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BEYOND THE STANDARD MODEL
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After giving a brief overview of the Standard Model status, | survey
physics beyond the Standard Model at the TeV scale, focusingn Techni-
colour, Little Higgs, Extra Dimensions and Supersymmetry including the
MSSM, NMSSM and ESSM.

PACS numbers: 11.10.Kk, 11.25.Wx, 12.60.Jv, 12.10.-g

1. Standard Model status
The Standard Model (SM) contains one Higgs doublet

H+
H= Ho (1.1)
with the Higgs potential
V=mijHji2+ 1 jHj?%: (1.2)

If mﬁ < 0and > 0 (both conditions not explained in the SM) then the
potential is minimised by

2
hiHj%i = v2 = —H = (246 GeV)?; (1.3)

where without loss of generality we may suppose thatRe(H®)i = v =
246 GeV. The 4 degrees of freedorl *;H ;A% Im(H%) become the lon-
gitudinal components of the gauge bosong," YW ;Zl‘_) leaving one physical

Higgs bosonh = Re(H ?) with mass squaredm3 = v 2.
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The SM su ers acutely from the hierarchy problem Note the tree level
relation from Eq. (1.3),

m3 = vZ= (246 GeVy (1.4)
which at one-loop becomes
m3 + m3 = (246 GeV): (1.5)

The largest correction comes from the top quark loop correabn to the Higgs
mass (the rst diagram in Fig. 3) which gives

3

2 _ 2 2 _ 2 .

M { jtop = p—ﬁ 2GF m¢g “= (900 GeV) 3TV (1.6)
where ne-tuning is required if the cut-o 1TeV. This implies that new

physics must show up at the TeV scale, which is still the best rativation for

physics beyond the SM (BSM) since the weak scale cannot be egqoted by
anthropic arguments [1]. However there is no rm indication of new physics
in precision LEP measurements, which are consistent with adght SM Higgs
boson as shown in Fig. 1.
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Fig.1. The latest top quark measurements (right-hand pane) shift the preferred
Higgs mass to the left (dotted line in left-hand panel).

Optimistically there are two mild indications of new physics, the rst
from the measured value of theW boson massMy (as a function of the
top massm;) which seems a bit too high compared to the SM prediction [2],
being more consistent with the minimal supersymmetric stadard model
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(MSSM). The second indication for new physics is from the anmalous
magnetic moment of the muon(g 2) whose average measured value is
higher than the theoretical expectation. Both these indicabrs are shown in
Fig. 2 [3].
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Fig. 2. Two indications for new physics. In the left-hand parel the measuredM
is about one standard deviation too high compared to the SM pediction. In the
right-hand panel the measured(g 2) is two to three standard deviations too high
compared to the SM prediction. Both e ects can be accounted ér in SUSY.

From the bottom-up point of view the hierarchy problem provides the
best motivation for new physics at the TeV scale. However theabsence of
any strong indication for new physics from precision meas@ments leads to
the LEP Paradox [4]. A solution to the LEP paradox is to only allow new
particles associated with the solution to the hierarchy priolem to couple
in pairs to the SM particles, and so only appear in loops supmssed by a
loop factor of 1=(4 )2. An example of this would be the MSSM, or indeed
any supersymmetric (SUSY) theory with conservedR-parity. However not
all theories BSM have a built in solution to the LEP paradox. For exam-
ple Technicolour theories, Little Higgs models and in genexd theories with
Extra Dimensions at a low scale can all be subject to the LEP paadox,
unless they are supplemented by some additional symmetry #t only allows
the new states to couple in pairs to the SM states. Of these ps#ilities,
shortly to be discussed, it is worth mentioning that there isa quite indepen-
dent motivation for Supersymmetry and Extra Dimensions fran top-down
perspective since these are necessary ingredients of sgitheory [5].
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2. Technicolour

Naive Technicolour (TC) is just a scaled-up version of QCD ashown in
Fig. 3 (for a review seee.g. [6]). The basic starting point is the gauge group
(ignoring QCD):

SUN)tc SU@L U@)y (2.1)

under which one introduces a doublet of technifermions:

P
T= } =(N;20); Pr=(N;1;1); Mr=(N;1 3) (22
The approximate global chiral symmetry is broken at the TeV scale by tech-
niquark condensatesiT Ti 6 0:

SURL SUQR)R! SU@2)+r (2.3)

resulting in three Goldstone bosons (GBs), the technipions, T"C; T PC

which become the longitudinal components of the gauge bosshv," YW ;Zl‘_).
Unlike the SM there is no left over physical state analogousd the Higgs bo-
son below the TeV scale.

