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Theoretical Study of the TeV scale
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@ From Top to Bottom: construct a full theory (renormalizable and UV
complete), and describe the TeV scale in terms of the parameters of
the BSM Lagrangian. For instance: MSSM has ~ 100 free
parameters.

o Advantage: a full model. Renormalizability.

e Problems: no hints about the UV completion chosen by nature.

o Examples: MSSM (~ 100 free parameters), non-MSSM SUSY,
Technicolor, KK,...

e From Bottom to Top: construct an Effective Field Theory (EFT),
based on the symmetries and available degrees of freedom at low
energy.

o Advantage: we do not rely on a specific UV completion.

e Disadvantage: valid only at certain energy scale. Non-renormalizable in
the classical QFT sense, but in the ChPT one.

o The usual EFT approach breaks when the low energy EFT reaches the
unitarity bound, becoming non-perturbative.

o For phenomenology, EFTs with the BSM physics (resonances) as
explicit degrees of freedom are used.
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Non-linear Electroweak Chiral Lagrangian

Non-linear EFT? for VV scattering at NLO level, minimally coupled to hh,

v2

£=g(h/f) Tr[(D,U)ID*U] + %auha#h — V(h),

Yellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.Isidori, K.Tackmann, L.Brenner,...; CERN-2017-002-M.
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v2

1
L:TQWOHK@UWWM+§@M%7VML
where
h h\ 2
g(h/v)—1+2av+b(v> +...
M o
— n
wm_wﬁ~5h+§ym

n=3
DU =d,U +iW,U — iUB,.

YYellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.Isidori, K.Tackmann, L.Brenner,...; CERN-2017-002-M.
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Non-linear EFT? for VV scattering at NLO level, minimally coupled to hh,

v2

L:TQWOHK@UWWM+%@M%7VML

where
h %
g(h/v):1+2av+b(v> +...

M? >
V(h) = Vo + 7”h2 +) A"
n=3

DU = 9,U + iW,U — iUB,.

My, and X, are subleading in chiral counting.

YYellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.Isidori, K.Tackmann, L.Brenner,...; CERN-2017-002-M.
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset.
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset. In either case, whatever the non—linear term is,

U(x):1+iLa(X)+0(w2).

Two choices have been used:

Spherical parameterization

w?(x Twi(x
(), )
v v

U(x) =14/1—
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset. In either case, whatever the non—linear term is,

Ux)=1+i—=

Two choices have been used:

Spherical parameterization

Ux) = 1 . wi(zx) N iTaw:(x)

Exponential parameterization (here, a cross-check for EWSBS++7)

U(x) = exp (I,Taw:(x)>
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.
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covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
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The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

Ly = a4[Tr(V VOIITr(VEV)] + as[Tr(V, VF)][Tr(V, V¥)]

(a ho*h) Tr[(D, LOTD”LH—+ —(0,h0” h) Tr[(D*U)' D, U]

Rafael L. Delgado Validity of EFT for VBS 4 /15



EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

uzamwvnmwwm+%mwvmmwvm
(a ho*h) Tr[(D, LOTD”LH—+ —(0,h0” h) Tr[(D*U)' D, U]
+—€%(8Mh8“hXEbh8”h)
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Validity of EFTs

@ We are interested in the collider phenomenology of Vector Bosons
Scattering since it is very sensitive to new physics in the EW sector in
the LHC.
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EFT as a useful parameterization of slight deviations from the SM in
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Validity of EFTs

@ We are interested in the collider phenomenology of Vector Bosons

Scattering since it is very sensitive to new physics in the EW sector in
the LHC.

o The NLO-computed EFT groves with the CM energy like A ~ s2.
Hence, it will eventually reach the unitarity bound, becoming
non-perturbative. 2 options available:

e The common one: limit the validity range of the EFT to the
perturbative region. l.e., until the unitarity bound is reached (see the
talk of Matthias, Unitarity limits for EFT parameters). Consider the
EFT as a useful parameterization of slight deviations from the SM in
the range under the TeV scale.

o Take advantage of the analytical properties of the S-Matrix (encoded
inside dispersion relations and unitarization procedures) to study the
non-perturbative region (TeV scale) of the theory. A decomposition in
partial waves required. Going back from partial waves to scattering
amplitude can be tricky, because of contributions from higher order
spherical harmonics.
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Unitarity for partial waves

@ Unit. cond. for S — matrix:
sst=1,
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Unitarity for partial waves

Im(s)

@ Unit. cond. for S — matrix: o
sst=1,

LC

. . N\
@ plus .analytlcal properties of o . r%':“
matrix elements, U"‘l"
< XXX

3
g

Rafael L. Delgado Validity of EFT for VBS 6 /15



Unitarity for partial waves

Im(s)
@ Unit. cond. for S — matrix: o

T8 900 D)
sst=1, LSS

LC \

. ) N\
@ plus analytical properties of - %
®) Vi
matrix elements, ~ “{%ﬁ%}
< XXX

@ plus time reversal invariance,
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Unitarity for partial waves

@ Unit. cond. for S — matrix:
sst=1,

@ plus analytical properties of
matrix elements,

@ plus time reversal invariance,

Unitarity condition for partial waves

Tm Ay p k() = D \[1— —[AU pi—3i,00 ()AL, q; ki (5)]*
{a;b}
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EWSBS partial waves

The form of the partial wave is

An(s) = AD + A L 0 [(s/v?)?] .
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EWSBS partial waves

The form of the partial wave is
Au(s) = AD + A + o [(s/v?)].
Which will be decomposed as
A — Ks

AS}) = (B(u) + Dlog % + E log ;) s2.
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EWSBS partial waves

The form of the partial wave is

An(s) = AD + A L 0 [(s/v?)?] .

Which will be decomposed as

A — Ks
AD = (B(u) + Dlog = + Elog — ) s
1= 12 og Hz og Hz S,

As Aj(s) must be scale independent,
12
B(n) = B(uo) + (D + E) log —
Ho
1)

= By + paas(p) + psas(

7/
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Unitarization procedures for elastic processes

[A©(s)]?
AIAM(S) = AO)(5) — AD(s)’

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

[A©(s)]?
A’AM(S) — A(O)(s) — A(l)(s)’
(0)
NPy AP)(s) + AL(s) ,
7
1 ( B(p) =S
g(s) = — (D+ E +Iogu2>
AL(s) = mg(—s)Ds”
Ar(s) = mg(s)Es”
where

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

A0
A/AM(S) = A(O)(S) _ A(l)(s)7
N/Dy oy AQ)(s) 4 AL (s)
T A Al
(0)
Ak (e - AOS) + Auls) 7 _
(s) 1— Qg)((ss)) + g(s)AL(s) g(s) = % (DBEL)E + log l;>
Au(s) = mg(~5)Ds?
Ar(s) = mg(s)Es”
where

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

[A©)(s))?

AIAM(S) = A(O)(S) _ A(]‘)(S)7

N/Dy oy AO)(s) + AL(s)
T A Al

(0)
Ak (e - AOS) + Auls) 7 _
(s) 1— Qg)((ss)) + g(s)AL(s) g(s) = % (DBY)E + log l;>
Al (s) = —Lols) A(s) = mg(—s)Ds>
1 — iAo(s) Ar(s) = mg(s)Es’
where

PRD 91 (2015) 075017
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Usability channel of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.
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Usability channel of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.

@ The N/D and the IK methods cannot be used if D 4+ E = 0, because
in this case computing A/(s) and Ag(s) is not possible.

@ The naive K-matrix method,

A3 = 2o

fails because it is not analytical in the first Riemann sheet and,
consequently, it is not a proper partial wave compatible with
microcausality.
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Scalar-isoscalar channels

— IAM

220 ND !

08 — .- K-improved 7l
- Keold !
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% 02040608 1 12141618 2 22
E (TeV)

-——- N/D
08 .~ .- K-improved
K-old
06/
04+
02
0

L L . L
02040608 1 1214 1.6 1.8 2 22
E (TeV)

From left to right and top to bottom, elastic ww, elastic hh, and cross channel
ww — hh, for a=0.88, b= 3, u =3TeV and all NLO parameters set to 0.
PRL 114 (2015) 221803, PRD 91 (2015) 075017.
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Vector-isovector channels

1 —T
— IAM

N/D
014 —-—- K-improved

0.01¢

0.001F IR 0.001

4= -\‘-.-'-v-l-
0.0001 el R 0.0001

From our ref2. We have taken a = 0.88 and b = 1.5, but while for the left plot all
the NLO parameters vanish, for the right plot we have taken a; = 0.003, known
to yield an IAM resonance according to the Barcelona group3.

