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1.) EW Chiral Symmetry and the SM?

2.) Building the EW eff.th. (= EWyL = HEFT)
a) Particle content, symmetry & counting
b) LO Lagrangian, O(p?)
c) NLO Lagrangian O(p?)

d) 1-loop corrections — O(p*) renormalization

3.) Aglimpse on pheno

4.) Conclusions
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1) EW chiral symmetry
and the SM
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* Let us examine the SM scalar sector: (2 = 2 / = >\\/UK= O)
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* An SU(2) peculiarity:
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* However, there is OTHER SU(2) invariance hidden in this Lagrangian,
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* The SM has then a wider global chiral symmetry, g = SU (7/)L X SUCZ)K

* This chiral symmetry is spontenously broken by the vacuum,

which only invariant under the diagonal subgroup with g; = gr
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* This can be better understood if we understand the complex doublet @ as a real 4-plet @ :

> O : L

but with the vacuum, e.g., 4(?) = ‘g | , being only invariant under M: S() (3)
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* It is also useful to express @ in the bi-fundamental representation,

ngcq/u/ <C)Zaz> +,<ZZ> r{‘ t>
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* It is convenient to better understand the dynamics:

=>» separate module (Higgs boson + vev, h + v )} Z CV4 L‘) U(w)

=» and “phase” (Goldstone matrix, U(w) )
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* This is the essential idea behind the EW effective theory ( = Higgs EFT = EW Chiral Lagr.)

* Additional details to complete the SM:

=» Gauge the scalar sector:

but only the SU(2); X U(1)y gauge fields are physical;

the remaining ones in ‘¢ are auxiliary spurionic fields to keep chiral invariance

» explicit chiral breaking

=» Add SM fermion fields:

use auxiliary spurionic Yukawa fields to keep chiral invariance

» explicit chiral breaking
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2.) Building the EW effective theory

aka EWyL
aka HEFT

J.J. Sanz Cillero Chiral effective theory in the Higgs sector 11/46



2.a) content, symmetry, counting
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In order to construct your EFT, please specify:

(i) What is your particle content?

- What are the soft modes / light dof in Lgp?

(i) What is your symmetry?

- What symmetry invariance you use to construct the EFT operators in Lgpr?

(i) Chiral power counting?

- Classify the infinite series of EFT operators in Lgpr:

1%t most important ops. (LO);
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(i) SM content:
- Bosons y: Higgs h + gauge bosons We ,B,, (and QCD)
+ EW Golsdtones w*,z [non-linearly realized via U(®?) ]
- Fermions y: (t,b)-type doublets

(ii) Symmetries:

* SM symmetry: Gauge sym. group Gg= SU(2), x U(1), (and QCD)
Spont. Breaking (EWSB) Gy 2 Hoy= U(1)ey

* Symmetry of the SM scalar sector:

Global CHIRAL sym. G =SU(2), xSU(2), xU(1);, D Ggy
Sp.S.Breaking to Cust.sym. G > H=SU(2)_,:xU(1);, D Hgy,
Explicit Breaking: L<>R asymmetry of the gauge sector (g,g’#0)

t&b  splitting (A, 2 A)

(iii) Chiral power counting:

[boson] & order 0 (~p°)
[gWel=[g B ]=[d,]=[gl=[A,]=[m ,1=Lw@] ¢  orderl (~p)
weak SM fermion coupling [ yy ] & order 2 (~p?)

* 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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* Chiral expansién in powers of pY for the EFT Lagrangian:

Lower = ) Ly

d>2

with the same usual chiral counting rule for observables:

D=2L+2+)% Ng(d-2)

O(p*) Lagrangian: .
(x) Buchalla, Cata, JHEP 1207 (2012) 101; Buchalla,Cata,Krause, NPB 880 (2014) 552-573 Counting:
(x) Alonso,Gavela,Merlo,Rigolin,Yepes, PLB 722 (2013) 330-335; Brivio et al, JHEP 1403 (2014) 024 * Weinberg 79
(x) Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012; * Manohar,Georgi, NPB234 (1984) 189
(x) Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092 * Georgi,Manohar NPB234 (1984) 189
* Hirn,Stern '05
Basic Works: * Pich,Rosell,Santos,SC JHEP 1704 (2017) 012
(*) Apelquist,Bernard '80; Longhitano ‘80, 81 * Buchalla,Cata,Krause PLB 731 (2014) 80-86
(*) Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937
(*) Grinstein, Trott, PRD 76 (2007) 073002
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* EFT Lagrangian:

