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A(Nontlinear) EWEffectiveTheory(EWET £Wel= HEF)T Eu(@) - eXp{Zf 7/ (2v)}
basedon chiral & other SMsymmetries o) =ue)”

- Chiralexpansion inpowersof pd: Lower = Y Liwgr

- O(pz), LO(E SM): E'hWbl = Z [-i,{_ﬁ/“d,,g — v ( &yfg + h.C.)]
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A Here, study of théosonicsectorC bosonicoperators only

A List of CP even operators: o, [P-even] ; &, [P-odd]
1 :II < i f+ v .fﬁu.f— iy >2 1 5 <fﬁp[“,u‘ uu] >2
2 %< g f+/u .fﬁ”.f—;m >2 2 < i f—,m >
30 S e u)) 3| A2eh) gy,
4 (wuuy )2 (ufu”)q
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8 (0,h)(0"h)(0,h)(0"h)
l‘_l
9 Guh) ( iy, Correspondence withonghitand™: *)
10 (T o (Tu)s a; = Fi(0). ZN: 1,45
— az = (F3(0) — F1(0))/2
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(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
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AResonancéagrangiaextension:  07F (S), 0= (P), 17— (V) and 177 (A)
(relevant terms)

2 (. 2k 9l
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( we denote couplings ofdtd ops. w/ a tilde: e.g.)Q, )

(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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AR contribution to the O} EFT:

i O, F i O Fi
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AUV completion assumptionshigh energy constraints

VFF to two EW Goldstones ¢) :

- AFF to Higgs + EW Goldstoie ).

- VFRo Higgs + EW Goldston&§) :

- AFRo two EW Goldstones (¢):

- W;Bcorrelator1st& 2" WSRs:

(a) 1st WSR (vanishing of the 1/s torll'l):‘
F2+F2—F2_F} =%,

(b) 2nd WSR (vanishing of the 1/32 term):

F}M{ + FAM3 — FAM3 — F M3 = 0.

—

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

-, 2 M3
F2 _F2 = A
V' M2 - M2

9 9

— “ M{
F3-F} = ——V
R Ve Ry Ve

My > My

Resonance Lagrangians and HEFT


https://arxiv.org/abs/2004.02827

A O(p") LEC predictions from Resonarffdeories wiust Reven ops.:
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i with 2nd WSR without 2nd WSR
(Y L B 1) =
4 \ Mg M3 AME 4 \Mg M3 AMZ
. 1‘2
3 2Mg
4 v? 1 1
4 \ Mg M3
- ca
’ IV ER
=1
6] —x2 02 1 1
WU\ Mz T
_ dp
‘ 2M3 e
Kw v
9 _
M3

* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]
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A O(p") LEC predictions w-&en & Podd ops. in the Resonance Theories:

F,
i with 2nd WSR without 2nd WSR
v 1 1 v F3 — P"; 1 1
1 - 4 5 + 9 - 2 2 2
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* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]
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Phenomenology

[95%CL] LEC Ref. Data

089< kw <113 |[[21] LHC
o 1 =1.02< ey <271 ([22]] LHC
1. ky (hA WW): CMS+ATLAS analysis within HEFT 413~ 7 oo 24| LEP via S
—0.06< JF; <020 |[[26] LEP & LHC
—0.0006< Fi <0.0006([27]| LHC
—0.0010 < Fy + F5 <0.0010{[27]| LHC

[21] J. de Blas, O. Eberhardt and C. Krause, “Cwrrent
and Future Constraints on Higgs Couplings in the

Nonlinear Effective Theory,” JHEP 1807 (2018) 048

4. F3 (gVVVV) Anomalous TG 5[26] [arXiv:1803.00939 [hep-ph]].
[22] The ATLAS collaboration [ATLAS Collaboration],
. . “Search for the HH — bbbb process via vector boson
5. F4, F5 (WWA WW) CMS VBS anaIySIS [27] fusion production using proton-proton collisions at /s =
13 TeV with the ATLAS detector,” ATLAS-CONF-2019-
[ Caveats 030.

