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1.) BSM searches: bounds

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

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

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

5.) Resonant DY diboson production: Wh, evading current M, 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 Mg >4 Tev ()

2.) Contact interaction (4f ops.) searches have set A > 10-20 TevV ()

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™ in particular

Current most stringent bound on EW triplet-V
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(a) HVT V' - WW + WZ

- We note that these analyses are dominated by DY production

(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: *

dijets, A+ LL/RR
dijets, \- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HnCM
single y, A HhCM
inclusive jets, A+

Compositeness

012345678 910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016

inclusive jets, N\-

- 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-EX0-12-020

(x) See review: Dorigo, Prog. Part. Nucl. Phys.100 (2018) 211 .l o
(x) 3rd generation: Greljo,Marzocca, EPJC 77 (2017) no.8, 548 N 35|dor|S,taer|t\)/ 132201%%11 [gffigh]h oh
(-) Schael et al. [ALEPH and DELPHI and L3 and OPAL and LEP], Phys. Rept. 532 (2013) 119 ung,>trau, arAlv:1eL. [hep-ph.

(+) 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]
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3.) On the other hand, EW precision tests still allow R at a few TeV Y

Scenario 1+2-WSR * )
SR — Scenario 1-WSR *
‘M, from 1.5 to 6 TeV |
' ky fromOto1
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* We will see that this can be easily accommodated in the HEFT framework

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

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

J.J. Sanz Cillero Resonances and the (non-linear) Higgs effective l!agr'anglan F



(Non-linear) HEFT

aka EW yL
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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Low-energy EFT (SM + ...): representations

* Higgs field representation: a matter of taste? *)

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

1
ﬁEFT - (DuO)T Duo — _(OT@)D(OT@) T

A2
(v +h)? 1
— T (DU) DU + 5 (1+ P(W) (0,h)? + .
2 i L\2
NL ? ‘—fc(hNL) — w f— Lfrj)
A ) ? -
dh 5 if there exists an SU(2), x SU(2)
hL H . . *)— (x)
LNE _ / /I P(0) dh fixed point F.(h*)=0
J 0

V2

1
'CIE\)ILI:T - ch(h) ( (DIIU)T D,U)+ E(aﬂh)z o

2ah bh?
—_— _|_ I

A" V2

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

Fe(h) =1 + + O(h®)

(+) SC, arXiv:1710.07611 [hep-ph] (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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(i) SM content:
- Bosons y: Higgs h + gauge bosons W? B, (and QCD)
+ EW Golsdtones *z [non-linearly realized via U(®?) ]
- Fermions y: (t,b)-type doublets

(ii) Symmetries:

* SM symmetry: Gauge sym. group Gs= SU(2), xU(1), (and QCD)
Spont. Breaking (EWSB) Gsy 2 Hgy= U(1)em

* 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] e order O (~p°)
[gWr]=[g'BH]=[d,]=[gl=[A,]=Im,]=Lpg] @ order 1 (~pt)
weak SM fermion coupling [ y ] & order 1 (~p!)

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

- Chiral expansion: Lpwpr = ZES&ET
d>2

u(p) = exp{id 3/(2v)}

L U(p) = ulp)?

- 0(p?), L0 (DSM): Lypr = [i§y"du& —v (&L VEr + hc))]

1~ 1

1

+%8uh8“h —mih? -

2

. 2ah  bh?
with Fy=1+ a + —+

A4 A%

- O(p?), NLO (pure BSM):

_ @<J§W§uu)2 _

1 v
o7 (GG}
; s

+ L Fu(h/v) tuuts

4

].’13) , being asyn — bSM =1

s 8 3
I:\\]:[ Z}— h/v) ij— (h/1 @’_ n Z.F;"g(h/v) (’);"2 N Z]?,-"w(h/v) @:,

10

+Z]—" (h/v) Of +ZF (h/v) O

(x) Buchalla, Cata, JHEP 1207 (2012) 101; Buchalla,Cata,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]]
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Low-energy chiral expansion

* Though not the simplest organization, it is the most general
Finite pieces from loops

e Expansion in non-linear EFT’s: * (amplitude dependent) )

2 r 2 2 /
p Cp D L'ip p 4
M2—=2)~ = |1 + 5= — —s5 In—+ ... + O(p")
v v 16m=v U
LO (tree) NLO (tree) NLO (1-loop)
suppression Typical loop suppression
~1/M? + ... ~ T,/ (1672v?)
(heavier states) (non-linearity)
4\ N\
** 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

p’ g% A\ 6

* Indeed, the SM has this arrangement but with 75232 ~ (2 @0 @ < 1. hence
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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:

Resonance Chiral Theory

Chiral Perturbation Theory

QCD (¢a.G,) Fundamental EW Theory (777)

) )

Resonance EW Theory
(p,ay,...) (VLA ...)
! 0

Electroweak Chiral Lagrangian

(f?T:ﬂ_i) (U?(JO?:)

J.J. Sanz Cillero

Resonances and the (non-linear) Higgs effective Lagrangian !!’F



Resonance contributions to L, at tree level *

Custodial symmetry SU(2),®SU(2)./SU(2),.r
+
E Resonance Lagrangian V,A.S,P, Fermionic R
+ EW singlet, doublet & triplet
UV completion hypothesis Colour singlet & octet

4ty =3 TeV

v N

Sum-rules

A . . * ok

: Resonance contributions ™

Mass gap to the NLO low-energy couplings

t et S vlerT /[dR} el S
v .

tree:level e@' S[x. ¥, Re1]

SM content W,z

*Bosons:
singlet h,
3 * Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012;
EW Goldstones U(w?), Krause,Pich, Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]
gauge bosons ** See also: Alboteanu, Kilian, Reuter, JHEP 0811 (2008) 010; Pappadopulo, Thamm, Torre, Wulzer, JHEP
Eermion 1409 (2014) 060; Corbett, Joglekar, Li, Yu, [arXiv:1705.02551 [hep-ph]]; Corbett,Eboli,Gonzalez-Garcia,PRD93
\l’L,R (2016) no.1, 015005; Buchalla, Cata, Celis, Krause, NPB917 (2017) 209;

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

CHE[R, light] = Ly[light] + Lg[R, light] + £ [/ight’

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

1My
Lr = LR™[R] + Ryr[light] + O(R?)

