


Resolution of the Weinstein paradox

How does the charged pion decay? In Lecture 1, we showed that the
Goldstone bosons G that are “eaten” by the W= and Z in the Higgs

mechanism and the physical pions are orthogonal states, with
(01jf|G®) = i(f3 + v*)/2p, 0" (Ol |7 ) pnys = 0.

However, if you look at old textbooks on the weak interactions, they will

insist that the (physical) charged pion decays via
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But, the IV vertex above is proportional to (0[j, [7")pnys = 0. So how
does the charged pion decay? | learned about this paradox from Marvin

Weinstein many years ago, so | call this the Weinstein paradox.



The paradox is resolved by noting that the |w®) couple to lepton pairs via

the Yukawa interactions,

V2my

(V)

Lyukawa = — (Crlr®"* + lry®7) + h.c.,

where & = w®. However, the w® are not quite the true Goldstone bosons
of electroweak symmetry breaking, as there is a very small admixture of the

physical pion state,

1
N

in the limit of v > f.. Plugging this into the Yukawa Lagrangian above
[with vz, = (1 — v5)v] and writing G = [v?v/2] 7! for the Fermi constant

fr

w®) = |G*) — f7r|7ra>thS} |G*) —

| >thS7

yields
o+ = foGrmy Z(l — 75)V7T_ + h.c.,

Tphys

which yields the “standard” amplitude for the decay 7+ — ¢*v (including

the lepton mass suppression) found in the old textbooks.
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‘ Phenomenology of the SM Higgs Boson I

Once the mass of the SM Higgs boson is fixed, its phenomenological profile is completely

determined. At tree level (where V. = W or Z),

Vertex || Coupling
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At one-loop, the Higgs boson can couple to gluons and photons. Only particles in the loop

with mass 2> O(my,) contribute appreciably.

One-loop Vertex identity of particles in the loop

hgg quarks
h~y~ W=, quarks and charged leptons

hZ~ W=, quarks and charged leptons




‘ Loop induced Higgs boson couplings I

Higgs boson coupling to gluons

At one-loop, the Higgs boson couples to gluons via a loop of quarks:

q (00000 g
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This diagram leads to an effective Lagrangian

L gQSNg hOGa G,uua

ot
hgg — 247TmW

where N, is roughly the number of quarks heavier than h". More precisely,

m2

NQZZFl/Q(ZCZ‘), T; = mqi7

2
h

where the loop function F} j5(x) — 1 for x > 1.



Note that heavy quark loops do not decouple. Light quark loops are
negligible, as Fy ;5(z) — S2?Inz for z < 1.

The dominant mechanism for Higgs production at the LHC is gluon-gluon

fusion. At leading order,

do
—(pp — A’ + X) =
i (pp + X)

m°T'(h° — gg)
Sm%

g(x1,mpy)g(w—,mj),

where g(x, Q?) is the gluon distribution function at the scale Q% and

Ty = il y = +1n E o
==/ > .

The rapidity y is defined in terms of the Higgs boson energy and longitudinal

momentum in the pp center-of-mass frame.

In practice, one needs a much more precise computation of the gluon fusion
cross-section (NLO, NNLO, ...). See Frank Petriello’s lectures for details.



Higgs boson coupling to photons

At one-loop, the Higgs boson couples to photons via a loop of charged particles:

+
f i ~ K
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If charged scalars exist, they would contribute as well. These diagrams lead to an effective
Lagrangian
& 8! eft gOény 0 U
Eh — —h FILLVF )
il 127TmW
where
m>
2
ny = Z NcieiFj(mi) , xr; = ; .
i my,

In the sum over loop particles ¢ of mass m;, N.; = 3 for quarks and 1 for color singlets,
e; is the electric charge in units of e and F;(x;) is the loop function corresponding to ith

particle (with spin j5). In the limit of x > 1,

f

1/4, 7 =0,
Fi(x) — < 1, j=1/2,




‘ Higgs production at hadron colliders I

At hadron colliders, the relevant processes are

g9 —h", h’ =y, VV),
99 — qqVIVE) — qqh®  B® — gy, 7T, VYV,
q7") -V VA RO —bb, WW )

99,99 — tt_hoa hO — bE, YV WW(*) .

where V =W or Z.