»CECLh, — JC'p2 + £p4 +

SmM | F F ,.\\/
™ Examples of BSM terms:
PPy +hoe W (a—1h L
K] LM = S ST, U Y
+ %g"i ‘ﬂﬁﬁ’* L.c. i
Bsm b, o
+ B~ v (p) L, = Slas = ag) Te{ £ uy, u, )}

+ I‘Xy';'q’) Tr{fjt,u,yd'ulz]w;} + ...

SM /Lo zaﬁf«%,ﬂ

which leads to a chiral exp. in the sctatering (a4 a"qu‘ «,.,\0,)«'4‘“?((3)

2 4 1
e ‘ b AP 1%
T(2—2) = 2 + o + 67208 +
N’

tree— NLO 1¢oop—NLO
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* Naive expectation of the EW effective theory scales?

E Naive rescaling
from QCD to EW scale
iy Qco > Ew
4mv =3 TeV F_=0.090 GeV > v=0.246 TeV
M, A pr=4nF,=1.2 GeV 2>  Agy=4nv =3.1 TeV
M =0.770 GeV 2> My,=2.1TeV
M_;=1.260 GeV 2>  M,y,=3.4TeV
....................... t
T WARNIN G :

Ths (s 0‘%)7 « Naive expedtion
ExteRineaT has e [45(' woe A !ll
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* O(p?), LO (> SM):

\jC/,L YoKaw 45
LB = S 167 d,e — v (Er¢n + hc)]

§

1 1 |

(W W)y — == (Bl By — —

292 < / >2 29 2 < / > 293
2

1 L. )
+ 581“/2, oMh — §m,2? h? — (/2 /v) + tz ]'-u,,(,h-/ v) (uu)s
\/Ch) N3;%)

HIE3s poTWT A

<é;u/éw}>3

flitesS— cav 6C
JwTetaciiod /DECAN/S

) 2ah  bh? )
with F,=1+ a +— + O(h*), being agy = bgv = 1
v v

Goldstone dynamics:
(*) Weinberg ’79; Apelquist,Bernard '80;

Longhitano ‘80, '81 For notation:

Inclusion of the Higgs as a singlet INDEPENDENT field: * See, e.g., rev: HXSWG Yellow Report (non-linear EFT Sec.), arXiv:1610.07922 [hep-ph]
(*) Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937 * Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012

(*) Grinstein, Trott, PRD 76 (2007) 073002 * Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092
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) NLO Lagrangian
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ouLf

CP- even

* O(p?), NLO (pure BSM): <Hu¢ )  ule) = epliz g/ ()}

=1 1=1
+ZF¢ (h/v) OY +Zﬂ (h/v) OY
1=1 1=1

(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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e List of CP even operators : [Caveat: no flavour]

, 0?2 " . A A2 At
~D | ¢ 0, O; Q; ! O O, O, '\0
\ i L/ L/ ] gz L/ 1
g U P fp = P2 )2 | (s )2t (Jss )2 U & (2 ] Yo | (T )2 | (T2 §-

‘ 1 Ll % - T ) qu d ] i H }
§ 2\ 5 P S+ P )2 | TR T )] ) (Jpdp )2 20 () — w2 | ( Ty )2{ Ty )2

3| (e (HFTewde | (TshalJs)e 3| et )y | ()

2 oy W] /2 ST JHpv /2 S/2\J5/2 3 0 < + U-,,}z <’]‘l-" )2{11;'“‘7_,}2 —
4 (wuuy )2 (u'u” ), Xy (1 )2 (Jp)2(Jp )2
O

5 (it Ys (uu” s i—‘"wafp)g (JhTy )

. d,h) (0" h y r .

