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Realisations/reminders

o Even before July 4, 2012, we were fairly
convinced that electroweak interactions are
governed by an SU(2) x U(1) gauge theory,
where quantum corrections are accurately
predictable.
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o Even before July 4, 2012, we were fairly
convinced that electroweak interactions are
governed by an SU(2) x U(1) gauge theory,
where quantum corrections are accurately
predictable.

o The theory: built in the mould of QED, but with
(a) Parity-violating fermion-gauge interaction.
(b) Massive weak mediators (W=, Z°) and short
range.
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o Even before July 4, 2012, we were fairly
convinced that electroweak interactions are
governed by an SU(2) x U(1) gauge theory,
where quantum corrections are accurately
predictable.

o The theory: built in the mould of QED, but with
(a) Parity-violating fermion-gauge interaction.
(b) Massive weak mediators (W=, Z°) and short

range.
o Aspirations : good high-energy behaviour and
renormalizability.
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Realisations/reminders

o Gauge invariance + parity violation

= All gauge fields and fermions must be
massless.
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Realisations/reminders

o Gauge invariance + parity violation

= All gauge fields and fermions must be
massless.

o A solution was necessary to save the situation.
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o Gauge invariance + parity violation

= All gauge fields and fermions must be
massless.

o A solution was necessary to save the situation.
o The solution should

(a) retain renormalizability, and
(b) respect unitarity (cross-sections should go
down with rising \/s).
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o Have a complex scalar SU(2) doublet with
non-zero vev for a component with

R=0,T3#0,Y#0
o & = (¢, 0% = (o1 + ih, p3 + ihs)
o V(®) = 20T + \(dTd)?

u? <0, A>0
e Wrong-sign mass term

= It is ‘unphysical’ if the theory is built
around & =0

e In fact, the minimum lies at

(®) = (0,v/v/2), with
v = —u? /2
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o A multiplicity of ground states and the
choice of one of them

= breakdown of SU(2) x U(1)
via asymmetric vacuum.
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o A multiplicity of ground states and the
choice of one of them

= breakdown of SU(2) x U(1)
via asymmetric vacuum.

o = (B) £ ¢
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o A multiplicity of ground states and the

choice of one of them

= breakdown of SU(2) x U(1)
via asymmetric vacuum.

o &= (d) +¢
o ¢ includes a field H with right-sign mass
term, and three massless (unphysical)

degrees of freedom Y=, \°.
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o A multiplicity of ground states and the

choice of one of them

= breakdown of SU(2) x U(1)
via asymmetric vacuum.

o &= (d) +¢
o ¢ includes a field H with right-sign mass
term, and three massless (unphysical)

degrees of freedom Y=, \°.
o Unphysical dof’s become longitudinal
components of W* WP,
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° Fo_r fermions: )
yffoR<(D> + h.c. = mff
with ms = y¢ ()
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o For fermions:

_yf?LfR<q>> + h.c. = mf?f
with my = yr(®)

o For gauge bosons:
(D*®D,®) contains
terms ~ V/V, ($)?
= Masses for W*, 79
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o For fermions:

_yf?LfR<q>> + h.c. = mf?f
with my = yr(®)

o For gauge bosons:
(D*®D,®) contains
terms ~ V/V, ($)?
= Masses for W*, 79

o The photon is spared since is does not
couple to the neutral component of ¢

o Renormalisability demonstrated ('t Hooft
+ Veltman)
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(a) (b)
W w* W w*
()
><
(d) (e)

W AMAAAAMAN W W'
: H
e
W T W \A'ﬁgq %

The H-mediated diagrams cause the cross-section to
fall with increasing \/s = Unitarity restored
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o The Higgs-based theory apparently looks

alright upto any energy scale
(not correct, as we shall see....)