2PRD 91 (2015) 075017
*PRD 90 (2014) 015035
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Scalar-isotensor channels (/J = 20)

0.2 T 1 T
0.16 b TAM
....... N/D 1] .oos N/D
0.12 - 08 K-improved
Pert. Theory Perturbation Theory
0.6
04
02r
%% 35 3

From our ref*. From left to right, a = 0.88, a = 1.15. We have taken b = a° and
the NLO parameters set to zero. Both real and imaginary part shown. Real ones
correspond to bottom lines at left and upper at low E at right.

*PRD 91 (2015) 075017
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Isotensor-scalar channels (/J = 02)

| e B ) B B B e s

\
\ |-——-—- ND
PR - K-improved| |

0.8
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0.4

) S B R DR 2 TP Bt e it e et et S
0 051 15 2 25 3 35 4 45 5 55 6
E (TeV)

a=0.88, b=a? a; = —2as = 3/(1927), all the other NLO param. set to zero.
PRD 91 (2015) 075017.
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New MadGraph model, Isovector Resonance: leptonic final

state
arXiv:1707.04580 [hep-ph]

—————————— —
s SM-QCDEW 4
s SM—EW
s [AM-MC

_
<
i

BP1

it
=

1077¢

a(p p = 476767V j J) [pb/25 GeV]
=
|

500 1000 1500 2000 2500 3000

ML, (GeV)
a=1; a;-10* = 3.5 (BP1), 1 (BP2), 0.5 (BP3);
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Conclusions

@ Studied 2 — 2 VBF processes within the EWSBS, including coupled
channels (hh).
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Conclusions

@ Studied 2 — 2 VBF processes within the EWSBS, including coupled
channels (hh).
@ An extensive analysis of the validity of unitarization methods.
@ We provide a MadGraph v5 model for the unitarized ChPT, without
relying on the naive K-matrix.

@ Prospects for the Benchmark Points at the LHC (14 TeV, WZ — WZ
process, arXiv:1707.04580 [hep-ph]):

L =300fb* £ =1000fb"T £ =3000fb"!

NIIAM NISM O.Istat NIIAM NISM O.Istat NIIAM NISM O'?tat
BP1 2 1 0.6 6 4 1.1 19 13 1.8
BP2 0.6 0.4 - 1 1 0 4 3 0.1
BP3 0.1 0.1 - 0.4 0.3 - 1 1 0
BP1’ 6 2 2.3 19 8 4.2 57 23 7.2
BP2’ 2 0.9 1 6 3 1.8 19 9 3.7
BP3’ 0.8 0.4 - 3 1 1.1 8 4 1.8

Rafael L. Delgado

Validity of EFT for VBS

15 / 15
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Let's start the discussion!!
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Conclusions

o With 300fb~?, a first hint (with o5t > 2) of resonances with mass
around 1.5 TeV for a # 1 could be seen.
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Conclusions

o With 300fb~?, a first hint (with o5t > 2) of resonances with mass
around 1.5 TeV for a # 1 could be seen.

o With 1000fb™!, we estimate that these type of resonances could be
observed with o5%* > 4 and new hints of the heavier resonances with
masses close to 2 TeV could also appear.

@ All these resonances with masses below 2 TeV could be seen with
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the hadronic decay channels of the W/Z final gauge bosons.
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Rafael L. Delgado Validity of EFT for VBS 3/61



Conclusions

o With 300fb~?, a first hint (with o5t > 2) of resonances with mass
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@ We are ready for strong interactions. What happens in nature?

e SM — unitarity.

o Higgsless model (now experimentally excluded) — unitarity violation in
WW scattering — new physics.

o Higgs—like boson found — no unitarity violation?
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Conclusions

o With 300fb~?, a first hint (with o5t > 2) of resonances with mass
around 1.5 TeV for a # 1 could be seen.

o With 1000fb™!, we estimate that these type of resonances could be
observed with o5%* > 4 and new hints of the heavier resonances with
masses close to 2 TeV could also appear.

@ All these resonances with masses below 2 TeV could be seen with
3000 fb 1.

o A fully efficient study of charged vector resonances with masses
heavier than 2 TeV would imply to analyze also the semileptonic and
the hadronic decay channels of the W/Z final gauge bosons.

@ We are ready for strong interactions. What happens in nature?

e SM — unitarity.

o Higgsless model (now experimentally excluded) — unitarity violation in
WW scattering — new physics.

o Higgs—like boson found — no unitarity violation?

e Depends on couplings. Ok with the present experimental bounds.
e Let us wait for the LHC data.
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Experimental bounds on low-energy constants

1
N B challa et al, 68 % CL
a—1 N, A TLAS, 95 % CL

— CMS, 95 % CL

I [ EP, S - variable, 68 % CL

=

—_

(e
¢}

an — LEP, 95 % CI

1
as I 1 EP. 95 % CL
1
1 1
1
ATLAS, 95 % CL
. 1
1
' A 1A, 95 % CL
as S (. 90 % CL
T |
S S Y S S S S (S S (N S S SO BNE ST
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[arXiv:1707.04580 [hep-ph]]
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Experimental bounds on low-energy constants, NLO a4-as

L e
ATLAS

Og

0-6;* 203" Vs=8Tev
04 ;7 E’-Jm;t:?fuwrﬂ;e{]rization
0.2 }

of
0.2\~ confidence intervals

[ [l68% CL
_0.4F
F [95% CL

—0.6i — expected 95% CL
F x Standard Model

i S Y N I A I N o
-04 -03 -02 -01 0 0.1 02 03 04

a,

Direct constraint over as-as from ATLAS, [PRL113 (2014) 141803]. Note
that the naive K-matrix unitarization procedure from Kilian et al [JHEP
0811, 010] is used here.
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A custom model for MadGraph vb

3
qQ
pp — WZjij»
by WZ — WZ scattering
72

s

o We are interested in WZ — WZ. Isovector channel (/J = 11).
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A custom model for MadGraph vb

pp — WZjij»

by WZ — WZ scattering

o We are interested in WZ — WZ. Isovector channel (/J = 11).

@ The Inverse Amplitude Method (IAM) is used. This election for
IJ =11 is explained in [PRD91, n7 075017]. Computation without
the Equivalence Theorem (ET) in [PRD90, n1 015035]. ET in
[PRD91, n7 075017].
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A custom model for MadGraph vb

pp — WZjij»

by WZ — WZ scattering

o We are interested in WZ — WZ. Isovector channel (/J = 11).

@ The Inverse Amplitude Method (IAM) is used. This election for
IJ =11 is explained in [PRD91, n7 075017]. Computation without
the Equivalence Theorem (ET) in [PRD90, n1 015035]. ET in
[PRD91, n7 075017].

@ We couple with initial pp collider states via MadGraph v5
[arXiv:1707.04580 [hep-ph]]. Final states: WZjj or IiI; Iy vjj.
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A custom model for MadGraph vb

pp — WZjij»

by WZ — WZ scattering

o We are interested in WZ — WZ. Isovector channel (/J = 11).

@ The Inverse Amplitude Method (IAM) is used. This election for
IJ =11 is explained in [PRD91, n7 075017]. Computation without
the Equivalence Theorem (ET) in [PRD90, n1 015035]. ET in
[PRD91, n7 075017].

@ We couple with initial pp collider states via MadGraph v5
[arXiv:1707.04580 [hep-ph]]. Final states: WZjj or IiI; Iy vjj.

