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hat do we really know about the new neutral boson, discovered by ATLAS and

MS and confirmed by CDF and D0?
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Observagm of a new boson at a mass of 125 CJ/ with the CMS experiment at
the LHC* “= -

CMS Collaboration™*
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This paper is dedicated to the memory of our colleagues who worked on CMS but have since passed away. In recognition of their many
contributions to the achievement of this observation.
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Observation of a new particle} the search for the Standard Model Higgs boson

Wit theeATLAS detegtas atThe LHC *
ATLAS Collaboration*

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and significance of their
contributions to the experiment.
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my = 125.7 +0.3 (stat.) £ 0.3 (syst.) GeV ATLAS: M, =125.5+0.2,,, £ 0.6, GeV

I'y, < 17.4 MeV 4.2 times MSM value!




On-shell X(J=1) 7? vy by Landau-Yang theorem

Angular distributions of the decay products are sensible to the resonance spin:

CMEpelimingy (S=7TeV.LuS10" EusTeV Leen'

th ATLAS and CMS exclude a J=2 resonance to 99.4% confidence level and are compatible

th a J=0 resonance.
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Signal Strengths U = o - Br/(ogy - Brgy)
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Gauge couplings

Matter: Interactors:
Quarks and leptons — Gauge bosons

Yukawa couplings x Luge invariant couplings

EWSBS:
WBGB, new /4 boson...
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I'he first conclusions after looking at the experimental data
s that the new scalar resonance 1s compatible with the SM
1ggs, hence the name of Higgs-like resonance.

owever, 1n there is a lot of room for other possibilities,
n particular a strongly interacting scenario for the EWSBS
compositeness, low modes as Goldstone bosons).







~ For describing the physics of the SBS of the SM beyond the MSM at low energies we have to include

the 3 WBGB W + one Higgs-like light scalar 4. There are at least two possibilities:

[inear representation:

The w* and the £ fits in a left SU(2) doublet

The Higgs always appear in the combination:

Higher symmetry

Typical situation when / i1s a fundamental field

ET based in a cutoff expansion: O(d)/L4* (d=operator dimension, d=4,6,8...)
Non-linear representation:

h is a SU(2) singlet and W¥ are coordinates on a SU(2) X SU(2)/SU(2)=SU(2)=S3 coset
g

Lesser symmetry and more independent higher dimension effective operators

Derivative expansion

ECLh with F(h) insertions

Appropriate for composite models of the SBS (4 as a GB)




PA program for the study a Strongly Interacting Scenario
for the SBS at the LHC

he only modes at low energies (< 600 GeV) are the WBGB and the Higgs-like particl
most probably composite GB of some highier spontaneously broken symmetry with dim(G/H)=4)

Built an appropriate low-energy Effective Lagrangian (ECLh with a Higgs-like particle).
pply the Equivalence Theorem (go to high energies to decople gauge bosons)

ompute the relevant scattering amplitudes at tree level and at the one-loop level
(orders s and s2) (yy 2 VV, VV 2 VV, VV = hh, hh 2 hh...)

Unitarize the amplitudes by using dispersion relations to extrapolate to higher energie
generate resonances dynamically)

Study the properties of the emerging resonances in terms of the low-energy couplings
make predictions for other processes)

ompare with next years LHC results when possible with more realistic computations
not using the ET or the Equivalent-W approximation, include other radiative corrections, the top quar
JCD corrections... to make the results realistic for comparison with data (MC))




Blic main ingredients of our phenomenological Lagrangian are Gauge Bosons,
Rlliarks, Leptons and concerning the EWSBS:

B Scalar degrees of freedom: 3 WBGB W? + one Higgs-like light scalar /1 and nothing else

because of the above mentioned

i) : in the limit g=g '=A,,=0 the EWSBS suffers a spontaneous
breaking from some global group G to H.=SU(2), .»

his is the case of the MSM but more generally it is supported by the Electroweak Precisio
Data:

Mgy

M2 cos? bw . MSM at the tree level

nd also by the LHC data: RwW =Rz =RV

P




erefore, our effective lagrangian for the EWSBS at low-energy 1s a gauged NLSM
sed in the coset: 5
SU(2);, x SU(2)r/SU(2)¢ = SU(2) ~ S

