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Abstract. 1 will discuss the status of the mass hierarchy problem and prospects for beyond
the Standard Model physics in the light of the Higgs scalar discovery at the LHC and the
experimental searches for new physics. In particular, I will discuss in this context low energy
supersymmetry, living with the fine tuning and strings at the TeV scale.

1. Introduction

During the last few decades, physics beyond the Standard Model (SM) was guided from the
problem of mass hierarchy. This can be formulated as the question of why gravity appears
to us so weak compared to the other three known fundamental interactions corresponding to
the electromagnetic, weak and strong nuclear forces. Indeed, gravitational interactions are
suppressed by a very high energy scale, the Planck mass Mp ~ 10 GeV, associated to a
length Ip ~ 1073% m, where they are expected to become important. In a quantum theory, the
hierarchy implies a severe fine tuning of the fundamental parameters in more than 30 decimal
places in order to keep the masses of elementary particles at their observed values. The reason
is that quantum radiative corrections to all masses generated by the Higgs vacuum expectation
value (VEV) are proportional to the ultraviolet cutoff which in the presence of gravity is fixed
by the Planck mass. As a result, all masses are “attracted” to about 10'® times heavier than
their observed values.

Besides compositeness, there are two main theories that have been proposed and studied
extensively during the last years, corresponding to different approaches of dealing with the mass
hierarchy problem. (1) Low energy supersymmetry with all superparticle masses in the TeV
region. Indeed, in the limit of exact supersymmetry, quadratically divergent corrections to the
Higgs self-energy are exactly cancelled, while in the softly broken case, they are cutoff by the
supersymmetry breaking mass splittings. (2) TeV scale strings, in which quadratic divergences
are cutoff by the string scale and low energy supersymmetry is not needed. Both ideas are
experimentally testable at high-energy particle colliders and in particular at LHC. Another
option is to live with the hierarchy, addressing differently questions such as gauge coupling
unification, dark matter candidate and electroweak (EW) vacuum stability. Split supersymmetry
is an interesting example of such a possibility. All these ideas are experimentally testable at
high-energy particle colliders and in particular at the LHC.
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On the other hand, the recent major discovery of the Higgs boson at the LHC with a mass
around 126 GeV is so far compatible with the Standard Model within 20 and its precision tests.
It is also compatible with low energy supersymmetry, although with some degree of fine-tuning
in its minimal version. Indeed, in the minimal supersymmetric Standard Model (MSSM), the
lightest Higgs scalar mass my, satisfies the following inequality:

3 mi[ mi A A?
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where the first term in the r.h.s. corresponds to the tree-level prediction and the second term
includes the one loop corrections due to the top and stop loops. Here, mz, m;, m; are the Z-

boson, the top and stop quark masses, respectively, v = \/v? + v3 with v; the VEVs of the two
higgses, tan f = v9/v1, and A, the trilinear stop scalar coupling. Thus, a Higgs mass around 126
GeV requires a heavy stop m; ~ 3 TeV for vanishing A;, or A >~ 3m; ~ 1.5 TeV in the ‘best’
case. These values are obviously consistent with the present LHC bounds on supersymmetry
searches, but they will certainly be probed in the next run at double energy. Theoretically, they
imply a fine-tuning of the EW scale at the percent to per mille level. This fine-tuning can be
alleviated in supersymmetric models beyond the MSSM, as discussed in the next session.

2. MSSM Higgs sector with dimension-five and dimension-six operators

Although extremely successful, the Standard Model or its supersymmetric version (MSSM) is
not a fundamental theory, and this motivated the theoretical efforts to understand the nature
of new physics beyond it. This search can be done using an effective field theory approach, in
which the “new physics” is parametrised by effective operators. The power of this approach
resides in arranging these operators in powers of 1/M, where M, is the scale of new physics
that generated them. To improve the predictive power, one considers additional organising
principles, such as: (i) symmetry constraints that these operators should respect, often inspired
by phenomenology (for example: R-parity, lepton or baryon number conservation, etc). (ii) a
truncation of the series of operators to a given order in the power of the inverse scale 1/M,. The
effective low-energy Lagrangian then takes the form

L=Ly+ Z On.d Ohn,i (2)

*

i,n
where Lo is the SM or the MSSM Lagrangian; O,, ; is an operator of dimension d = n + 4 with
the index ¢ running over the set of operators of a given dimension; ¢, ; are some coefficients of
order O(1). This description is appropriate for scales E which satisfy £ < M,. Constraints
from phenomenology can then be used to set bounds on the scale of new physics M,.