Fig. 3. Naive technicolour.

The major successes of naive TC are that it accounts for the nszes of
the W;Z and also that it solves the hierarchy problem since there areo
elementary scalars.

The major failings of naive TC is that it does not account for fermion
masses (for which extended TC is required, leading to complations and
problems with avour changing processes) and also that it co icts with the
precision measurements (the LEP paradox ).

The major predictions of naive TC are technimeson resonaneein lon-
gitudinal W W or W Z, scattering at the LHC or ILC. Examples of such
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resonances are the heavy HiggsD * resonance $C at about 1.5 TeV, and
the technirho 1  resonance 9. at about 2.0 TeV. Technihadrons can
also be produced in  scattering at the PLC.

Some of the problems of naive TC may be addressed in Walking T,C
where some of the predictions are also modi ed (for a reviewez e.g. [6]).

3. Little Higgs

The basic idea of the Little Higgs approach is that the Higgs leson is
composite on a scale of say 10 TeV and a light physical Higgs bo-
son emerges as a GB of some usually rather complicated (TC?heory at
f 10 TeV. The simplest example | know is due to Martin Schmaltz [9] in
which an extra SU(2) singlet quark of charge2=3 is added, T, ; Tr, with a
mass f T . Tr. A global SU(3) symmetry is broken to SU?2) at the scalef
such that: 0 1

L
@p Al L‘: + T 3.1)
o
and the Higgs doubletH emerges as a GB with GB-like couplings to fermions,
0 1
_ 0
t tL h_ T|_ eIH:f @ 0 A Tr: (32)

f

Fig.4. The T contribution to the Higgs mass cancels the top loop at one-lop.
Note the minus sign in the TTHH vertex coming from the second order expansion
of the exponential in Eq. (3.2).

The expansion of the exponential in Eq. (3.2) leads to a coupig between
T, Tr and two HiggsH elds, which gives a contribution to the Higgs mass
radiative correction which cancels the top correction at oe-loop order, as
seen in Fig. 4, and below,

: 3 3
maJtop+T= 82 t2 2 82 f—t f 2=0: (3.3)
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This solves the most severe hierarchy problem from top quarli-loop dia-
grams. Additional gauge bosondVy ;Zy; Ay are required to cancel 1-loop
gauge boson contributions. Even with these particles presg the theory
cannot cancel two-loop contributions to the Higgs mass, hoewer it is suf-
cient to stabilise the mini-hierarchy up to the scale f. At the LHC the T
quarks can be distinguished from a fourth family of quarks, ad the Wy ; Zy
can be distinguished from the more usuaW®z°as shown in Fig. 5.

Fig. 5. Distinctive signatures of T and Wy ; Zy which provide smoking gun signa-
tures for Little Higgs models at the LHC.

4. Extra dimensions

The existence of extra dimensions is motivated by string/Dbrane theory
as shown in Fig. 6. The physics of extra dimensions depends avhether the
extra dimensions are at or warped and we shall consider each possibility
in turn.

In the Arkani-Hamed, Dimopoulos, Dvali (ADD) scenario [7], the extra
dimensions are at and only gravity is in the bulk (i.e. feels the extra di-
mensions). The Planck masd pianck is a derived quantity given in terms of
the basic scale of the theoryMp (roughly speaking the string scale ) and
the compacti cation scale of the extra dimensionsR as:

IVIFz’Ianck = M|%+ R (4.1)
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Fig.6. Typical string/D-brane set ups involve extra dimensions (left panel), and
can lead to collider signals with missing energy due to gravons (closed strings)
escaping into the bulk (right panel).

Gravitons in extra dimensions get quantized in massmy k=R, k =
1;:::;1 , leading to a mass splitting m  1=R, with a continuous Kaluza
Klein (KK) tower of massive graviton excitations of typical mass splitting
m 400eV for =3, mp =1 TeV. The collider signal is for two SM
particles to collide to give a nal state including a graviton G which can
escape into the bulk,e.g. qg! qgG giving an event topology of jet(s) plus
missing E1 (with no nal state leptons unlike SUSY), as shown in Fig. 6.
The cross section is suppressed the gravitational couplingf G to SM parti-
cles, but is enhanced by the muItipHcity Nkk of gravitonsdn the KK tower,

Nkk =MZ, WhereNkx (5= m) or Nk  (* SR) leading to
a cross section of electroweak strength s =M D+2. ADD may also be

tested at the PLC as shown in Fig. 7.