2
Lo = F(h)(DU)'DHU + %0#,110#1, v N FR) =1+2a" 40 (") .

U v

DU = 9,U +W,U — UY,JMSU(2)L, x U(1)y

i \[,3 \1,3
V(h) 21,111'1:10+—\[h11 + d3—"h? +di Lt

n=>0




Interesting particular cases:

a=b=c=c¢=d;=1

Kaplan, Georgi






The Equivalence Theorem
(for R gauges)
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Fig. 7.8. The proof of the equivalence theorem




L.O amplitudes

Those are the generalization of the Weinberg low-energy theorems for pion scattering
The amplitudes generically grow with the energy and then they violate unitarity at some
new physics scale:

The only exception occurs for a = b= ¢ =1 which is the case of the MSM

Contino, Grojean, Moretti, Piccinini, Ratazzi




All of these amplitudes violate badly unitarity at some point







LO ECLh (2 derivatives)

R T

Ly = =5 T(Wu W) - ﬁTr(BN,,B“ )
v ho R 1,

+ [1+2a—+b—2] Te(D*U'D,U) + 50"h,h + ...

(% v

NLO ECLh (4 derivatives)

Apelquist-Longhitano
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+aq [Tr(V, V)] [Te(VAVY)] + as [Te(V,VA)] [Te(V, V)] + . ...

Additional terms including h and its derivatives (4 operators more)

One loop LO and NLO are the same order

It 1s not consistent to use the NLO ECLh
without LO one-loop corrections!
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Alonso, Gavela, Merlo, Rigolin and Yepes



The low-energy Effective Lagrangian for W, W,, Z,Z, and hh
one-loop scattering
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il1. One-loop computation and the IAM method
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A.D., Herrero, Truong, Pelaez...
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CMS: 95% CL

ATLAS: 95% CL




WW Scattering @ LHC —
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First evidence of
W*W?* scattering

(3.6 ©)

ATLAS, arxiv:1405.6241
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OTICTUSTOTLS.

‘The new boson discovered recently at CERN has the same quantum numbers and a
behavior compatible with the MSM Higgs. ‘

However assuming only custodial symmetry, the existence of the Higgs-like light boso
and the huge gap, makes it possible to write a non-linear effective ECLh, containing the

MSM as a particular case.

By using this Lagrangian at the one-loop level, complemented with dispersion relations
“and the ET, it possible to study the scattering of the longitudinal components of the EWG
related with the underlying unknown EWSBS dynamics in terms of a small number of

parameters.

n the parameter space the Z,Z, W, W, scattering is generically strongly interacting ane
give rise to new resonant states in many cases and also to other processes which are

suppressed in the MSM as yy 2 £,Z, W, W, .

hus strongly interacting W, W, scattering would be a signal of new physics BSM. Mue
more work 1s needed for making realistic predictions




Interesting fornew physics research since they don’t recieve any contribution from
the Higgs at the tree level. In particular the neutral channel vanishes in the MSM.
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G €2T ) = 25(61A)(2A) — (t — u)*(e162) — 2(t — u)[(€1A)(e2k1) — (€1ks)(2A)]

pv
M = Mo + Mxnro,

Gl qw

2 v Hv

A = Aro + AnLo.
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The Lagrangian, the Feynman rules and diagrams
are the different but the S matrix elements are the same
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Observables Relevant combinations of parameters
from L» from L4

M(":r"':«' — 2ZZ
M(yy = wtw™)
P'(h—vy)
S—parameter
]:»,' ww

Fah

(Higgsless)




o' = (¢*,4°)

. -
¢=L ¢O _ 1 ﬁliw?
V2 \ ¢ V2({(\v+hyix

Lsps = (Dud) (D*¢) — V(¢) + Lyk

g . T®
D,¢ = (3,, + zEB# - ngW;f) ¢

V(p) = —p¢' ¢ + Ao p)?

v ~ 250GeV,

M3 = 2)\v?

* We introduce an ad hoc potential to induce the Higgs mechanism.

* We have 4 new degrees of freedom: 3 WBGB and one massive scalar (THE HIGGS BOSON).
» Fermion masses are produced by the Yukawa couplings in a gauge invariant way.

* The theory 1s unitary and renormalizable.

* The dynamics producing the EWSB is gauge invariant but it is not a gauge interaction

» Light Higgs means weak interactions in the SBS

V.
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WW, ZZ fusion :
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tt fusion : : s s

W, Z bremsstrahlung

Decays of a 125 GeV Standard-Model Higgs boson
charm/anti-charm, 2z Y  Z¥V others
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