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Considered processes

e+e− → e+e−γ∗γ∗, pp → ppγ∗γ∗

γ∗γ∗ → (EWSBS)
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Empirical situation and motivation: γγ physics
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 (13 TeV)-116.2 fbCMS Preliminary

Resonances in γγ channel, easy to
detect (H, π0, η,...).

False alarm at the LHC!!
CMS-PAS-EXO-16-027, presented
on ICHEP2016.

Accoring to CMS data, the diphoton
excess (2.9σ) at mχ ≈ 750GeV is
reduced to about 0.8σ.

A resonance at mχ ≈ 750GeV in
γγ without a counterpart in
VLVL → VLVL, problematic for
strongly interacting models.

Anyway, in this presentation, we will
focus in γγ.
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Studied framework

We consider a strongly interacting EWSBS (Electroweak Chiral
Lagrangian), in contrast to the weakly interacting one of the SM
[PRL114 221803, PRD91 075017].

We study the processes VV → VV , VV → hh and hh→ hh, and
extend the result to include γγ states [JHEP07 149].
In order to minimize our assumptions over the (hypothetical)
underlying theory, we will

use dispersion relations over a partial wave decomposition
(the so–called unitarization procedures);
extend these unitarization procedures to the coupled-channels case
[EPJC77 no.4, 205];
and consider an Effective Field Theory, computed at the NLO level
(within the limits of the Equivalence Theorem), with three would-be
Goldstone bosons ω and a Higgs-like boson h.

The Effective Photon Approximation is used for approximating the
generation of 2 hard γ’s from the initial pp and e+e− states
[arXiv:1710.07548 [hep-ph]].
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Non-linear Electroweak Chiral Lagrangian

We have no clue of what, how or if new physics...
Non-linear EFT1 for VV scattering at NLO level, minimally coupled to hh,

L =
v2

4
g(h/f ) Tr[(DµU)†DµU] +

1

2
∂µh∂

µh − V (h),

where

g(h/v) = 1 + 2a
h

v
+ b

(
h

v

)2

+ . . .

V (h) = V0 +
M2

h

2
h2 +

∞∑
n=3

λnh
n

DµU = ∂µU + iŴµU − iUB̂µ.

Mh and λn are subleading in chiral counting.
1Yellow Report: *C.Grojean, A.Falkowski, M.Trott, B.Fuks, *G.Buchalla, T.Plehn,

G.Isidori, K.Tackmann, L.Brenner,...; LHCHXSWG-DRAFT-INT-2016-002
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Extension to γγ states

The covariant derivative is defined as2

DµU = ∂µU + iŴµU − iUB̂µ.

The photon field A arises from the couplings with Ŵµν and B̂µν through a
rotation to the physical basis; an anomalous three-particle coupling may
appear

−cW
h

v
ŴµνŴ

µν − cB
h

v
B̂µνB̂

µν = −cγ
2

h

v
e2AµνA

µν

The next additional NLO counterterms are needed,

L4′ = a1 Tr(UB̂µνU
†Ŵ µν)

+ ia2 Tr(UB̂µνU
†[V µ,V ν ])

− ia3 Tr(Ŵµν [V µ,V ν ])

2Work in collaboration with M.J.Herrero and J.J.Sanz-Cillero, JHEP1407 (2014) 149.
Rafael L. Delgado EWSBS phenomenology. . . 12 / 29



Extension to γγ states

The covariant derivative is defined as2

DµU = ∂µU + iŴµU − iUB̂µ.
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µν − cB
h

v
B̂µνB̂

µν = −cγ
2

h

v
e2AµνA

µν

The next additional NLO counterterms are needed,

L4′ = a1 Tr(UB̂µνU
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Experimental bounds
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Experimental bounds

As it would require measuring the coupling of two Higgses, there is no

experimental bound over the value of b parameter.
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Collinear photon approximation: e+e− collider

Aimed for the ICL prospectives (energy of ∼ 1TeV).

