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Outline

1.) BSM searches & NP scale: high-mass bounds vs low-mass bounds

2.) A simple scenario: naturally suppressing SM fermion interactions

3.) Conclusions:  possibility of NP states at ρ ςTeV
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1.) Limits on NP-scale:

high-mass bounds 

vs 

low-mass bounds



Suppression of fermionic operators in the HEFT            4/16J.J . Sanz Cillero

1.) R mass bounds: dibosonresonance ǎŜŀǊŎƘŜǎϝ άƘŀǾŜ ŜǎǘŀōƭƛǎƘŜŘ ά

- 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

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

R



Suppression of fermionic operators in the HEFT            5/16J.J . Sanz Cillero

2.) Contact 4-fermion interactions:4f-ops. searches have established L

- LHC ςdijetsand dileptonsςyields the tightest bounds: (x)

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

- Also bounds from low-E hadronic 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) 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

Scenario1+2-WSR *
Scenario1-WSR *

MV from 1.5 to 6 TeV

kW from 0 to 1

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

[ ** Pich,Rosell,SC, 2004.02827 [hep-ph].

See I. wƻǎŜƭƭΩǎtalk on Thu 30th July ]

**
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4.) Likewise, VBS and DY production searches on few-TeVResonances yields: 

Å╜╡ͯ TeV Č LHC clearlynot yet sensitive

Å╜╡ͯ TeV Č might be seen at HL-LHC ( ╪╫ & ╡ GeV) 

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

(x) Delgado,Garcia-Garcia,Herrero, JHEP 11 (2019) 065 
** Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159

R
W,Z,h

W,Z,h

W,Z

W,Z W,Z,h

W,Z,h

WZ-VBS*

WW-VBS (x)

Wh-DY **
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2.) Suppressing 

fermionicEFT operators

(x) F. Alvarado, A. Guevara, SC, arXiv:1909.00875 [hep-ph]; Acta Phys.Polon.B 50 (2019) 1937-1953; in preparation

Further details: https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view

https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view
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ÅIs it possible to conciliate these results?

Four fermion operators very suppressed                   VBSĄ tiny seven for MR~ 1 ς3 TeV

LHC expsearches exclude low MR DY Ą tiny seven for MR~ 3 TeV

S+T allow MR~ 1 ς5 TeV

ÅA simple scenario solution motivated by the DY analysis [Cata,Isidori,Kamenik, NPB822 (2009) 230-244]:

SM fermions couple to R via EW gauge bosons

ÅLow-E HEFT if no direct interactions between NP ė SM fermions?
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Custodial symmetry
+ 

Resonance Lagrangian
+

UV completion hypothesis

Resonance contributions *,**

to the HEFT low-energy couplings

R contributions to low-E HEFT  *

W,Z
h

t

4pǾ Ғо TeV

MR

E

SM content
ÅBosons: 

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

ÅFermion yL,R

SU(2)LÃSU(2)R/SU(2)L+R

V,A,S,P, FermionicR 
EW singlet, doublet & triplet

Coloursinglet& octet

Sum-rules

Mass gap

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

Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

** 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)

Å Low-E chiral expansion in the HEFT:  fl fl fl ȣ
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- Terms from L non-R: O(p2) Ą

- Terms with 4 Dmfrom LR
(* ):   O(p4) Ą

(*) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

ÅL 4 EFT fermionic operators: absent
ÅL 4 EFT custodial breaking ops: absent

(similar for A)

Impact of this άwŜǎƻƴŀƴŎŜ ςgauge-ōƻǎƻƴ ƳƛȄƛƴƎέ in the HEFT?  
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- Terms with 6 Dmfrom LR
(x): O(p6) Ą

(x) F. Alvarado, A. Guevara, SC, arXiv:1909.00875 [hep-ph]; Acta Phys.Polon.B 50 (2019) 1937-1953; in preparation

Further details: https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view

Å Resonance ςgauge boson mixing:     terms in the HEFT with the structure of L 4

(but the suppression of L 6 )

Å Diagrammatically:

EoM

E<<MR HEFT
EoM

Ὂ Ὂ

ͯὫ
Ὂ

ὓ

https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view
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(x) F. Alvarado, A. Guevara, SC, arXiv:1909.00875 [hep-ph]; 

Acta Phys.Polon.B 50 (2019) 1937-1953; in preparation. Further details: https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view

ÅL 4 EFT fermionic operators: present [O(p6) suppressed]

[ combinations of 
Fj
y4 couplings in L 4 ]

* Two Weinberg SR employed:

ĄUsual experimental paramatrization:

ĄMost string bounds (+):

(+) See, e.g., rev: Aguilar-Saavedra et al, arXiv:1802.07237 [hep-ph]

ĄOur prediction:

https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view
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(x) F. Alvarado, A. Guevara, SC, arXiv:1909.00875 [hep-ph]; 

Acta Phys.Polon.B 50 (2019) 1937-1953; in preparation. Further details: https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view

ÅL 4 EFT custodial breaking ops: present [O(p6) suppressed]

Ἲ

Ἲ

ĄOur prediction [caveat, loops* neglected]:

1+2WSR
(no loops)

1+2WSR
(no loops)

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

* Two Weinberg SR employed:

τȢυρπ ͯ π (in practice)

https://drive.google.com/file/d/1zPuZs4bqBwbw2Bg17s2uiiPYh3UOKmHz/view
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3.) Conclusions
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VOptimistic message:

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

- Ok with ñbosonicòmeasurements

- It just needs a properὙᴼὪӶὪ suppression.

