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.....

It is said from time to time:
‘Particle physics has gone through a stagnant spell
ever since the mid-1960’s —- a spell not exactly
broken even by the Higgs discovery event’

Q: Is that indeed the situation?

Look at some developments since 1967.....

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based Particle Physics Harish-Chandra Research Institute Allahabad, IndiaFuture Directions in Theoretical High Energy Physics: Bias, Babble, Brouhaha



...

1967: The GSW electroweak theory in shape

1972 : Its renormalisability proven

Late 1960’s: Nucleons found to have
substructures, parton model developed

1973: Asymptotic freedom established

1970’s: Weak neutral current found
τ -lepton, b-quark discovered

3-jet events found

1980’s: W,Z discovered

Charmless B-decay: Vub 6= 0
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...

1990’s: top quark discovery, Superkamioknde
results on atmospheric νµ , Direct CP-violation
in Kaon decays

2000’s: ντ discovery, CP-violation in B-decays,
θPMNS
13 6= 0

1990’s - early 2000’s: The standard model
experimentally verified as a renormalisable
quantum field theory, limit on the number of
sequential fermion families, Higgs mass roughly
predicted without us actually seeing it

2012: A 125-GeV scalar identified (as ‘the
Higgs’ or ‘a Higgs’)
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In the meantime...

Thousands of BSM scenarios formulated.....
includes SUSY, extra dimensional theories with
experimental consequence, technicolour and its
more recent incarnations, GUT, LRS, seesaw
and other neutrino mass models......

Theoretical principles of QCD leading to
sophisticated calculational tools, semi-empirical
procedures devised to make realistic calculations
despite the roadblocks caused by the
confinement issue.....

A huge mass of astrophysical data, the
development of precision cosmology, formulation
of inflation, the dark matter issue on firm
grounds, quantification of dark energy, relations
established between particle physics, light
element abundance, structure formation etc.....
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...

All in ≈ 50 years, spanning a massive structure
(though with some makeshift components). At
its worst, a pluralistic framework. At its best, a
solid platform for quests of more
unified/comprehensive patterns....

Compare with classical electrodynamics.
Maxwell’s equations framed in 1861......no hint
for new physics in that direction till
1905.....more than 40 years to hit new physics.

Are we complaining of stagnancy because we are
spoilt by the ‘thirty years that shook physics’?
The reason for frustration: we are learning many
things, but they all reinforce the same
structure— the Standard Model— rather
than yielding hints for new ones....
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The bias of the present discussion: mostly
‘bottom-up’
(piecemeal approach to start with)

The observations that persistently imply going
beyond the SM are

Dark matter
Neutrino masses and mixing
Baryon asymmetry
Dark energy (perhaps)

We mostly discuss directions of thinking
related to the first two
But start with the Higgs, the most recent toy
gifted by Nature.....
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Invented in the 1960’s, discovered in 2012......
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Based on LHC data......

Signal strengths consistent with the SM at 2σ
level or less

But there is still scope for departure from SM
interactions!
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Based on LHC data......

More uncertainty in fermion couplings, and little
clue on CP-violating couplings (to bb̄, say)

Invisible branching ratio at least upto 10 - 15%
still allowed!

Departure from SM coupling can be of two
kinds:

• Coupling strengths scaled w.r.t. SM coupling
• Different Lorentz structure, mostly

driven by higher-dimensional operators
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.....

Scaled coupling
⇒ Either h or the particles to which it couples

are mixed with something unknown
⇒ Avenues towards new physics that can be

accessible to direct search

Different Lorentz structures (higher-dimensional)
⇒ New Physics integrated out
⇒ EFT approach for uncovering BSM

Symmetry of new terms, Tree-level vs.
loop-induced contributions....

...
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....

A wealth of information can come from the
measurement of the Higgs self-coupling λ

The LHC has rather poor sensitivity to λ—
di-Higgs limits can be effectively put for rather
large values only
An e+e− machine too may find it difficult
to achieve more than ≈15% precision
Does this mean a no-go?
Can combined data on di-Higgs or tt̄h help?
A great achievement: to formulate some novel
effects/observable(s) that yields precision
information on λ
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The Higgs and vacuum stability....
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The Higgs and vacuum stability....