6 | QTR ey, | (T | ()

) (Oh) ., 0,0 (0" 1
A l-z).?( M) )y | 13;(2—3)(19)2 SUDEIRLE
0,h) (0" 1) (0, 1) (0" N ,

g | QDCMGNEN 1 (Gt )os | (Tl Taude

9 (()ﬂh) (f'wll,,>; <r]'jl‘u']'j"m_x >2

10 (T o (Tut )s — (I )2( Ty o

11 X, X1 — —

12 < (},(W G'HU >3 o o

(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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4k
* A history recollection on the LP construction (1):

(*) Gauged EW Goldstones - Longhitano PRD 22 (1980) 1166;

@ N NPB 188 (1981) 118
gm ed
(*) Not to be forgotten - development of ChPT in QCD:
EW ?ofab‘fomes

- )

Weinberg Physica A 96 (1979) 1-2, 327-340
Gasser,Leutwyler Annals Phys. 158 (1984) 142;
NPB 250 (1985) 465

~
Hl(jg} (*) Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937
N * ) .
G w‘i&f: ‘F ([4) Fourpss | (%) Grinstein,Trott, PRD 76 (2007) 073002
N /
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4k
* A history recollection on the LP construction (2):

~

/
FU\ Hi Ss- (x) Alonso,Gavela,Merlo,Rigolin,Yepes,
é/ GSS-LESs ﬂ?q) PLB 722 (2013) 330-335

C 90!43"‘0&@54— Ganjer jdnm‘ms) (x) Buchalla,Cata JHEP 07 (2012) 101

(x) Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937

s
F,«U H/G—GS—’FULL 6@({9 q) (x) Grinstein, Trott, PRD 76 (2007) 073002

It G 4 . : (x) Buchalla,Cata,Krause NPB 880 (2014) 552
( gd ifa«¢5+gqf+jmm U"’) (x) Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,

Gonzalez-Garcia,Merlo,Rigolin, JHEP 03 (2014) 024

@ )
Full HICGS -Fye @Cf 1)
-+ (x) Pich,Rosell,Santos,SC, JHEP 1704 (2017) 012
SUPRESSION (X) Krause,Pich,Rosell,Santos,SC, JHEP 1905 (2019) 092
czj CuSToDiat Sym. Br“V(.zv,

o
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Finite pieces from loops

* Expansion in non-linear EFT’s: * (amplitude dependent)
2 4 4 2
P Frlp)p I'vp p \/
M2 —=2) ~ — + 5 — = In—+..] + O(p?
\Y% \% 167°v [
LO (tree) NLO (tree) NLO (1-loop)
suppression Typical loop suppression
~1/M? + ... ~T/ (1672v?)
(heavier states) (non-linearity)
A
** Cata, EPJC74 (2014) 8, 2991
** Pich,Rosell,Santos,SC, [1501.07249]; ‘forthcoming FTUAM-15-20 100% determined
** Pich,Rosell and SC, JHEP 1208 (2012) 106; by LZ
PRL 110 (2013) 181801 [ 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

2

2 ()2 ‘-
* Indeed, the SM has this arrangement but with —2__ - & 2 N o 4. hence
167°v (47)*" (4m)*  (4n) ®
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4k
* A history recollection on the LP  renormalization (1):

//4 'Oas-[a; 1- ocp

REWoRAAL (AT IOV

o

~

)

”Hf%s-(fu\ce:

A-tooP CALCYLAT oS
\PM'TI Ut oBscrvabLeS

~

of

)

J.J. Sanz Cillero

(*) Herrero,Ruiz Morales, NPB 418 (1994) 431-455

A small sample of 1-loop HEFT observable computations:

(x) Delgado,Dobado,Llanes-Estrada, PRL114 (2015) 22, 221803

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

(x) Delgado,Garcia-Garcia,Herrero, JHEP 11 (2019) 065

(x) Fabbrichesi,Pinamonti(,Tonero,Urbano, PRD93 (2016) 1, 015004
(x) Corbett,Eboli,Gonzalez-Garcia, PRD 93 (2016) 1, 015005

(x) de Blas,Eberhardt,Krause, JHEP 07 (2018) 048

(x) Quezada,Dobado,SC, PoS ICHEP2020 (2021) 076; in preparation
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* A history recollection on the LP  renormalization (2):

