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Some contributions of Ignatios to theoretical physics

Ighatios Antoniadis made several profound
contributions to theoretical physics.

His work is characterised by relating
fundamental physics to experimental
observations.



1986: Construction of four-dimensional fermionic strings
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We solve letely the ints of ization and multiloop modular invariance for
closed string theories in which all internal quantum numbers of the string are carried by free
periodic and antiperiodic world-sheet fermions. We derive a simple sct of necessary and sufficient
rules, and illustrate how they can be used to find the spectrum, one-loop amplitudes and
low-energy lagrangian of many realistic four-dimensional chiral models. We prove that modular
invariance and factorization ensure the presence of a massless graviton and the correct connection
between spin and statistics. We also prove that the existence of a massless spin-3 state ensures the
absence of tachyons and the vanishing of the one-loop cosmological constant.

1. Introduction

It is presently believed that in order to realize the program of string unification [1]
of all particle interactions, one must eventually arrive at a theory in four flat
space-time dimensions, with N =1 supersymmetry and chiral matter fields. This
would presumably be the first step in any effort to affront the real world, and see
whether string theories may provide the answers to such long-standing questions in
particle physics as the vanishing of the cosmological constant, the gauge hierarchy
problem, the explanation of the observed spectrum of fermion masses etc.

A first approach to carrying out this program, was to compactify the known
ten-dimensional superstrings {1,2] on a Calabi-Yau manifold [3] or an orbifold [4].
A much simpler proposal [5,6,11] is to construct string theories directly in four
dimensions with nothing fancier than the tools used for constructing the consistent
ten-dimensional superstrings [2,7-10]: all of the string’s internal quantum numbers
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AN EXPANDING UNIVERSE IN STRING THEORY
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We present solutions of the hosonic, heterotic and type IT string theories, whose space-time
manifold is a linearly expanding homogeneous and isotropic universe. These solutions are
obtained by giving a background charge to the time coordinate on the world-sheet. We find the
spectrum, demonstrate positivity of the Hilbert space up to the second excited level, and construct
modular-invariant partition functions. The central charge of transverse excitations is a free
parameter that controls the asymptotic density of states; the critical dimension and gauge group
can in particular be made arbitrarily large. We show how to construct dual, factorizable,
cnergy-conserving amplitudes in this background, discuss their interpretation and comment on the
initial singularity and flatness problems in the light of our results.

1. Introduction

Nowadays the radius of the universe is much larger than the Planck length, or any
other fundamental physical scale, and its curvature is correspondingly very small.
Therefore it is normally thought to be a good approximation in particle physics to
neglect the expansion of the universe, and treat the four large space-time dimensions
as infinite and flat. This is why strings have been mostly studied up to now in four-
or higher-dimensional Minkowski space-time. The role of a non-trivial gravitational
background has received very little attention, even in attempts to discuss the physics
of the early universe. This is somewhat paradoxical, because strings have been
mainly advocated as consistent quantum theories of gravity (for a review see ref.
[1]. It is therefore precisely in non-trivial gravitational settings that onc should
expect our field theory intuition to fail completely, and string theory to teach us
something new and interesting. The purpose of this paper is to study string
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‘We examine the possibility of the existence of a large internal dimension at relatively low energies of the order of a few TeV.

Such a di is a general prediction of

ive string theories, which relate its size to the supersymmetry breaking scale.

‘We point out that, contrary to our naive expectations, this scenario is consistent with perturbative unification up to the Planck

scale, in a particular class of “four”-dimensional string models. Furthermore, it has

whose main effects are discussed.

A main problem in string phenomenology is the
mechanism which breaks space-time supersymme-
try. The latter is expected to occur at low energies, of
the order of the electroweak scale, to protect the gauge
hierarchy. Besides, this mechanism is crucial in string
model building in order to destroy the flat directions
and make definite predictions for the various masses
and couplings. Surprisingly, despite the (infinitely)
large degeneracy of four-dimensional string vacua, the
spontaneous breaking of supersymmetry at a scale m,
much smaller than the Planck mass Mp, turns out to
be a very hard problem, at least in perturbation the-
ory [1,2].