‘ SM Higgs boson production cross-sections at the LHC I
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Taken from the LHC Higgs Cross Section Working Group TWiki
https:/ /twiki.cern.ch /twiki/bin /view/LHCPhysics/CrossSection



Higgs BR + Total Uncert

‘ SM Higgs boson branching ratios I

1 IbB | I I I I I I I I I I I I _E
107 A E
[ < f
10° E
’ Yy Zy .
1 0>3 | | | | | | | | | | | | |
100 120 140 160 180

My [GeV

LHC HIGGS XS WG 2011

O
o




‘ SM Higgs decays at the LHC for m;,, ~ 125 GeV I

1. The rare decay h® — ~~ is the most promising signal.

f g W, g g
o B
f Y W= Y Y

2. The so-called golden channel, h® — ZZ — €747 414~ (where one or both Z bosons

are off-shell) is a rare decay for mjy ~ 125 GeV, but is nevertheless visible.
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3. The channel, h — WW?™* — ¢ vl T is also useful, although it does not provide a

good Higgs mass determination.




The LHC
Discovery of
4 July 2012

The CERN update of the
search for the SM Higgs boson,
simulcast at ICHEP-2012
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Summary of the individual and combined
best-fit values of the strength parameter for
a Higgs boson mass hypothesis of 126.5 GeV.

Taken from ATLAS-CONF-2012-093
(7 July 2012)



Local p-value
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Taken from CMS-HIG-12-020 (July, 2012)
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For m, =125 GeV, Higgs bosons at the Tevatron decay primarily into bb.
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‘ Hints of the Standard Model demise? I

Suppose we accept the LHC observation of a new boson and identify it as
the SM Higgs boson. What does that imply for the Standard Model?

The Standard Model is an effective theory that provides an excellent
description of fundamental physics at the electroweak scale. We know that
the Standard Model must break down at the Planck scale, Mpy, ~ 1012 GeV,
where the gravitational interactions can no longer be ignored. But, might
the Standard Model persist as a good effective field theory all the way up

to the Planck scale?

Note: Strictly speaking, neutrinos are massless in the Standard Model. One
elegant way to incorporate neutrino masses is the seesaw mechanism, which
introduces right handed neutrinos with Majorana masses of order 10'* GeV.
So, to be more precise, one can ask whether the seesaw-extended Standard

Model can persist all the way up to the Planck scale?



Electroweak symmetry breaking has something to say here. The EWSB
scalar dynamics of the Standard Model was previously analyzed at tree-
level. Do we really know that the minimum of the scalar potential is at
v = 246 GeV? What about potential minima at very large values of the
field, approaching the Planck scale. In this regime, a radiatively-corrected
scalar potential could include large logarithmic contributions, e.g. In(®/v)
for large field values, that can spoil the perturbation analysis. However, such

large logarithms can be re-summed using renormalization group methods.

Without introducing the technical details, let me quote the final result. The
one-loop renormalization-group-improved scalar potential of the Standard

Model is give by
V(D) = p?(t)GZ()TP + ()G (t) (D7),

with ¢ = In(®%/M?) and M is the scale at which couplings are evaluated.



The running Higgs self-coupling evolves according to

dA(t)

— = Aalgi®), A1),

where the g; include all relevant gauge and Yukawa couplings. The g;
also evolve with scale M according to their corresponding (-functions. The
evolution of 1?(t) can also be determined although it is not of much interest

to us here. Finally,

t
G(t) = exp{/ dt’ y[g:(t'), )\(t’)} ,
0
where ~ is the anomalous dimensions of the scalar field. G(t) is necessarily

positive, but its precise value is not critical to this discussion.

It is convenient to fix M at the electroweak scale. Then, as ® get large ¢

Increases in value.



Let us return to
V(®) = p?(t)G*(t)@T® + IA(t)GH (1) (2T)?,

As t increases, if \(f) is driven to infinity (say at one loop), we say we
have encountered a Landau pole. One should be a little careful as the
perturbative evolution of A breaks down when \ becomes significantly larger
than 1. Nevertheless, there is good reason to suppose that the presence of
a Landau pole is an indication that the degrees of freedom of the effective
theory must be reorganized in some way. The Standard Model does not

provide a good description of the physics above this energy scale.

Suppose A(t) is driven negative at some scale. In this case, the minimum of
the scalar potential at v = 246 GeV is no longer a global minimum. Indeed,
there is the potential for compete instability unless the potential turns
around again at an even higher energy scale. Presumably, this instability
is also an indication that the Standard Model does not provide a good

description of the physics above this energy scale.