/ﬁq’ b’) HEFT Venorma htotion :\
Sca L, zdoF;

*) Guo Ruiz-Femenia,SC, PRD92 (2015) 074005

\K True @CDH) d.‘vwomcg; y ;/ &:\ . : _(‘A) D V‘D’:‘U;)J
i Operator O, l"; [0
€1 $ U = 2 f ) L (K2 - 4) ~L(1-a?)
(€2 —c3) L [y u,]) L(K?-4) ~L(1-a?
Cy (w,u,) (u#u*) )L(}(’ —4)? L(] = a?)?
Cs (u,u)? (K2 -4)% + ,WF Q? L(a® - b)2 +5(1 - a?)?
Co j—_'_v(t')},!:}(i)ﬂh)(uLu‘) L(Q[lk 4) — ‘]-"f Q? _(_L((i: —b)(7a® - b—6)
C7 T'r(f) h)(O,h) (' u") = 51 F ¢ Q2 2(a® - b)?
Cg S (0,h) (" h)(D,h)(*h) 5 Q7 3(a* - b)
Co '—jﬁ(l’i‘ ) 3 FeQ —ta(a* - b)
€10 %UMI by T =r —m> T (’K‘ +4) —% (1 + a?)
)
@qu) HefT  Yenstnalation: A deeper understanding through geometry:
Scaley [wf) (X) Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342;
\A CeoncTIC APPRoAcH ) PLB 756 (2016) 358-364; JHEP 08 (2016) 101

J.J. Sanz Cillero
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F(h)*g. (@) O

0 1] JWJL‘L:;‘:IJ‘C} D,,“PCB“'P"

» Beautiful geometric connection to this result *
provided by the curvature ) of the scalar manifold metric 8ii(¢) = [

Ry= (1-v(") F? = (1-K*/4) Fe.
Ry = (1—v2(Fy2) - S gy
2—(_0( ))_(N@—l) — (_ /)_

Ro = 2F'Ro — Fo*Ry

Fcf2
8 )

F=7F" N,=3

with A2 = the Riemann Rijmn oC %0'2’4 [ V? (loosely speaking, the curvature R)

* NDA gives you the suppression of individual diagrams ~1 / (4nv)?
but the full loop suppressionis ~ g?R /(4n)> & ~ R2/(4an)?

R2 p4 N R3 p6

+ ... inthe curvature?
(4m)*  (4m)*

EFT as an expansion M ~ Rp? +

e« SM: R

~jmn
* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005

=0 =2 No O(p?) renormalization

(x) Alonso,Jenkins,Manohar, PLB754 (2016) 335; PLB756 (2016) 358; JHEP 1608 (2016) 101
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4k
* A history recollection on the LP  renormalization (3):

e
&”P"t) /'tfff'_r (A0l im e, l,.'l-k’(‘fom :
Sc«aat"-l—aa\'\}z +(/u(m:'av\ [ﬂo‘fs

N (FuLL)

\

)

(*) Buchalla,Cata,Celis,Knecht,Krause, NPB 928 (2018) 93-106
(*) Alonso,Kanshin,Saa, PRD 97 (2018) 3, 035010
(*) Buchalla,Cata,Celis,Knecht,Krause, PRD 104 (2021) 7, 076005
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Low-energy EFT (SM + ...): representations

* Higgs field representation: SMEFT vs HEFT, a matter of taste? (*)

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

1
LEpr = (D,0)'D,o— P(OTO)D(OTO) + ...
(v+h)? 1 .
- (D, U)'D,U) + > (1 +P(h))(9,h)* + ...
2 (v + hl)2
dh™" 1 + P(hL) “?}—C( hNL} - % =¢'¢
—_— =/ 1+ P(h") H
T if there exists an SU(2), x SU(2),
LN / % P(h) di fixed point F(h*)=0 )
1 = v 1+ 1) dh
| NL v? i 1 2
Lgrr = Z}—C(h) ((D,U)'D,U) + 5(8/1h> o
2ah bh?
Folb) =1+ == + — + O(1’)
v

