC   +  IAM-MC UFO; 
NO detector sim; 
NO polarization discriminant cuts (x) ]

(x) Fabbrichesi,Pinamonti,Tonero,Urbano, PRD 93 (2016) 015004* Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098
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• Sensitivity with perfect WZ reconstruction efficiency:

14 TeV
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±GV/2
14 TeV

±GV/2
14 TeV

14 TeV 14 TeV

• Sensitivity with 100% WZ efficiency reconstruction:

• Sensitivity estimate with “fat” jets:
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14 TeV

• Fully leptonic decays    (no polarization cuts):
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14 TeV
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Resonant DY 
diboson production: 

Wh, evading current MR bounds

Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159



Resonances and the (non-linear) Higgs effective Lagrangian 35/43J.J. Sanz Cillero

• SM fermion interactions  extremely suppressed in BSM

• HVT diboson searches:                                                                                        ,

• Strongest bounds from HVT-B (gV=3) (x)

(x) Pappadopulo,Thamm,Torre,Wulzer, JHEP 1409 (2014) 060

* ATLAS-CONF-2018-016
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• SM fermion interactions  extremely suppressed in BSM

• HVT diboson searches:                                                                                        ,

• Strongest bounds from HVT-B (gV=3) (x)

 Exclusion in the (massR,couplingR) plane and the Oj
y4 scale L  (*)

(a reanalysis for several
𝛾𝑞 ത𝑞 is advised, 

to enlarge the exclusión región)

(x) Pappadopulo,Thamm,Torre,Wulzer, JHEP 1409 (2014) 060

(*) Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]

 L = 410 TeV
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• DY production via a gauge boson:

• HEFT:

* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159

FA(s)

+ FSI via M11(s) 

[elastic Wah PWA scat]
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a) & d) 

b) & d)   

b) & c) 

b), c) & d) 

(x) Analogous to WW prod. in DY: 

Cata,Isidori,Kamenik, NPB 822 (2009) 230-244

* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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HEFT: a=0.95, b=0.7 a2,          m = 3 TeV

M11(s)  PWA e(m) -2d(m) = 1.64 · 10-3

FA(s)      AFF f9(m) = -6 · 10-3

HEFT+R: MA = 3 TeV, GA=0.4 TeV

IAM unitarization

• HVT searches: BSM excess  ~   1 fb

vs

• HEFT predict: BSM excess  ~   10-2 fb

* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159

BENCHMARK point
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• In the HEFT case, 

1) DY produces the gauge bosons
[with a weak coupling suppression] 

2) Then, the strong BSM interactions generate A, coupled to W
[with a weakcoupling suppression]

• Additional chiral suppressionMuch more suppressed experimentally:    

Resonances with MR ~ 3 TeV perfectly allowed

g g
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• Drell-Yan production mechanism Completely dominant in all HVT search bounds

• If DY removed [B(𝑅 → 𝑞ത𝑞)≪10−4 − 10−6] No significant exp. lower bound for MR

[ Suppressed
𝑅 → 𝑞ത𝑞 is not enough;

huge suppression needed ]     
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Conclusions
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 Optimistic message:

- NP can be just around the corner (a few TeV), crouched

- Ok with “bosonic” measurements

- It just needs a proper 𝑅 → 𝑓 ҧ𝑓 suppression.

- A pattern that fits this structure

would be:

 The EWcL & the chiral expansion solve this issue (though more tedious

…and at the end, SMEFT might be just fine)

 VBS seem to be very promising if these Resonances are where we expect them to be

Better data analysis techniques will greatly improve (crucial) VBS and DY searches:

- T vs L polarization discrimination (e.g., in WZ; see Sauvan and Bittrich ‘s talk)

- W, Z, h tagging through “fat” jets (e.g., see Apyan’s talk)

SM
fermions BSM

SM
bosons
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BACKUP
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• Observables at 1 loop: previous computations (-)

• 1 loop of h & wa in path integral: *, (x) Heat kernel

 1 loop UV-div:(+)

O(p4) renormalization:*,(x) dL2 +  dL4
Fer +  dL4

Bos

Tree-level EoM 1-loop Higher loops

Scale suppression in the loops

* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005 
(x) Fermions & gauge boson loops:

Du,Guo,Ruiz-Femenía,SC, in preparation.

- Espriu,Yencho, PRD 87 (2013) 055017  

- Espriu,Mescia, Yencho, PRD88 (2013) 055002  

- Delgado,Dobado,Llanes-Estrada, JHEP1402 (2014) 121

- Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

- Gavela,Kanshin,Machado,Saa, JHEP 1503 (2015) 043

- Azatov, Contino,Di Iura,Galloway, PRD88 (2013) 7, 075019

- Azatov,Grojean,Paul,Salvioni, Zh.Eksp.Teor.Fiz. 147 (2015) 410, Exp.Theor.Phys. 120 (2015) 354

(+) ’t Hooft, NPB 62 (1973) 444; Ramond, Front. Phys. 74 (1989) 1; DeWitt, Int. Ser. Monogr. Phys. 114 (2003) 1;D. V. Vassilevich, Phys. Rept. 388 (2003) 279
A. O. Barvinsky and G. A. Vilkovisky, Phys. Rept. 119 (1985) 1; C. Lee, T. Lee and H. Min, PRD 39 (1989) 1681; R. D. Ball, Phys. Rept. 182 (1989) 1
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• O(D4) operators (purely bosonic) *,(x)

* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005 
(x) L2 +  L4

Fer corrected by fermions & gauge boson loops: Du,Guo,Ruiz-Femenía,SC, in preparation.
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* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012

Same operators as in the 1-loop eff. action 

• For instance, P-even bosonic low-energy EFT at O(p4): *
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ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002 (September 2015)

EFT global fit:

Buchalla,Catà,Celis,Krause, EPJC76 (2016) no.5, 233 

SM
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Then, is SMEFT enough? 