The first obvious question to ask is whether this
scale could correspond to an arbitrary, at the tree
level, continuous parameter, as is the case in ordi-
nary supergravity. In string theories though, the only
continuous parameters are vacuum expectation val-
ues (VEVs) of scalar fields along flat directions of
their potential. These, in principle, cannot break su-
persymmetry spontaneously, since it is well known
that the super-Higgs effect is not a usual Higgs phe-
nomenon but needs nonvanishing VEVs for the aux-
iliary fields of the supermultiplets. In fact, space—time
supersymmetry requires the world-sheet action to
have N=2 superconformal invariance. The continu-
ous breaking is then reduced to the problem of con-
necting smoothly N=2 to N=1 2D superconformal

theories, which is shown 1o be impossible [2].

This result does not rule out the possibility of mak-
ing mm, small by tuning some discrete parameter. Fur-
thermore, following some supergravity examples, onc
could have a large gravitino mass but still a small ob-
servable breaking scale, characterized for instance by
the gaugino or scalar masses. This would amount
again to a “discrete fine-tuning”, because in string
theories all these masses are proportional: in the limit
of massless gauginos the gravitino becomes massless,
as well. The existence of such a discretc parameter
seems unlikely, although there is no general proof.

The final possibility is that m;, is related to some
other continuous parameter of the theory, such as an
internal compactification radius. In this case, the
broken theory is continuously connected to the su-
persymmetric one, only in the decompactification
limit which is infinitely far away. Some explicit ex-
amples of this kind have been worked out in the lit-
erature [ 3,4]. There are several reasons to believe that
this is the only way to obtain a small supersymmetry
breaking scale in string perturbation theory. In fact,
the problem can be studied in a general way in a large
class of four-dimensional models, the so-called
“‘gaussian’” models, which are constructed using free
bosons or free fermions on the world-shect. It has been
shown [1] that the scale m, can be small only if it is
linked to the size of some internal dimension, which
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Abstract

Recently, a new framework for solving the hierarchy problem has been proposed which does not rely on low energy

D 'y or i . The itati and gauge i i unite at the scale, and the observed
weakness of gravity at long distances is due the existence of large new spatial dimensions. In this letter, we show that this
framework can be embedded in string theory. These models have a perturbative description in the context of type T string
theory. The gravitational sector consists of closed strings ing in the higher-di i bulk, while ordinary matter
consists of open strings living on D3-branes. This scenario raises the exciting possibility that the LHC and NLC will
experimentally study ordinary aspects of string physics such as the ion of narrow R itati of all standard
model particles, as well more exotic phenomena involving strong gravity such as the production of black holes. The new
dimensions can be probed by events with large missing energy carried off by gravitons escaping into the bulk. We finally
discuss some important issues of model building, such as proton stability, gauge coupling unification and supersymmetry

breaking. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

In a recent paper [1], a general framework for
solving the hierarchy problem was proposed not
relying on low-energy supersymmetry or technicolor.
The hierarchy problem is solved by nullification: in
this scenario, gravity becomes unified with the gauge
interactions at the weak scale and there is no large
disparity between the size of different short distance
scales in the theory. As argued in [1], the observed
weakness of gravity is then due to the existence of
new spatial dimensions much larger than the weak
scale, perhaps as large as a millimeter for the case of

two extra dimensions. The success of the Standard
Model (SM) then implies that, while gravity is free
to propagate in the bulk of the extra dimensions, the
SM fields must be localised to a 3 spatial dimen-
sional wall at energies beneath the weak scale. While
field-theoretic mechanisms for localising the SM
fields on a topological defect were suggested, the
nature of the theory of gravity above the weak scale
was left unspecified in the general framework of [1].

In this letter, we show that the above scenario can
be embedded within string theory, which at present
offers the only hope for a consistent theory of grav-
ity. The traditional line of thought has been that

0370-2693 /98 /$ - see front matter © 1998 Published by Elsevier Science B.V. All rights reserved.
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Experimental signatures of string theory

Four-dimensional Planck mass in terms of 3
string parameters:

MPlaan — gstrmg trmgvﬁ

How to get experimental access to string
scale and size of internal space?