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

(+) SC, arXiv:1710.07611 [hep-ph]; PoS EPS-HEP2017 (2017) 460 (x) Transformations: _
* Jenkins,Manohar, Trott, JHEP 1310 (2013) 087 Giudice,Grojean,Pomarol,Rattazzi, JHEP 0706 (2007) 045

* LHCHXSWG Yellow Report [1610.07922] Alonso,Jenkins,Manohar, JHEP 1608 (2016) 101
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* It is not a question about how you write it: )

- SMEFT 2 HEFT

| " | I .
EII;:“FT — (D“(:)]. D“(:) - ?(‘:}T(ﬂ]j( (:)1}(:)} '+_ cnse
v+h)? . 1 N
= (\Tl ((D,U)D,U) + 3[1 +P(h)) (8,h)% + ...
2ah  bh® g
Folh) =1 + - + % - O(h“*)
\ \Y
2v? 4v?
(if no Custedial) a?=1+A(a%)=1-—+.., b=1+Ab=1-——+.. = [2A(a®) =ADb
_-'\2 \ AQ /
(D=8 operators: corrections v4/A#%, v6/AS...)
- Non-linear scenarios: e.g., dilaton models > [A{:ﬁ ) = Ab]

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

(+) SC, PoS EPS-HEP2017 (2017) 460 SMEET vs HEFT?

VS .
(*) Agrawal,Saha,Xu,Yu,Yuan,PRD 101 (2020) 7, 075023 (x) Cohen,Craig,Lu,Sutherland, JHEP 03 (2021) 237
(x) Falkowski,Rattazzi, JHEP 10 (2019) 255

* Jenkins,Manohar, Trott, [1308.2627] (x) Agrawal,Saha,Xu,Yu,Yuan,PRD 101 (2020) 7, 075023

* LHCHXSWG Yellow Report [1610.07922] (x) Alonso,West, arXiv:2109.13290 [hep-ph]
* Buchalla,Cata,Celis,Krause,NPB917 (2017) 209-233  (x) Goldberger,Grinstein,Skiba, PRL100 (2008) 111802  (x) Salas,Gémez-Ambrosio,Llanes-Estrada,SC, in preparation
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3) A glimpse

on phenomenology
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Summary of current h - yjy couplings
35.9-137 fb™' (13 TeV)

— T I| T T TTT I| T T TTT I| T ! T TTT || T
S t
- 1 = ' . s
2 - CMS Preliminary wZ 7
— . © - | ]
h — xyx coupling, = - m, =125.38 GeV ,o° .
cpe _a: Q 40 1L . _
mofifications wrt the SM o U E E
- u R ]
Q i b .- i
— gt\a)éf )C 3 102 & T e .
),{ = Z\_ O i _e  CMS PAS HIG-19-006 E
S - (/)] - ’4' _
—— U) - " —
gl\—»zx)m x k=) - Lo’ ¢ Vector bosons ]
I 3 o7 rd : : |
The corresponding CL intervals for k,, are: 10 - H '¢" ¢ 3 ndgeneratlon fermions ]
0.91<k, <134 @68%CL - ¢ 2" generation fermions ]
0.65 <k, <1.53 @95%CL - =eea- SM Higgs boson ]
107% ¢ .
2 :I ] | ] I I | ] I I I | ] 11 1 1111 | ] =
CD 1 .5:| I| T T T TTT I| T T T T TTT I| T ! T TTT || T :
L - % §
o it jrbecenaneene e AR
© - ]
— m 0.5 1||(|)_1 | .| II[I | 1 111 I1I|[) 1 1 111 |1|(|)2

in terms of reduced coupling strength modifiers, defined as yy = /ky5* for weak bosons particle mass (GeV)

and yp = «p"F for fermions, where v is the vacuum expectation value of the Higgs field of
246.22 GeV. Figure 14 (right) shows the best-fit estimates for the six reduced coupling strength
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« HEFT calculation:

C 1.01 + 0.06
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Figure 5. For the parameters ¢; with i = V., b, ¢, 7, i1, g, v we display the one-dimensional posterior
distribution as well as their two-dimensional correlations. The regions allowed at 68.3%, 95.4% and
99.7% probability by current Higgs data are represented by the red, yellow and blue filled contours,
respectively. Additionally, we show the single contributions from pre-13 TeV run data (green) and
LHC run 2 data (purple).