Regarding the origin of operators O, ;, they can be generated classically or at the quantum
level. At the classical level, this can happen by integration of some new massive states, via
the equations of motion and one then generates an infinite series. This can happen even in 4D
renormalisable theories; indeed, even though the low energy interaction looks nonrenormalisable,
it may actually point to a renormalisable theory valid up to a much higher scale (a familiar
example is the Fermi interaction). Such effective operators are also generated at the quantum
level, for example following compactification of a higher dimensional theory, by the radiative
corrections associated with momentum and winding modes of the compactification [1, 2, 3, 4, 5].

The effects of these operators on the low energy observables can be comparable to the radiative
effects of light states in the SM/MSSM [6] and this shows the importance of their study. In
the following we shall study these effects to the case of the MSSM Higgs sector with additional
operators of dimensions d = 5 and d = 6. In particular we show that the mass of lightest SM-like
Higgs can easily be increased above the LEP bound by new physics in the region of few TeV.
We then discuss the nature of the “new physics” behind the effective operators.
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2.1. MSSM with d=5 operators.
As an application, consider the MSSM extended by all possible d = 5 operators that respect
R-parity, baryon and lepton number symmetry. The Lagrangian is £ = £y 4+ £(®) where

Ly = /d49 3 ZZ-(S,ST)HZ-TeViHi+{/d29 p0(1+BOS)H1.H2+h.c.}+---
i=1,2

+ /d29 [QA0(S) U Ha — QAn(S) D° Hy — LAg(S) B Hi] + hc. 3)
The dots stand for Higgs-independent terms and Z;(S, ST) =1 — ¢; S'S, ¢; ~ O(1). Further

1
£O = A / d*o [H{ e"QYyU® + Hi e"?QYpD® + Hy' €? LYRE® (4)
+ @ D[b Hae ™M Dolee” Hyl+ 0(8°)[QU T QD +QUE Ty, LE® + Ay (Hy Ha)?|+h.c

with a standard notation. We introduced here some spurion dependent functions: a,b,c, Z1 2, Yp,
F = U, D, E, which are general functions of (S, ST) while T, Q> T, A, are holomorphic functions
of S. Here S = mgf? is the spurion superfield and mq the supersymmetry breaking scale, with
mo = (Fhidden)/Mp, so supersymmetry breaking is transmitted via gravitational interaction.
Any supersymmetry breaking associated with the presence of the above interactions is included
using the spurion field technique. Not all operators in (4) are independent [6]. To remove the
redundant operators we use field re-definitions:

1 1

H — H ——D [AlHTeVQ (z‘ag)}TJr QpuU°
M, 2 M,

Hy — Ho+ 1 ﬁQ [AQHTeVI (iUQ):|T+ L QpDDC-i- 1 LpEEc (5)
M, 1 M, M,

where pr = pp(S), F = U,D,E, A; = A;(S,ST), i = 1,2, can be chosen arbitrarily. To avoid
the presence of flavour changing neutral currents, the following simple ansatz can be made:

To(S) = cq(S) Av(0) @ Ap(0), TrL(S) = cr(S) Av(0) ® Ap(0),
pr(S) = ¢r(S) Ap(0), Yr(S, ST = yp(S,ST) Ap(0), F=U,D,E. (6)

and, as usual Ap(S) = Ap(0) (1 + Ar S). Using a suitable choice for the (otherwise arbitrary)
coefficients of the spurion entering in A2, one can set Tp =Ty, =0 also a = b = ¢ = 0 and
Yr — yr(ST) Ar(0). Then one finds [6]

O = Mi / d'0 [H] " QYH(SY U + H] QY (S") D* + Hf e LY(SY) B+ h.c ]

_l’_

A;* / 020 N, (S) (Hy Hy)? + h.c. (7)

Detailed calculations show[6] that the new Yukawa couplings Y;.(ST) now depend on ST only,
YI;(ST) = Ap(0) (o +2L ST). After (5), the couplings of L also acquired, at tree level, threshold
corrections which depend on M, [6]. The new form of £ in (7) gives the minimal irreducible
set of R-parity, B, L conserving d=>5 operators that can be present beyond MSSM.