: \hV
;11/(2} F\' iy L G\-"' /\

] + fo‘“’ T @ = @]+ I

X + ——|u
(e.g., a vector triplet Xy =3 \/§ b G

Low-energy Lagrangian (tree-level)

: 1 1
* Solve R eom at low energies: R, [/ight] ~ X \r|fight] + O ( P )
(e.g., for a vector triplet Vi = ——5 (\x\uf & ) (

£~

R ME
1

. : . . 11 . 2
* Evaluate [®FT[light] = LYF[Rallight], fight] ~ Lo[fight] +] W(m[ﬁght]) +
VR
|
* 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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* The High-E Resonances leave a specific imprint in the Low-E couplings: ()

_ ; O,‘ O:.) 0:4
i AF, AF, i AF,
1 :lI (f£!1f+,uu - fﬂllf—_m/ >2 (IH )2( ”1( ut >2 ('].‘_s'JH >2
V| _E-F L F F? CFvGy  FaGa || | dp o N NV 22 o Lt e | i wew])e | (Tpdp)
AN, 403, 2Mp,  2M3, 2MZ M3, M, . o
3 3 3 3 3 3 3 (fj— [“w“f/] )2 (Ii S 2 (Js)a(Js )2
9 _F12' +ﬁ\2 _ Fi +ﬁ3 _F\l'f*“:v _ F4ﬁ4 ] 0 El (w2 (ufu” )y Xy (s (Jp)a{Jp)a
8 My 8M3, AMP,  4M, o
: ' ' 5 (uuf ) (upu” )s —— (u"Jp )2 (ST )2
~ ~ — v ,
_RGy  FaGy FeA e Fadt _EN BT 6 | QPR ey, | (el T)e | (a0
; 2M7,  2Mj, My, M, ) M}, My, - i S S
: - : : g 2 ) . 7 Q!L,')‘M ( utu? )2 (_‘);’_'(,M( Js ) (J‘F{ )2< ‘]\‘4;>2
4 G + G - 10 9 49 g | QA@WONEOR | o sy |y,
41\12 AM7, 2MZ,  2MM3, ! e AR | rArTAwn
413 1 A4 (()Ji) - -
9 ) — JET Y
e e R R m S
4 — L — 11 - - =X ,
lm [5 AMg,  4M3, My MG, 0] (Tu)2 (Tu')s - (T2 T )
NI 9 ) ~ . 11 X, X1 -
6 _/\41‘« ZUZ /\1114 Z,UZ B 19 B (C(;)Z B (C(}')z -
My M3, 2Mis  2M3, 12 (G G )3

[ Relation with Longhitanos’s couplings F; = a; + O(h);

’ etc.

notice:

' etc.

a;,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]]
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Theorv: S-parameter and form-factor couplings
1neory (bounds after using exp S+T in 1+2-WSR scenario)
0 . . . r 0 T . .
:i: 4 ii: -4} ’
= W3B-correlator S YF W, AW,
Ll (S-parameter) o (vector form-factor) |
o ' 6 8 1o B 4 6 8 10
My (1eV) My (TeV)
0
_4_
2 -6
L |
T
_ 12 ZX DWW,
_ab i (axial form-factor)
3 i 6 § 10
My (TeV)

* 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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Theory:

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

* WawP 2> we wd scattering
0.4

0.3t

10° 7,

0.1

0.0
6 8 10

My (TeV)

* WwiwP = hh scattering
0.0 .

]
b

-04 N
0 4 6 8 10

My (TeV)

[ SN

* vy =2 w* w” scattering
0.4

0.3t

10° (F1-F3)

0.1

0.0

[

My (TeV)
* hh—> hh scattering =0

= HEFT couplings in the range

Fra, o ~ v3/M2 ~ 103 -10

* 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, S os ATLAS = (s=8TeV,20.21b"

| K-matrix unitarization

with recent important improvements from VBS: o

0.2

[ATLAS], PRD 95 032001 (2017) ,

llY'lll]lllllIT[IIIIIITITII[ITII1

See A. Apyan’s talk

-0.2 A

-0.4 TN . --/
—0bs.95% CL, WVji o N L

0.6 exp. 95% CL, WVjj | -
—— obs. 95% CL, W*W’jj |

osb " exp. 95% CL, WWij |

0. obs. 95% CL, WZij

* Useful to observe the summary: ™ opowoLwa
llllll]lllllll lllllllllllll B T T T
SM 05 -04 03 02 01 0 01 02 03 04 O.
(x) Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098 ' ' Oy

I
N 53 uchalla et al, 68 % CL
a— | —f\'n,;\s‘ 95 % CL (2014)
I VIS, 95 % CL

T |
2 I
a,- 10° , N | P, S - variable, 68 % CL
4 I
I
a, 1 | [P 05 % CL
= I
T |
I
> 95 9% C
as I | I

ATLAS, 95 % CL (2017)
a4 ATLAS, 95 % CL ( IIIHJ
LEP, 90 % CI

ATLAS, 95 % CL (2017)
615 ATLAS, 95 % CL (2014)
P, 90 % C
—4 ] LEP, ) CL
' ' L | ' L ) L | ' ' . L | s L ' s 1 L L ' ' | s N L ' | ' ' L s 1 ' ) L L |

-0.3 -0.2 - 0.1 0 0.1 0.2 0.3 0.4 0.5
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Resonant VBS
diboson production:

WZ, evading current M bounds

Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP11(2017)098
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" W W

pp — WZj17s

by WZ — W Z scattering

* Relevant HEFT Lagrangian up to NLO:

(5)

W @ﬁ {z)‘% D“UTD,,U) Lomom .
v

Ly= am(UB,“,UTWW) + iayTr(U B, U, v"]) - mm(w,,,,, V)

+(V;LVU)] [ﬂ'(V"V”)] 1&~(vuv*‘)] [Tr(V,,V”)]

0 ..
—ew S T (W W) = ep= Tr(Bu B") +

Lo = ——Tr(WH,,W“”)

* Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098
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* W, Z,2>W,Z, PWA unitarization: Inverse Amplitude Method (IAM)

1) PWA elastic unitarity:

Im{Muy(s)} = o(s)Mu(s))®  —  Im{My(s)"'} = —o(s)

2) Low-E matching to HEFT up to NLO, M, (s) = M,,0(s) + M, 1 (s) + ...

NLO matching to HEFT
—

Mis(s)™" = Re{Muy(s) 1} —io(s) Mig(s) ™t =

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 IAM
() T. Hannah, PRD 51 (1995) 103 Mi; = 5 -
(x) Dobado,Herrero,Truong, PLB 235 (1990) 129 M( ) _ M( )
and more recent IJ S LJ S
(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) Buargue 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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* W, Z,2>W,Z, IAM unitarization 2> Resonance pole generated at s
My (GeV) v (GeV)

1000 1500 2000 2500 3000 20 60 100 140

=(M-il",/2)?

pole

IlB b:az I 2 b:az
benchmark benchmark

0.98¢1 0.98

0.961 0.96
o 1 d

0,94 .94

0.92} 0.92

(U] N . —— 09r, .

0.5 | 1.5 2 2.5 3
(as-2as)-10° (as—2as)-10°

e Analvtical i in the Eauiv.Th Limit: . 11527202 (1 — a?)