@ We use a Proca 4-vector formalism to obtain an effective theory that
MadGraph can process. Proca paramenters are computed from the
original EFT ones. No additional parameters needed.
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Isovector Resonance: W/ in final state

arXiv:1707.04580 [hep-ph]

102 T
b s SM—QCDEW |

s SM—EW

s [AM-MC

o(pp—> W'Zj j) [pb/20 GeV]

500 1000 1500 2000 2500 3000
Mz (GeV)
a=1; as - 10* = 3.5 (BP1), 1 (BP2), 0.5 (BP3);
—as - 10* = 3 (BP1), 1 (BP2), 0.5 (BP3).
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Isovector Resonance: W/ in final state

arXiv:1707.04580 [hep-ph]

102 T
b s SM—QCDEW |

s SM—EW

s [AM-MC

a(p p—> W*Zj j) [pb/20 GeV]

500 1000 1500 2000 2500 3000
Mz (GeV)
a=0.9; a4 - 10* = 3.5 (BP1"), 1 (BP2'), 0.5 (BP3');
—as - 10* = 3 (BP1"), 1 (BP2'), 0.5 (BP3').
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Isovector Resonance: leptonic final state

arXiv:1707.04580 [hep-ph]

‘ —
s s SM-QCDEW 4
s SM—EW

s [AM-MC

,_
<
=

BP1'

it
=

,_
<
~

a(p p - 476767V j J) [pb/25 GeV]
=
|

500 1000 1500 2000 2500 3000
M}y, (GeV)
a=0.9; a4 - 10* = 3.5 (BP1"), 1 (BP2'), 0.5 (BP3');
—as - 10* = 3 (BP1"), 1 (BP2'), 0.5 (BP3').
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Isovector Resonance

arXiv:1707.04580 [hep-ph]

BP | My(GeV) | Tv(GeV) | gv(My) | a | as-10* | as-10*
BP1 1476 14 0.033 1 3.5 -3
BP2 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 55 —-2.5
BP3’ 2480 183 0.033 | 0.9 4 -1

These BPs have been selected for vector resonances emerging at mass and
width values that are of phenomenological interest for the LHC.
Considered backgrounds: The pure SM-EW background, of order O(a2,,).
The mixed SM-QCDEW background, of order O(emas).
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Reson. in W, W, — W, W, due to a; and as, ours

0.010

0.005

T 0.000

-0.005

=0.010 5 . . . - s
=0.010 —=0.005 0.000 0.005 0.010

as

@ a=0.90, b= a?
PRD 91 (2015) 075017

@ From left, clockwise,
/J =00, 11, 20

@ Excluding resonances
Ms < 700 GeV, M\/ <

Rafael L. Delgado

No pole
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Validity of EFT for VBS
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Reson. in W, W, — W, W, due to a; and a5, Barcelona

1AM Feanires
001

CROSS-CHECK:
Espriu, Yencho,

Mescia

PRD88, 055002
PRD90, 015035 N
At right, exclusion
regions include reso-
nances with

Ms.y < 600 GeV. :
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Standard lore

@ The gauge bosons W* and Z are massive.
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Standard lore

@ The gauge bosons W* and Z are massive.

@ This is problematic: the massive terms are
not gauge invariant. Gauge boson
scattering amplitudes diverge with s at LO.
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Standard lore

SS

RN

Rafael L. Delgado

@ The gauge bosons W* and Z are massive.

@ This is problematic: the massive terms are
not gauge invariant. Gauge boson
scattering amplitudes diverge with s at LO.

@ Standard Model solution:
Higgs-mechanism, which predicts the SM
Higgs boson. Global symmetry breaking
pattern: SU(2). x SU(2)gr — SU(2)c.
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Standard lore

@ The gauge bosons W* and Z are massive.

o v @ This is problematic: the massive terms are
not gauge invariant. Gauge boson
scattering amplitudes diverge with s at LO.

@ Standard Model solution:

r I Higgs-mechanism, which predicts the SM
§re | ‘i:f 1 Higgs boson. Global symmetry breaking
g Beiz pattern: SU(2). x SU(2)gr — SU(2)c.
e ] o In 2012, ATLAS and CMS find a 125-126

) | GeV scalar resonance h, compatible with
a4 I ]M the Higgs of the SM.

h
80 100 120 140 160 180
my [GeV]

Phys. Lett. B716, 30-61.
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Empirical situation

@ AND: No new physics!!
If there is any...

New physics? 600 GeV

GAP

—  H(125.9 GeV, PDG 2013)

———— W (80.4 GeV), Z (91.2 GeV)
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Empirical situation

@ AND: No new physics!!
If there is any...

@ The SM until the Planck mass?

@ Some issues: mass of neutrinos, gravity
explanation (naturalness problem),
astrophysical observation (dark matter,
dark energy),...

New physics? 600 GeV

GAP

—  H(125.9 GeV, PDG 2013)

W (80.4 GeV), Z (91.2 GeV)
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Empirical situation

@ AND: No new physics!!
If there is any...

@ The SM until the Planck mass?

@ Some issues: mass of neutrinos, gravity
explanation (naturalness problem),
astrophysical observation (dark matter,
dark energy),...

New physics? 600 GeV

GAP

H (125.9 GeV, PDG 2013) @ Four scalar light modes, a large gap.

W (80.4 GeV), Z (91.2 GeV)
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Empirical situation

@ AND: No new physics!!
If there is any...

@ The SM until the Planck mass?

@ Some issues: mass of neutrinos, gravity
explanation (naturalness problem),
astrophysical observation (dark matter,
dark energy),...

New physics? 600 GeV

GAP

H (125.9 GeV, PDG 2013) @ Four scalar light modes, a large gap.

W (80.4 GeV), Z (91.2 GeV) °

Natural: further spontaneous symmetry
breaking at f > v = 246 GeV?
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Empirical situation: v physics

@ Current efforts to measure
vy — W,_Jr W, and vy — 2.2
channels.

°JHEP 07 (2013) 116
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Empirical situation: v physics

CMS, V5 =7TeV, L =505 " CMS, /5=7TeV, L =505 "

. : o : e

& S £ 1

@ Current efforts to measure g . R ]

Yy — W,_Jr W, and vy — 217, %7 S iwwon i

4 4 3

channels. . 5 E

2) 2F E

@ Only 2 events measured. Graphs | £ i
0

="
800 1000 0 010.2030.4 0506070809 1
m(ep) [GeV] 1-pgewy/n

CMS, {E=7Tev, L=5.05 fb*
T T T

from CMSS 0 200 400 600

— oy ww s E|

Events/30 GeV

PRSP U T B S|

50 100 150 200 250 300
E; [GeV]

°JHEP 07 (2013) 116

Rafael L. Delgado Validity of EFT for VBS 15 / 61



Empirical situation: v physics

CMS, V5 =7TeV, L =505 " CMS, /5=7TeV, L =505 "
. : o : e

& S £ 1

@ Current efforts to measure g . R ]

Yy — W,_Jr W, and vy — 217, %7 S iwwon i

4 4 3

channels. . 5 E

2) 2F E

@ Only 2 events measured. Graphs | £ i
0

="
800 1000 0 010.2030.4 0506070809 1
m(ep) [GeV] 1-pgewy/n

CMS, {E=7Tev, L=5.05 fb*
T T T

from CMSS 0 200 400 600

o Wait for LHC Run-lI,
CMS-TOTEM and
ATLAS-AFP.

— oy ww s E|

Events/30 GeV

PRSP U T B S|

50 100 150 200 250 300
E; [GeV]

°JHEP 07 (2013) 116
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Empirical situation: v physics

CMS. (3= 7Tev, L=505 10" CMS, (5= 7 Tev, L =5.05 10"
T T T

@ Current efforts to measure
vy — W,_Jr W, and vy — 2.2
channels.

Events/100 GeV
Events/0.2

7]
6|
5|
aF 3
3
2|
1

@ Only 2 events measured. Graphs
from CMSS 0 200 400 600

="
800 1000 0 010.2030.4 0506070809
m(ep) [GeV] 1- b glen)

CMS, {E=7Tev, L=5.05 fb*
T T T

=

e Wait for LHC Run-lI, 8 e mewn ]
CMS-TOTEM and i m " ]
ATLAS-AFP. sy ]

o Efforts for measuring vy final .
states: SM Higgs decay channel. ’

E; [GeV]

°JHEP 07 (2013) 116
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Empirical situation: tt physics

o Initial tf states are important because of gluon fusion processes, with
a large cross section at the LHC.