A consequence of this analysis is the generation of new couplings, beyond those in the MSSM
at the tree level. For example there is a “wrong”-Higgs Yukawa coupling, that exchanges the
holomorphic dependence on one Higgs by that on the hermitian conjugate of the other [8, 9].
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Such couplings do arise in the MSSM at one-loop, after integrating out massive squarks and are
suppressed by m% /M2 x (loop-factor). Here they are suppressed by mg/M, only, as seen below:

M
M,

(25 Do (O)]is (B ars) ue; + 28 Po(O)]is (b qrs) dj + 28 P (O)]ig (hh104) ey +he]  (8)

These couplings bring a tan 8 enhancement of a prediction for a physical observable, such as the
bottom quark mass, relative to bottom quark Yukawa coupling:

my = (1/v2) vecos B ( Ay + X + ANy tan 3) (9)

Here )y is the usual bottom quark Yukawa coupling, §)y is its one-loop correction in MSSM and
ANy is a “wrong”-Higgs coupling’ corrections, obtained after integrating out at one-loop massive
squarks in MSSM; in our case A\, receives an extra correction from (8), which can actually be
larger than its one-loop-generated MSSM counterpart [8, 10, 11, 12]. This can bring a tan
enhancement of the Higgs decay rate into bottom quarks pairs (for further details see [6]).

2.2. MSSM Higgs sector with d=5 and d=6 operators

We can extend the previous discussion by including all effective operators of both dimension
d = 5 and d = 6 that can exist beyond the MSSM Higgs sector. This can be motivated in
various ways. The MSSM Higgs sector is a minimal construction and extension of that of the
SM. It does not take into account possible non-perturbative effects [13] or additional massive
states that can couple to the Higgs sector and generate, when integrated out, new contributions.
The fine tuning [14, 15] needed to have the SM-like Higgs mass well above the LEP bound [16]
can also be a problem and it may indicate the existence of new physics beyond the Higgs sector.
Such problems may be addressed by using a model-independent approach, using the effective
operators. In the leading order, new physics beyond the MSSM Higgs sector can manifest itself
as operators of either d =5 [6, 17, 18, 19] or d = 6 [7, 20] or both. If generated by the same new
physics, by comparing O(1/M*) and O(1/M2) terms one can estimate when the series expansion
in 1/M, breaks down. The operators in the Higgs sector of dimension d = 5 were:

1
L1 = A /d29 N (S) (Ha.H)? +h.c. = 2 g (ho-ha) (he Fy + Fa.hy) + Giimg (ha-ht)? + hec,

Ly = ]\2 / d'0 { (5, 8N D°[b(S, 8T) Hy e Dy [e(S, 1) €' Hy| + hc.} (10)

where

N (S) /M, = Cio + C11mo 69, C10, C11 ~ 1/M,, (11)

L1 can be generated by integrating out a massive gauge singlet or SU(2) triplet. Indeed, in the
MSSM with a massive gauge singlet, with an F-term of type M, X2 + ¥ H;.H,, when integrating
out X generates L£1. Lo can be generated in various ways (see Appendix A, B in [6]) but perhaps
the simplest way is via an additional pair of massive Higgs doublets of mass of order M,. As
already discussed, L5 can be removed by general spurion-dependent field redefinitions, up to
soft terms and u term renormalisation and O(1/M2) corrections [6].

We assume that mg < M,, so that the effective approach is reliable. If this is not respected
and the “new physics” is represented by “light” states (like the MSSM states), the 1/M,
expansion is not reliable and one should work in a setup where these are not integrated out.

The list of d = 6 operators is longer [21]:
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1 1
02 = ME /d4(9 ZQ (H; €V2 H2)2’ 06 — M*2 /d40 26 (H;[ eVQ HQ) HQ.Hl + he.
1 1
03 = M*2 /d49 Z3 (-E[if eVI Hl) (H; eVQ HQ), 07 — M*2 /d29 Z7 TI' Wa Wa (H2 Hl) + h,c‘
1 1
Oy = e /d4HZ4 (Hs. Hy) (H2.H1)T’ Og = e /d4928 (Ho H1)2 L he (12)

where W* = (—1/4) D’e"VD¢" is the chiral field strength of SU(2);, or U(1l)y vector
superfields V,, and Vy respectively. Also Vi o = V$(c%/2) + (¥1/2) V3 with the upper (minus)
sign for Vi. The remaining d = 6 operators involve extra space-time derivatives:

1 — 1
Oy = 155 [ d'0 20TV V2 11y O = 5 [ @0 21 H] ¥ v W
1 — 1
010 = M2 /d46 ZlO H; V2 €V2 V2 H2 013 = JVE /d49 2/713 Hir eVI Wo(zl) ve Hl
1 1
On=1+m / 40 2, Hf V' ve w1y O =15 / A 2y, Hy " WP v H, (13)