- A pattern that fits this structure

would be:

V This scenario (helped out by the HEFT & the chiral expansion) solves this issue

VResonances with╜╡ͯ TeV perfectly allowed

- LHC searches: R production, WW scat: naturally small (difficult; long term)

4-fermion ops. (ñcompositenessò)(not very sensitive)

- Low-E searches: deviations in low-E bosonic EW precision observables

(low E EW scale) (maybe better; thereôsplace to exp.improve; long-term)

SM
fermions BSM

SM
bosons
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BACKUP
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Low-energy chiral expansion in the HEFT

ÅThough not the simplest organization, it is the most general 

ÅExpansionin non-ƭƛƴŜŀǊ 9C¢ΩǎΥ ϝ

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

suppression    
~1/M 2 Ҍ Χ

(heavier states)

Typical loop suppression    
~Gk/ (16p2v2)

(non-linearity)

** Catà, EPJC74 (2014) 8, 2991

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

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

PRL 110 (2013) 181801

Finite pieces from loops
(amplitude dependent)  (+)

100% determined 

by   L 2

[ 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

[ See C. Quezada & I. wƻǎŜƭƭΩǎ
talks on Thursday ]
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Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

Also see, e.g., rev: HXSWG Yellow Report (non-linear EFT Sec.), arXiv:1610.07922 [hep-ph]
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(i) SM content: 
- Bosonsc: Higgsh +  gauge bosonsWa

m,Bm(and QCD)

+ EW Golsdtonesw±,z [non-linearlyrealizedviaU(wa) (x)]
- Fermionsy:  (t,b)-type doublets

(ii) Symmetries: 

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

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

ÅSymmetry of the SM scalar sector:     

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

Sp.S.Breakingto Cust.sym. G ĄH = SU(2)L+Rx U(1)B-L È HSM

Explicit Breaking:   Lėw ŀǎȅƳƳŜǘǊȅ ƻŦ  ǘƘŜ ƎŀǳƎŜ ǎŜŎǘƻǊ   όƎΣƎΩґлύ
tėb splitting (ltґ lb)

(iii) Chiralpower counting:

[boson]   ė order 0     (  ~p0 )

[ g Wmϐ Ґ ώ ƎΩ Bm] = [  dm] = [ g ] = [ ly] = [mc,y] = [ yy]   ė order 1    (  ~p1 )

weak SM fermion coupling [ yy] ė order 2    (  ~p2 )

* See, e.g., rev: HXSWG Yellow Report (non-linear EFT Sec.), arXiv:1610.07922 [hep-ph]

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092
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ÅEW EffectiveTheory(EWET = EWcL= HEFT):

- Chiralexpansión:

- O(p2), LO  ( ÈSM):

- O(p4), NLO (pureBSM): 

(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; Brivio et al, JHEP 1403 (2014) 024

(x) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

with                                                      , being 
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ÅList of CP even operators : [Caveat: no flavour]

(x) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092
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Low-energy chiral expansion in the HEFT

ÅThough notthe simplest organization, it is the most general 

ÅExpansionin non-ƭƛƴŜŀǊ 9C¢ΩǎΥ ϝ

ÅIndeed, the SM has this arrangement but with                                                             ;  hence

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

suppression    
~1/M 2 Ҍ Χ

(heavier states)

Typical loop suppression    
~Gk/ (16p2v2)

(non-linearity)

** Catà, EPJC74 (2014) 8, 2991

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

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

PRL 110 (2013) 181801

Finite pieces from loops
(amplitude dependent)  (+)

100% determined 

by   L 2

[ 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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Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092
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High-energy Lagrangian

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

Low-energy Lagrangian(tree-level)

Å Solve R eomat low energies:

Å Evaluate 

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

1/MR
2

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

[ Relation with [ƻƴƎƘƛǘŀƴƻǎΩǎcouplings F j = aj + O(h);   notice:  aƧҗрrelabelled ] 

(*) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

- Contributions to purely bosonic operators

+ Contributions to y2 and y4 operators (more tedious) (* )
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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*ĄWL
+WL

-

(vector form-factor)

Z*ĄWL
+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)

Åwawb
Ąwc wd scattering

Åwawb
Ą hh scattering

ÅggĄw+ w- scattering

ÅhhĄ hh scattering  Č0

Č HEFT couplings in the range 

F j, aj, aj ~  v2/M R
2 ~   10-3ς10-4

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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ÅStill far from currentexperimental precision, 

althoughrecentimportant improvementsfrom VBS:

Å Usefulto observe the summary: (x)

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

[ATLAS], PRD 95 032001 (2017)
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ÅHVT dibosonsearches: in practice, DY dominated

ÅStrongestboundsfrom HVT-B (gV=3) (x)

Č Exclusionin the (massR,couplingR) planeand the Oj
y4 scaleL  (*)

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

(*) Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

Ą L= 410 TeV

±Ω
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EXAMPLE 1: * , (x) S-parameter + 2 WSRs

EXAMPLE 2:* , (x), (+) ggĄWLWL

(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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ÅάChiralέ counting*

and for the buildingblocks,

ÅAssignmentof theΨchiralΩ dimension: *

* Manohar,Georgi, NPB234 (1984) 189

* Hirn,Stern ó05

* Buchalla,Catà,Krause ó13

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; 

JHEP 1704 (2017) 012

* Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

SUMMARY: b!Q±9 ȫ/ILw![Ω /h¦b¢LbD
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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)

Å Solve R eomat low energies:

(e.g., for a vector triplet                                                                        )                                             

Å Evaluate 

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092

1/MR
2

O(p2) O(p2)