Top quark loop in the SM: VV states from gluon fusion
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Empirical situation: tt physics

o Initial tf states are important because of gluon fusion processes, with
a large cross section at the LHC.

@ The production of tt states is also a well studied experimental
observable at the LHC.

Top quark loop in the SM: VV states from gluon fusion

16 / 61
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.

o We study the processes VV — VV, VV — hh and hh — hh, and
extend the result to include v and tt states.
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.

o We study the processes VV — VV, VV — hh and hh — hh, and
extend the result to include v and tt states.

@ Our LO scattering amplitudes within the EWSBS diverge, but are
controlled by strongly interacting dynamics which respect unitarity.
This situation is similar to low-energy QCD (hadron physics).
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underlying theory, we will
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.

o We study the processes VV — VV, VV — hh and hh — hh, and
extend the result to include v and tt states.

@ Our LO scattering amplitudes within the EWSBS diverge, but are
controlled by strongly interacting dynamics which respect unitarity.
This situation is similar to low-energy QCD (hadron physics).

@ In order to minimize our assumptions over the (hypothetical)
underlying theory, we will

e use dispersion relations over a partial wave decomposition
(the so—called unitarization procedures);
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.

o We study the processes VV — VV, VV — hh and hh — hh, and
extend the result to include v and tt states.

@ Our LO scattering amplitudes within the EWSBS diverge, but are
controlled by strongly interacting dynamics which respect unitarity.
This situation is similar to low-energy QCD (hadron physics).

@ In order to minimize our assumptions over the (hypothetical)
underlying theory, we will
e use dispersion relations over a partial wave decomposition
(the so—called unitarization procedures);
e extend these unitarization procedures to the coupled-channels case;
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Studied framework

@ We consider a strongly interacting EWSBS, in contrast to the weakly
interacting one of the SM.

o We study the processes VV — VV, VV — hh and hh — hh, and
extend the result to include v and tt states.

@ Our LO scattering amplitudes within the EWSBS diverge, but are
controlled by strongly interacting dynamics which respect unitarity.
This situation is similar to low-energy QCD (hadron physics).

@ In order to minimize our assumptions over the (hypothetical)
underlying theory, we will

e use dispersion relations over a partial wave decomposition
(the so—called unitarization procedures);

e extend these unitarization procedures to the coupled-channels case;

e and consider an Effective Field Theory, computed at the NLO level
(within the limits of the Equivalence Theorem), with three would-be
Goldstone bosons w and a Higgs-like boson h.
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Strongly Interacting Effective Field Theory + Unitarity:

similarity with hadronic physics

Chiral Perturbation Theory plus Dispersion Relations.
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Strongly Interacting Effective Field Theory + Unitarity:

similarity with hadronic physics

Chiral Perturbation Theory plus Dispersion Relations.

Simultaneous description of 7w — 77 - Hp— o
and 7KK — 7KnK up to 800- :. L ;. il
1000 MeV including resonances. ;Ms

Fe K=K
S
£ s

pase shift Bysg 61, (degrees)

PnGse Shift Buza 61 (dogroes)

R o

e

A. Dobado and J.R. Peldez: SLAC-PUB-8031, arXiv:9812362v1;
Phys. Rev. D56 (1997) 3057-3073
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Strongly Interacting Effective Field Theory + Unitarity:

similarity with hadronic physics

Chiral Perturbation Theory plus Dispersion Relations.

Simultaneous description of 7w — 77
and 7KnK — 7wKmK up to 800- %
1000 MeV including resonances. i

e S| o

(aegress)
es)
==
G

Lowest order ChPT (WeinbergTheo-
rems) and even one-loop computations -
are only valid at very low energies.

Fe K=K
S
£ Ly

pase shift Bysg 61, (degrees)

PnGse Shift Buza 61 (dogroes)

. R R e

5 e S

A. Dobado and J.R. Peldez: SLAC-PUB-8031, arXiv:9812362v1;
Phys. Rev. D56 (1997) 3057-3073
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Equivalence Theorem

e For s> M2 M3, M2 ~ (100 GeV)?, longitudinal modes of gauge
bosons can be identified with the would-be Goldstones. For instance,
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e For s> M2 M3, M2 ~ (100 GeV)?, longitudinal modes of gauge
bosons can be identified with the would-be Goldstones. For instance,

T(WEW) — WEWE) = T(w?wb — ww?) + O (Mw/V/5s)
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bosons can be identified with the would-be Goldstones. For instance,

T(WEW) — WEWE) = T(w?wb — ww?) + O (Mw/V/5s)

@ The EWSBS behaves as if the would-be Goldstone bosons were
physical states. The non-gauged Lagragian can be used directly to
compute scattering amplitudes.
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e For s> M2 M3, M2 ~ (100 GeV)?, longitudinal modes of gauge
bosons can be identified with the would-be Goldstones. For instance,

T(WEW) — WEWE) = T(w?wb — ww?) + O (Mw/V/5s)

@ The EWSBS behaves as if the would-be Goldstone bosons were
physical states. The non-gauged Lagragian can be used directly to
compute scattering amplitudes.

@ During the 90's, the limits of applicability of this theorem were
studied in detail, leading to the conclusion that it is valid for chiral
Lagrangians, like those used in this presentation:
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Equivalence Theorem

e For s> M2 M3, M2 ~ (100 GeV)?, longitudinal modes of gauge
bosons can be identified with the would-be Goldstones. For instance,

T(WEW) — WEWE) = T(w?wb — ww?) + O (Mw/V/5s)

@ The EWSBS behaves as if the would-be Goldstone bosons were
physical states. The non-gauged Lagragian can be used directly to
compute scattering amplitudes.

@ During the 90's, the limits of applicability of this theorem were
studied in detail, leading to the conclusion that it is valid for chiral
Lagrangians, like those used in this presentation:

works from W.B.Kilgore, P.B.Pal, X.Zhang, A.Dobado, J.R.Peldez,
M.T.Urdiales, H.-J.He, Y.-P.Kuang, D.Espriu, J.Matias,
J.F.Donoghue, J.Tandean,...
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Equivalence Theorem

0.150 T T

0.145 |-
0.140 |- 4
0.135 g
0.130 || 4

0.125

|A(ww->hh)[?

0.120

0.115

0.110

0105 1 1 IW”W”’I"'””" IV _ 1
500 1000 1500 2000 2500 3000 3500 4000

s (GeV)
Comparison between the full LO ww — hh (cos@ = 3) and that computed
through the ET. The SM is used here. Work in collaboration with
S. Moretti, to test a modified version of MadGraph.
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Non-linear Electroweak Chiral Lagrangian

We have no clue of what, how or if new physics...
Non-linear EFT® for VV scattering at NLO level, minimally coupled to hh,

v2

£=g(h/f) Tr((D,U)ID*U] + %(%ha"h — V(h),

5Yellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.Isidori, K.Tackmann, L.Brenner,...; CERN-2017-002-M.
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Non-linear Electroweak Chiral Lagrangian

We have no clue of what, how or if new physics...
Non-linear EFT® for VV scattering at NLO level, minimally coupled to hh,
V2

czfgwmnﬂ%Ume+%@m%—vmy

where

h h\?
g(h/v):1+2.a;+b " +...

M? >
V(h) = Vo + 7”/72 +) A"
n=3

DU =d,U +iW,U — iUB,.

5Yellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.lIsidori, K.Tackmann, L.Brenner
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Non-linear Electroweak Chiral Lagrangian

We have no clue of what, how or if new physics...
Non-linear EFT® for VV scattering at NLO level, minimally coupled to hh,

v2

czfgwmnﬂ%Ume+%@m%—vmy

where

h h\?
g(h/v):1+2.a;+b " +...

M? >
V(h) = Vo + 7”/72 +) A"
n=3

DU =d,U +iW,U — iUB,.

My, and X, are subleading in chiral counting.

5Yellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,
G.lIsidori, K.Tackmann, L.Brenner
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset.
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset. In either case, whatever the non—linear term is,

T2w?(x)

Ux)=1+i +0 (w?).
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset. In either case, whatever the non—linear term is,

U(x):1+iLa(X)+0(w2).

Two choices have been used:

Spherical parameterization

w?(x Twi(x
(), )
v v

U(x) =14/1—
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Non-linear Electroweak Chiral Lagrangian

We need the parameterization of the U(w?) € SU(2), x SU(2)r/SU(2)¢
coset. In either case, whatever the non—linear term is,

Ux)=1+i—=

Two choices have been used:

Spherical parameterization

Ux) = 1 . wi(zx) N iTaw:(x)

Exponential parameterization (here, a cross-check for EWSBS++7)

U(x) = exp (I,Taw:(x)>
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to
D,U=09,U.
Define
V, = (D, U)U.
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

Ly =
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

L4 = aa[Tr(VLV)I[Tr(VFVY)] + as[Tr(V, VH)][Tr(V, V)]
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

Ly = a4[Tr(V VOIITr(VEV)] + as[Tr(V, VF)][Tr(V, V¥)]

(a ho*h) Tr[(D, LOTD”LH—+ —(0,h0” h) Tr[(D*U)' D, U]
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EFT for VV scattering, minimally coupled to hh

Since we are considering scattering processes within the EWSBS, the
covariant derivate reduces to

DU = ,U.

Define
V, = (D, U)U.

The next counterterms are needed for the NLO computation of the VV
scattering, minimally coupled to hh

uzamwvnmwwm+%mwvmmwvm
(a ho*h) Tr[(D, LOTD”LH—+ —(0,h0” h) Tr[(D*U)' D, U]
+—€%(8Mh8“hXEbh8”h)
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EFT for VV scattering, minimally coupled to hh

Using the spherical parameterization for the SU(2) coset and neglecting
the couplings with photons and quarks, we have the next Lagrangian
describing VV — VV, VV — hh and hh — hh processes:

L =

h h\?| 9uw?drw® 2
142a0 4 p(2) | 2 TL (5ap © W
v v 2 v2
4
+%8”wa W2 OMWPIP WP +
v

2d 2
+=20,h0" b0, 0" + 0, kDD, hD W
"4

4as
— Opw?0"w? L wPor Wb
v

v

1 g
+50uh0"h + F(8Mh8“h)2

Rafael L. Delgado Validity of EFT for VBS 24 / 61



Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as
DU =0,U+iW,U—-iUB,.

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as

DU = 9,U + iW,U — iUB,.

The photon field A arises from the couplings with VT/W and B;w through a
rotation to the physical basis; an anomalous three-particle coupling may
appear
h ~ A h
—CWme,WIW — CB—
v v

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as

DU = 9,U + iW,U — iUB,.

The photon field A arises from the couplings with VT/W and é;w through a

rotation to the physical basis; an anomalous three-particle coupling may
appear

h

~ ~ c h
—cw W, W — cg ~o2

2 v
The next additional NLO counterterms are needed,

B = e A AP

[:4/ =

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as

DU = 9,U + iW,U — iUB,.

The photon field A arises from the couplings with VT/W and é;w through a

rotation to the physical basis; an anomalous three-particle coupling may
appear

h

~ ~ c h
—cw W, W — cg ~o2

BB = — L —e2A, A
(i 2 v 2
The next additional NLO counterterms are needed,

[:4/ = a1 TI’(UBW,UT WMV)

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as

DU = 9,U + iW,U — iUB,.

The photon field A arises from the couplings with VT/W and é;w through a

rotation to the physical basis; an anomalous three-particle coupling may
appear

h

~ ~ c h
—cw W, W — cg ~o2

BB = — L —e2A, A
(i 2 v 2
The next additional NLO counterterms are needed,

[:4/ = a TI’(UBW,UT WMV)
+ iay Tr(UB,, UT[VH, V*])

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to 7y states

Since coupling with photons are considered’, the covariant derivative is
defined as

DU = 9,U + iW,U — iUB,.

The photon field A arises from the couplings with VT/W and é;w through a

rotation to the physical basis; an anomalous three-particle coupling may
appear

h

~ ~ c h
—cw W, W — cg ~o2

2 v
The next additional NLO counterterms are needed,

L )
B, B" = A, A

[:4/ = a TI’(UBW,UT WMV)
+ iay Tr(UB,, UT[VH, V*])
— a3 Tr(W,, [V*, V])

"Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407-(2014)-149.
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Extension to tt states

Lagrangian additions®:

£ =iQdQ — vG(h) [Q UHqQk + h.c.] .

8Work in collaboration with A.Castillo, arXiv:1607.01158 [hep-ph], accepted in EPJC.
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Extension to tt states

Lagrangian additions®:
£ =iQdQ — vG(h) [Q UHqQk + h.c.] .

This expression, for the heaviest quark generation, expands to°

2 _ 7,0 _

Ly =—G(h) {,/1 — =5 (MctT+ Mybb) + ’% (M:Ey*t — Mpbr®b)
iv2wt - — iv2w™ - —

+ > (MthbR — MttRbL) + > (MtbLtR — MbbRtL)}

8Work in collaboration with A.Castillo, arXiv:1607.01158 [hep-ph], accepted in EPJC.
°G(h) =1+ ci(h/v) + c2(h/v)? + ..., Vi very close to unity
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Extension to tt states

Lagrangian additions®:
£ =iQdQ — vG(h) [Q UHqQk + h.c.] .

This expression, for the heaviest quark generation, expands to°

2 B 20 _ _
Ly =—G(h) {\/1 — % (Mgtt + Mybb) + MT (M¢ty°t — Mpbvy°b)

iv2wt iv2w™
v

+ (Mpt bg — Mitrby) +

(M¢btr — MbBRtL)}
Two NLO counterterms needed for renormalization,

M _ M _
Ly = gr— 0w 0"t + gj—0,h0" htt
14 "4

8Work in collaboration with A.Castillo, arXiv:1607.01158 [hep-ph], accepted in EPJC.
°G(h) =1+ ci(h/v) + c2(h/v)? + ..., Vi very close to unity
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Chiral counting

i * EWSBS alone
s5/2 e EWSBS+tt
2l NLO
302 . NLO

LO
s [ ]
(172 . LO
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Chiral counting

A e EWWSBS alone i e EWSBS alone
$5/2 e EWSBS+tt $5/2 o EWSBS+v7
NLO NLO
52 ¢ 52 'Y
NL
53/2 L] O 53/2
| LO LO NLO
S LO s [ ] [ ]
§1/2 . §1/2
: : ; —> M; ° LO: ; —> o
0 M, Mz M M} 0 a a? a3 o
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Chiral counting

s

A e EWSBS alone i e EWSBS alone
$5/2 1 e EWSBS—+tt 52 1 o EWSBS+~y~y

NLO NLO
52 ¢ 52 ®
NL

$3/21 e O $3/2

| LO LO NLO
s LO S [ ] [ ]
121 e s1/2

; : : —> M; ° LO; : —> o
0 M, M2 M M 0 o o of of

Note the usage of the chiral counting from®°.

°G.Buchalla and O.Cata, JHEP07 (2012) 101; G.Buchalla, O.Cata and C.Krause,
Phys.Lett.B731 (2014) 80; S.Weinberg, Physica A96 (1979) 327.
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Particular cases of the theory

Higgsless ECL, now experimentally discarded.
J.Gasser and H.Leutwyler, Annal.Phys.158,142; Nucl.Phys.B250,465&517
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Particular cases of the theory

a@=b=0
Higgsless ECL, now experimentally discarded.
J.Gasser and H.Leutwyler, Annal.Phys.158,142; Nucl.Phys.B250,465&517

a?2=1—-Vv2/f2 b=1-2v%/f?

S50(5)/S0(4) Minimal Composite Higgs Model (MCHM)
K.Agashe, R.Contino and A.Pomarol, Nucl.Phys.B719, 165
S.De Curtis, S.Moretti, K.Yagyu, E.Yildirim, JHEP1204 (2012) 042
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Particular cases of the theory

Higgsless ECL, now experimentally discarded.
J.Gasser and H.Leutwyler, Annal.Phys.1568,142; Nucl.Phys.B250,465&517

a?2=1—-Vv2/f2 b=1-2v%/f?