Nna ytlca expressions in the quiv.ineor. Imit: (Mf’)E'r _

8(1 —a?)? — 75(a? — b)? + 460872 (as (1) — 2as (1))

. . . 1
(1—a®) . (a® —b)? 9

I'ver = — My |1 —— — M- \

(Tv )i 9602 i 327202(1 — a2) '
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* HEFT+R Lagrangian used to implement IAM 2 |[AM-MCufo =2 MG5 _aMC

1 . “
Ly = ——5Tr(W W) -

Tr (B“UB;U/)
29

Ix
29 2
. 2

H H 1
+T [1 +20— + b ] Te(DUtD,U) + SO HOH + ...

//-\\
1 VR P 1 P fV ! @QV »
Lv = —=Tr(V,, V*) + = M2Tr(V, V) + L Y e =L (Vo e, u?
I+ GMETH00) 4 S 2 bl )
Suppressed at high-E \~ !
VO
. :TQV; _ 7% Vu+
2 \/5 - _V_;?
V2

(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 A(WpZ; — WrZp):

(a,ayq,as)

’ EChL?) +£

(111 v(h‘

Benchmark b=a?, f,=0

* Requirements: f/l(“)

*Recovery of

= M3)| = Il—l\\l( s = M) /(J_[" ' r‘r) in MG5_aMC
> from IAM pole
\ T2
gv = gv (M)
- J
(2+4) ﬂ 2 o\ M 2 \
ECth;Op at low-E g (s) = gi (M) ; for s < M
. o [ S 9 M4
* Froissart bound o(s) < oglog” (T) gi(s) = gt (MV) for s > M?
" with z=s
To avoid a moderate violation of unitarity = -
2 N 2oy My 2
gy (2) = gy (M) . for s < My
[4
gi(2) = g%:(]\[%) —- for s > M
with 2z = ¢,y

J.J. Sanz Cillero

\ [although crossing partially lost]
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* Benchmark points of this study:

BP | My(GeV) | Ty(GeV) | gv(ME) a as-10* | as-10?
BP1 1476 14 0.033 1 3.5 -3
BP?2 2039 21 0.018 1 1 —1
BP3 2472 27 0.013 1 0.5 —0.5
BP1’ 1479 42 0.058 0.9 9.5 —6.5
BP2’ 1980 97 0.042 0.9 5.9 —2.5
BP3’ 2480 183 0.033 0.9 4 —1
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* WZ->WZ subprocess: polarizations (in the WZ rest frame)
o(LL = LL) > o(LL — LT) > o(LT = LL) > o(TT — TT) > o(LT — LT)

— T S LA s S S R SR
0% a=t My = 1476 GeV —IAM-MC | 3 10%E a=09 —IAM-MC | %
a4 =35107 Ty = 14GeV [nwz | <2 - | 3 ag=95 107 lnwaz | <2 pp :
ag = -3 107 v(My)= 0.034 =eee § : F o= 65 10 I

7 E
° ; z BP1 :
& 2 .
= 10? = 10 3
N \ N A :

T ) —

N N
L £ ! -
g 7: My = 1479 GeV -
~ - Iy =42 GeV =
il - gviMy)= 0.034
- - - -

10-2 10-2 = LT = LL - "-.___- -
—LT=LT R - =
] ] ] . L TS =

* pp—2jjWZ at LHC: SM backgrounds and polarizations (in the WZ rest frame)

l“_ag"'l""I""I“"l"“l"'5 — 11T T T T
. 1072k 3

i = 14TeV Vo= 14Tev
l(}"‘i- E
- 7 Unpol 1073 7 Unpol E
I 1T m— 1T :
“}—55_ ———— oL T _E i I LT
E oLL b oLL
]”_4? e

a(p p— W*Zj jsm [pb/40 GeV]
a(p p— W'Zj j)sm [pb/40 GeV]

10-6F
105k .
l“_?i_ L
- SM-EW - SM-EW
MR R B P 0-6 L 1 L L | " |
500 1000 1500 2000 2500 3000 0 100 200 300 400 500 600 700 800 900 1000

Myz (GeV) P} (GeV)

. T —
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3
=3

. B k d . T T T T T T 'I T T T T T T T T T T T T T T E| e e R T T T
ackKgrounds: I SM-QCDEW o> 206evl = — _ocDEW > 200GV
= '—SM—EW 1 Inyl <5 l. 6 —§M-EW 2<ipl<5
S 10775 L_1AM-MC Imwzl<2 % 3 —IAM-MC Imwzl <2
-8- || I 1 _8. |
[ 1 =
=10 1: 2
N 1 =
+ =~
= 10-3 E _'l_\l
! =
o,
& g6 117
b 10 &
LY
1077

-4 -3 -~ -1 0 1 3 4 5 1000 1500 2000 2500 3000
P d . b 4 »

) . 2 < |mjrge| <5,
* Optimal VBS cuts: ) Wi - s < 0, [MG5_aMC + IAM-MC UFO;
P > 20GeV NO detector sim;
Mj; > 500CeV NO polarization discriminant cuts ¥ |
[nw.z| < 2.
10_, L L AL S L S L R LR AL A R L B T v T | T T T 1
s SM—QCDEW s SM—-QCDEW

2 10-3 — SM-EW 2 — SM-EW

g s |AM-MC g s | AM-MC

2 0t Z

&1 =

N 1075 N

. +

= =

T 106 T

(S F 10 8

< =

S 107 S

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
sz (GEV) sz (GeV)

* Delgado,Dobado,Espriu,Garcia-Garcia,Herrero,Marcano,SC, JHEP 11 (2017) 098
J.J. Sanz Cillero
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* Sensitivity with perfect WZ reconstruction efficiency:

14 Tev BP1 BP2 BP3 BP1’ BP2’ BP3’
Tl Ny MO | 89(147) 19 (25) 4(9) 226 (412) 71(151) 33 (59)
; [\ [348 6(17) 2(4) 0.3(2) 11 (45) 5(27) 3(14)
;'L g 34.8(31.1) | 10.8(9.7) | 6(5.4) | 64.9(54.4) | 28.9(23.8) | 16.1(12)
T Nipy MC [ 298 (488) 64 (82) 13(30) | 752(1374) | 237(504) | 110(196)
% Nivo 19 (57) 8(15) 1(6) 36 (151) 17 (90) 11 (46)
Ig oWy 63.5(56.8) | 19.8 (17.7) | 11(9.9) | 118.5(99.4) | 52.7(43.5) | 29.3(22)
T Nipy €| 893 (1465) | 193(246) | 39(89) | 2255(4122) | 710(1511) | 331(589)
% NOY, 58 (172) 24 (44) 3(17) 109 (454) 52 (271) 34 (139)
E b 110 (98.5) | 34.3(30.6) | 19(17.1) | 205.3 (172.2) | 91.3(75.3) | 50.8(38.1)
ffﬁf?ztz% +0.50y (£21y)

J.J. Sanz Cillero Resonances and the (non-linear’ nggs e#eWc i



* Sensitivity with 100% WZ efficiency reconstruction:

T T T T T T T T T T T T T
40001 14 TeV — 14 T
eV —
I — My = 1.5 TeV 1 »00k — My = 1.5 TeV ]
| — \l\ =2TeV
30001 — My = 2.5 TeV ]
S _ £ = 3000 ! 1501 1
-
2' I 8 ; £ = 3000 b~
N 2000 [
=z I ~ 100 W2 T
1000 50 L 1
0 L N L 0 1 L 1 " 1 i 1 " 1 ]
0.9 0.925 0.95 0,975 | 0.9 0.925 0.95 0.975 |
a a
1+1\7/1 1 H “ I . IAM-MC IAM—-MC .
* Sensitivity estimate with “fat” jets: NIAM-MC _ NIAM-MC , BR(}  hadrons) x BR(Z — hadrons) x ew x €z
| 1 v | T | T | v 1 ] ?{l— T T T T [_
>0k irv/z Extrapolated — My = 1.5TeV 1 i Extrapolated — M, = 1.5TeV ]
- 1 rates — My =2 TeV 1 h“:_ 14 Te significances — My =2TeV _
—_ My =2.5TeV - [ — My = 2.5TeV ]
2004 - sk _:
L =3000 " ] [ £ =3000 b ]

150k ~]

100 ]
:k LS ]
501 eene \ \

40-

hadronic

IAM-MC
1adronic

N}
(

| — 22, | s ]
r ] [ —
oL : 1 n — % ol . I : I . ! L
0.9 0.925 0.95 0.975 1 0.9 0.925 0.95 0.975 1
a a
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* Fully leptonic decays (no polarization cuts):

1073 E e SM-QCDEW | 103 s SM-QCDEW |-
i — SM-EW : — SM-EW :
[ BPI'
[ . | AM-MC s |AM-MC
| é E 10_6 " _E
BP3

S
1,

=)
4L

=

o(pp- 6766y j )Irb/2S GeV]
=)
%

3

o(pp- 676" j j) [pb/25 GeV]

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
T T
Mg, (GeV) M}, (GeV)

These contain all the previous VBS cuts and others, and are summarized by:
2< Inj1,2| <9,
i Mja < 0,

PP > 20GeV

M;; > 500 GeV

Mz —10GeV < MeJZrG < Mz +10GeV,

M}, = M}, > 500 GeV

Pr>T75 GeV ,

4
> 100 GeV
rr ranges of M}, :

2
T _ 4T - =\ 2 BP1: 1325-1450 GeV | BP2: 18752025 GeV , BP3 : 2300-2425 GeV
Mz = M, = \/ (v/ar2(e0) + 3 (eee) + Ip, ) = (i(eee) + ) ‘ ‘ ‘
BP1': 1250-1475 GeV , BP2': 1675-2000 GeV , BP3' : 2050-2475 GeV .
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1000 Mb~t £ =300 fh=1

3000 (b~ £

[ —

IBPZ’IBPS’

14TeV | BP1 | BP2 | BP3 |@P1)

NAMEME o 05 |0 5 2 0.7
NoM 1 | 04 | 01 2 0.6 | 0.3
oyt 0.9 | - - 2.8 | 1.4 -

NAMEME 7 2 | 04 | 18 5 2
NoM 4 1 0.3 6 2 1
p3tat 1.6 | 03| — |GD| 25 | 14

NAMEMET 09 | 5 1 53 | 16 7
NOM 12 4 1 17 6 3
ojtt 2.7 |1 0.6 | 0.3 4.4) | 24
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Resonant DY
diboson production:

Wh, evading current M, bounds

Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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* SM fermion interactions > extremely suppressed in BSM

- . 48m°yg dLqgq Ty
* HVT diboson searches: o(pp — V — diboson) ~ Z 4N‘qu d(gq , Vi = }u L % By dibo
0 C §=M2 v
* Strongest bounds from HVT-B (g,=3) ¥

= 10% = . E

= - ATLAS Prellmmary —— Observed 95% CL upper limit 3

g e Expected 95% CL upper limit ]

3L ye _ -1 I Expected limit + 16 |

g 10 = /s =13 TeV,79.8 b [ ] Expected limit + 2 =

= — VV — - === HVTmodelA,g =1 .

T 102k 4999 —— HVT model B, g, = 3 -

S - =

) N N

~ 10 5

> -

1 - §

g 1 E

© = .

1 0‘1 ;— * ATLAS-CONF-2018-016 —;

1 0—2 _I 1 | | I | | I | I | 1 | 1 I 1 1 l 1 | 1 | |- | 1 | 1 1 | | l | | | |1 1 1 | I—

1.5 2 2.5 3 3.5 4 4.5 5
m(V’) [TeV]

(a) HVT V' - WW + WZ

(x) Pappadopulo,Thamm,Torre,Wulzer, JHEP 1409 (2014) 060
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* SM fermion interactions = extremely suppressed in BSM

487T2'Yq<?' dLqq
ANE  ds

X By _dibos

« HVT diboson searches: o(pp — V — diboson) ~ Z

q.q"

* Strongest bounds from HVT-B (g,=3) ¥

=» Exclusion in the (massg,couplingg) plane and the O;¥* scale A )

\

2 . s N »
L= v e (@ur* au) (Guyear) + nrr(Gr7 4R ) (GRY 44R)

A (TeV)
+ 2R (GR7* qR ) (GLY4q1))- '

0.06
800

600

:‘,‘E 0.05
% > A=410TeV
400
. (a reanalysis for several
Yqq IS advised,
0.04

to enlarge the exclusion region)

0809 1 2 3. 4. 5. 6. (x) Pappadopulo,Thamm,Torre,Wulzer, JHEP 1409 (2014) 060

MV (TeV) (*) Krause,Pich,Rosell,Santos,SC, IFIC/18-07 [arXiv:1810.xxxxx [hep-ph]]
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fA(S)_{

* DY production via a gauge boson:

+ FSI via M,,(s)

T(U_d+ —7 Wg—h) =

U_ Uy — ZL]I) =

* HEFT: R
I LS v
LNT.O ﬂ'e\d ,‘?“ f h) Tr{D, UTD“U}ﬁew phd”h) Tr{D'U'D,U}

U

/
h . "'A
0' ) Te{W" D,UU" — B* UYD,U},
v

T (11"f(ZL)h - WEZh) = =T (wi(wu)h — wi(wﬂ)h) + O (%)

* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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Unitarized HEFT parametrizations of the axial form factor

a Analiticity in the complex s plane, featuring just a right cut for physical s. (We
already know empirically that there are no bound state poles below threshold in the
100-GeV spectrum).

b Coincidence of any resonance poles (in the second Riemann sheet) with those of the
elastic amplitude Mjq(s).