(i) Measurement of heavy string (Regge) excitations

This is possible if the fundamental string scale is low,

MStI‘iIlg/MPlanck < 1

6
= Ustring f< 1 or VG > > fstring

Small instants and Large volume string
little string theories compactifications

[E. Witten (2005); [I. Antoniadis, N. Arkani Hamed,
K. Benakli, Y. Oz (1999); S. Dimopoulos, G. Dvali (1998);
A. Antoniadis, S. Dimopoulos, V. Balasubramanian, P. Berglund,
A. Giveon (2001)] J. Conlon, F. Quevedo (2005)]

(String Hunters’ Companion: Concrete calculations of cross sections: Model
independent results, i.e. true for a large class of string compactifiactions
S. Stieberger, T. Taylor, D. L.: 2008/2009)
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(i) Large extra dimensions:

Kaluza-Klein states from compact internal geometry

mmmP Deviation from Newtonian gravity

Rcompact. < O(/L meter)



(iii) Low energy supersymmetry & (iv) ,Exotic” light string states:

Low energy supersymmetry: See next section

,Exotic” light string states: e.g. Light Z' gauge bosons



Gravitino mass and the swampland

Apparently low energy supersymmetry is not favoured by experiments:

M (Susy partner) > O(TeV)

g e ~0-~0
KXy = WW X%y
200 — ATLAS preliminary ==== expected limit (£1 o)
V5= 13TeV, 139 fo™! i === observed limit (+1 ofusy)
all limits at 95% CL o m ATLAS 8 TeV, ariv:1403.5294

m(3) [GeV]

100 150 200 250 300 350 400 450 500
m(i;) [GeV]



|s there any fundamental reason against low energy supersymmetry?

The scale of susy breaking is set by the gravitino:

MZysy ~ m3/s Mp

Exp:  1m3/0 = 0(10_36\/)

Is there any fundamental reason against a light gravitino?

Can we get information about the scale of Susy breaking,
i.e. about the mass of the gravitino from basic properties of
guantum gravity ?



Swampland Ildea:

Which IR consistent quantum field theories cannot be
embedded into a UV complete quantum gravity theory?
C. Vafa, 2005

Quantum Gravity / String Theory
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Swampland Ildea:

Which IR consistent quantum field theories cannot be
embedded into a UV complete quantum gravity theory?
C. Vafa, 2005

Quantum Gravity / String Theory

| Landscap |

Weak Gravity Conjecture

No state with

q=>m

Exist state with

q=m



Swampland distance conjecture:

At large distance directions in the parameter space of string vacua there
must be an infinite tower of states with mass scale m.

[H. Ooguri, C.Vafa (2006)]

SDC: m = MPB_A

EFT breaks down at AQG ~ Mm% (species scale). (e owi oo,
AQG << Mp when A — oo

Mass —] p




Emergent String Conjecture:

S. Lee, W. Lerche, T. Weigand (2019)
At large distances there can be only two kind of towers:

(i) KK particles and winding strings:

1
Mg = E or Mayind = R

Related distance in the internal moduli space:
Ap ~|logR| - o0 for R — 00,0
(ii) Massive string excitations T1lg == (g

Ag >~ |loggs| — oo for gs — 0,00



Gravitino Mass Conjecture:

N. Cribiori, M. Scalisi, D.L. ; A. Castellano, A. Font. A. Harraez, L. Ibanez (2021)

In the limit of small gravitino mass there exist an infinite tower of states with mass
scale m, which behaves as:

GMC: m ~ (mg/2)" with n >0

Why the GMC can be true:

(i) The gravitino mass is related to extra dimensions.

The GMC follows from the distance conjecture.
See also |. Antoniadis, C. Bachas, D. Lewellen, T. Tomaras (1988)

(ii) The gravitino mass is related to a U(1) gauge coupling
The GMC follows from the (magnetic) weak gravity conjecture.



Combine the GMC with inflation

The mass scale of inflation in the EFT is determined by the Hubble parameter H.
For consistency one needs
H < AQG

This translate into the following lower bound on the gravitino mass
mso > Mp™ Hn

Eg for n = 3 77'13 /2 > H [see also R. Kallosh,A. Linde (2004)]



Combine the GMC with inflation

Susy breaking scale is of order or higher than the
Hubble scale H of inflation!