very stringent bounds

AEXPERIMENTAL INPUTS

2. G, (hhA WW): ATLAS bounds [22]

3. F,(W,B):LEP $arameter [24]

[24] M. Tanabashi et al. [Particle Data Group], “Review of

- X 100 preCISlon Improvemerﬂ: Particle Physics,” Phys. Rev. D 98 (2018) no.3, 030001.
- unitarity not incorporated® [26] E. da Silva Almeida, A. Alves, N. Rosa Agostinho,
. . O. J. P. boli and M. C. Gonzalez-Garcia, “Electroweak
- un Ital'lty cou |d make bou nd |Oose({>() ] Sector Under Scrutiny: A Combined Analysis of LHC and
Electroweak Pre('isiou Data,” Phys. Rev. D 99 (2019)

Nevertheless’ COﬂSldered for |”UStrat|On no.3, 033001 [arXiv:1812.01009 [hep-ph]].

[27] A. M. Sirunyan et al. [CMS Collaboration], “Search
for anomalous electroweak production of vector boson
pairs in association with two jets in proton-proton col-
lisions at 13 TeV.” Phys. Lett. B 798 (2019) 134985

* Aaboud et al., [ATLAS Collaboration], PRD 95, 032001 (2017) 429 [arXiv:1905.07445 [hep-ex]].
(x) Garcia-Garcia,Herrero,Morales, PRD 100 (2019) no.9, 096003
(x) Fabbrichesi,Pinamonti,Tonero,Urbano, PRD 93 (2016) no.1, 015004
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Al-loop uncertainties

LEC running’

1 1 (
oF _ L Di=Ta=—2(1=rfy),  Do=—0 (1+nd)
Olnp 1672 1 ) 2 1 o 1 >
F4:6(1—H€1‘) . F,S:g(hﬁ _Czl) +E(l—h%) )
1 ‘
8?11 B fl FG = ;6 (huz—(g ) (7H121 —Coy — 6) 1
8111; - 1672 ['7 = 9 ['s = 3 (hn —C21 )Q I'g = —gh'n (hn —C2) )

1-loop estimate from running *
Afi — |.7:,-(u=mh) — f,‘(/l=3 TeV)|

AFi=AF3=09-10"3%, AF;=3-10"°,
A(Fs+Fs)=1.7-1073, AFg=3-1073,
A(Fe+F7;)=06-10"2, AFy=14-10"2.

(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]
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APREDICTIONS vs DATA,
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* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]
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APREDICTIONI® DATA + O(® 1-loop errors-due to Gy )

WWA hh
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* Pich, Rosell, Sanz-Cillero, arXiv:2004.02827 [hep-ph]
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Conclusions
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V LECs with exp. data:

- S-parameter: F, mm) My, 22 TeV
- Anomalous TGC: F, wmmp Myy205TeV
- VBS: F, mm) My 22 TeV for Ma/My > 1.1
F,+Fc mmp Mg 22 TeV for €g ~ v
V' LECs with NO data:
- WWA hi My ~2 TeV wmp |Fo| 22107 (negative)

Mp <2TeV wmp Fot Fr>5-107°

= W*A Wh: Mya~2TeV mmy |Fy| ~ O(1072) (negative)
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G=SU?2),@SU2)r — H=SUQ2)Lin

G/H coset

uly) = CXp:{'iC_f"&g/(Q“)}_'

u(yp) = g, ulp)gh = g, u(@) gk,
Up) = uly)® = 9,U(#) g,

DU = 8,U —iW,U +iUB, — g, (D,U) gk,

wy =iu (DPU)JTH. = —:f'.u.%DpUan = ul — Gy U g;[._

Te = 9 Togh, T = uTeu' — g, gl

"The power counting of chiral dimensions adopted to
organize the operators of the EWET can he summarized
as:h~Q (p“], iy, dy, T ~ O (pl) and fi ., Gups Xy ~
O (p?) 8,91

. Sanz Cillero

9, = a,le.9) € Y

WH ar I-"F“gz +igy B“gz ,
B gRB”gLJr-igRa“gL!

