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Why go beyond the SM?

 Two experimental facts:

— There is dark matter

Hot gas seen through X-ray emission (pink) contains most of the baryonic
matter in two merging clusters in 1E0657-56, observed against an optical
image of the overall cluster. Blue indicates the locations of the total mass as
found In an analysis based on gravitational lensing. Most of this mass is
clearly separate from the baryonic matter, indicating that it is mainly dark. The
bow shape of the hot gas on the right suggests that this cluster has passed
through the other. It seems that while the two gas clouds slowed on
interacting, the dark matter did not, leading to the separation observed. (X-ray
courtesy NASA/CXC/CiA/ M Markeviich et al_; optical courtesy NASA/STScl;
Magellan/U Anzona/D Clowe et al_; lensing map courtesy NASA/STScl; ESO
WFI; Magellan/U Anzona/D Clowe et al)
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Why go beyond the SM?

Two experimental facts:
— There 1s dark matter } No candidate in SM!

— Most probably dark energy exits as well.

There 1s a mathematical problem with a quantum field theory (i.e. SM) coupled to
“classical” gravity: gravity has to be quantized.

There are big and small numbers in the standard model without an obvious reason.
Why 1s the Planck scale much bigger than the Fermi scale and why is the Higgs
boson mass stable?
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However, the stability issue only makes sense if you have a
Wilsonian approach to Quantum Field Theory.

Personal point of view: within the framework of a renormalizable
quantum field theory, fine-tuning or hierarchy problems make no
sense: a parameter 1s measured at some scale and one can compute its
running.

So what 1s the meaning of small or big? It’s an experimental
question.

My perspective: the standard model will need to be modified at the
weak scale to take into account EW breaking (e.g. singlets or
doublets etc) and this could be a way to introduce DM 1n the model.

Let us look at minimal deviations of the standard model. How weird
can these be?

Higgs sector 1s fascinating: Higgs mass term is the only super-
renormalizable term in the SM: 1t’s a gateway to new physics!
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Scalar field in a strong magnetic field

e Let us consider the following action U(1) gauged scalar field:
] 1 75 ks S L 1 - =
S = / d*3(Dyud) (D) — V(" ¢) — S Fyu P
where D, = 9, +iqA, and F,, = —i[D,, D,]

e And consider fluctuations around a background field:
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This action has a remaining gauge invariance:
0 = 1. 0A, = J,a

The scalar field describes a particle whose classical canonical
momentum 1s given by:

ﬂ-p — 1);1 _l_ q ‘4;( _l_ q Cj‘ﬂ
The first quantization corresponds to the requirement:

(2", 7] = 1hd™

And hence:
[3::-? [')J —|_ (1*4} _I_ (__{BE‘)AJ‘}{] — Z h,(jij
Let us now consider the limit (First Landau Level) B> m
|Cﬁv,u | = | AX |
We thus find:
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In that limit, coordinates do not commute in the x-y plane.

Gauge transformations of the scalar field involve non commuting
coordinates:

ba® = ta(t, 2,9, 2)o(t, 2,9, 2)
Which implies a non trivial transformation for the gauge potential:

0aA,(Z) = J,a(Z) + 1 la(z), A, (x)]
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A low energy description is given by the following action:

S = / d'z(D,¢(2))* (D p()) — V(o(2)*d(2))
1

—Fu (@)F™ (2),

How do we get rid of the non commuting variables? Use the Weyl
quantization procedure (see plenary talk of Julius Wess).



* Let us now introduce the star product:

S = [ d*e(Du) * (D!$) = V(" % ¢) = JFpu 5 F*

f*g= fexp(id;#”79;)g with #7 = q%eéj for 7,5 € {1,2}

e Till now we considered a U(1) gauge theory. Let us see what happens
for Yang-Mills theory, e.g. SU(2) charged scalar doublet

—

b = (1, D2)

e If we look at the classical equations of motion and go through the first
quantization again we find:

TTzl — pi + gB:S-z‘. + gD:Sz‘ e = Pf;: o qB:sz' _
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Local gauge theories on NC spaces

e In other words there 1s no non-commutative description (duality)
for an SU(2) charged scalar field in a strong external field.

* We recover an old result, but now understand the physical reason:
there 1s a non-commutative dual description for U(N) groups when
the strong external field 1s in the direction of the unite matrix.

e Old argument: let A, > be Lie-algebra valued gauge
transformations, the commutator:
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1s a gauge transformation only for U(IN) gauge transformations in
the (ant1) fundamental and adjoint representations.



e Furthermore, for U(N) Yang-Mills theories the background field
needs to be introduced 1n the action:

S = /(l”lzl.‘(Dmﬁ))*(D“ﬁb) — V(¢"0) 0A! = o +ifa, AY]
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e This suggest a generalization of noncommutative gauge theories to:
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Application to the Higgs sector

The scalar field we studied can’t be the Higgs boson which is
charged under SU(2)

However, there has been a growing interest in simple extensions of
the standard model.

Let us for example imagine a situation where the SM including the
Higgs field is confined to a brane whereas an extra scalar field
charged under a new U(1) lives in 5 dimensions.

The low energy action i1s given by

o= / d*z ((D.¢)" (D o) — mid* ¢ — Ay(6"¢)
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Different scenarios!

e Let me assume that the new U(1) 1s unbroken:
— The Higgs field gets a vev:

(0,h +v) v? —'m%/(?)\H)

— The scalar potential is the given by:

VIh, po*] = —2m% h* +
)\H(h ) _l_)\(h ) ()C) _|_ yn ()() _I_A,,()C) ()()

— In the first Landau level limit we have:
32 1,2 : IRV IRyt e Lk
Vih, px¢*] = =2m3h* + A g(h+v)* + A(h+0)?dxd* +mZd*d* + Ay xd* xdx
— 1.e. we have a noncommutative dark matter candidate. Note that the two photons do not mix.

— The cross section is similar to the one discussed in the commutative case. But new
phenomenology in the dark matter sector: annihilation would show some preferred direction.
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Abundance 1s calculated the same way as in
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However 1t might be possible to see more
annihilations in a preferred direction due to the NC
nature of the model. Needs to be investigated!



e [et me now assume that the new U(1) 1s now broken:

— The physical Higgs boson is a mixture between the singlet and the remaining
degree of freedom of the Higgs doublet:

h’phV‘-é =cosa h+sina o O bhys = COS@ 0 — sina b

— Noncommutative character is transmitted to the Higgs boson.

— Besides an extra singlet which mixes with the Higgs boson, one would detect non
commutative self-interactions of the Higgs boson, however probably difficulty to do
at the LHC: we will need to wait for a linear collider.

The Higgs sector can indeed be pretty weird and interesting!



Conclusions

The Higgs sector 1s a gateway to hidden sectors and thus dark matter
candidates. Electroweak symmetry sector 1s the only SM one which
has not be tested yet.

Possible connection to hidden sectors/dark matter: LHC will
produce DM 1n most of the scenarios.

Physics in the Higgs/scalar sector might be quite exotic and thus
interesting.

Higgs and/or Dark Matter sectors might be noncommutative.

New 1dea: if NC 1s not a spacetime property but due to an interaction
with a background field, the SM can be partially noncommutative!

Thanks for your attention.