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based = The Higgs Boson and New Physics: the Why's and the How's



o The Higgs-based theory apparently looks

alright upto any energy scale
(not correct, as we shall see....)

o m? ~ v\ (v~ my)
= my is the only free parameter in the Higgs
sector
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o The Higgs-based theory apparently looks
alright upto any energy scale
(not correct, as we shall see....)

o m? ~ v\ (v~ my)
= my is the only free parameter in the Higgs
sector

o Thereis no HXY coupling
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o The Higgs-based theory apparently looks

alright upto any energy scale
(not correct, as we shall see....)
o m? ~ v\ (v~ my)
= my is the only free parameter in the Higgs
sector
o Thereis no HXY coupling

o For any particle X (other than v, g),
Lyxx ~ mx

Crucial in studying Higgs production and decays
at colliders
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How did we guess that a TeV collider was likely to
uncover the Higgs?
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Unitarity of the scattering matrix
= The ‘optical theorem'’: o = 1[A(f = 0)]

o = tIm[A(6 = 0)]
= |Re(ar)| < 1/2 for every ¢
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Precision electroweak data

o Virtual particles in loops affect higher order
corrections to electroweak observables
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Precision electroweak data

o Virtual particles in loops affect higher order
corrections to electroweak observables
o LEP (Tevatron) measured such radiative

corrections
= Idea of Higgs mass range
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Precision electroweak data

o Virtual particles in loops affect higher order
corrections to electroweak observables

o LEP (Tevatron) measured such radiative

corrections
= Idea of Higgs mass range

o Example: p = (m%,/M>3cos®*Oy) =1 at

trele—//eve/ _
0PHiges. = —gezz tan” Owlog(mu/mw)
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Precision electroweak data

o Virtual particles in loops affect higher order
corrections to electroweak observables

o LEP (Tevatron) measured such radiative

corrections
= Idea of Higgs mass range

o Example: p = (m%,/M>3cos®*Oy) =1 at

trele—//eve/ _
0PHiges. = —gezz tan” Owlog(mu/mw)

o Weak dependence on my (the 'Screening
Theorem’)

= my < 160 GeV
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Precision electroweak data

o Virtual particles in loops affect higher order
corrections to electroweak observables

o LEP (Tevatron) measured such radiative

corrections
= Idea of Higgs mass range

o Example: p = (m%,/M>3cos®*Oy) =1 at

trele—//eve/ _
0PHiges. = —gezz tan” Owlog(mu/mw)

o Weak dependence on my (the 'Screening
Theorem’)

= my < 160 GeV

o Lesson: the low-end (above 114.5 GeV) should
be closely scanned
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The Higgs is seen through its decay products
For my > 2m,,

H — ZZ makes the peak conspicuous
For2mz > my > 2myy,

H — WW has good statistics

(Even for moderate virtuality of one W)

For low-lying my, the bb channel has large
branching ratio: backgrounds tend to wash
out signals

One needed to explore WW*, ZZ*, 7577, vy

The ~~ decay channel is loop-suppressed:
rare but spectacular
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Superconducting
magnets

CMS
Compact Muon Solenoid

p=><p
7/8/14 TeV
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P
Main driver: top quark intermediate states

Enhanced gluon pdf = substantial rates
But no useful tag available
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q

H + forward jets with reduced activity in between
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Tagging jets

n

Decay products
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p(a)p(q) — W* — WH
p(q)p(q) — Z* — ZH
p(g)p(g) — ttH

With the available tags, the bb mode can be
spotted!
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Separating signals from backgrounds

Total event rate/Higgs-driven event rate
~ 10%2 1

The main challenge: filtering out the signal

To develop event selection criteria which
suppress backgrounds

Examples:

e Look for an M;,, peak in ZZ* ~vy

e Demand p., < 50 GeV in
pp — H — WW* — eveuv,

e For VBF, demand the tagging jet pair
to have An > 2.8, mj,, > 500 GeV
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Vs=7TeV,L<51fb' {s=8TeV,L<19.6 1"
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Ruled out: JP = 0~ at 97.8% C.L., 2t at 99.9% C.L.
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o The newly discovered boson is almost certainly
of spin-0.
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o The newly discovered boson is almost certainly
of spin-0.

o Possible odd-parity admixture constrained, but
more statistics required for confirmation.