Also Vo H; = e Vi D, eViH; and W& is the field strength of V;. To be general, in the above
operators one should include spurion (S) dependence under any V,, of arbitrary coefficients,
to account for supersymmetry breaking effects associated to them. Finally, the wavefunction
coefficients are spurion dependent and have the structure

(1/M*2) ZZ(S, ST) = ;0 + Qi1 Mo 664—0&;1 m()@—i-aig m% 66@, Qjj ~ 1/M*2 (14)

Regarding the origin of these operators: O; 23 can be generated in the MSSM by an additional,
massive U(1)" gauge boson or SU(2) triplets, when integrated out [17]. O4 can be generated
by a massive gauge singlet or SU(2) triplet, while Os ¢ can be generated by a combination of
SU(2) doublets and massive gauge singlet. Oy is essentially a threshold correction to the gauge
coupling, with a moduli field replaced by the Higgs. Os exists only in non-susy case, but is
generated when removing the d = 5 derivative operator L9 by field redefinitions [6], so we keep
it.

It can be shown that operators Og . 14, can be eliminated along the lines discussed in the
previous sections. For example, in the absence of gauge interactions, Oy is similar to the operator
in eq.(7) and only brings a wavefunction renormalisation, Og ~ |u|?/M? [ d*0H 1[ H;, and similar
for O19. Regarding O11,12, in the supersymmetric case they vanish, following the definition of
V% and an integration by parts. Further, Oi314 are similar to Og 19, which can be seen by

using the definition of W& and the relation between V2, (v2) and D2 (32). In the presence
of supersymmetry breaking, elimination of these operators and their supersymmetry breaking
contribution is still possible, up to a renormalisation of the soft terms and p term [6].

2.8. Higgs mass corrections from d =5 and d = 6 operators.
With the remaining set of independent, effective operators L1, O, .. g of dimensions d = 5 and
d = 6, one finds the scalar potential V and its EW minimum; this is perturbed by O(1/M?2)
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corrections from that of the MSSM. The expression of V' is long and it is not given here (see [7]
for its form). From V one computes the mass of CP-odd/even Higgs fields. One has:

2 v?
= (mA)yissy — S B0 gt b, G = O(/MD) (1)

for the pseudoscalar Higgs, with (m%)pggng the MSSM value, with ém? due to O(1/M3)
corrections from d = 5 and d = 6 operators. For the CP-even Higgs one has [6, 17, 19]

m%,H = (m%,H)MSSM
m? + m? (=2 (11 mo) v? (m? —m?%) cos?23
+ (2¢i0 po) v? sin 28 [1i A Z} [NF A —my }
Vo 2 Vi
+ 6m%’H, where 5m,217H = O(1/M?) (16)

The upper (lower) signs correspond to h (H), and @ = (m?% + m%)? — 4m? m% cos?28. With
this result one can show that the mass mj can be increased above the LEP bound, also with
the help of quantum corrections [6, 17, 18, 19].

Regarding the O(1/M?2) corrections of 5m%7H, dm? and 5m,217H of (15), (16), in the general case
of including all operators and their associated supersymmetry breaking, they have a complicated
form. Exact expressions can be found in [7, 20]. For most purposes, an expansion of these in
1/tan g is accurate enough. At large tan 3, d = 6 operators bring corrections comparable to
those of d = 5 operators. The relative tan 8 enhancement of O(1/M?2) corrections compensates
for the extra suppression that these have relative to O(1/M,) operators (which involve both Ay,
he and are not enhanced in this limit). Note however that in some models only d = 6 operators
may be present, depending on the details of the “new physics” generating the effective operators.

Let us present the correction O(1/M?) to mi  for the case m 4 is kept fixed to an appropriate

value. The result is, assuming m4 >my, (otherwise 5m% and 5m%{ are exchanged):

smjy = —2v° [Oé22 m§ + (aso + cuo) g + 2ai61 Mo fio — g mzz} — (2C10 po)? vt (Mm% —m%) !

+ v2cot 8 [(mi —mQZ)_l(ﬁl m% (2091 +as1+aur+2as1) mo po+ (2as0+ago) 1 + ez m)
~ (2050 —30a70) m% m%— (2a60+az0) m% ) + 8 (m4+m) (1o mo Cuo C1) v/ (m4 —m3)?]