Since m3 = A\v?, where X is evaluated at the scale of electroweak symmetry
breaking, the value of the Higgs mass provides the low energy boundary
condition for the evolution of A at higher energy scales. Thus, the value of
the Higgs mass provides information of the possible demise of the Standard

Model at higher energies.

At one-loop, the behavior of A(t) is controlled primarily by:

d\ 3

it Tom2 {”2 + 2007 — 2k — §AB39% + ¢'%) + §[2" + (7 + ¢'7)°] }
dh 1

dtt — 1672 [%h§) - 4gght — %gzht — %_Zglzht} ;
dg:  Tg;

dt  16m2’

where A\(0) = m? /v and h+(0) = v/2m;/v and the low-energy values of the
h

gauge couplings set the boundary conditions.
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The above plot (now 15 years old) implies that for mj; = 125 GeV, there is
no danger of a Landau pole below the Planck scale. But, we need to worry

a bit about the absolute stability of the electroweak vacuum.



Some would argue that we may not have too worry too much if A(%) is
driven negative at some large energy scale below the Planck scale. Even
if the electroweak vacuum is not absolutely stable (assuming that the true
minimum lies at very large field values), all we should really impose is that
the electroweak vacuum, if metastable, should have a lifetime much longer

than the age of the universe. The latter condition would be satisfied if
mp = 125 GeV.

If one prefers to impose absolute stability of the SM Higgs potential, then
recent updated two-loop studies suggest that the SM must break down
below the Planck scale. To quote from G. Degrassi et al., arXiv:1205.6497,

“While [the Higgs self-coupling parameter evaluated] at the Planck
scale is remarkably close to zero, absolute stability of the Higgs
potential is excluded at 98% CL for mj < 126 GeV."
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Figure 4: The instability scale A; at which the SM potential becomes negative as a function of the
Higgs mass (left) and of the top mass (right). The theoretical error is not shown and corresponds
to a +1 GeV uncertainty in M.

Taken from G. Degrassi et al., arXiv:1205.6497.
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Figure 5: Hegions of absolute stability, meta-stability and instability of the SM vacuum in the M;—
My, plane. Right: Zoom in the region of the preferred experimental range of My and M; (the
gray areas denote the allowed region at 1, 2, and 30 ). The three boundaries lines correspond to
as(Mz) =0.1184 4+ 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale A in GeV assuming o,(Mz) = 0.1184.

Taken from G. Degrassi et al., arXiv:1205.6497



‘ Extended Higgs sectors: 2HDM and beyond I

For an arbitrary Higgs sector, the tree-level p-parameter is given by

2

po=—5W =1 = (2T+1)2-3Y2=1,
m?, cos= Oy

independently of the Higgs vevs, where T and Y specify the weak-isospin
and the hypercharge of the Higgs representation to which it belongs. Y is
normalized such that the electric charge of the scalar field is Q@ = T5 +Y/2.
The simplest solutions are Higgs singlets (7,Y) = (0,0) and hypercharge-
one complex Higgs doublets (7,Y) = (3,1).

Thus, we shall consider non-minimal Higgs sectors consisting of
multiple Higgs doublets (and perhaps Higgs singlets), but no higher

Higgs representations, to avoid the fine-tuning of Higgs vevs.




‘ Higgs boson phenomena beyond the SM I

The two-Higgs-doublet model (2HDM) consists of two hypercharge-one
scalar doublets. Of the eight initial degrees of freedom, three correspond to
the Goldstone bosons and five are physical: a charged Higgs pair, H* and

three neutral scalars.

In contrast to the SM, whereas the Higgs-sector is CP-conserving, the
2HDM allows for Higgs-mediated CP-violation. If CP is conserved, the
Higgs spectrum contains two CP-even scalars, h' and H" and a CP-odd

scalar AY. Thus, new features of the extended Higgs sector include:

e Charged Higgs bosons
e A CP-odd Higgs boson (if CP is conserved in the Higgs sector)
e Higgs-mediated CP-violation (and neutral Higgs states of indefinite CP)

More exotic Higgs sectors allow for doubly-charged Higgs bosons, etc.



‘ The general 2HDM I

Consider the most general 2HDM potential,
V=m?&ld, +ml,old, — [m?,&!d; + h.c]+ Ir (D))
+322(D1P2)” + Ag(D1D1) (P1P2) + Aa(DID2) (D1P1)

+{32s(2]@2)° + [Ae(®]®1) + Ar(@] D) @[z + huc. | .