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based = The Higgs Boson and New Physics: the Why's and the How's



o The newly discovered boson is almost certainly
of spin-0.

o Possible odd-parity admixture constrained, but
more statistics required for confirmation.

o Data available on various interactions
= It is almost certainly ‘a Higgs boson’, but
may still not be ‘the Higgs boson’ .
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o The newly discovered boson is almost certainly
of spin-0.

o Possible odd-parity admixture constrained, but
more statistics required for confirmation.

o Data available on various interactions
= It is almost certainly ‘a Higgs boson’, but
may still not be ‘the Higgs boson’ .

o A crucial observation: The very existence
of the Higgs boson suggests physics
beyond the standard model.
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An established result of quantum field theory:

The strength of Higgs self-interaction is dependent
on the energy scale (Q) at which interaction is
taking place

Av
M@ = 1— 2 I<()g)Q—22)\(v)

473
A pole hit unless A\(v) =0 : Landau Pole

A similar fate for large A even if the running
includes all interactions
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A solution: A cut-off \ such that the pole lies above
N = An upper limit on Higgs mass

800.0

600.0 |-

400.0 |

Landau pole

M, (GeV)

200.0 |

Potential bounded from below
10" 10"

0.0 5 -

10 10°
A (GeV)

Consequence: an upper limit on
the standard model
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o The Higgs potential is
V() = p2dTd + \(Td)?
p? <0
A < 0= V() is not bounded below— no stable
theory!
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o The Higgs potential is
V() = p2dTd + \(Td)?
u? <0
A < 0= V() is not bounded below— no stable
theory!
o At the one-loop level,

D= (N = ()2 + (g2 + ()"
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o The Higgs potential is
V() = p2dTd + \(Td)?
p? <0
A < 0= V() is not bounded below— no stable
theory!

o At the one-loop level,
9= (N = ()2 + (g +()g"?

o For large X (large my), the first term dominates,
and X increases at higher energy scales

For small \ (small my), the term ~ y? is
all-important

= MQ) < 0 for some Q
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= Some new physics scale N,
and such a \(mz) as to ensure \(\) > 0

= The existence of m{I"(\)

“The vacuum stability bound”

Beyond /\, )\effective <0
Since
Veffective ( CD) — )\effective (CDT b ) 2

)\effective( /\) <0= Veffective( /\) <0
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my ~ 125 GeV = \ ~ 0.129

If y:(m;) is on the higher side of the present
uncertainty band, Ve™ctve(®) can turn negative
below the Planck mass

For m; ~ 171 GeV, N > Mpjzpck

For m; ~ 173 GeV, N ~ 10810 GeV
The present vacuum may be unstable or metastable

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based = The Higgs Boson and New Physics: the Why's and the How's



182
180
178
176
174

[GeV]

172

pole
t

170
168
166

164
120 122 124 126 128 130 132
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Another problem.....

The Higgs mass is not protected from higher-order

corrections
/ ’ . : N
¢ Higgs)
\ 7
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Corrections to the Higgs mass

6| = | 255 (2miy + my — miy — 4m?)N%|

= (200GeVAsp /0.7 TeV)?

where
Asy = upper limit of validity of the standard model

Thus the Higgs tends to become superheavy
unless one has either fine-tuning or Nspy ~ TeV

= BSM effects likely to be seen at the LHC!
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New physics possibilities

o New particles
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New physics possibilities

o New particles
o New symmetries
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New physics possibilities

o New particles
o New symmetries
o New interactions
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New physics possibilities

New particles

New symmetries

New interactions

Extra compact spacelike dimensions
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New particles