Massive U(1) Vector Bosons

Joint work with Ignatios: in total 16 common papers
Many of them are about massive Z' bosons and their possible experimental signatures.

Z' arise naturally in intersecting D-brane compactifications with a low string scale:
See e.g. R. Blumenhagen, B. Kérs, D.L., S. Stieberger (2006)

2-Left 1-Right

luon
L / UG Thez gauge boson
R

L U ,D arises as a linear
combination of four
} w u(1)’s.
I. Antoniadis, E. Kiritsis, J. Rizos (2002)

3-Baryonic

4-Leptonic

S

Sp(1) u)




Z' can get a mass in two ways:

anomalous U(1), : Mz = goMstring

non — anomalous U(1), : My = Ga M3 Vo

string

Now consider several cases...




i) Z’ as harbinger of low string scale (leptophobic Z’)

Possible signals at hadron colliders.

— /' couples primarily to quarks

MPP-2011-86
LMU-ASC 32/11
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Z’'-gauge Bosons as Harbingers of Low Mass Strings
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Abstract

Massive Z'-gauge bosons act as excellent harbingers for string compactifications with a low string
scale. In D-brane models they are associated to U(1) gauge symmetries that are cither anomalous
in four dimensions or exhibit a hidden higher dimensional anomaly. We discuss the possible signals
of massive Z-gauge bosons at hadron collider machines (Tevatron, LHC) in a minimal D-brane
model consisting out of four stacks of D-branes. In this construction, there arc two massive gauge
bosons, which can be naturally associated with baryon number B and B — L (L being lepton
mimber). Here baryon number is always anomalous in four dimensions, wh of
a four-dimensional B — L anomaly depends on the U(1)-charges of the right handed neutrinos
In case B — L is anomaly free, a mass hicrarchy between the two associated Z'-gauge bosons
can be explained. In our phenomenological discussion about the possible discovery of massive
Z'-gange bosons, we take as a benchmark scenario the dijet plus W signal, r
the CDF Collaboration at Tevatron. It reveals an excess in the dijet mass range 150 GeV/c?,
4.10 beyond SM expectations. We show that in the context of low-mass string theory this exc
can be associated with the production and decay of a leptophobic Z/, a singlet partner of SU(3)
gluons coupled primarily to baryon number. Even if the CDF signal disappears, as indicated by
the more recent DO results, our analysis can still serve as the basis for future experimental search
for massive Z'-gauge bosons in low string scale models. We provide the relevant cross sections for
the production of Z'-gauge bosons in the TeV' region, leading to predictions that are within reach
of the present or the next LHC run,

as the pres

arXiv:1107.4309v3 [hep-ph] 24 Mar 2012
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(i) Z' as harbinger of low string scale (leptophobic Z')

. _ 2T GF M2 .
6(qq—7') = K Z [v2(¢,91) +az (o, 91)] 6 (8 — M3,
3 V2
Exclusion plots by CMS and ATLAS from 2011:
? ? P E




Z' as dark matter candidate

2007.11697v2 [hep-th] 9 Oct 2020

arXiv
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Present experiments are sensitive to very weakly coup]ed extra gauge symmetries which motivates further in-

tigation of their in string theory

properties. We consider exten-

sions of the standard model based on open strings ending on D- hmncs. with gauge bosons due to strings attached
to stacks of D-branes and chiral matter due to strings stretching between intersecting D-branes. Assuming that
the fundamental string mass scale saturates the current LHC limit and that the theory is weakly coupled, we
show that (anomalous) U(1) gauge bosons which propagate into the bulk are compelling light dark matter can-
didates. We comment on the possible relevance of the U(1) gauge bosons, which are universal in intersecting
D-brane models, to the obscrved 30 excess in XENONIT.

INTRODUCTION

The primary objective of the High Energy Physics (HEP)
program is to find and understand what physics may lie be-
yond the Standard SU(3)¢ ® SU(2), ® U(1)y Model (SM),
as well as its connections to gravity and to the hidden sec-
tor of particle dark matter (DM). This objective is pursued in
several distinct ways. In this Letter, we explore one possible
palhway lo join the vertices of the HEP triangle using string

ions with large extra dimensions [1], where sets
of D-branes lead to chiral gauge sectors close to the SM [2, 3].