* Current and Future Constraints on Higgs Couplings in the Nonlinear Effective Theory, 0 1 2
Jorge de Blas, Otto Eberhardt, Claudius Krause, JHEP 07 (2018) 048 ;e-Print: 1803.00939 [hep-ph]
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https://arxiv.org/abs/1803.00939

hh — VV couplings

CZV; 6_ = j»h&eww

L7 w2 Tk

The ATLAS collaboration [ATLAS
Collaboration],“Search for

-— 4 OZ < szé Z ? i < theHH—_»bbb*_oprocess via vector b_o§onfusion

production using proton-proton collisions
atVs=13 TeV with the ATLAS detector,” ATLAS-

(@ qj-% CL) CONF-2019-030.
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https://inspirehep.net/literature/1743894

Higgs self-couplings

2
4 Vb)) = = g = 12510+ M6/ AVE)
de? |
S=r=(86)" =L S
<SS O=r=(\2 <746.22 ¢ h I
:) =2 N o iz COQRM
RincvTAL
Data
* Some first results on Higgs self-interaction - CUBIC TERM - (but still poor bounds): This is what we really know, so far,

about the Higgs potential

—4.1 < k), < 14.1, at the 95% (cus pas Frr-18-020}

/
23 < /IHHH//IHHH < 10.3  [ArLAs-cOoNF-2019-049] /
9 ooy .- H g L H - - =
at 95% confidence level t b H - ‘\
9 555! ___H 9 S H
. b
at s = 13 TeV. corresponding to an integrated luminosity of up to 80 fb~'. With the [ATL-PHYS-PUB-2019- 009] (a) (®) AHH“ ,4% )¢(>\
A\sump[mn that new physics affects only the Higgs boson self-coupling (g g 5), the ratio
Aunn/- EHHH is determmﬁd to be A/ IHHH = 4. 0*'1 11> excluding values outside the
interval =3.2 < Agypn /- 1S < 11.9 at the 95% C.L. Results with less stringent assumptions
are also provided. i Hl ‘—"356LF - CovV PL, J ‘_
* See Khosa & Sanz, e-Print: 2102.13429 [hep-ph], and references therein] '
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For prospects in HEFT at future colliders:
(*) Arganda,Garcia-Garcia,Herrero, NPB 945 (2019) 114687
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Prospects at future colliders

* Significant presition improvement: TGC, oblique parameters, etc

* “The International Linear Collider: A Global Project”, Bambade et al., [1903.01629 [hep-ex]] 02 Frrrr '('_" [ 'l' L L LU B L

= _urren -
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** “Possible Futures of Electroweak Precision: ILC, FCC-ee, and CEPC”, Fan,Reece,Wang, JHEP 09 (2015) 196
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* VV->VV gauge boson scat.

0.6 ATLAS | V(s=8TeV,20.21b" &
- | K-matrix unitarization —~
0.4 ATLAS, PRD 95 (2017) 3, 032001 =
- | 5
0.2 o
N : =
N : =
] P S S5
!z"’ Ln‘"‘*, :
3 ‘-0.2_—
<1 -04f |
£ _ obs. 95% CL, WVjj 6
0.6 === exp. 95% CL, WVjj §
B obs. 95% CL, W*Wj |
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0.8 obs. 95% CL, WZjj !
B exp. 95% CL, WZjj
Covva bbb b b b bewaa by
-05 -04 03 02 -01 O 01 02 03 04 05 2
rd kY
{ % ;
‘*,,‘ e s 0
e **“ILC TDR - V2: Physics”, Baer et al., [1306.6352 [hep-ph]]
/f 2
* Vector boson pair production:
e+e- 2> W+W- 4
ete- > 727
vy =2 W+W- 6

* WW, ZZ scattering at high energy
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Resonance contributions to L, at tree level *

Custodial symmetry SU(2),®SU(2)./SU(2),,x
+

E Resonance Lagrangian
+

V,A,S,P, Fermionic R
EW singlet, doublet & triplet
UV completion hypothesis Colour singlet & octet