+ O(1/tan?B) (17)
A similar formula exists for the correction to mg:

om¥ = | = 2 (mopo (@51 + ag1) + a2), md) v + (2o o) v (% — m) |
+ v2cot 8 [(mi—m%)’l(Qmi(Q(an —aa1) Moo+ (a0 — aiso) pa + (as2 — g2 )ma — agom? )
— [4(011 + a1 + a3t + ag + 2081) mopo + 6(aso + aeo) 1 + 2(as2 + ae2) M
— (as0+5ago —2a70) mAm — (aso —ago)m ) =8 (m? +m%) (omoCioin) v/ (m% —m% 2|
+ O(1/tan’p) (18)

The mass corrections in (17), (18) must be added to the rhs of egs.(16) to obtain the full value
of m% - Together with (12), (14), these corrections identify the operators of d = 6 with the
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largest contributions, which is important for model building beyond the MSSM Higgs sector.
These operators are Oy34 in the absence of supersymmetry breaking and Oz when this is
broken. It is preferable, however, to increase m% by supersymmetric rather than supersymmetry-
breaking effects of the effective operators, because the latter are less under control in the
effective approach; also, one would favour a supersymmetric solution to the fine-tuning problem
associated with increasing the MSSM Higgs mass above the LEP bound. Therefore O3 3 4 are the
leading operators, with the remark that O, has a smaller effect, of order (mz/ug)? relative to O34
(for similar «jo, j = 2,3,4). At smaller tan 3, Os ¢ can also give significant contributions, while
O7 has a relative suppression factor (mz/ug)?. Note that we kept all operators O; independent.
By doing so, one can easily single out the individual contribution of each operator, which helps
in model building, since not all operators are present in a specific model.

One limit to consider is that where the operators of d = 6 have coefficients such that their
contributions add up to maximise 5m%. Since «;; are not known, one can choose:

—Qp = —agL = —Q30 = —Qyp = a9 > 0 (19)
In this case, at large tan §:

dmi ~ 2v%ao[md + 2mopo + 2 3 + m%] (20)

A simple numerical example is illustrative. For mg = 1 TeV, pg = 350 GeV, and with v ~ 246
GeV, one has ém} ~ 2.36az x 10 (GeV)%. Assuming M, = 10 TeV and ignoring d = 5
operators, with asg ~ 1/M2 and the MSSM value of mj, taken to be its upper classical limit
my (reached for large tan ), we obtain an increase of mj, from d = 6 operators alone of about
Amy, = 12.15 GeV to my ~ 103 GeV. An increase of agg by a factor of 2.5 to agy ~ 2.5/M?
would give Amy, =~ 28 GeV to my, =~ 119.2 GeV, which is already above the LEP bound. Note
that this increase is realised even for a scale M, of “new physics” beyond the LHC reach.

The above choice of M, = 10 TeV was partly motivated by the fine-tuning results [18] (for
d = 5 operators) and on convergence grounds: the expansion parameter of our effective analysis
is mgy/M, where mg is any scale of the theory, in particular it can be mg. For a susy breaking
scale mg ~ O(1) TeV (say mg = 3 TeV) and c; 2 or a;; of Z;(S, ST) of order unity (say 12 = 2.5)
one has for M, = 10 TeV that ¢ 2mg /M, = 0.75 which is already close to unity, and at the
limit of validity of the effective expansion in powers of 1/M,. To conclude, even for a scale of
“new physics” above the LHC reach, one can still classically increase my to the LEP bound.

2.4. Final remarks
The final step is to identify the nature of “new physics” that generated the operators with the
largest correction to my, ideally from a renormalisable model. At the level of dimension d = 5
operators, this is clear from previous discussion: a massive gauge singlet can generate operator
L4 of (10) and the needed increase of my, for a scale M, ~ 5 — 10 TeV [18]; this can provide a
solution to the little hierarchy problem, provided that one can fix dynamically the scale M,.
For dimension-six operators, from the above discussion one finds that to increase my, it is
needed that one or more of the following conditions are satisfied:

a9y >0, azg <0, agg <0 (21)

First recall that 0123 can be most easily generated by integrating out a massive gauge boson
U(1)" or SU(2) triplets [17], while O4 can be generated by a massive gauge singlet or SU(2)
triplets. Let us discuss the signs of the operators when they are generated as above:

(a): Integrating out a massive vector superfield U(1)" under which Higgs fields have opposite
charges (to avoid a Fayet-Iliopoulos term), one finds agy < 0 and asy > 0 (also a9 < 0) [17],
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which is opposite to what we need. This can be changed, if for example there are additional
pairs of massive Higgs doublets also charged under new U(1)’; then O3 could be generated with
asgg < 0.