D-branes provide a nice and simple realization of non-
abelian gauge symmetry in string theory. A stack of N identi-
cal parallel D-branes eventually generates a U(N) theory with
the associated U(N) gauge group where the corresponding
gauge bosons emerge as excitations of open strings ending on
the D-branes. Chiral matter is either due to strings stretching
between intersecting D-branes, or to appropriate projections
on strings in the same stack. Gravitational interactions are
described by closed strings that can propagate in all dimen-
sions; these comprise parallel dimensions extended along the
D-branes and transverse ones.

String compactifications could leave characteristic foot-
prints at particle colliders:

o the emergence of Regge recurrences at parton collision
energies /s ~ string mass scale = M, = 1/ Va’ [4-6];
o the presence of one or more additional U(1) gauge sym-
metries, beyond the U(1)y of the SM [7-9].
Herein we argue that the (anomalous) U(I) gauge bosons
that do not partake in the hypercharge combination could be-
come compelling dark matter candidates. Indeed, as noted
elsewhere [10] these gauge fields could live in the bulk and
the four-dimensional U(1) gauge coupling would become in-
finitesimally small in low string scale models, g ~ M,/Mp,
where Mp, is the Planck mass (for previous investigations in
different regions of parameters and different string scenarios,

see for example [11-13]). Note that for typical energies E of
the order of the electron mass, the value of g is still bigger
that the gravitational coupling ~ E/Mp, and the strength of
the new force would be about 107 times stronger than grav-
ity, where we have taken M, ~ 8 TeV, saturating the LHC
bound [14].

To develop some sense for the orders of magnitude in-
volved, we now make contact with the experiment. The
XENONIT Collaboration has recently reported a surplus of
events in 1 < electronic recoils/keV < 7, peaked around
2.8 keV [15]. The total number of events recorded within
this energy window is 285, whereas the expected background
is 232 + 15. Taken at face value this corresponds to a sig-
nificance of roughly 30, but unknown backgrounds from tri-
tium decay cannot be reliably ruled out [15]. Although the
excess is not statistical significant, it is tempting to imagine
that it corresponds to a real signal of new physics. A plethora
of models have already been proposed to explain the excess,
in which the DM particle could be either the main compo-
nent of the abundance in the solar neighborhood, npy ~
103 (mppm/2.8 keV) ™" em™3, or else a sub-component of the
DM population. Absorption of a ~ 2.8 keV mass dark vec-
tor boson that saturates the local DM mass density provides
a good fit to the excess for a U(1)y gauge coupling to elec-
trons of gy ~ 2% 10710~ 8 x 1071° [15 20]. For such small
masses and li the ion should be

thermal [17], avoiding from structure forma-
tion [21, 22]. Leaving aside attempts to fit the XENONIT ex-
cess, we might consider a wider range of dark photon masses
and couplings. For light and very weakly coupled dark pho-
tons, the cooling of red giants and horizontal branch stars
give stronger or similar bounds on gy than direct detec-




Leptophilic Z' and anomalous magnetic moment of the muon.
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Abstract

Very recently, the Muon g — 2 experiment at Fermilab has confirmed the E821 Brookhaven result,
which hinted at a deviation of the muon anomalous magnetic moment from the Standard Model
(SM) expectation. The combined results from Brookhaven and Fermilab show a difference with the
SM prediction da,, = (251459) x 107" at a significance of 4.20, strongly indicating the presence of
new physics. Motivated by this new result we reexamine the contributions to da,, from both: (i) the
ubiquitous U/(1) gauge bosons of D-brane string theory constructions and (ii) the Regge excitations
of the string. We show that, for a string scale O(PeV), the contribution from anomalous U/(1) gauge
bosons which couple to hadrons could help to reduce (though not fully eliminate) the discrepancy
reported by the Muon g — 2 Collaboration. Consistency with null results from LHC searches of
new heavy vector bosons imparts the dominant constraint. We demonstrate that the contribution
from Regge excitations is strongly suppressed as it was previously conjectured. We also comment
on contributions from Kaluza-Klein (KK) modes, which could help resolve the da,, discrepancy. In
particular, we argue that for 4-stack intersecting D-brane models, the KK excitations of the U(1)
boson living on the lepton brane would not couple to hadrons and therefore can evade the LHC
bounds while fully bridging the da,, gap observed at Brookhaven and Fermilab.

arXiv:2104.06854v3 [hep-ph] 15 Jun 2021



Leptophilic Z' and anomalous magnetic moment of the muon.
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We that the di: between the

magnetic moment measured at BNL

and Fermilab and the Standard Model prediction could be explained within the context of low-scale

gravity and large extr.