Define new linear combinations of the Higgs doublet fields (the so-called Higgs basis):

H, = (H , H)=7'®,, Hy = (HS , H)) = eay0a®y,

a

where the vacuum expectation values of the two Higgs fields can be parametrized as

0 .
(B,) = —— . with  me=em| P )
V2 \ 7, e’ sin 8

where v = 246 GeV, 0 < 3 < %w and n is arbitrary. It follows that

(HY) = (Hy) =0.

Sl
DO



The Higgs basis is uniquely defined up to an overall rephasing, Hy — e’XHo. In the Higgs

basis, the scalar potential is given by:

V=Y.HIH + YsH H; + [YsH!Hy 4+ h.c] + 12, (H/H,)?
+1Z,(H)H»)? + Zs(H{Hy)(H)H>) + Z4(H{Hy)(H}Hy)
+ {325 (H[H)* + [Zo(H{H) + Z7(H{H2)| H{Hp + hoc.} |

where Y7, Y5 and Z4, ..., Z4 are real and uniquely defined, whereas Y3, Z5, Zg and Z7

are complex and transform under the rephasing of Ho,
Ys, Ze, Z7) — e X[Y3, Zs, Z7] and Zs — e *XZs.
The Higgs-fermion interaction in the Higgs basis is given by:
~ Ly =Ur(k"H) + p"HIYWUR — DK (sVH] + p"H;)Ug
+U K (r"TH + p""HYDr + D (" THY 4+ p"TH))Dg + h.c.,

where K is the CKM matrix. By construction, the k¢ (Q = U, D) are proportional to
the (real non-negative) diagonal quark mass matrices M. The matrices p“ (Q = U, D)
are independent complex 3 X 3 matrices. Under the rephasing of Hs, the k€ are invariant

and p®? — eXp@,



The three physical neutral Higgs boson mass-eigenstates are determined by diagonalizing
a 3 X 3 real symmetric squared-mass matrix that is defined in the Higgs basis.” The
diagonalizing matrix is a 3 X 3 real orthogonal matrix that depends on three angles: 649,
013 and O23. Under the rephasing of Ho,

012, 013 are invariant, and 603 — 623 — X .
It is convenient to define the g, which are defined in terms of the invariant angles 615

and 913, where C;j; = COS Qij and Sij = sin 91]

k qk1 qdk2

0 7 0

1 C12C13 | —S812 — 1C12813
2 $12C13 C12 — 1512513
3 S13 1C13

The Higgs mass eigenstates are given by the charged Higgs states H* = fzj“;92i’>H2jE and
the neutral Goldstone state (hg) and Higgs states (h 2.3):

h, = i {qzl (H? — i) + qZ2H§ew23 + h.c.} .
V2 V2

*For details, see H.E. Haber and D. O'Neil, “Basis-independent methods for the two-Higgs-doublet
model. II: The significance of tan 3," Phys. Rev. D74, 015018 (2006) [hep-ph/0602242].




The Yukawa couplings of the mass-eigenstate Higgs bosons and the Goldstone bosons to

the quarks are [with Pr p = (1 F v5)]:

v

1— .
— % = ;D %:{MD(QMPR +q,,Pr) + 7

[%2 723 p"] P + g, 67;923/0DPL] }th

v

1 *
+-U ij{MUmmPL + q1 Pr) + 7

[ng 67;0239UPR + qk2 [67;0239U]TPL} }Uhk

— . . 2 __
—I—{U [K[ew%pD]TPR _ [61923pU]TKPL} DH* + V25 [KMpPr — MyKPr] DG + h.c.
v

e The factors of ¢'¥23 guarantee that the interactions above are invariant under the

rephasing of H,. Note that no tan 3 parameter appears!

e The general 2HDM exhibits in general flavor changing neutral currents (FCNCs) and

new sources of CP-violation via the p®. Possible ways to avoid FCNCs are:

— Impose a discrete symmetry or supersymmetry (e.g. “Type-ll" Higgs-fermion
interactions), which selects out a special basis of the 2HDM scalar fields.

— Impose alignment [e.g. see Pich and Tuzon (2009)]: p% = a%k?, (Q =
U, D, L), where the a® are complex scalar parameters.

— Impose the decoupling limit.



The decoupling limit in the general 2HDM

In the decoupling limit, one of the two Higgs doublets of the 2HDM receives
a very large mass which then decouples from the theory. This is achieved
when Y5 > v? and |Z;| < O(1) [for all 7]. The effective low energy theory
is a one-Higgs-doublet model, which yields the SM Higgs boson.

