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@ Why strongly interacting breaking sectors?
@ Heavy fermions inclusion in the Higgs effective theory

@ Systematics and computations at Next to Leading Order
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Why strongly interacting breaking sectors?
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@ The scalar-like particle with a mass of 125 2

GeV founded in the LHC completes a possible

frame for fundamental interactions given by
the Standard Model (SM).
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@ SM is highly compatible in the description of Ol
many phenomena in particle physics and is BR:w:,RH
consistent with data collected by LHC,
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Why strongly interacting breaking sectors?

@ A central goal of the LHC is to test the
underlying dynamics of electroweak symmetry
breaking.

@ Further spontaneous symmetry breaking at
f>v =246 GeV?

@ Any such new physics would induce departures
from the SM in the low-energy dynamics for

the minimal electroweak symmetry-breaking
sector (EWSBS).

@ Until now, any new scalar or vector resonance
have not found up to 600 GeV.
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Why strongly interacting breaking sectors?

@ We consider a strongly interacting EWSBS, in
contrast to the weakly interacting one of the
SM. Effective Higgs Theory
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@ The Higgs couplings to gauge bosons and
fermions are compatible with the SM, but
deviations of O(10%) _are still possible
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Why strongly interacting breaking sectors?

@ We study the processes VV — tf and
hh — tt, extending the results of VV — VV
and VV — hh

@ The production of tt states is also a well
studied experimental observable for LHC.
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Non Linear Effective Higgs Theory

Non Linear Effective Higgs Theory
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Non Linear Effective Higgs Theory: Including Heavy Fermions

Non linear EFHT for VV at Next to Leading Order, minimally coupled
to Higgs boson

V2 h + ].
L= ()T {(DHU) (D“UJ} + 50uhd*h— V(h) + L rermions
v

Where the relevant terms
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Non Linear Effective Higgs Theory

@ Leading Order scattering amplitudes within the EWSBS diverge,
but are controlled by strongly interacting dynamics which respect
unitarity.

@ Equivalence theorem implementation
T(VAVE — tt) = T(w?w? — tt) + O(My //5)

@ The EWSBS behaves as if the would-be Goldstone bosons were
physical states.

@ The non-gauged Lagrangian can be used directly to compute
scattering amplitudes.

e This situation is similar to low-energy QCD (hadron physics).
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Non Linear Effective Higgs Theory

e Higgs Effective Field Theories are derivative expansions — the interac-
tions will generically become strong at sufficiently high energy.
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e As growing energy — Amplitudes violate optical theorem (perturbative
behavior)— Unitarization methods (Inverse amplitude method+N/D)

Delgado et al, JHEP 07 (2013) 116-PRD 91 (2015) 075017
Procs. of the XlIth Quark Confinement and the Hadron Spectrum
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Non Linear Effective Higgs Theory

e HEFT theories are derivative expansions — the interactions will generi-
cally become strong at sufficiently high energy.

Alww — ww)
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A very broad scalar pole (o — like) is expected in TeV region by analizing
unitarized amplitudes in the second Riemman sheet.

Delgado et al, JHEP 07 (2013) 116-PRD 91 (2015) 075017
Procs. of the XlIth Quark Confinement and the Hadron Spectrum
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Non Linear Effective Higgs Theory

e HEFT theories are derivative expansions — the interactions will generi-
cally become strong at sufficiently high energy.

Alww — ww) : Q(ww — tt):
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e /To search resonances from strongly interacting EWSBS+tt will be the
main goal in this work!

Delgado et al, JHEP 07 (2013) 116-PRD 91 (2015) 075017
Procs. of the XlIth Quark Confinement and the Hadron Spectrum
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Non Linear Effective Higgs Theory: Including Heavy Fermions

Non linear EFHT for VV (W, or Z;) at NLO, minimally coupled to
Higgs boson + fermions

2 /h 1
L= VI? (V>Tr {(DHU)T (DHU)] + 58,h3*h— V/(h) + £ Fermions

We need the parameterization U(w?) € SU(2), x SU(2)r/SU(2)¢ (C
Custodial)
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Non Linear Effective Higgs Theory: Including Heavy Fermions

Non linear EFHT for VV at NLO, minimally coupled to Higgs boson

v2 h t 1
L= I ; Tr |:(DP—U) (DMU):| + Eauhauh— V(h) +£Fermions

U € SU(2) in the spherical parameterization
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Top dynamics at LO and NLO in the HEFT

For the case of the heaviest quark generation

w? - - iw - s
—Ly =G (h) 1— — (Mgt + Mybb) + — (M:ty°t + Mpby°b)