Elastic scattering.

dσ (e−e+ → e−e+γγ → e−e+ωω)

dsdp2T
(sγγ , θ) =

1

sγγ

xmax∫
xmin

dx1
f (x1)

x1
f

(
sγγ
seex

)
dσγγ→ωω (sγγ , θ)

dp2T
,

dn

dx
= f (x) =

α

πx

∫ Q2
max

Q2
min

[
Q2 − Q2

min

Q4
(1− x) +

x2

2Q2

]
dQ2 .
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Collinear photon approximation: pp collider

Photon number density per unit x (fractional energy taken
from the electron). see = 1TeV2.
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Collinear photon approximation: pp collider

Elastic scattering: protons in the initial state remain unchanged.
Elastic regime. Collinear photon flux in the proton and form factors
are used here. CT-PPS (CMS-TOTEM) and AFP (ATLAS Forward
Detector) aim at detecting elastically scattered protons near the
beampipe.

Deep Inelastic Scattering: protons are destroyed. Photons are partons
of the protons (proper PDFs). CT14 and NNPDF are used here.

Inelastic regime (not necessarily DIS): baryon resonance energy
region. Actually, we expect most of the cross section here.
We need to incorporate data from Jefferson laboratory and other
mid-energy facilities. Convenient parametrization: LUX photon
effective pdf [PRL117 no.24, 242002]. It integrates low-Q2 data from
A1, CLAS and Hermes GD11-P. The set
LUXqed plus PDF4LHC15 nnlo 100 is used here.
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pp collider, elastic scattering
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pp collider, elastic scattering

Some form factor parametrizations and theoretical computa-
tions as functions of Q2 taken from the ample literature.
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pp collider, elastic scattering

Photon flux. Continuous black line: parametrization match-
ing dispersion relations at low momentum and counting rules
at high Q2.
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pp in the initial state, DIS

Product of the photon distribution function by x. Solid, black
line: NNPDF extraction (with uncertainty as the shadowed
yellow band). Dashed red line: CTQ14 set. The left plot
takes Q = 100GeV, the right plot Q = 1TeV.
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pp in the initial state, inelastic (not neces. DIS)
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Figs. from [PRL117 no.24, 242002], LUXqed. Left, scat-
tering regime (white region, inaccessible at leading order in
QED). Right: contribution to the photon effective PDF at
µ = 100GeV, multiplied by 103x0.4/(1− x)4.5.
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Base cases

Differential cross section for γγ → ωω. Left: a4 = 10−3,
a5 = 0. Right: a4 = a5 = 10−3. Both sets introduce
resonances around 1 rmTeV .
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e+e− collider

Differential cross sections from the previous slides, convo-
luted with the photon flux factors for a e+e− collider. The
e+e− energy is fixed at 2TeV.
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pp collider, elastic case
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pp collider, DIS
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pp collider, inelastic (not necess. DIS)
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Conclusions: our work

We have performed a comprehensive study of the unitarized
amplitudes involving γγ in the initial state, and used the Effective
Photon Approximation for collider phenomenology in pp and e+e−.

While the cross sections are naturally small, as we have quantified,
they are very clean if the outgoing elastically scattered protons can be
tagged.

Concerning the elastic cross section, the number of events to be
found increases with pt , for modest values thereof. If a new
resonance was around Eγγ = 1TeV, σ would be rather flat in E and
around 102 fbarn/TeV4.

This means that an integrated luminosity of 300 fbarn1 at the LHC
run-II would prove insufficient to gather enough events at this high
invariant boson-boson mass.

DIS (both protons dissociate): these events are difficult to isolate
because the non-photon-initiated background is too large, leaving
activity in the central silicon trackers.
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Conclusions

Resonance-mediated inelastic (but not deeply inelastic): the proton
dissociates but mostly in the forward direction. More promising, but
precise predictions are here difficult because we find quite some
systematic difference due to the chosen pdf set; one can opt for the
newest LUXQED set.

Reson. below 1TeV, the situation is a bit better. Cross sections, an
order of magnitude larger.

Reson. of higher masses: maybe in collisions involving heavy ions.
Pb-Pb: enhanced by a factor (Z = 82)2, lost to a factor 2000 smaller
luminosity than in pp collisions with the current LHC; perhaps p-Pb is
optimal.

Proposed luminosity of the CLIC collider, ∼ 650 fbarn1/yr; our
resonance σ, 103 fbarn; only a couple of events per year. While CLIC
may be apt for exploring vector resonances that couple in an s-wave
to e+e−, it will fall short in luminosity for scalar or tensor resonances
in γγ physics.
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