(b): Integrating massive SU(2) triplets that couple to the MSSM Higgs sector would bring
g0 >0, ayp <0, azg > 0, so the first two relations agree with what we need.

(c): Integrating a massive gauge singlet would bring ayp > 0, which would instead decrease my,.

Finally, at large tan 8, due to additional corrections that effective operators bring to the
p parameter [22], it turns out that ayo and asg can have the largest correction to m%, while
avoiding p-parameter constraints. The case of a massive gauge singlet or additional U(1)" vector
superfield (giving O3 4) have the advantage of preserving gauge couplings unification at one-loop.
Following the above information, one can proceed to construct explicit models with additional
states that can generate these effective operators.

Let us mention that the method provided here to reduce the fine tuning in the MSSM for my,
larger than the LEP bound, relies on introducing an additional scale in the visible sector, due
to “new physics” in this sector. Other solutions to this problem may exist, which essentially
rely on a low scale in the hidden sector of supersymmetry breaking [23]. In this case the quartic
coupling and the mass of the SM-like Higgs are increased by a factor proportional to (12/f)?,
where f is the hidden sector supersymmetry breaking scale. While not without problems, the
advantage of this latter method is that it does not pay the “cost” of an additional parameter
(scale) in the visible sector, as models with effective operators do.

3. Strings and extra dimensions
The appropriate and most convenient framework for low energy supersymmetry and grand
unification is the perturbative heterotic string. Indeed, in this theory, gravity and gauge
interactions have the same origin, as massless modes of the closed heterotic string, and they
are unified at the string scale M,. As a result, the Planck mass is predicted to be proportional
to My:

Mp = M,/qg, (22)

where g is the gauge coupling. In the simplest constructions all gauge couplings are the same at
the string scale, given by the four-dimensional (4d) string coupling, and thus no grand unified
group is needed for unification. In our conventions acurt = g% ~ 0.04, leading to a discrepancy
between the string and grand unification scale Mgyt by almost two orders of magnitude.
Explaining this gap introduces in general new parameters or a new scale, and the predictive
power is essentially lost. This is the main defect of this framework, which remains though an
open and interesting possibility.

The other other perturbative framework that has been studied extensively in the more recent
years is type I string theory with D-branes. Unlike in the heterotic string, gauge and gravitational
interactions have now different origin. The latter are described again by closed strings, while
the former emerge as excitations of open strings with endpoints confined on D-branes [24]. This
leads to a braneworld description of our universe, which should be localized on a hypersurface,
i.e. a membrane extended in p spatial dimensions, called p-brane (see Fig. 1). Closed strings
propagate in all nine dimensions of string theory: in those extended along the p-brane, called
parallel, as well as in the transverse ones. On the contrary, open strings are attached on the
p-brane. Obviously, our p-brane world must have at least the three known dimensions of space.
But it may contain more: the extra dj = p — 3 parallel dimensions must have a finite size, in
order to be unobservable at present energies, and can be as large as TeV~! ~ 10718 m [25]. On
the other hand, transverse dimensions interact with us only gravitationally and experimental
bounds are much weaker: their size should be less than about 0.1 mm [26]. In the following, I
review the main properties and experimental signatures of low string scale models [27].
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p:3+o} -dimensional brane

3-dimensional brane ! open string

closed string

Minkowski 3+1 dimensions

Figure 1. D-brane world universe in type I string framework.

3.1. Framework of low scale strings
In type I theory, the different origin of gauge and gravitational interactions implies that the
relation between the Planck and string scales is not linear as (22) of the heterotic string.
The requirement that string theory should be weakly coupled, constrain the size of all parallel
dimensions to be of order of the string length, while transverse dimensions remain unrestricted.
Assuming an isotropic transverse space of n = 9 — p compact dimensions of common radius R,
one finds: )
Mp = g—2M§+"R" : gs =~ g°. (23)
S
where g; is the string coupling. It follows that the type I string scale can be chosen hierarchically
smaller than the Planck mass [28, 27] at the expense of introducing extra large transverse
dimensions felt only by gravity, while keeping the string coupling small [27]. The weakness of
4d gravity compared to gauge interactions (ratio My /Mp) is then attributed to the largeness
of the transverse space R, compared to the string length [, = M 1.
An important property of these models is that gravity becomes effectively (44 n)-dimensional
with a strength comparable to those of gauge interactions at the string scale. The first relation
of Eq. (23) can be understood as a consequence of the (4+ n)-dimensional Gauss law for gravity,