¢ Elastic unitarity.

d Low-energy behavior that reproduces the chiral expansion F4(s) = F, (40) (8)+F, ,(,1] ) (s)+

O(s?Jv4).
B 5 ._ (x) Analogous to WW prod. in DY:
Fals) =1t ap o, =5 Model D'b) & d) ™ cata Isidori,Kamenik, NPB 822 (2009) 230-244
60 | ' | ‘ T ' ]
Fals) = (0)(3?2“)(5))5) _ +L((l‘;’) Breit-Wigner like i
F(s) = FP(s) 1-Fy(s) 50 Y MI/MO) E
- +n (Model 1) a) & d) |
1-F(s) 40 == 1/(1-F) =
0 3
. 1+ F/(1-M'M" -
(Mg T 3
}—A{S) =14+ @) A[H (5)(1) & 30 E
Myy7(s) — My (s) b) & c) 3
1 3
- (Model TII) 20 E
M (s) ]
10 —
L Fl M) | :
PO e e M b), o) &d) I 2 3 4
E., (TeV
_* Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159 WLh( )
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10.1 BENCHMARK point
r 10.01
_f : HEFT: a=0.95, b=0.7 a?, u=3TeV
of T
% d 10.0001 My, (s) PWA- e(u)-2d(u)=1.64 - 103
SF ]
BF 1le-05 Fals) AFF> fy(n)=-6-103
m [ ]
3 | IPONIE 11e-06 - T
-8 T =] +F )/(I'M( ™ ) : ] IAM unitarization
| F, =1 11e-07 _~—
- F = - %, T
TR MY T N HEFTR: M, =3TeV, T,=0.4 TeV
0 1 2 3 4
Ey, w(TeV)
I I I :01
10.01
S 40.001
i ]
E 10.0001
2 l1e0s | * HVT searches: BSM excess ~ 1 fb
i :
g le-06
Bi— F,=1+F0-M"M%| e VS
> R F, =1 11e-07
-=-F, =1 +s/(M?-iMI- TN 1e-08 :
S : — . l . R * HEFT predict: BSM excess ~ 1072 fb
0 1 2 3 4

Ew[ h(TeV) * Dobado,Llanes-Estrada,SC, JHEP 1803 (2018) 159
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* In the HEFT case, h

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 suppression & Much more suppressed experimentally:

Resonances with Mg ~ 3 TeV perfectly allowed
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* Drell-Yan production mechanism = Completely dominant in all HVT search bounds

L & & J

Wz

Wz

L R & J

* If DY removed [B(R - q7)«10~* — 10°] =» No significant exp. lower bound for M,

[ Suppressed
R — qq 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

‘/ The EWyL & the chiral expansion solve this issue (though more tedious

= Ok with “bosonic” measurements
= Itjust needs a proper R —» ff suppression
= A pattern that fits this structure

would be:

...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:

= Tvs L polarization discrimination (e.g., in WZ; see Sauvan and Bittrich ‘s talk)

= W, Z, htagging through “fat” jets (e.g., see Apyan’s talk)
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Scale suppression in the loops

* Observables at 1 loop: previous computations !

* 1 loop of h & ®? in path integral: ™ ) Heat kernel

--——

-
-’

T T ’ 72 )’ 2 1 — —
Lo = ﬁg(? ) + CO(? ) (_\|_ ﬁ?(?/)/l_'_ O(n‘%) L?(ﬂ ) — 577T (d‘udﬂ _|_A) 7
A A - 4
Tree-level EoM 1-Ioop%r loops
St = /dder id,, d,] [d“' d’/]+1A2 + finite
=> 1 loop UV-div:* 167r 2 e ’ 2

=>» O(p?) renormalization:™X) 8L, + SL,Fer + 8L,

- Espriu,Yencho, PRD 87 (2013) 055017
- Espriu,Mescia, Yencho, PRD88 (2013) 055002
- Delgado,Dobado,Llanes-Estrada, JHEP1402 (2014) 121
* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005 - Delgado,Dobado,Herrero,SC,JHEP1407 (2014) 149
(x) Fermions & gauge boson loops: - Gavela,Kanshin,Machado,Saa, JHEP 1503 (2015) 043
. , . . - Azatov, Contino,Di lura,Galloway, PRD88 (2013) 7, 075019
Du,Guo,Ruiz-Femenia,SC, in preparation. - 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(D?) operators (purely bosonic) ™

Ch Operator Oy [ I'x.0
e |G P = £ ) g1 (K* = 4) —5(1—d*)
(2 — c3) LY g w]) S (K? — 4) — (1 —a?)
ca (wpuy ) (ubu? ) o (K2 — 4)? L1 —a?? -
cs (uput )2 o5 (K2 = 4) + e FEO? L (a? — 0)? + (1 - a?)?| <
(9,h)(9"h) v 1 2 1 2 1, 2 2
e L > (uwu”) | 1gQUK" —4) — ggFcQ” | —gla” = b)(Ta” —b—6) | «
e (@Lg&,h) (ufu”) lefC‘QQ E2§(a2 —b)? -
(0 h)(%”h)(@ h)(0"h) 3 o2 3.2 2
s : 3 z)yz? 5(a” =) -
o (CADIP L F2Ko ~La(a? —b)
C10 %( _ﬁyf{»,uu +fﬁuf—,u,rj> _%(KQ +4) —11 (1+a2)

K=Fc"Fo, (K*-4)=(FL)?/Fc—4, Q=2F%/Fc— (F&/Fc)?

* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005
(x) L, + L, corrected by fermions & gauge boson loops: Du,Guo,Ruiz-Femenia,SC, in preparation.
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* Forinstance, P-even bosonic low-energy EFT at O(p?): *

Lt B F3 F? I R A 1\
I< f,(w f f,uu) F1 = 4]\-;2 - 4]\};% o (\_\\T___(J\{% + ﬂ-ff’q _)_’_,,
_1 v % _ F? B F2 v Z(MEFMEY
§< f;w + I f;w) J2 = SA-?AQ 8]\&% — SME,MJQTMQ MZ)
* I RN
R R
. Upyy Uy 2Ms; o 2My
LV . G3 B (M2 — M3 )v?
e <U;Luu > <U’ U > Ja = aMZ ~ AMZ M2
y _ c? Gi > (M3 — M )v?
05 = <’UJ;LU“> S5 = 4}\[6291 - 4}1.}/% - 4]\4121 - 4?\1%}1}[124
f all hA\2. 2 2 ,
05 = T%(()H.h)(d“h)(u,,u."’) Fo = QIR MPAGoMp)
‘ A A
0 = (8 h)(d,,h)( p U) 7 - AP b (A?Afv? _ _dp by ﬂ.f%,(ﬂﬁgﬂ.f%)u?
2M M2 2M MG
Osﬁ(@;f)(d H@H)ER) 7 = 0
_ | w, FaaiAa MZ 02
09 - E (aﬂh) <f— LL,,) FQ — o Aj\.{% - — o T?li_