S50(5)/S0(4) Minimal Composite Higgs Model (MCHM)
K.Agashe, R.Contino and A.Pomarol, Nucl.Phys.B719, 165
S.De Curtis, S.Moretti, K.Yagyu, E.Yildirim, JHEP1204 (2012) 042

a®>=b=v?/f2
Dilaton models
E.Halyo, Mod.Phys.Lett.A8, 275; W.D.Goldberg et al, PRL100 111802

v
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Particular cases of the theory

Higgsless ECL, now experimentally discarded.
J.Gasser and H.Leutwyler, Annal.Phys.1568,142; Nucl.Phys.B250,465&517

a?2=1—-Vv2/f2 b=1-2v%/f?

S50(5)/S0(4) Minimal Composite Higgs Model (MCHM)
K.Agashe, R.Contino and A.Pomarol, Nucl.Phys.B719, 165
S.De Curtis, S.Moretti, K.Yagyu, E.Yildirim, JHEP1204 (2012) 042

Dilaton models
E.Halyo, Mod.Phys.Lett.A8, 275; W.D.Goldberg et al, PRL100 111802

v

Standard Model: without non-perturbative interactions
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter!! . Over a, at a
confidence level of 20 (95%),

" Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter!! . Over a, at a
confidence level of 20 (95%),

o CMSY a € (0.87, 1.14)

o2

19.7 b (B TeV) + 5.1 1" (7 Tev) CMS preliminary PP,
T T -
* Observe:

MS
15 Preiminary e

1.0

0.5
0.0

-0.5
-1.0

-15

" Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
2Eyr. Phys. J. C75 (2015), 212
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter!! . Over a, at a
confidence level of 20 (95%),

o CMS™ ac (0.87,1.14)
o ATLASY a€(0.93,1.34)

o2

107076 TeV) + 517 Tev) CMS Preliminary 197 1" (6 Tev) + 5.1 1 (7 Tev)
<

15 Preiminary
1.0

0.5
0.0

-0.5
-1.0
-15

... i 3
06 07 08 09 1 11 12 13 14 15 16

" Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
2Eyr. Phys. J. C75 (2015), 212
13Report No. ATLAS-CONF-2014-009
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter!! . Over a, at a
confidence level of 20 (95%),

0 CMS™2. .. ac (0.87, 1.14)
o ATLASI . ..o ac (0.93, 1.34)
o Fit of Buchallaet. al.™.............................. a € (0.80, 1.16)

o2

107076 TeV) + 517 Tev) CMS Preliminary 197 1" (8 Tev) + 5.1 1 (7 Tev)
<

15 Preiminary
1.0|

0.5
0.0

-0.5
-1.0
-15

... i ) 3
06 07 08 09 1 11 12 13 14 15 16

" Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
2Eyr. Phys. J. C75 (2015), 212

*Report No. ATLAS-CONF-2014-009

4G. Buchalla, O. Cata, A. Celis, and C. Krause, Eur.Phys.J. C76 (2016) no.5,-233
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Experimental bounds on low-energy constants, NLO a4-as

& s R EEEEEmEmas e
F ATLAS
061 20.3fb*, Vs =8 Tev
r pp - WEWHjj
0-4; K-matrix unitarization
0.2
o

-0.2f= confidence intervals

[ [l68% CL
-0.4—
r [E95%CL
_0.6 —expected 95% CL

x Standard Model
" L M
—0 4 0 3 0 2 0 1 0 O.l 0.2 03 04

a

4

Direct constraint over as-as from ATLAS Collaboration'®

5Taken from ref. [PRL113 (2014) 141803]. Note that CMS [PRL114 (2015) 051801]
gives a constraint in terms of Fso//\4 and F51//\4 parameters, which have no direct
translation to the a4 and as ones [arXiv:1310.6708, [hep-ph]].
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Partial wave decomposition

EWSBS alone (+eventua|ly tt)

Auls) = 55 / e P Als, 46,5 (5, )]
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Partial wave decomposition

EWSBS alone (+eventua|ly tt)

Auls) = 55 / e P Als, 46,5 (5, )]

Matrix element from partial wave decomposition

Al(s, t,u) = 16mK i(2J + 1)Py[x(s, t)]Au(s)
J=0
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Partial wave decomposition

EWSBS alone (+eventually tt)

Au(s) = ﬁ /_ - PAOAs. s,x), u(s. )]

v

Matrix element from partial wave decomposition

Al(s, t,u) = 16mK i(ZJ + 1)Py[x(s, t)]Au(s)
J=0

Helicity partial waves for EWSBS+~~

1 [ Ar
A1 A2 _ A1
FIJ (5) T 64mK\V 2J+1 /dQ AI (57 Q) YJ,Al—Az(Q)
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EWSBS partial waves

The form of the partial wave is

An(s) = AD + A L 0 [(s/v?)?] .
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EWSBS partial waves

The form of the partial wave is
Au(s) = AD + A + o [(s/v?)].
Which will be decomposed as
A — Ks

AS}) = (B(u) + Dlog % + E log ;) s2.
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EWSBS partial waves

The form of the partial wave is

An(s) = AD + A L 0 [(s/v?)?] .

Which will be decomposed as

A — Ks
AD = (B(u) + Dlog = + Elog — ) s
1= 12 og Hz og Hz S,

As Aj(s) must be scale independent,
12
B(un) = B(po) + (D + E) log 2
0
= Bo + paaa(p) + psas(u)
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Partial wave decomposition: - states

The form of the partial wave is

PIJ,/\(S) = PI(_?,)/\ + O(agm) + O(aem52)-
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Partial wave decomposition: - states

The form of the partial wave is

PIJ,/\(S) = PI(_?,)/\ + O(agm) + O(aem52)-

Note that vy with J =2, A = £2 also couples
with the EWSBS, following

0 0
PI(O,)O X s PI(Q,):l:2 X o
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Partial wave decomposition: - states

The form of the partial wave is

PIJ,/\(S) = PI(_?,)/\ + O(agm) + O(aem52)-

Note that vy with J =2, A = £2 also couples
with the EWSBS, following

(0)

P,O,0 X as P(O)

2,42 X &

@ Based on a collaboration with profs. M.J.Herrero and
J.J.Sanz-Cillero: JHEP1407 (2014) 149.

@ Partial waves, unitarization and study of the parameter space:
Eur.Phys.J. C77 (2017) no.4, 205.
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Partial wave decomposition: tt states

The form of the partial wave is

Qu(s) = Q0 + QW + O [Ms>/5/v8] + O [M2s/v*]
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Partial wave decomposition: tt states

The form of the partial wave is
Qu(s) = Q0 + Q) + 0 [Mis?/5/v®] + O [M2s/v*] ,
which will be decomposed as
o = Keyam
Q“’—( Qu) + EQlog — >sf/wt
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Partial wave decomposition: tt states

The form of the partial wave is
Qu(s) = QY + Q) + O [Mis?V/5/v] + O [M2s/v*],
which will be decomposed as
oY = Ko,
Q“’—( Qu) + EQlog — >sf/wt
As Aj(s) must be scale independent,
BO(u) = B9(uo) + EClog =5

Ko
= By + pggt(1).
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Partial wave decomposition: tt states

The form of the partial wave is
Qu(s) = Q0 + Q) + 0 [Mis?/5/v®] + O [M2s/v*] ,
which will be decomposed as
o = Keyam
Q“’—( Qu) + EQlog — >sf/wt

As Aj(s) must be scale independent,

B9(1) = B9(110) + E€ log %
0

= Bo + pggi(11)-

@ Based on a collaboration with A.Castillo: arXiv:1607.01158 [hep-ph],
accepted in EPJC.