λ turns negative at 108−11 GeV unless mt is
≈ 3σ below the central value
Result: at best a metastable vacuum

No clear guideline yet on new physics at high
scale, but low-scale new physics can do it.

Example: With two Higgs doublets, stable
vacuum + unitarity assured upto MP

Q: (i) Can we develop guidelines on
high-scale physics from vacuum stability
and related issues??

(ii) Is a stable vacuum preferable to a
metastable one?
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Composite Higgs?

G → H : Broken global symmetry of a new
strongly interacting sector
⇒ The Higgs emerging as a

pseudo-Goldstone boson

Interpretation as dual of models of gauge-Higgs
unification in warped extra dimensions:
Full implication to be fully understood

Λ = 4πf as the compositeness scale:
Quadratic correction to Higgs mass ∼ Λ2

controlled to all orders?
The stability of Λ : tug-of-order between
precision limits and another hierarchy problem?
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News from the ν’s......

Non-vanishing ν-mass(es)

Q: Is the mere addition of RH neutrinos really
BSM physics?

A very different mixing pattern– why?

The possibility of sterile neutrinos,
New CP-violating phases

Message about early universe, galactic
activities,......

Various mass generation mechanisms may
address some of the other issues, too
The goal: integrate mass models with new
physics issues in other sectors
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The seesaw models......

A much-used pasture, still left with considerable
greenery....
which for a while will be

Kept alive by issues such as leptogenesis, SUSY,
GUT/LR-symmetry, dark matter,... and also
more mundane issues like an extended EWSB
sector, and the simple hunger for potential
observables at the LHC....

Type-I seesaw:
GUT-inspired scenario ⇒ one ν −mass
eigenvalue ≈ m2

t /mN
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Some questions......

How to verify the high-scale root of, say, type-I
seesaw?

If Majorana mass is confirmed, can one
disentangle the three seesaws?

A trivial answer: through discovery and study of
triplet/scalars/fermions....provided they are
within LHC reach

CP-violating phase, octant information, mass
hierarchy measurement,....
−→ Connection between ν’s and the overall
canvas of new physics?
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Some questions......

Absolute values of ν-masses....
tritium β-decay, CMBR anisotropy....

Neutrino factories:
• High-energy muon beam

(capable of tau-production)
can reveal useful facts
• Near detector data is quite important

in exploring new non-oscillation physics
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Some questions......

When additional scalars are invoked in seesaw,
can the parameters of that sector be constrained
by vacuum stability and perturbative unitarity?

Dirac masses via seesaw: If there is no evidence
of L-violation, Type-II seesaw may still yield
small Dirac masses that are ‘technically natural’,
with scalar doublets+triplets+RH neutrinos

The mixing angles θ12, θ23, θ13 are in fact
mixing angles of the lepton sector
Important conclusions are expected via the
demonstration of deeper connections between
PMNS elements and lepton flavour violation
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Dark matter.....One of the most pressing problems...

BSM scenarios with DM solutions will continue
to draw most attention:
SUSY, UED, Little Higgs with T-parity, heavy
sterile neutrinos, inert scalar doublets, Higgs
portals.....

Most scenarios containing DM candidates are
constrained by
• Relic density
• Direct search results
• Data on indirect evidence, BBN etc.
• Collider data
However, all these constraints can be
bypassed/modified: food for considerable
thought in the near future
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Our understanding on DM requires
improvement/pinpointing of the following....

Strange quark content of nucleons

Nuclear response in various materials

Invisible mass reconstruction techniques at
colliders

DM profiles in galaxies/clusters, possibilitiy of
non-Maxwellian distribution

......
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....

Hints, as they come occur from time to time,
correspond to different values of mχ (χ = DM
candidate)

Some points that deserve serious thought in the
near future:

• Multi-component DM

• Asymmetric DM

• Thermal and Non-thermal
DM candidates coexisting

• How much importance to accord
to the ‘WIMP miracle’?

