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Outline

1.) (Non-linear) EW effective theory and Resonance extension

2.) Ultraviolet completion and high E constraints

3.) Predictions for Low-Energy Constants (LECs)

4.) Phenomenological implications: MRbounds
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Å(Non-linear) EW EffectiveTheory(EWET = EWcL= HEFT) 
basedon chiral& other SM symmetries:

- Chiralexpansión in powersof pd:

- O(p2), LO  ( ÈSM):

- 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; 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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Å Here, study of the bosonic sector Č bosonic operators only 

Å List of CP even operators:   

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

(+) Longhitano, PRD 22 (1980) 1166; NPB 188 (1981) 118; Herrero,Ruiz Morales, NPB 418 (1994) 431

Correspondence with Longhitano(x, +):

[P-even] [P-odd]
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ÅResonance Lagrangianextension:
(relevant terms)

( we denote couplings of P-odd ops. w/ a tilde: e.g.,  Ὂὠ ) 

(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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ÅR contribution to the O(p4) EFT:

(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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ÅUV completion assumptions: high energy constraints

- VFF to two EW Goldstones (••) :

- AFF to Higgs + EW Goldstone (Ὤ•) :

- VFF to Higgs + EW Goldstone (Ὤ•) :

- AFF to two EW Goldstones (••):

- W3B correlator 1st & 2nd WSRs:

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

https://arxiv.org/abs/2004.02827
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Å O(p4) LEC predictions from Resonance Theories w/ just P-even ops.: 

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

https://arxiv.org/abs/2004.02827
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Å O(p4) LEC predictions w/ P-even & P-odd ops. in the Resonance Theories: 

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

https://arxiv.org/abs/2004.02827
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Phenomenology

ÅEXPERIMENTAL INPUTS:

1. kW (hĄWW): CMS+ATLAS analysis within HEFT [21] 

2. c2V (hhĄWW): ATLAS bounds [22]

3. F 1 (W3B): LEP S-parameter [24]

4. F 3 (gWW): Anomalous TGC dkg[26]

5. F 4, F 5 (WWĄWW): CMS VBS analysis [27]
[ Caveats: 

- very stringent bounds
- x 100 precision improvement *
- unitarity not incorporated (x)

- unitarity could make bound looser(x) ] 

Nevertheless, considered for illustration

[95%CL]

* Aaboud et al., [ATLAS Collaboration], PRD 95, 032001 (2017) 429

(x) García-García,Herrero,Morales, PRD 100 (2019) no.9, 096003

(x) Fabbrichesi,Pinamonti,Tonero,Urbano, PRD 93 (2016) no.1, 015004
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Å1-loop uncertainties:

LEC running (x)

1-loop estimate from running *

(x) Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005. See also: Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342

Full theory running: Alonso,Kanshin,Saa, PRD 97 (2018) no.3, 035010; Buchalla,Cata,Celis,Knecht,Krause, NPB 928 (2018) 93-106

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

https://arxiv.org/abs/2004.02827
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ÅPREDICTIONS vs DATA:

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

S-parameter ATGC dkg

WWĄWW WWĄWW

https://arxiv.org/abs/2004.02827
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ÅPREDICTIONS(no DATA + O(10-2) 1-loop errors  -due to c2V- ):

DkW
exp
Č thick lines

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]

WWĄhh WWĄhh

W*ĄWh

https://arxiv.org/abs/2004.02827
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Conclusions
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VLECs with exp. data:

- S-parameter: F 1

- Anomalous TGC: F 3

- VBS: F 4

F 4 + F 5

V LECs with NO data:

- WWĄhh:

- W*ĄWh:

for

for



Resonance Lagrangians and HEFT        16/15J.J . Sanz Cillero

BACKUP
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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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ÅHiggs 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-ŜƴŜǊƎȅ 9C¢ ό{a Ҍ ΧύΥ  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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ÅIt 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 Ą EWcL:*

(if no Custodial)

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

if you want to write it in the SMEFT form, large άΧέ needed  (5 җ 8  operators!!)Č SMEFT exp. breakdown

ό5җу ƻǇŜǊŀǘƻǊǎΥ ŎƻǊǊŜŎǘƛƻƴǎ Ǿ4/L4, v6/L6Χύ

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

Å 1 h (singlet) &      3 NGB (triplet) non-linearly realized: U(wa) = 1+ iwasaκǾ ҌΧ

Å Lagrangianorganized according to chiral exp. in p2, p4, p6Χ : (x), (+), *

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

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

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

Å More general but more cumbersome: 

less trivial expansion, more operators, more vertices, more ŘƛŀƎǊŀƳǎΣ ǎǳōǘƭŜ ŎŀƴŎŜƭƭŀǘƛƻƴǎΧ

- Vh

(+) LHCHXSWG Yellow Report [1610.07922]

EWcL

(x) Buchalla,Catà,Krause ó13

(x) Hirn,Stern ó05

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

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

(non-linearity)(heavier states)

* Weinberg ó79

* Longhitano, PRD22, 1166 (1980) 26;

NPB188, 118 (1981); 

Appelquist,Bernard, PRD22, 200 (1980).

* Manohar,Georgi, NPB234 (1984) 189

* Buchalla,Catà,Krause ó13

* 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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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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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