We order the neutral scalar masses according to m; < mg 3 and define the

Higgs mixing angles accordingly. The conditions for the decoupling limit are:

’U2 ’U2
|sin912|§(’)(—2) <K 1, |SIH913|§O<—2> < 1,
ms ms
: ,UQ
Im(Zs e 21%23) < O (—2) < 1.
m
3

In the decoupling limit, m; < mo, m3, my+. In particular, the properties of
h1 coincide with the SM Higgs boson with m? = Z,v? up to corrections of

O(v*/m3 3), and mg ~ mg ~ my+ with squared mass splittings of O(v?).



In the decoupling limit of a general 2HDM, the tree-level CP-violating and
flavor-changing neutral Higgs couplings of the SM-like Higgs state hy are
suppressed by factors of O(v?/m3 3). [Note: the corresponding interactions
of the heavy neutral Higgs bosons (ho and h3) and the charged Higgs bosons
(H*) can exhibit both CP-violating and flavor non-diagonal couplings.]

Thus deviations from SM Higgs behavior can be due to corrections to tree-
level Higgs couplings of O(v?/A%) arising from non-minimal Higgs physics

[An characterizes the scale of the heavy Higgs states].

Additional deviations can arise in loop-induced Higgs couplings due to BSM
physics effects of order O(v?/AZq,;) appearing in the loops. In principle,

the scales Ay and Aggy are unconnected.

e Thus, the observation of a SM-like Higgs boson does not rule out

the possibility of an extended Higgs sector in the decoupling regime.

e Deviations from SM Higgs behavior would provide clues to the

structure of the extended Higgs sector and/or the BSM physics.



Type | and |l Higgs-fermion Yukawa couplings in the 2HDM

In a generic basis, the 2HDM Higgs-fermion Yukawa Lagrangian is:
— L =U® W Ur—DLK'®, W Ur+U K& TR ' Dr+DL°h” ' Dr+h.c.,

where K is the CKM mixing matrix, and there is an implicit sum over a = 1,2. The
hY'P are 3 x 3 Yukawa coupling matrices and

(a=1,2), v? = v +v) = (246 GeV)”.

(@YY =

As previously noted, tree-level Higgs-mediated flavor-changing neutral currents (FCNCs)
and CP-violating neutral Higgs-fermion couplings are both present in the most general
model. Both can be avoided by imposing a discrete symmetry to restrict the structure of

the Higgs-fermion Yukawa Lagrangian. Different choices for the discrete symmetry yield:

e Type-l Yukawa couplings: hY = h? = 0,
e Type-ll Yukawa couplings: hY = h? = 0,

The parameter tan 3 = (@) /(®) governs the structure of the Higgs-fermion couplings.
Type-ll Yukawa couplings are employed by the MSSM [see Marcela Carena's lecture].



There are interesting experimental constraints on the Type-lIl 2HDM. The
GFITTER result below was obtained in 2009, so it should be updated.

;700 T T [ T T T T [ T T 11
3 fitter |2
« 600
=
500
400
300 [ ] 68% CL exclusion from MC toy
[ ] 95% CL exclusion from MC toy
200 [ 99% CL exclusion from MC toy
—— 95% CL for Prob(sz,ndof=1)
— 95% CL for Prob(sz,n =2)
100

tan



‘ How unlikely is the Higgs boson? I

It is often said that the (physical) Higgs mass of the Standard Model is

fine-tuned. However, m? = Av? and m3}, = +g%v? imply that

m,% B A\
mz, g2’

which one would expect to be roughly of O(1). A 125 GeV Higgs boson

would satisfy this expectation.

What s fine-tuned is the vacuum expectation value v. Returning to the

original Higgs scalar potential, which we now write as:
V(®) = —1*(2T®) + 3A(2T9)?,

we identify u? = %)\vz. So, a fined-tuned v is equivalent to a fine-tuned
1%, The latter is often called the Higgs squared-mass parameter (which of

course is related to the physical squared-mass of the Higgs boson).



The Standard Model is a “low-energy” effective theory. Predictions made
by the Standard Model depend on a number of parameters that must be
taken as input to the theory. These parameters are sensitive to ultra-violet
physics, and since the physics at very high energies is not known, one cannot

predict their values.