• All implications of composites, solitons
BE condensates... as DM candidates
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....

In scenarios like SUSY, too, multicomponent
DM can play some significant role....

The implications of both ν̃L-and ν̃R DM await
further exploration, including the UV completion
of such ‘unorthodox’ scenarios

Example: non-thermal ν̃R DM can still allow
mSUGRA-based cMSSM at relatively low-lying
spectra

R-parity violating SUSY: leads to neutrino mass
generation and is consistent with long-lived
axino/gravitino DM

..............
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Asymmetric dark matter....

A concept used earlier, too, in connection with
‘mirror matter’ and the DM as a technibaryon
(2000’s, 1990’s, ...1970’s)

A ‘Dark Sector’ (χ) with nχ ≈ nB to start with

χ − χ asymmetry generated

Dilution via expansion as well as annihilation

χχ −→ f f (say)

⇒ One bewteen χ and χ left

Finally, ΩB/Ωχ ≈ mB/mχ

⇒ Relatively light DM implied
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....

Asymmetry between χ and χ may arise via
• Out-of-equilibrium decays of heavy particles
• Affleck-Dine mechanism
• First order phase transition as in

electroweak baryogenesis
• Asymmetric freeze-out or freeze-in
• Violation of Sakharov conditions

through CPT-violation

Curiosity: some possible link between the dynamics
underlying baryon asymmetry and residual dark
matter density
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Those disturbing flavours....

Strictly speaking, no experimental crisis
Nor any naturalness problem ‘technically’

A Grand Design in the SM (including anomaly
cancellation), but no dynamics laid down to
justify it

Why is Nfamilies just enough to cause
CP-violation, but the single phase is inadequate
to explain baryon asymmetry?

A ‘Grander Design’ ?
We ought to know sooner or later...
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SUSY: general remarks

It is too early to dismiss it,
since in spite of recent ‘stringent’ limits, its
viability is practically infinite-fold

∆ =
∂lnm2

Z

∂lna2 , a = MSSM paramater,
|∆|max ‘small’ : no unique criterion of smallness
Thus no reason yet to worry unduly with the
up-going mass limits

But maybe one can worry why gymnastics is
required in MSSM to reproduce mh...
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General remarks: SUSY

On the positive side, SUSY offers
• DM candidate(s): not-so-artificially
• Quadratic divergence cancellation

to all orders
• A better achievement of Grand Unification
• Neutrino mass generation mechanisms

(with ∆L = 0, 1, 2)
• Hope of UV completion at MP :

openings into the Dark Energy problem?

Are we far too committed to certain prototypes:
breakaway moves required?
High-scale scenarios with Grand Deserts may
not be viable......richer, step-by-step UV
completion may be envisioned
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GUT and left-right symmetry.....

GUT
• Indicated by the particle content and

gauge quantum numbers in SM?
• Does the imperfect convergence of

coupling constant trajectories indicate
something other than SUSY?

L-R symmetry
• Aesthetic appeal
• A bottom-up approach to GUT?
• The neutrino sector: the possibility

of relating Dirac and Majorana mass matrices
• Q: Why should the scale (of WR) be

within our experimental reach?
• If it is not, can an effective field approach

uncover signatures?
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TeV-scale signature of extra dimensions...

• Scenarios with flat extra dimensions:
it may be difficult to sustain motivation

• Warped geometry: still promising, if resonances
are hinted at least at high-luminosity LHC

• Some germane issues: explanation of flavour—
effect of back reaction—multiple warping

• Extra warped dimension with graviton
as well torsion in the bulk: an explanation
of why the 4d universe is controlled by curvature
rather than torsion
• .........
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Finally.....

In case direct detection of new physics remains
elusive, EFT approach may become increasingly
important

the strong interaction sector: how can one
remain undisturbed about confinement, and
continue with semi-empirical approaches?

A billion-dollar question: Are we thinking
of new physics all in the wrong direction?
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Extremely risky to guess, so....

‘Build today, then, strong and sure,

With a firm and ample base

And ascending and secure

Shall tomorrow find its place’

— H. W. Longfellow
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