with M,£4+n) = M2t /g% the effective scale of gravity in 4 +n dimensions. Taking My ~ 1 TeV,
one finds a size for the extra dimensions R varying from 10% km, .1 mm, down to a Fermi for
n = 1,2, or 6 large dimensions, respectively. This shows that while n = 1 is excluded, n > 2 is
allowed by present experimental bounds on gravitational forces [26, 29]. Thus, in these models,
gravity appears to us very weak at macroscopic scales because its intensity is spread in the
“hidden” extra dimensions. At distances shorter than R, it should deviate from Newton’s law,
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which may be possible to explore in laboratory experiments.

3.2. Large number of species

Here, we open a parenthesis to describe that low scale gravity with large extra dimensions is
actually a particular case of a more general framework, where the ultraviolate (UV) cutoff is
lower than the Panck scale due to the existence of a large number of particle species coupled to
gravity [30]. Indeed, it was shown that the effective UV cutoff M, is given by

M? = Mp/N, (24)

where the counting of independent species N takes into account all particles which are not
broad resonances, having a width less than their mass. The derivation is based on black hole
evaporation but here we present a shorter argument using quantum information storage [31].
Consider a pixel of size L containing N species storing information. The energy required
to localize N wave functions is then given by N/L, associated to a Schwarzschild radius
Rs = N/LM?3%. The latter must be less than the pixel size in order to avoid the collapse of such
a system to a black hole, R, < L, implying a minimum size L > Lypin with Lyin = VN /Mp
associated precisely to the effective UV cutoff M, = Ly, given in eq. (24). Imposing M, ~ 1
TeV, one should then have N ~ 1032 particle species below about the TeV scale!

In the string theory context, there are two ways of realizing such a large number a particle
species by lowering the string scale at a TeV:

(i) In large volume compactifications with the SM localized on D-brane stacks, as described
in the previous section. The particle species are then the Kaluza-Klein (KK) excitations
of the graviton (and other possible bulk modes) associated to the large extra dimensions,
given by N = R''l7, up to energies of order M, ~ M;.

(ii) By introducing an infinitesimal string coupling gs ~ 1076 with the SM localized on Neveu-
Schwarz NS5-branes in the framework of little strings [32]. In this case, the particle species
are the effective number of string modes that contribute to the black hole bound [33]:
N = 1/¢? and gravity does not become strong at My ~ O(TeV).

Note the both TeV string realizations above are compatible with the general expression (23),
but in the second case there is no relation between the string and gauge couplings.

3.8. Experimental implications in accelerators

We now turn to the experimental predictions of TeV scale strings. Their main implications in
particle accelerators are of three types, in correspondence with the three different sectors that
are generally present:

(i) New compactified parallel dimensions; In this case RM; = 1, and the associated
compactification scale R;! would be the first scale of new physics that should be found

increasing the beam energy [25, 34]. The main consequence is the existence of KK
excitations for all SM particles that propagate along the extra parallel dimensions. These
can be produced on-shell at LHC as new resonances [35].

(i) New extra large transverse dimensions and low scale quantum gravity,, The main
experimental signal is gravitational radiation in the bulk from any physical process on
the world-brane [36].

(ili) Genuine string and quantum gravity effects. Direct production of string resonances in
hadron colliders leads generically to a universal deviation from Standard Model in jet
distribution [37]. In particular, the first Regge excitation of the gluon has spin 2 and a
width an order of magnitude lower than the string scale, leading to a characteristic peak in
dijet production; similarly, the first excitations of quarks have spin 3/2.
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(iv) Concerning possible micro-black hole production, note that a string size black hole has a
horizon radius 7y ~ 1 in string units, while the Newton’s constant behaves as Gy ~ g2.

It follows that the mass of a d-dimensional black hole is [38]: Mpy ~ 7“;3/2_1 /Gn ~ 1/g2.
Using the value of the SM gauge couplings g5 ~ g> ~ 0.1, one finds that the energy threshold
Mpy of micro-black hole production is about four orders of magnitude higher than the string
scale, implying that one would produce 10* string states before reaching Mgy.