Can’t we drop the chiral loops?

• It will depend on whether     

“tiny” [O(p4) 1-loop]       <<       “tiny”   [  O(p4) tree coupling ]

• Also, it is convenient to compare observables to discern whether SMEFT is appropriate *

* Brivio,Corbett,Éboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,Merlo,Rigolin JHEP 1403 (2014) 024

* Brivio,Gonzalez-Fraile,Gonzalez-Garcia,Merlo, EPJC76 (2016) no.7, 416
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EXAMPLE 1: *, (x) S-parameter + 2 WSRs

EXAMPLE 2: *, (x), (+) ggWLWL

(only charged shown here)

V,A resonances  +  1-loop   +  2 WSRs

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

(x) Pich,Rosell and SC, JHEP 1208 (2012) 106;   PRL 110 (2013) 181801

(+) Inputs: Buchalla,Catà,Celis,Krause, EPJC76 (2016) no.5, 233 

1st + 2nd WSRs   (95%CL):    MV > 4 TeV
0.94  <  a=kW <1    

Small splitting  due to 
constraints from WSRs

+30 
more

-R4 / 
192p2
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• “Chiral” counting *

and for the building blocks,

• Assignment of the ‘chiral’ dimension: *

* Manohar,Georgi, NPB234 (1984) 189

* Hirn,Stern ‘05

* Buchalla,Catà,Krause ‘13

* Pich,Rosell,Santos,SC, forthcoming

SUMMARY: NAÏVE `CHIRAL’ COUNTING
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• Light fermion operators Oj
y4 :

• 3rd generation operators Oj
y4 :  
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• CMS Exotica Group:

• https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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• EW Effective Theory (EWET = EWcL = HEFT):

- Chiral expansión:

- O(p2), LO  (  SM) :

- O(p4), NLO (pure BSM): 
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• It is not a question about how you write it:

* Jenkins,Manohar,Trott, [1308.2627]

* LHCHXSWG Yellow Report [1610.07922]

* Buchalla,Catà,Celis,Krause,NPB917 (2017) 209-233

- SMEFT  EWcL :*

(if no Custodial)

- Non-linear scenarios: e.g., dilaton models (x)

if you want to write it in the SMEFT form, large “…” needed  (D ≥ 8  operators!!) SMEFT exp. breakdown

(D≥8 operators: corrections v4/L4, v6/L6…)

(x) Goldberger,Grinstein,Skiba, PRL100 (2008) 111802
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• The problem of the possible breakdown solved with the chiral expansion (x)

• 1 h (singlet) &      3 NGB (triplet) non-linearly realized: U(wa) = 1+ i wasa /v +…

• Lagrangian organized according to chiral exp. in p2, p4, p6 … : (x), (+), *

• Amplitudes organized according to chiral exp.: (x), *

- Dominant corrections: Deviations from SM in O(p2) operators

- Subdominant corrections: O(p4) operators   +  O(p2) loops

• More general but more cumbersome: 

less trivial expansion, more operators, more vertices, more diagrams, subtle cancellations…

- Vh

(+) LHCHXSWG Yellow Report [1610.07922]

EWcL

(x) Buchalla,Catà,Krause ‘13

(x) Hirn,Stern ‘05

(x) Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

(x) Pich,Rosell,Santos,SC, JHEP 1704 (2017) 012

(non-linearity)(heavier states)

* Weinberg ‘79

* Longhitano, PRD22, 1166 (1980) 26;

NPB188, 118 (1981); 

Appelquist,Bernard, PRD22, 200 (1980).

* Manohar,Georgi, NPB234 (1984) 189

* Buchalla,Catà,Krause ‘13

* Alonso et al, Phys.Lett. B722 (2013) 330.

* Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012
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• Hyearchies in the SM for the subprocess WZWZ:
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Sirunyan et al [CMS], PRL 120 (2018) no.7, 071802

• Fat jets:

- See Apyan’s talk
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• Optimal VBS cuts:                                                 (MG5_aMC   +  IAM-MC UFO; no detector sim)

• MG5_aMC:  generate pp > W+ Z j j , Z > l+ l- ,W+ > l+ vl

(Onshell, Madspin OFF, Madevent ON)
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1) “We are so close to SM, so why not 

simply using SMEFT with the f Higgs doublet?

Isn’t this enough?”

2) “Aren’t BSM loops essentially negligible?

In general NO, only true if “tiny” << “tiny”

Motivation for “non-linear” EFTs
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• High-energy theory for Resonances + c + y

General   DLR `up to O(p2)’   **  

R= singlet and triplet V, A, S, P   [also JPC=1+- at (x)]

• Low-energy EFT (ECLh) * 

(classification of the operators according to `chiral’ dimension)

• Impose UV-completion assumptions on LR, (sum-rules,unitarity...)
 EFT predictions **

R contributions to the NLO EFT couplings     [ i.e., O(p4)]

1/MR
2

O(p2) O(p2)
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NLO results: 1st and 2nd WSRs

At NLO with the 1st and 2nd WSRs

MV > 5.4 TeV,  0.97 < kW < 1 at 68% CL

Small splitting (MV/MA)2 = kW

(asymptotically-free theories)

MV < MA

MV > MA MV = MA

NLO results: only 1st WSR

(walking & conformal TC, extra dimensions,…)

[P
ic

h
,R

o
se

ll,
SC

’1
2

]
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2

]
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* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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* VBFNLO: Perez,Sekulla,Zeppenfeld, EPJC78 (2018) no.9, 759; Perez, PhD Thesis (2018)     

K-matrix (or T-matrix)
VBFNLO analysis

• (Linear) SMEFT dim=8:
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