4dntv =3 TeV

Mg ~~

Sum-rules

Resonance contrjbutions ™~

Mass gap to the NLO Ioiwne-nergy couplings

et Shxdlerr _ /[(IIR} i Shx.v. R

tree—level i S[x,4, R ]

SM content W,z -

*Bosons:
singlet h, _
EW Gold U(? * Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012;
oldstones U(w?), Krause,Pich,Rosell,Santos,SC [arXiv:1810.10544 [hep-ph]]
gauge bosons ** 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,Eboli,Gonzalez-Garcia,PRD93
*Fermion \, ¢

(2016) no.1, 015005; Buchalla, Cata, Celis, Krause, NPB917 (2017) 209;
de Blas,Criado,Perez-Victoria,Santiago, JHEP 1803 (2018) 109; Dobado,Pelaez, PRD 56 (1997) 3057
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* PREDICTIONS vs DATA:

S-parameter Anomalous TGC
sof ) | | N 500} | | | i
1st +2nd WS / only 1st WSR P-even op. (Mg=M),)
lv 1st WSR P-even + P-odd op. (Mr=M},)
E: only 1s l.;: 200 R=Ma) |
N 10} ] .
1) o 100F 1
O 5 ] o
h h e
I I 50f .
1t . . \ . 201 , . . .
M4 = My (orange) 0.5 1 5 10 05 ‘1 5 ‘10
Ms=11My (blue) MV (TeV) MR (TeV)

M4y =12My (red)

M4 — oo (dark gray)

* Pich, Rosell,SC, Phys.Rev.D 102 (2020) 3, 035012
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HEFT —> @fsowwcf; : .

’ rfu'
W \V .SOCH‘M’ \R f pp — WZjijs

by W2Z — W Z scattering

Z Z
G2
‘ 4
14 TeV | BP1 | BP2 | BP3 |(BP1’ [ BP2' BP3’ _
— * Fully leptonic decays: 14 TeV
T NAMEME e 05 | 0 5 2 0.7 el e sl ]
3 NZM 1 | 04 | 01 2 0.6 | 0.3 £ 109 Zu
: ot oo | | - |28 | 14| | fo
~ ¢ ' ' < <
T NAMEME 7 2 | 04 | 18 5 2
m i %|Im 1000 1500 :nl\)u 2500 3000 IRH(\ 1000 |ilnu 2000 2500 3000
o T (GeV T N
% N?I\[ 4 1 0.3 G , 2 1 ML, (GeV) M?,, (GeV)
L
- BP | My (GeV) | Tyv(GeV) | g (M2 a as-10* | as-10*
! optat 1.6 |03 ] — ( 51) 25 | 14 XS S SN i
Q BP1 1476 14 0.033 1 3.5 -3
T£ N}?AM—MC 29 5 1 53 16 7 BP2 2039 21 0.018 1 1 —1
BP3 2472 27 0.013 1 0.5 —0.5
S R 12 | 4 3
= ¢ BPL' | 1479 12 0.058 0.9 9.5 —6.5
J; o3t o7 | 06 924 BP2' | 1980 97 0.042 0.9 5.5 —2.5
BP3' | 2480 183 0.033 0.9 1 ~1

* Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098
J.J. Sanz Cillero Chiral effective theory in the Higgs sector 43/46




HEFT

J

DREL-vAW

KEsowaucgs:
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BENCHMARK point
HEFT: a=0.95, b=0.7 a2, n=3TeV
M,,(s) PWA- e(p)-2d(pn)=1.64 - 103
Fals)  AFF> fo(u)=-6- 103
_
IAM unitarization
HEFT+R: M,=3TeV, 1,=0.4TeV

HEFT predict: BSM excess ~ 1072 fb

* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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Conclusions
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* Chiral symmetry = A crucial ingrediet of the SM & BSM extensions

* EFT extension of the SM based on chiral symmetry:

SM particles with a singlet h + triplet Goldstones
SM chiral and gauge symmetries

Chiral expansion in p“

* HEFT:

LO Lagrangian + NLO Lagrangian + 1-loop corrections (NLO)

* Phenomenology: so far, nothing...
but many results point out the possibility of new heavy states in the few TeV

(related to NLO couplings F; ~ 1073 )
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