In the Randall Sundrum (RS) scenario [7] the extra dimensims are
warped with again only gravity in the bulk. For example RS1 involves
warped extra dimensions with two branes, a Planck brane and deV brane
on which we live and observe that the strength of gravity is eponentially
suppressed, as depicted in Fig. 8. The experimental signahiRS1 consists
of TeV graviton resonances as seen on the TeV brane, with KK rmes split
by the TeV scale. The TeV graviton resonances have spin-2 anthay be
distinguished from a spin-1Z °resonance by the angular distribution of their
decay products as shown in Fig. 8.
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Fig. 7. ADD may also tested at the PLC [8].

Fig.8. The RS1 set-up (left panel) predicts spin-2 TeV gravion resonances which
can be distinguished from a spin-1Z° from the angular distribution of the decay
products (right panel).

5. SUSY

This was the subject of a dedicated talk [10] so here | only beiy com-
ment on three di erent SUSY standard models, the MSSM, the NM5SM
and the Exceptional SSM. Amongst BSM theories SUSY holds a spal
place since with conserve®R-parity it solves the LEP Paradox. It turns out
that MSSM leads to a 2% ne tuning which however can be elimingd in
non-minimal models such as the NMSSM and Exceptional SSM.
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5.1. MSSM

The particle content of the MSSM [11] contains three familis plus a pair
of Higgs doubletsH; Hq with the mass term:

W = H Hgq (5.1

which together with soft mass terms leads to the tree-level iggs potential

V= mi, + % jHu?+ mi,+ % jHai® bHyHg+h:c)
1 s
+5 @+ 97 JHU?  Ho® (5.2)

where the quartic Higgs coupling in the SM potential in Eqg. (1.2) is now
replaced by gauge couplings in Eqg. (5.2) leading to a prediiin for the Higgs
boson mass which including radiative corrections is givenyb

m2 MZcog2 + (130 GeVYy; (5.3)

wheretan = v,=vq wherev; = HHji as usual. A nice feature of the MSSM
is radiative electroweak symmetry breaking due to stop andap loops which
drives mﬁu negative at low energies, but leads to a ne tuning of about2%.

The ne tuning and Higgs mass bound in the MSSM are shown in Fig9.

Fig. 9. The left panel shows the ne tuning in the NMSSM compared to the MSSM
as a function of the Higgs mass fortan = 5 [12]. The right panel shows the
comparison of the Higgs mass bound in the MSSM, NMSSM and ESSMt the
two-loop level [13].
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5.2. NMSSM

The next-to-minimal SSM (NMSSM) [11] has the particle content of the
MSSM plus an extra Higgs singletS whose vacuum expectation value (VEV)
generates the term e ectively. However to avoid an axion one requires a
cubic S® term which subsequently leads to a domain wall problem whers
develops its VEV. Thus the superpotential is:

W = SH  Hg+ 3ks3: (5.4)

The singlet coupling gives rise to an extra tree-level contbution to the Higgs
mass whose lower bound is increased to:

2
m?2 ?vzsinzz + M2cog2 + (140 GeVYy; (5.5)

where the Higgs mass bound in the NMSSM is shown in Fig. 9. Thialso
leads to a reduction in the ne-tuning to about 10% as compared to the
MSSM tuning of about 2% as also shown in Fig. 9.

5.3. ESSM

The Exceptional SSM (ESSM) [13] has a low energy particle coant of
three families in the 27 of Eg plus a pair of Higgs doublets plus an extraZ ©
which eats the axion solving all the problems of the NMSSM. Tle anomalies
associated with the extra U1)° are cancelled family by family since E is
anomaly free, and the U1)° here is a subgroup of E de ned uniquely by
the requirement that right-handed neutrinos are singlets. The Higgs super-
potential is then just:

W = SH yHyg (5.6)

assuming that only one pair of Higgs doublets and one singletevelop VEVSs,
the remaining states being non-Higgs. The Higgs mass bouhhas an ad-
ditional contribution from the extra U (1)° associated with theZ©

2 1 1 2
m2 7vzsin22 + M2 cos’ 2 +erz2 1+ 7cos2  +

(160 GeVY: (5.7)

The main e ect in increasing the Higgs mass bound is due to théncreased
allowed value of at low energies, due to the extra matter contained in the
three 27's which increases the gauge couplings at high energ (for example
the QCD coupling now has a zero one-loop beta function). The cunds on
the lightest CP-even Higgs boson mass in the MSSM, NMSSM and $SM
are compared in Fig. 9.
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I would like to thank the organisers especially Maria Krawcyk for invit-
ing me to this most enjoyable and well organised workshop.
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