However, one can determine the sensitivity of these parameters to the
ultra-violet scale (which one can take as the Planck scale or some other
high energy scale at which new physics beyond the Standard Model enters).
In the 1930s, it was already appreciated that a critical difference exists
between bosons and fermions. Fermion masses are logarithmically sensitive
to ultra-violet physics. Ultimately, this is due to the chiral symmetry of
massless fermions, which implies that
oy ~ myIn(Agy/m3).

No such symmetry exists for bosons (in the absence of supersymmetry), and
consequently we expect quadratic sensitivity of the boson squared-mass to

ultra-violet physics, dm% ~ A%, .



The Principle of Naturalness

JULY 1, 1939 PHYSICAL REVIEW VOLUME 56

On the Self-Energy and the Electromagnetic Field of the Electron

V. F. WEISSKOFF
University of Rochesler, Rochester, New York
{Received April 12, 1939)

ELD OF THE ELECTRON 75
In 1939, Weisskopf announces in o _
which is about 107% times smaller than the

the abstract to this paper that classical electron radius. The “critical length” of

the positron theory is thus infinitely smaller than

“the self-energy of charged particles iy assumed.
Obeying Bose statistics is found to be The situation is, however, entirely different

for a particle with Bose statistics. Even the
q uadratical |y dive rge nt” ... Coulombian part of the self-energy diverges to a
first approximation as Wy~e*h/(mca*) and re-
quires a much larger critical length that is
... and concludes that in theories of ~ @=(ke/e)71/(me), to keep it of the order of
magnitude of mc® This may indicate that a

elementary bosons, new phenomena theory of particles obeying Bose statistics must.
involve new features at this critical length, or at

must enter at an energy Scale Of Order energies corresponding to this length ; whereas a
m/e (e is the relevant Coupling)—the theory of particles obeying the exclusion prin-

ciple is probably consistent down to much

f| rst application of naturalness_ smaller lengths or up to much higher energies.



Principle of naturalness in modern times

How can we understand the magnitude of the EWSB scale? In the absence
of new physics beyond the Standard Model, its natural value would be
the Planck scale (or perhaps the GUT scale or seesaw scale that controls

neutrino masses). The alternatives are:

e Naturalness is restored by a symmetry principle—supersymmetry—which

ties the bosons to the more well-behaved fermions.

e The Higgs boson is an approximate Goldstone boson—the only other

known mechanism for keeping an elementary scalar light.

e The Higgs boson is a composite scalar, with an inverse length of order
the TeV-scale.

e The naturalness principle does not hold in this case. The Higgs boson is
very unlikely, but unnatural choices for the EWSB parameters arise from

other considerations (landscape?).



‘ The significance of the TeV scale—Part Il I

If we accept the principle of naturalness, we then argue that the resolution
of the hierarchy problem (why is v/Mpr, ~ 10717) must be the presence of

new physics at a scale A such that

2 2 92 2
mh ~J 5mh ~ 167‘(‘2A ,

which yields

4
AN—ﬂ-thlTeV.

9

So where is the new physics phenomena associated with A? Why has it
not yet been revealed at the LHC? This puzzle is known in the trade as the
little hierarchy problem. Perhaps A ~ 10 TeV, which would imply some
unexpected fine-tuning to understand the origin of electroweak symmetry

breaking.



All models of new physics beyond the Standard Model (BSM) are feeling
the tension of the little hierarchy. Nevertheless, proponents of naturalness
are still convinced that BSM physics will eventually be found at the LHC,

and the ultimate nature of the new physics will have profound implications
for the origin of EWSB.

It is interesting that the tension of the little hierarchy is felt in different ways
depending on the nature of the BSM physics. For example, compare the
significance of the Higgs mass in the MSSM as compared with a composite
Higgs model, where the Higgs boson is a pseudo-Goldstone boson (thanks

to Alex Pomarol for this comparison).



Higgs mass range

SM (valid up to M) R

MSSM

Composite Higgs I

i
50 100 150 200



‘ The key questions looking forward I

e Does the new boson discovered at the LHC exhibit the expected properties

of the SM Higgs boson (spin? parity? couplings?)

e Will further study of the properties of this new state yield significant

deviations from the SM Higgs boson expectations?

e How accurately can one measure the Higgs properties at the LHC? Do

we need a dedicated precision Higgs factory?

e Will new BSM physics be discovered at the LHC that will shed light on
the origin of EWSB?

These are exciting times. The July 4 discovery is not the end of the
Standard Model but the beginning of an exploration that will yield profound

insights into the theory of the fundamental particles and their interactions.
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