Wy = 8, W, — 0,W,, —i [W,,W,] = g, W, g},

B,u,v = a,u,Bp - BVB;J, - ?[Bp. BV} — g B,u,p QL‘ 3

= utWu s uBrut g, 12 gt (A3)
ﬁ’.u__ggn.u B.uf_gfﬂB.u
aF. _ T, oF;, T,
dlny  16m2° Alnp 1672
1 1
Iy =r3=_§(1—*€¢2¢-'): ri:‘ﬁ““‘“ﬁ-‘):
1, 2 1 2 1 2
Iy = G [1**531-") o Is= F {'ffft-’*cﬂ’) 5 (1**‘%1-') ’
1
r5 = 76 (Iri.?@.—fc“gv) (7!‘{%@-—7(‘2;! — 6) ,
4 2 2 1 .
F',v = g FB = § (N%_.-——CQL-') 3 Fg = —gfiw' (h‘-f@:—CQV) .
(A9)

where only the first term in the expansion of I'; in powers
of h/v is given, t.e., [';(h =0). Note that Ty =T3_g =0
and I'y = 0 for the SM values, kw = cay = 1, as it should
be.




2ah  bh? Cawer =3 e
Fu=1+ +— +O(h?) asm = bsm =1 )

9 c
A pl2) v 2Rw OV 9
AﬁEV\"ET = T (1 + v h + ’E)Th ) (H-’_,,'H'u>2

3

12
ALy = 3 Filh/v) Oi + Y Fi(h/v) O;
i=1 i=1

Tt 1 3 TL B r} L
Ry = ﬁgmﬂlh R =;T R

The spin-1 resonances V' and A can be described with
either a four-vector Proca field R* or with an anti-
syvmmetric tensor R*Y. Here we keep both formalisms
because, at it was demonstrated in Ref. [9], the sum
of tree-level resonance-exchange contributions from the
C’)(pﬂ) resonance Lagrangian with Proca and antisymmet-
ric spin-1 resonances gives the complete (non-redundant
and correct) set of predictions for the OQ(p!) EWET
LECs, without any additional contributions from local
operators without resonance fields.

with (o0 )o = 28;; and (T°T? )3 = 6% /2, where (--- )3
indicates an SU(3)q trace.
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() SM content:
- Boson<: Higgsh + gaugdosonsWe B (and QCD)
+ EWGolsdtonesnt,z [non-linearlyrealizedvia UWw?) ]
-  Fermiongy: (t,b)-type doublets

(i) Symmetries:

ASM symmetry: Gauge sym. group Gg,= SU(2)x U(1),  (and QCD)
Spont Breaking (EWSB) GgyA Hgy= U1}y
ASymmetry of the SM scalar sector:

Global CHIRAL sym. G =SU@X SU(2}xU(1ly, E Gy,
Sp.S.Breakintp Cust.sym GA H=SU(Q)x U1}, E Hgy,
Explicit Breaking: lew a@8YYSUNER 27 0dKS 3l dAaSs

te b splitting (I )

(iif) Chiralpower counting:

[boson] e order 0 (~p°)
[gwre  IBLr[ &R=[g]l=1,]1=m }=Jw9] e order 1 (~p*)
weak SM fermion couplingy y] e 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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LowSyY SNH& 9 C tepréséntatiohs X U Y

AHiggs field representatiora matter of taste®)

1) Linear* (SMEFTI)1 terms of a doublef = (1+h/v) Up8) < >

1
‘CEFT = (D,lO)T D,,O — P(OTC))D(OTC)) L
(v +h)® 1 .
= T) ((D,U)'D,U) + 3 (1+P(h))(9,h)* + ...
o) 2 (v 4+ hE)?
qLNE T 7 ‘.?.Fc(llNL} = 2] =d'd
—_— = /1 + P(h") /
dhl Y o if there exists an SU(2) SU(2)
L - - . * — (X)
LN _ / " TPl dn fixed pointF(h*)=0
J 0
NL v? 0 1 2
Lgpr = Z]:c(h) ((D,U)'D,U) + 5(8,,h) o
2ah  bh?
Fo(h) =1+ — + — + O(b%)
\s