3.4. Electroweak symmetry breaking

Non-supersymmetric TeV strings offer also a framework to realize gauge symmetry breaking
radiatively. Indeed, from the effective field theory point of view, one expects quadratically
divergent one-loop contributions to the masses of scalar fields. The divergences are cut off by
My and if the corrections are negative, they can induce electroweak symmetry breaking and
explain the mild hierarchy between the weak and a string scale at a few TeV, in terms of a loop
factor [39]. More precisely, in the minimal case of one Higgs doublet H, the scalar potential is:

V=MNHH)?+ (H'H), (25)

where A arises at tree-level. Moreover, in any model where the Higgs field comes from an open
string with both ends fixed on the same brane stack, it is given by an appropriate truncation of
a supersymmetric theory. Within the minimal spectrum of the SM, A\ = (g3 + ¢'?)/8, with go
and ¢’ the SU(2) and U(1)y gauge couplings. On the other hand, u? is generated at one loop:

pt=—eg* MZ, (26)

where ¢ is a loop factor that can be estimated from a toy model computation and varies in the
region € ~ 1071 — 1073,

Indeed, consider for illustration a simple case where the whole one-loop effective potential of
a scalar field can be computed. We assume for instance one extra dimension compactified on a
circle of radius R > 1 (in string units). An interesting situation is provided by a class of models
where a non-vanishing VEV for a scalar (Higgs) field ¢ results in shifting the mass of each KK
excitation by a constant a(¢):

2
M}, = (L i a(¢)) : (27)
R
with m the KK integer momentum number. Such mass shifts arise for instance in the presence
of a Wilson line, a = ¢¢ g—ggA, where A is the internal component of a gauge field with

gauge coupling g, and ¢ is the charge of a given state under the corresponding generator. A
straightforward computation shows that the ¢-dependent part of the one-loop effective potential
is given by [40]:

R Tina o —m2n?R?
Vi = —Tr(—)FW > e /0 dl B f(l) e ™ R (28)

where F' = 0,1 for bosons and fermions, respectively. We have included a regulating function
fs(1) which contains for example the effects of string oscillators. To understand its role we will
consider the two limits R >> 1 and R << 1. In the first case only the | — 0 region contributes
to the integral. This means that the effective potential receives sizable contributions only from
the infrared (field theory) degrees of freedom. In this limit we would have fs(I) — 1. For
example, in the string model considered in [39]:

1 1.4
E%(zl + —)] —1 for [ —0, (29)

£ = | .
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and the field theory result is finite and can be explicitly computed. As a result of the Taylor
expansion around a = 0, we are able to extract the one-loop contribution to the coefficient of
the term of the potential quadratic in the Higgs field. It is given by a loop factor times the
compactification scale [40]. One thus obtains u? ~ g?/R? up to a proportionality constant which
is calculable in the effective field theory. On the other hand, if we consider R — 0, which by
T-duality corresponds to taking the extra dimension as transverse and very large, the one-loop
effective potential receives contributions from the whole tower of string oscillators as appearing
in f,(1), leading to squared masses given by a loop factor times M2, according to eq. (26).
More precisely, from the expression (28), one finds:

1 o[ d 6 1 2R
2 _ 2 (.1 p3 2 —2mn?R2l
e2(R) = 53 /0 7(2”5/2 2 (zl + 2) R En n-e ; (30)
which is plotted in Fig. 2. For the asymptotic value R — 0 (corresponding upon T-duality to
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Figure 2. The coefficient ¢ of the one loop Higgs mass (26).

a large transverse dimension of radius 1/R), £(0) ~ 0.14, and the effective cut-off for the mass
term is M, as can be seen from Eq. (26). At large R, u?(R) falls off as 1/R?, which is the
effective cut-off in the limit R — oo, as we argued above, in agreement with field theory results
in the presence of a compactified extra dimension [41, 42]. In fact, in the limit R — oo, an
analytic approximation to e(R) gives:

3¢(5)

e(R) ~ A;“’R , o = S5~ 0.008. (31)
S

The potential (25) has the usual minimum, given by the VEV of the neutral component
of the Higgs doublet v = \/—p?/X. Using the relation of v with the Z gauge boson mass,
M2 = (g5 + ¢’*)v?/4, and the expression of the quartic coupling A, one obtains for the Higgs
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mass a prediction which is the Minimal Supersymmetric Standard Model (MSSM) value for
tan 8 — oo and my — oo: my = Myz. The tree level Higgs mass is known to receive important
radiative corrections from the top-quark sector and rises to values around 120 GeV. Furthermore,

from (26), one can compute M, in terms of the Higgs mass m%{ = —2u%:
m
M = , 32
© V2ge 32

yielding naturally values in the TeV range.
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