Same operators as in the 1-loop eff. action

* Pich,Rosell,Santos,SC, PRD93 (2016) no.5, 055041; JHEP 1704 (2017) 012
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ATLAS and CMS Preliminary
LHC Run 1
- . 20 i I I ] L I L I T 1 I I I | I ]
o _ i
KZ -, <1 H - -
— <+~ BRgg=0 : 15 _
K -_t 1o ——— - -
Wi 126 ; i i
B : [ % SM ]
K —*l— L _
T ; 0.5 = X local minimum -
— [ = Ay’ =23 i
—  eeeafess—— - : —
Ky i [ == Ay =599 ]
| E OO | I | || I | | I | | | I | 11 I
Kg ——o——-— 0.6 0.8 1.0 1.2 1.4
- i Cy
K I EFT global fit:
Y : Buchalla,Cata,Celis,Krause, EPJC76 (2016) no.5, 233
P
BRBSI\)’I
1 1 | [ | [ | [ | (I [ | [ | 111 | 111 | 111

12 14 16 18 2
Parameter value

| | | | |
0 02 04 06 08 1

Figure 14: Fit results for the two parameterisations allowing BSM loop couplings, with & = 1, where k. stands
for k5 or ky. or without additional BSM contributions to the Higgs boson width, i.e. BRggy = 0. The measured
results for the combination of ATLAS and CMS are reported together with their uncertainties. The error bars
indicate the ler (thick lines) and 2¢r (thin lines) intervals. The uncertainties are not indicated when the parameters
are constrained and hit a boundary, namely & = 1 or BRyggy = 0.

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002 (September 2015)
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ATLAS and CMS Preliminary == ATLAS
LHC Run 1 - CMS
- . - ATLAS+CMS
| —t o
K5 e
K — .' Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRggy = 0, and
W —.—i k: > 0. The measured results with their measured and expected uncertainties are reported for the combination of
— ; ATLAS and CMS. together with the measured results with their uncertainties for each experiment. The uncertainties
i are not indicated when the parameters are constrained and hit a boundary, namely « . = 0.
Kt —— J
—— Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
— k;20 Measured Expected uncertainty | Measured | Measured
Ky — Kz 1.00%0 1 010 0.98%0 11 | 1047012
! 0 91+0,09 +0.09 0 91+0‘12 0 92+0.14
— ! Kw 2 1-0.09 -0.09 Z1-0.13 +74-0.14
Ky S— “ 0.897)13 e 0.98%75 | 0.78755
—_— e 0.90%5 13 "1l 0.99%575 | 08371
i | 06713 BE et omidy
Ku - ; Ky 0.27)3 B 0.0 | 05504
111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111

0 02040608 1 12 14 16 18 2
Parameter value

Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRggy = 0. and x;, = 0. The
uncertainties are not indicated when the parameters are constrained and hit a boundary, namely «; = 0.
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Then, is SMEFT enough?

Can’t we drop the chiral loops?

* It will depend on whether

“tiny” [O(p?) 1-loop] << “tiny” [ O(p*) tree coupling ]

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

* Brivio,Corbett,Eboli,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: * ) S-parameter + 2 WSRs 154 2" WSRs  (95%CL): | M,>4TeV
0.94 < a=x,, <1

s v IS v SV
A AN AN— AN AN /Y AN— — AN
N A N N - M
- "
TN A TN s TN A TN A = 00 _ R
’\/\/uf\/\/ A uf\/\/ mu—m iy u—m \ | '-‘rma | SI?llttmg due to
’ N ’ s . constraints from WSRs

—02f // E .
V,A resonances + 1-loop + 2 WSRs “X kw = Mt/ M}
i a2—1( M2 5\] ™"
S — —1671’ al (A"I") + » 5} lll 0) + Y gy 02 0.0 02 04
— 1927= m; 6 5
________________________ ~—2x103 h 6" 05
T AT A (BTeV) ;i NG e
™ DI BTV A2l @oTev)r &L
S Voo 19212
EXAMPLE 2: * (4, (+) WOWW,
(only charged shown here) { 2
- W , ‘ , © —
N,L-Z)WLWL =z [ 2ac] + 8laj—ay+a3) + C(;—r!?' ]
Y w L W Yow W N ~ ~~ [
R by ~6x 1073 ~05x10°% g 108
ST T A2n(3TeV) 2 AP~ (10TeV)? 5 emiy) 2
e w. v TTWTTTO e / -------- T— -----
R TR 1 o
: S M 1677
eI b b s 430
whgh " PN i :
JUUUS.Z S n,;n w ™, ,,;n w more (x) Pich,Rosell and SC, JHEP 1208 (2012) 106; PRL 110 (2013) 181801
* Delgtado,Dobado,ngrero,SC,JHElgMO? (2014) 149 (+) Inputs: Buchalla,Cata,Celis,Krause, EPJC76 (2016) no.5, 233
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| TS 1 . Voo e WGV e
Ly = —Tr(V V) + = METr(V, V) + ZTr (Vo f) + —==Tr(V,,. [uh, u”]),
Vv 4(u )2V(u)2\/§(u+) 2\/§(M[ ])
/0
avtra _K V+
V b

U, = zu(DHU)Tu, with w?>=U
== (uTW“”u + uﬁ””uf) ,
VX =0,X + [T, X, with T, = %(FL + PR)
b =ul (0, +i 57W, ) u, i — (a +i%73B) T
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SUMMARY: NAIVE ‘CHIRAL COUNTING

 “Chiral” counting *

"‘ 'l'.fll.*.' 1
. (pD) — ~ O (p?) Oy My, myy, ~ O(p)
v ., U |
h Wi B, 0
and for the building blocks, ~ u(¢/v), Ule/v), —. Uﬁ : Ul ~ 0.
DuUu Uy Wu: é,u ™~ O(p) )
Wuu; B,Lu/; f:l:,m/ ~ O (pQ) )
aﬂlaﬂa aﬁt ‘F(h/?}) ~ O(pn) ;
. e : ':““ S O (p%)
* Assignment of the ‘chiral” dimension: * TR poe
—  Np/2 .
Lo d-Npj2 (VP sz
pd (d) p 2 ,
U . v * Manohar,Georgi, NPB234 (1984) 189
J * Hirn,Stern ‘05

* Buchalla,Cata,Krause ‘13
* Pich,Rosell,Santos,SC, forthcoming
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* Light fermion operators O;¥* :

1. From dijet production.- ’F¢4’ — 27.‘./A2
— A > 21.8 TeV from ATLAS [63], J

— A > 18.6 TeV from CMS [64],
— A >16.2 TeV from LEP [67].

2. From dilepton production.- — A >26.3 TeV from ATLAS [65],
— A >19.0 TeV from CMS [66],
— A >24.6 TeV from LEP [67].

* 3rd generation operators OJ-‘V4 :

1. From high-energy collider studies.-

— A > 1.5 TeV from multi-top production at LHC and Tevatron [69],
— A > 2.3 TeV from t and tt production at LHC and Tevatron [70],
— A > 4.7 TeV from dilepton production at LHC [71].