Rafael L. Delgado Validity of EFT for VBS 34 /61



Unitarity for partial waves

@ Unit. cond. for S — matrix:
sst=1,
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Unitarity for partial waves

Im(s)

@ Unit. cond. for S — matrix: o
sst=1,

LC

. . N\
@ plus .analytlcal properties of o . r%':“
matrix elements, U"‘l"
< XXX

3
g
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Unitarity for partial waves

Im(s)
@ Unit. cond. for S — matrix: o

T8 900 D)
sst=1, LSS

LC \

. ) N\
@ plus analytical properties of - %
®) Vi
matrix elements, ~ “{%ﬁ%}
< XXX

@ plus time reversal invariance,
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Unitarity for partial waves

@ Unit. cond. for S — matrix:
sst=1,

@ plus analytical properties of
matrix elements,

@ plus time reversal invariance,

Unitarity condition for partial waves

Tm Ay p k() = D \[1— —[AU pi—3i,00 ()AL, q; ki (5)]*
{a;b}

Rafael L. Delgado Validity of EFT for VBS 35 /61



Unitarization procedures for elastic processes

[A©(s)]?
AIAM(S) = AO)(5) — AD(s)’

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

[A©(s)]?
A’AM(S) — A(O)(s) — A(l)(s)’
(0)
NPy AP)(s) + AL(s) ,
7
1 ( B(p) =S
g(s) = — (D+ E +Iogu2>
AL(s) = mg(—s)Ds”
Ar(s) = mg(s)Es”
where

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

A0
A/AM(S) = A(O)(S) _ A(l)(s)7
N/Dy oy AQ)(s) 4 AL (s)
T A Al
(0)
Ak (e - AOS) + Auls) 7 _
(s) 1— Qg)((ss)) + g(s)AL(s) g(s) = % (DBEL)E + log l;>
Au(s) = mg(~5)Ds?
Ar(s) = mg(s)Es”
where

PRD 91 (2015) 075017
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Unitarization procedures for elastic processes

[A©)(s))?

AIAM(S) = A(O)(S) _ A(]‘)(S)7

N/Dy oy AO)(s) + AL(s)
T A Al

(0)
Ak (e - AOS) + Auls) 7 _
(s) 1— Qg)((ss)) + g(s)AL(s) g(s) = % (DBY)E + log l;>
Al (s) = —Lols) A(s) = mg(—s)Ds>
1 — iAo(s) Ar(s) = mg(s)Es’
where

PRD 91 (2015) 075017

Rafael L. Delgado Validity of EFT for VBS 36 / 61



Matricial versions of the methods

FIAM(5) = [F(f))(s)} - [F(O)(s) - F(l)(s)] : [F(O)(s)} -

PRD 91 (2015) 075017

Rafael L. Delgado Validity of EFT for VBS 37 /61



Matricial versions of the methods

FiM(s) = [FO(s)] - [FO(s) - FO(s)] - [FOUs)]

FN/P(s) = {1 — Fr(s) - (F(O)(s)>_1 + ;G(S)FL(—S)] o No(s),

where G(s), Fi(s), Fr(s) and Np(s) are defined as

1 -5
G(s) = - <B(,u)(D + E)"! 4 log M2>
Fi(s) = 7G(—s)Ds?
Fr(s) = 7G(s)Es?
No(s) = FO(s) + Fi(s)

PRD 91 (2015) 075017
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Matricial versions of the methods

FiM(s) = [FO(s)] - [FO(s) - FO(s)] - [FOUs)]

FN/P(s) = {1 — Fr(s) - (F(O)(s)>_1 + ;G(S)FL(—S)] o No(s),

F™(s) =1+ G(s) - No(s)] " - No(s),
where G(s), Fi(s), Fr(s) and Np(s) are defined as

1 -5
G(s) = - <B(,u)(D + E)" ! 4 log M2>
Fi(s) = 7G(—s)Ds?
Fr(s) = 7G(s)Es?
No(s) = FO(s) + Fi(s)

PRD 91 (2015) 075017
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Extension to v and tt scattering

Basic assumption

o EWSBS is strongly interacting. ~~ and tt are perturbative.
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o EWSBS is strongly interacting. ~~ and tt are perturbative.
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e Coupling with top quarks, controlled by M;\/s/v? < s/v2.
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Extension to v and tt scattering

Basic assumption

o EWSBS is strongly interacting. ~~ and tt are perturbative.
o Coupling with photons, controlled by @ = e?/4m < s/v2.
e Coupling with top quarks, controlled by M;\/s/v? < s/v2.

Perturbative unitarization: ww — {77, tt}
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Extension to v and tt scattering

Basic assumption

o EWSBS is strongly interacting. ~~ and tt are perturbative.
o Coupling with photons, controlled by @ = e?/4m < s/v2.
e Coupling with top quarks, controlled by M;\/s/v? < s/v2.

Perturbative unitarization: ww — {77, tt}

v
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Usability channel of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.
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Usability channel of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.

@ The N/D and the IK methods cannot be used if D 4+ E = 0, because
in this case computing A/(s) and Ag(s) is not possible.
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Usability channel of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.

@ The N/D and the IK methods cannot be used if D 4+ E = 0, because
in this case computing A/(s) and Ag(s) is not possible.

@ The naive K-matrix method,

A3 = 2o

fails because it is not analytical in the first Riemann sheet and,
consequently, it is not a proper partial wave compatible with
microcausality.
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Scalar-isoscalar channels

— IAM

220 ND !

08 — .- K-improved 7l
- Keold !

0.6, !

04

02

. T
% 02040608 1 12141618 2 22
E (TeV)

-——- N/D
08 .~ .- K-improved
K-old
06/
04+
02
0

L L . L
02040608 1 1214 1.6 1.8 2 22
E (TeV)

From left to right and top to bottom, elastic ww, elastic hh, and cross channel
ww — hh, for a=0.88, b= 3, u =3TeV and all NLO parameters set to 0.
PRL 114 (2015) 221803, PRD 91 (2015) 075017.
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Vector-isovector channels

1 —T

— IAM
----ND
0.15 —-—- K-improved B 0.1
0.01¢ 3 0.01
0.001f [ 0.001
/i -“-'-"""
0.0001 05 1 is ) 25 3 0.0001

From our refl®. We have taken a = 0.88 and b = 1.5, but while for the left plot
all the NLO parameters vanish, for the right plot we have taken a; = 0.003,
known to yield an IAM resonance according to the Barcelona group!”.

1°PRD 91 (2015) 075017
"PRD 90 (2014) 015035
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Scalar-isotensor channels (/J = 20)

0.2 T 1 T

IAM

....... N/D 1] .oos N/D
0.12 - 08 K-improved
Pert. Theory Perturbation Theory

0.6

0.4

0.21-

From our refl®. From left to right, a = 0.88, a = 1.15. We have taken b = a?
and the NLO parameters set to zero. Both real and imaginary part shown. Real
ones correspond to bottom lines at left and upper at low E at right.

8PRD 91 (2015) 075017
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Isotensor-scalar channels (/J = 02)

| e B ) B B B e s

\
\ |-——-—- ND
PR - K-improved| |

0.8

0.6

T

0.4

) S B R DR 2 TP Bt e it e et et S
0 051 15 2 25 3 35 4 45 5 55 6
E (TeV)

a=0.88, b=a? a; = —2as = 3/(1927), all the other NLO param. set to zero.
PRD 91 (2015) 075017.
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Reson. in W, W, — W, W, due to a; and as, ours

0.010

0.005

T 0.000

-0.005

=0.010 5 . . . - s
=0.010 —=0.005 0.000 0.005 0.010

as

@ a=0.90, b= a?
PRD 91 (2015) 075017

@ From left, clockwise,
/J =00, 11, 20

@ Excluding resonances
Ms < 700 GeV, M\/ <

Rafael L. Delgado

No pole

‘ ‘ Exp. allowed

. Disfavored

Il role ist

1.5TeV

Validity of EFT for VBS

0.010 | jgi

0.005
No pole
0.000 ‘ Exp. allowed

. Disfavored

Il pote 1st

~0.005

=0.010 > — . . . L
=0.010 -0.005 0.000 0.005 0.010
as
0.010( "
0.005

No pole

0.000 ‘ Exp. allowed

. Disfavored

. Pole 1st

-0.005

=0.010 ¥

=0.010 -0.005 0.000 0.005 0.010

as
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Reson. in W, W, — W, W, due to a; and a5, Barcelona