+ - _ _
—|—I\[2w7 (Mb?LbR — MtERbL) + I\ﬁwT (MtbLtR — MbbRtL)}

Basic assumptions

@ EWSBS is strongly interacting. tt couplings are perturbative.
@ Coupling with top quarks, controlled by M;+/s/v? < s/v?
@ Contributions from Higgs potential are neglible since My, ~ 0

@ My >> My, ~0
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Top dynamics: Chiral Counting

Chiral counting (s, M;)
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e HEFT is perturbative in #M,/v but requires unitarization in es/(47mv)?
to reach the resonance region
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Systematics and computations at NLO
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HEFT-Top dynamics+Unitarity

Systematics

@ Computations of the
amplitude scattering at NLO
level (Equivalence theorem)

Qunen > AN T X

@ Expansion in partial waves

Q[J((.Ua(.Ub — t?), N[J(hh — f?) ,_\< AN ,,\;<
K K

@ Apply a feasible unitarization
method (IAM+N/D)

Qs (wawp — 1), Ny (hh — tT)
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HEFT-Top dynamics+Unitarity

Systematics

@ Computations of the
amplitude scattering at NLO
level (Equivalence theorem)

Q(wywp — tt), N(hh — tT)
@ Expansion in partial waves

Qu(wywp — tt), Nyy(hh — tt)

@ Apply a feasible unitarization
method (IAM+N/D)

Qs (wawp — 1), Ny (hh — tT)
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HEFT-Top dynamics: Phenomenology

Alww = ww) and Q(ww — t7)
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Castillo et al, EPJ C 77_:436 .
e The IAM can reproduce broad, o-like resonances, driven by the LO

parameter a and controlled sligthly by ¢; and g;
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HEFT-Top dynamics: Phenomenology

Alww — ww) and Q(ww — tT)
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Castillo et al and Delgado (Proc)
e Any new resonance would come from the inner EWSBS dynamics.
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Concluding Remarks

Concluding Remarks
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Concluding Remarks

@ We have considered scattering processes in a Higgs Effective Field
Theory coupled to the top-antitop sector at NLO in a double
expansion in M;/v and /s/v.

@ NLO scattering (unitarized) amplitudes as the low-energy
information reaching the resonance region (E ~ 0.5 — 3 TeV).

@ Phenomenological description of any resonant tt production
enhanced by a strongly interacting Electroweak Symmetry Breaking
Sector.

@ Final tt pairs feature poles in the second Riemann sheet in the
same position as the elastic Goldstone Boson amplitudes.

@ Dynamical resonances are thus linked to the parameter space of
chiral couplings in the unitarized HEFT.
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Thanks!
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Amplitudes

Leading Order computations
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Unitarization proccedure

@ SST =SS =1 (Unitarity
condition)

@ plus analitycal properties of
matrix elements

v

@ plus time reversal

]

IMA p; -k Z 1-— Au pi—vdi s (5)] [AIJ,q,-v,,,Hki(s)]*
{a,b}
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Unitarization proccedure

@ SST =SS =1 (Unitarity
condition)

@ plus analitycal properties of Lc
matrix elements

@ plus time reversal

{1 Riemann sheet, | { Il Riemann sheet, |
{ Als-iy)=[AsHy)l ¢ § A(s-iy)#[A(s+y)] |

ImA pi— i ( Z 1—— [Au pi o (S)] [Au,q,-,,,,—>ki(5)]*
{a.b}
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Unitarization proccedure

@ SST =SS =1 (Unitarity

condition)
@ plus analitycal properties of LC
matrix elements Re(s)
@ plus time reversal
4m2 .
ImA p; -k (s) = Z 1- Tq (Al pi a0 (5)] [Alsg; ki (5)]

{a,b}
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Unitarization proccedure

@ SST =SS =1 (Unitarity
condition)

@ plus analitycal properties of
matrix elements

@ plus time reversal

LC

Re(s)
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Unitarization proccedure

@ SST =SS =1 (Unitarity
condition)

@ plus analitycal properties of
matrix elements

@ plus time reversal

LC

Re(s)
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Unitarization proccedure

@ SST =SS =1 (Unitarity
condition)

@ plus analitycal properties
matrix elements

@ plus time reversal
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Narrow poles

Alww — ww) and Q(ww — tt) (LHC anomalies)
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e A relatively narrow resonance appears at 0.75 TeV
e |t appears as a dip due to its interference with the background in the
Q(ww — tt) amplitude.
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