2. From low-energy studies.-

— A > 145 TeV from B, — B, mixing [72],
— A > 3.3 TeV from semileptonic B decays [73].

J.J. Sanz Cillero Resonances and the (non-linear) Higg.



* CMS Exotica Group:

B 13Tev [_]8Tev

LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5 .
_ LQ2(uj) x2 coloron(jj) x2
O e coloron(é) 2 [T Multijet
L — Leptoquarks ino(3) x2
L3 2 =] gluino(3)) x Resonances
LQ3vt) x2 /2 L
Single LQ1 (\=1) [E———————1 gluino(jjb) x2
Single LQ2 (A=1) [ 3 4 TeV
1 2 3 4 TeV
ADD (y+MET), nED=4, MD
RS (i), k=0.1 RS Gravitons ADD (jj), nNED=4, MS
RS (W), k=0.1 QBH, nED=6, MD=4 TeV
RS1(ee,pp), k=0.1 1 NR BH, nED=6, MD=4 TeV
1 2 3 4 TeV String Scale (jj)

CMS Preli

minary

QBH (jj), NED=4, MD=4 TeV
ADD (j+MET), nED=4, MD
ADD (ee,pp), nED=4, MS

Large Extra

ADD (). nED=4. M Dimensions
SSM Z'(tT) Jet Extinction Scale
SSM Z'(jj)
SSM Z'(ee)+Z'(up) Tev
SSM W'(jj) dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) /—— dimuons, A+ LLIM
0 3 4 5 TeV dimuons, A- LLIM
X dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
e* (M=A) Fermio ns single e, A HnCM .

b (M=) single p, A HRCM Compositeness
g ((?y)(1EI=Q1) inclusive jets, A+
b~ inclusive jets, A-

0 1 2 3 4 5 6 TeV 01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016

. https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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Figure 5. The [ = J = 1 axial form factor in Vzh. Here we compare various models of the form
factor for fixed values of the chiral parameters. Because the resonance is relatively narrow, the form
factor is controlled by its physical mass and width parameters, so the model differences are small
(at the level of a percent).

Model Eq. in text Parameters
| (Lp Breit-Wigner like) (6.3) My, T'y
IT  (Lipmann-Schwinger on pert. AFF) (6.6) (a® = b), fo/a
11 (From elastic IAM only) (6.7) a, b, (e —2d)
v (Combined pert. AFF + IAM) (6.8) a, b, fa, (e —2d)

Table 1. Parameters employed to obtain the axial form factor of a relatively narrow Vi h resonance
with mass around 3 TeV and width about 0.5 TeV, plotted in figure 5.
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* EW Effective Theory (EWET = EW yL = HEFT):

Chiral expansion: Lewer = ZES&ET
d>2

O(p?), LO (D SM):

G=SU2),®SU22)r — H=SU2)Lsr

Liwer = Z [ié7"dué —v (ELVEr + hoc.)]
1

1 T T 1 > o114 1 ~ Ay
e I = S (BB = 5L (G
1 1 5 .. =
- §8ﬂh O'h — §m,i h? — V(h/v) + %flt(lz,/z)) (u, ut)s
O(p?), NLO (pure BSM):

u(p) = expfic 3/(2v)}
ulp) —  gpule)gl
U(p) = u(p)?

= g, u(y) gk,

— gL U(¢) gk
v, @' u(p/v), U(e/v), U"i B, .G, ~ O (") .
. DU u,,0,,D,.d, V,, m Bﬂ. X, Gy,

(15 T.Y ~ O(p).
” jZe B,uu-, th/ ) G,uu 3 fi,ul/ 3 (

,I]FCNO]).
0,0

) ?

(PE y (h/) ~ O@"),
e
Wi = —g 210",

My, Mw ., Mz, My, g,

n— _g % pu
Bt = —g 5 B
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T T
1; —I[AM
[ | =—=IAM-MC My = 1476 GeV
o I'v =14 GeV
0.8- — EChLzee gv(My)= 0.034
’ 2+4)
— EChLjy,,
T=0.6F
=0
0.41
a=1
B ay=3.5-107*
0'2, as=-3. 107
0
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| | —IAM-MC My = 2039 GeV
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* It is not a question about how you write it:

- SMEFT 2 EWqyL:"

Lier = (Duo) D,,O—F(C)TQ)D(QTQ)+...

- 2 )

L 2ah  bh?

Fo(h) =1+ + — + O(h®)
V V
. . 2 2 2"2 4\"2 2
(if no Custedial) a® =1+A(a%) = 1——2-1-.... b=1+Ab = 1——2-|-... =| 2A(a®)=Ab
A % A .
(D=8 operators: corrections v4/A#%, vé/AS...)
- Non-linear scenarios: e.g., dilaton models ™ > [ A(a?) = Ab J

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

* 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
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EWyL

* The problem of the possible breakdown solved with the chiral expansion *
* 1h(singlet) & 3 NGB (triplet) non-linearly realized: U(®?) = 1+ i ®?c? /v +...

* Lagrangian organized according to chiral exp. in pZ, p4, p® ... : ®h ()"

’UQ

1
£ — £2 _|_ £4 —I_ L:Q — Z‘FC<U’NJU’H> + 5(8;1,}1)2 - Vh

+Lyn + i D — 02 (Js).

« Amplitudes organized according to chiral exp.: ¥ *

- Dominant corrections: Deviations from SM in O(p?) operators
- Subdominant corrections: p(p“) operators + p(pz) loops
( heavier' states) (non-/in'earity)

* More general but more cumbersome:

less trivial expansion, more operators, more vertices, more diagrams, subtle cancellations...
* Weinberg 79

(x) Buchalla,Cata,Krause “13 * Manohar,Georgi, NPB234 (1984) 189 * Longhitano, PRD22, 1166 (1980) 26;
(x) Hirn,Stern ‘05 * Buchalla,Cata,Krause ‘13 NPB188, 118 (1981);

(x) D_elgado,Dobado,Herrero,SC,JHEP1407 (2014) 149 « plonso 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
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B —ECthfc)c Figure 2. Predictions of the cross section o(WypZ, — WpZp) as a function of the center of
210 [ EC]]L}%*;” 3 mass energy /s from the EChL. The predictions at leading order, ECllL}ijw. and next to leading
= 00] - .
3 F SM ' B order, E(ZfllL](i:t‘J‘). are displayed separately. The EChL coefficients are set here to a = 0.9, b = a?,
N_q - 1 ay = 9.5% 107 and a5 = —6.5 x 107*. Here the integration is done in the whole | cos ] < 1 interval
+ [ 1 of the centre of mass scattering angle #. The prediction of the SM cross section is also included.
= 10°: a=09 3 for comparison. All predictions have been obtained using FormCale and our private Mathematica
T E ar =95 107 ] code and checked with MadGraphb.
R-]-J F as = —6.5107% 1
+"-J I{)Z -
=
b L 1
L |Cosél]<1 4
IO L s | s L s | L L L L | L L L L | L L L L 1 L L L L
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|Cost| <1

E 10 =
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— LL-LT —TT->LT —LT-LT |4 —LL-LL —Tr=LL —LT=LL |
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* Fat jets: * Large radius V-jets

- See Apyan’s talk * V-jet tagging via substructure techniques

T axis

Sirunyan et al [CMS], PRL 120 (2018) no.7, 071802
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* Optimal VBS cuts: 2 < |nij.l <5, (MG5_aMC + IAM-MC UFO; no detector sim)
i iz < 0,
792 5 20 GeV
M;; > 500 GeV
nw.z| < 2.