1AM Feanires
001

CROSS-CHECK:
Espriu, Yencho,

Mescia

PRD88, 055002
PRD90, 015035 N
At right, exclusion
regions include reso-
nances with

Ms.y < 600 GeV. :
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Resonance from W, W, — hh

a=1 b=2 1AM,
elastic chann. W W — W, W/,
red figure from 3D-printer |

Rafael L. Delgado,

Antonio Dobado,

Felipe J. Llanes-Estrada,
Possible New Resonance from
W, W,-hh Interchannel
Coupling,

Re(s) 5\ /2

PRL 114 (2015) 221803 I
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Resonance from W, W, — hh

a=1, b=2, 1AM,
inelastic chann. W, W, — hh,

L7
T o v
s o e o, ,
5 ‘?T;‘.":%‘#i#?#:a )
Rafael L. Delgado, 10f SZAH "@.’.’..O.... j
. ' LA \Q......'~ J
Antonio Dobado, 0.5 7Y ...... 77 J
- \ L\
Felipe J. Llanes-Estrada, 00} “ { ,’"'......." FA
Possible New Resonance from "_01‘50\ P Q’.&}g“%’#.
W, W,-hh Interchannel T %”?"’Q’” .
Coupling, ... AT fm()
Re(s) 5 . | /2
PRL 114 (2015) 221803 o
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Resonances in W, W, — W, W, due to a and b parameters

No pole 2 No pole

‘ Exp. allowed s 1 Exp. allowed

. Disfavored . Disfavored

. Pole 1st —1:— . Pole Ist
e PRL & PRD 91 (2015) 075017 ;
@ From left, clockwise, °
1J =00, 11, 20 2 No pole
s 1 [ | Exp. allowed

@ Excluding resonances
Ms < 700 GeV, My < 1.5TeV 0

. Disfavored

. Pole 1st

@ Constraint over b even without -t
data about W, W, — hh and 5
hh — hh scattering processes.

2 : : L . .
0.7 0.8 0.9 1.0 1.1 1.2 1.3 0.7 0.8 0.9 1.0 1.1 1.2 1.3
a
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Motion of the resonance mass and width

Dependence on b with
a® = 1 fixed (upper
curve) and fora=1—¢
and b =1 — 2¢ with

& =v/f asin the
MCHM (lower blue
curve).

PRL 114 (2015) 221803

Video,
(a,b) param. space
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join.mp4
join.mp4

Resonances in W, W, — W, W, due to a and a; parameters

0.0010 . T 0.0010 [~
0.0005 0.0005
No pole No pole
T 00000 ‘ Exp. allowed T 00000 Exp. allowed

. Disfavored

. Disfavored

~0.0005 ~0.0005
Il role ist Il pote 1st
-0.0010 . s =0.0010 b . .
0.7 0.8 0.9 1.0 1.1 1.2 1.3 0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.0010 ("7
@ b=2a°
PRD 91 (2015) 075017 000031 N
0 pole
@ From Ieft, C|OCkWiS€, T 00000 — Exp. allowed
IJ = 00, 11, 20 . Disfavored
~0.0005 Pole 1
@ Excluding resonances Il Poe 1
MS < 700 GeV, MV < 1.5TeV ~0.0010 | SE_—_—— : .
0.7 0.8 0.9 1.0 1.1 1.2 1.3

Rafael L. Delgado
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Resonances in W, W, — W, W, due to b, g, d and e

parameters

No pole No pole
Exp. allowed = 000 Exp. allowed
. Disfavored . Disfavored
. Pole 1st . Pole Ist
15 20 25 30 35 40 -0.05 0.00 005
b d

Effective Theory, PRD 91 (2015) 075017, isoscalar channels (/ = J = 0).
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1) IAM method

This method needs a NLO computation,
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1) IAM method

This method needs a NLO computation,

) £
tY = =
oty
where
12
5 = (Dlog[ ]+Elog[ ]+(D+E)Iog[2}>
It 11? It
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Check at tree level

We have checked!?, for the tree level case,

9Gee J.Phys. G41 (2014) 025002.
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Check at tree level

We have checked!?, for the tree level case,

1 s b wiwb
L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo +

Bl = 1+ e (2) —1+20L +5(2) ¢
n=1

9Gee J.Phys. G41 (2014) 025002.
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Check at tree level

We have checked!?, for the tree level case,

1 s b wiwb
L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo +

Bl = 1+ e (2) —1+20L +5(2) ¢
n=1

where a = av/f, b= sz/f2, and so one,

9See J.Phys. G41 (2014) 025002.
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Check at tree level

We have checked!?, for the tree level case,

1 s b wiwb
L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo +

Bl = 1+ e (2) —1+20L +5(2) ¢
n=1

where a = av/f, b= sz/f2, and so one, the concordance with the
methods

9See J.Phys. G41 (2014) 025002.
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FT=TA-Js)T)Y,  ,J(s)= —% log [_5] ,

so that, for ,,

. ty — J(tut, — t3,)
tw

1= J(ty + ty) + S (tut, — t2,)
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T=T-Js)T) J(s) =~ log [_5] ,

so that, for ,,

. ty — J(tut, — t3,)
tw

1= J(ty + ty) + S (tut, — t2,)

for 3 = a? (elastic case),
. t,

t, =
Y1 — U,
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,

NI NI NI
Ay = A—A7A+A7A7A—...

d*q i 1 —s 1
6 = [ G e - 52 | = e
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,
NI NI NI
Ay = A—A7A+A7A7A—...
d*q i 1 —s 1
& = [ Gy ror 152 % | = e

Note: actually, N = 3. For the (iso)scalar partial wave (chiral limit,
I =J=0),

to

tn(s) = ey
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(elastic scattering at tree level only 3 = a?. See ref. J.Phys. G41 (2014)
025002). Ansatz

oy NG)
#5) = by

where N(s) has a left hand cut (and Im N(s > 0) = 0)
D(s) has a right hand cut (and ID(s < 0) = 0);

D(s) = 15/00051(0'5”\/(5/)

™ s’ — s — ie)

s [© s’ ITm N(s’
Mo = F [ )

7 ) o5 (s —s—ie)
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Coupled channels, tree level amplitudes

It|

0.1¢F

001} ,

0.001

1074

. . . . s
2 4 6 8

f=2v, B=0?=1, A3 =M2/f, \g = M2/f2. OX axis: s in TeV?.
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Tree level, modulus of t,, K matrix

0.8}
0.6/ @ All units in TeV.
i @ From top to bottom,
0.4F f=1.2,0.8,04TeV
? o A=3TeV
0.2r
i o 1 =100GeV
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S

Im t, in the N/D method,

Validity of EFT for VBS
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Ret, and Imt,, large N, f = 400 GeV
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Ret, and Imt,, large N, f = 4TeV
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Tree level, motion of the pole position of t,

K—matrix, My = 125 GeV, f € (250 GeV, 6 TeV))

6 T T T T T
5 . .
N
L

4 + -
S + "
© 5| + T |
= PRI
— N L

2 - -

1 - —

0 | | | | |

08 081 08 08 084 085 0.86
M (TeV)
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Equivalence Theorem

0.150 T T

0.145 |-
0.140 |- 4
0.135 g
0.130 || 4

0.125

|A(ww->hh)[?

0.120

0.115

0.110

0105 1 1 IW”W”’I"'””" IV _ 1
500 1000 1500 2000 2500 3000 3500 4000

s (GeV)
Comparison between the full LO ww — hh (cos@ = 3) and that computed
through the ET. The SM is used here. Work in collaboration with
S. Moretti, to test a modified version of MadGraph.
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Equivalence Theorem

0.420 T T T

0.410 |- 4

0.400 1

0.390 —

|A(ww->hh)[?

0.380 |

0.370

1 1
500 1000 1500 2000 2500 3000 3500 4000
s (GeV)

0.360 L L L L

Comparison between the full LO ww — hh (cos@ = 6) and that computed
through the ET. The SM is used here. Work in collaboration with
S. Moretti, to test a modified version of MadGraph.
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