2) Nontlinear* (HEFT oEWEL): in terms of 1 singlet h + 3 NGB inWjj

(+) SC, arXiv:1710.07611 [hep-ph] (x) Trar.'Sf‘?rmat'o.”S . I
* Jenkins,Manohar, Trott, JHEP 1310 (2013) 087 Giudice,Grojean,Pomarol,Rattaz#HER706 (2007) 04"

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

-SMEFR, EWtL:

| " | IR .
EEFT = | D,u:»)‘ DHCJ — ?(YOT(:)]:](Q*Q} + ...
+1
_(\T”((D,‘U) D,U) +—(1+P h)) (9,h)?
L’ 2ah |
Fo(h) =1 + 2B )l‘ + O(h%)
v v2
i ; 1A =12 b= 1+Ab =12 =| 2A(a?) = Ab
(if noGustedia) o = 1+A(a?) = 1-—+.. y b=1+Ab= v; =| 2A(a?) =
O5x%y 2LISNI (2MNEYLEXDNNB O A
- Nor-linear scenariose.g.,dilaton models®) . [ A(a?) = Ab J

if you want to write it in the SMEFT fortayged Xreeded (5 8xoperators!)\C SMEFT expreakdown

* Jenkins,Manohar, Trott, [1308.2627]
* LHCHXSWG Yellow Report [1610.07922]
* Buchalla,Cata,Celis,Krause,NPB917 (2017) 209-233 (x) Goldberger,Grinstein,Skiba, PRL100 (2008) 111802

J.J . Sanz Cillero Resonance Lagrangians and HEFT 21/15



EWCL

A The problem of the possible breakdown solved with the chiral expart8ion
A 1h(singlet) & 3 NGB(triplet) nortlinearly realized: W) = 1Hwesak @ b X

A Lagrangiamrganized according to chiral exp. if) p?, p X : ®. &)

1 ‘
£ — £2 _|_ £4 —I_ EQ — IFC/‘(UHU‘H> + 5(6);;,}1')2 - Vh

+Ly ar + '?:'ZZ) lp'@/) — 'l?2< Js > :

A Amplitudes organized according ¢biral exp: ®-*

- Dominant corrections: Deviations from SM in O{poperators
- Subdominant corrections: p(p“) operators +p(p2) loops
(heavie'r states) (nonlin'earity)

A More generabut morecumbersome:

lesstrivial expansion, moreperators morevertices, moreRA I AN} Ya X & dzo
*Weinberg 6 7 9

(x) Buchalla,Cata,Krause 6 1 3 * Manohar,Georgi, NPB234 (1984) 189 * Longhitano, PRD22, 1166 (1980) 26;
() Hirn,Stern 6 0 5 * Buchalla,Cata,Krause 6 1 3 NPB188, 118 (1981);

(x) D_elgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 « Alonso et al, Phys.Lett. B722 (2013) 330. Appelquist,Bernard, PRD22, 200 (1980).
(x) Pich,Rosell,Santos,SC, JHEP 1704 (2017) 012 * Delgado,Dobado, Herrero,SC,JHEP1407 (2014) 149

(+) LHCHXSWG Yellow Report [1610.07922] * Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012

J.J . Sanz Cillero Resonance Lagrangians and HEFT 22/15



1 A oA 1 Ao ~ v ' ¢ v
Lv = = Tr(Vi V") + SMETr(V, V) + Q%Tr(vw )+ ;g—\}%Tr(Vw[U“a u’])
VO
+
) B ava 7% V,u
SN S
V2
f/‘m/ — V,uf/y T VUV,LL )
T
U, = iU (DMU) U, with w?>=U
f’ — _ (UTW””U + uB’W’uT) :
1
V,X =0,X + [[,.X]. with T, = §(FL +17).
L R _ g 3 P
b= ul (0, +i 57W, ) u, PR —y (8 +isr B)
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SUMMARYb ! Q+9 o6/ 1 Lw!|[Q / h! b¢LbD

AcéChirag counting*
X 0 ’ (0 1 -
e O(p) o P O(p?) E Op, My, my,  ~  O(p)
h W, B,
andfor the buildingblocks, u(¢/v), Ulp/v), = —= == ~ 0",

~ ~

D;LU: Uy Wp: B,u ™~ O(p) ;

A~ A~
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AList of CP even operators :

[Caveat: no flavour]
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