1072 LJN I B R B B B B B B L R AL B R I S L N L. 102 LN I B B A B LS B BN AL S BN B S S
s SM-QCDEW s SM—QCDEW
Z 10-3 — SM-EW Z 103 a=09 s SM-EW
g s [AM-MC g s | AM-MC
< Q
2 10 5
3 3
N 107 N
+ +
= =
T 10~ T
o 107 Q.
S &
S 107 S
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
sz (GCV) sz (GCV)

* MG5_aMC: generate pp>W+Zjj,Z> I+ - W+ > |+ vl

(Onshell, Madspin OFF, Madevent ON)
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Motivation for “non-linear” EFTs

19.7fo ' (8 TeV) + 5.116" (7 TeV)
_H]' T T TTIYITI T T 7T ITT"] T T TITIIT] T

N ]
= |cMms . 1) “We are so close to SM, so why not
N 1F :
o | ] . : : .
5 | : simply using SMEFT with the ¢ Higgs doublet?
~10"F | —95% CL 3
< - E
; M E Isn’t this enough?”
107 3
102k C(M.e)fit | 1
j Bes%CL | " p / iqll i 'b/ 3
—os%CL | | 2) “Aren’t BSM loops essentially negligible:
-4 2 sl sl i1yl 1
b 01 1 10 100

Particle mass (GeV)

In general NO, only true if “tiny” << “tiny”
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R contributions to the NLO EFT couplings [i.e., O(p?)]

* High-energy theory for Resonances + ) + ALRr
General Al; ‘uptoO(p?) **

R= singlet and triplet V, A, S, P [also JP¢=1* at )]

* Low-energy EFT (ECLh) *

tree—level ei S, R

P 1 1, .
ALk = BT ((0;;0,«)—A—,<o,f>‘> (R=85. P),
ALET = -z ((CJ'R O,;,,,/)ff\—rw‘ﬁ )2) (R=V, A).
1 . i
ALET = (Op,)? Ry =5 P).
v D, (Or,) (B =51, 1)
EFT 1 1 r
ALET = — — (OF Oni ) (Ry =Vi. 4)).

ME

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

* Impose UV-completion assumptions on Lg, (sum-rules,unitarity...)

=» EFT predictions **
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NLO results: 1st and 2nd WSRs

(asymptotica//y—free theories)

T : —
041 .
0.2 4 =

N

— —

O

A

= 00 o

2]

o

o

£

2

02 a
-0.4

I 1

At NLO with the 1st and 2" WSRs

M, >5.4TeV, 0.97 <k, <1 at68% CL
Small splitting (M,/M,)? =k,

NLO results: only 1st WSR

(Wa/king & conformal TC, extra dimensions,...)

04f o 02 < My/My <1 1 —
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I 1 9
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Figure 6. Predictions of gy (M2) as a function of @ and (a4 —2a5) computed from eq. (4.10), as dis-
cussed in the text. The benchmark points specified with geometric symbols correspond respectively
to those in figure 4.
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1
da(pp—>W+h+X) — dxu 5

ds qut uJ%th(S)Fp/u (xu)Fp/J(xCZ)

Etot ot

do ! dxd R

ds( pp — W h + X) = E dﬂ_ﬂ/VEh(S)Fp/d(xd)Fp/ﬁ(xa)
Eﬁg tot

plotted in figure 6, we have set Eio: at 13 TeV. There, a resonance of mass 3 TeV and width

0.4TeV has been injected with two of the form factors from figure 5. The LO parameters

are a = 0.95, b = 0.7a® (away from their SM values @ = b = 1), and the NLO ones

e(p) —2d(p) = 1.64 x 1072 and fo(u) = —0.6 x 1072 for y = 3 TeV.?

T his Jo = —6 x 1072, which leads to M4 = 3TeV and ['4 = 0.4TeV, is very close to the value one
would obtain from e — 2d through (6.12), fo = —5.6 x 107*. The proximity of this two values relies on the
fact that both expressions lead to the same resonance pole and the conditions from (6.9)—(6.11) for BSM
theories, b = 4a® — 3 = 0.61, is approximately fulfilled by our benchmark point b = 0.7a” = 0.63.
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Figure 2. The [ = J = | axial resonance generated in Vi h scattering by the e counterterm in the
NLO HEFT Lagrangian, with values of the constant at p = 3TeV as indicated in the legend. Here,
d=0,a=095and b= 0.7a% are fixed.

Figure 4. The I = .J = 1 axial resonance generated in Vph scattering with a = 0.95. Here we have

fixed 2a® — b = 1 which is a characteristic prediction of Minimally CHM. We set d = 0.

M) (s)?
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Miy(s) = (0)(8)+M (s):K8+82 B(u)+D10g%+Elog_—

2 _ ; K . a’—b
K = . ’ Afi - E =’ a?=b 1r 2 2
967”}.2 e—2d+ W[loﬂ(a - 1) + 83((1 - b)]
5 y < ) 0
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VBFNLO analysis
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In summary, we follow the subsequent steps to get A(WpZp — WrZp)iam—mc for
each of the given (a, a4, as) input values:

1) Compute the amplitude from the tree level diagrams with the Feynman rules from
Lo + Ly. This gives a result in terms of a, My, gy and I'y.

2) For the given values of (a,a4,as), then set My and I'y to the corresponding values

found from the poles of a}}M.

3) Extract the value of gy (M) by solving numerically eq. (4.10).

4) Substitute gy by gy(s) in the s-channel and by gy (u) in the u-channel (for the
process of study, WZ — W Z, the charged vector resonance only propagates in these
two channels) and use egs. (4.12) and (4.13).

ot
~—

Above the resonance we assume that the deviations with respect to the SM come
dominantly from Ly, which means in practice that the proper Lagrangian for the
computation of the IAM simulated amplitude is Lgn + Ly rather than £o+ Ly, This
is obviously equivalent to use L2 + Ly with a = 1 at energies above the resonance.
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Figure 17. Predictions for the number of pp — ({7 (3vjj events, N};AM_MC, (left panel) and

the statistical significance, o3'*", (right panel) as a function of the parameter a for £ = 3000 fb~.
Marked points correspond to our selected benchmark points in figure 4. The cuts in eq. (5.5) have
been applied.
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