New symmetries

New interactions

Extra compact spacelike dimensions

In many of these cases, the interaction of the
125 GeV Higgs will be different from the
standard model expectation
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New particles

New symmetries

New interactions

Extra compact spacelike dimensions

In many of these cases, the interaction of the
125 GeV Higgs will be different from the
standard model expectation

o Reflected in the rates for various final states
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o New particles

o New symmetries

o New interactions

o Extra compact spacelike dimensions

e In many of these cases, the interaction of the
125 GeV Higgs will be different from the
standard model expectation

o Reflected in the rates for various final states
e What do the available data tell us?

Biswarup Mukhopadhyaya Regional Centre for Accelerator-based = The Higgs Boson and New Physics: the Why's and the How's



o New particles

o New symmetries

o New interactions

o Extra compact spacelike dimensions

e In many of these cases, the interaction of the
125 GeV Higgs will be different from the
standard model expectation

o Reflected in the rates for various final states
e What do the available data tell us?

o Global fits show how much departure from SM
is still possible
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The result of....

e Some recent analyses:
S. Banerjee+S. Mukhopadhyaya+BM, 2012,
2013
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The result of....

o Some recent analyses:
S. Banerjee+S. Mukhopadhyaya+BM, 2012,
2013

o The Htt, Hbb coupling strengths can be off by
upto ~ 50%
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o Some recent analyses:
S. Banerjee+S. Mukhopadhyaya+BM, 2012,
2013

o The Htt, Hbb coupling strengths can be off by
upto ~ 50%

o The HWW, HZZ coupling strengths can be off

by upto ~ 40%, and from each other by upto ~
20%
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o Some recent analyses:

S. Banerjee+S. Mukhopadhyaya+BM, 2012,
2013

o The Htt, Hbb coupling strengths can be off by
upto ~ 50%

o The HWW, HZZ coupling strengths can be off
by upto ~ 40%, and from each other by upto ~
20%

o B(H — invisible) can be unto 20-25%
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e Some recent analyses:

S. Banerjee+S. Mukhopadhyaya+BM, 2012,
2013

o The Htt, Hbb coupling strengths can be off by
upto ~ 50%

o The HWW, HZZ coupling strengths can be off
by upto ~ 40%, and from each other by upto ~
20%

o B(H — invisible) can be unto 20-25%

e There can be an absorptive phase in the loop
amplitudes for H-decay
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e Some recent analyses:

50 %anerjeevLS. Mukhopadhyaya+BM, 2012,

o The Htt, Hbb coupling strengths can be off by
upto ~ 50%

o The HWW, HZZ coupling strengths can be off
by upto ~ 40%, and from each other by upto ~
20%

o B(H — invisible) can be unto 20-25%

e There can be an absorptive phase in the loop
amplitudes for H-decay

o There can be higher—dimensiona/ operators such

as LOTOW,, W, with £ < 5 TeV 2
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e These allow, to various extents,
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e These allow, to various extents,

o The 125 GeV scalar to be part of a
multi-doublet scenario.
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e These allow, to various extents,

o The 125 GeV scalar to be part of a
multi-doublet scenario.

o Non - SU(2) doublet scalars to be around.
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These allow, to various extents,

The 125 GeV scalar to be part of a
multi-doublet scenario.

Non - SU(2) doublet scalars to be around.
Higgs decays into dark matter candidates.
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e These allow, to various extents,

o The 125 GeV scalar to be part of a
multi-doublet scenario.

o Non - SU(2) doublet scalars to be around.
o Higgs decays into dark matter candidates.

o New physics just above the TeV scale, leading
to higher dimensional effective operators.
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o Wait for the next run(s) of the LHC.
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o Wait for the next run(s) of the LHC.

o Start an electron-positron Higgs factory.
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o Wait for the next run(s) of the LHC.

o Start an electron-positron Higgs factory.

o Wait for a higher energy hadron collider.....
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