The dominant

to (g - 2), originates in Kaluza-Klein

(KK) excitations (of the lepton gauge boson) which do not mix with quarks (to lowest order) and
therefore can be quite light avoiding LEIC constraints. We show that the KK contribution to (g - 2),
is universal with the string scale entering as an effective cutoff. The KK tower provides a unequivocal
distinctive signal which will be within reach of the future muon smasher.

Low scale gravity and large extra dimensions offer a
genuine solution to the gauge hierarchy problem [1, 2].
Within these models one has to address the problem of
baryon B and lepton L number violation by higher di-
mensional operators suppressed only by the low string
scale M;. Intersecting D-brane models offer a way out
by gauging these symmetries [3-7]. Since the B and L
gauge bosons are anomalous they gain masses through a
generalization of the Green-Schwarz (GS) anomaly can-
cellation [8-11] giving rise to perturbative global sym-
metries broken only by non-perturbative effects that are

ially by the str coupling.
The resulting gauge bosons form in general linear com-
binations of the various abelian gauge factors orthogo-
nal to the hypercharge combination, that couple to both
quark and leptons. However, the Kaluza-Klein (KK) ex-
citations do not mix (to lowest order) and thus those of
L couple only to leptons. Such modes can be quite light
because LHC constraints are weak but can provide a siz-
able contribution to the anomalous magnetic moment of
the muon a, = (g - 2),,/2.

TeV-scale D-brane string compactifications could then
provide an innovative framework to explain the extant
tension between the Standard Model (SM) prediction of
4, and experiment. Very recently, the Muon g — 2 Ex-
periment at Fermilab reported a measurement reading

afNAL = 116592040(54) x 1071 [12], which is larger than
the SM prediction a = 116591810(43) x 10~"" in which
contributions from QED QCD, and electroweak interac-
tions are taken into account with highest precision [13].
This leads to ag¥* — aM = (230 £ 69) x 107!, which cor-

responds to a 3.20 discrepancy. Because the Fermilab ob-
servation is compatible with the long-standing discrep-
ancy from the ES21 experiment at BNL [14], the overall
deviation from the SM central value,

Aay® = agNNAONL _ g2M = (251 £50) x 107, (1)
strengthens the significance to 4 20 [12). ! Even though
the pancy is not yet, it is in-
teresting to entertain the possibility that it corresponds
to a real signal of new physics. In this Letter we calculate
the massive vector boson contribution to g — 2 from KK
excitations of L and we show that it is universal and can
accommodate the Aaj;* discrepancy of (1).

At the leading order in the U(1) coupling constant
31, the contribution of a massive vector boson to lep-
ton’s g — 2 originates from the vertex correction shown
in Fig. 1. Note that KK momentum is not conserved in
lepton gauge boson vertices since leptons are localized
in brane intersections. Figure 1 shows the same diagram
that yields the famous a/m in QED, but with the virtual
photon replaced by a massive vector boson. The fastest
way to compute it is to use the massive propagator in

" We note in passing that the SM pred;
lattice QCD caleulations, o =
and brings
tal value, afNALYBNL _ gSMiattice — 109(71) x 10~ “, yielding only a
1.6 0 effect [15].

estimated by the latest
15591951&3(58)x 1071, hasa




Leptophilic Z' and anomalous magnetic moment of the muon.
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Very recently, we proposed an of the discrepancy between the
magnetic moment of the muon and the Standard Model (SM) prediction in which the dominant
contribution to (g - 2), originates in Kaluza-Klein (KK) excitations (of the lepton gauge boson) which
donot mix with quarks (to lowest order) and therefore can be quite light avoiding LHC constraints. In
this addendum we reexamine the bounds on 4-fermion contact interactions from precise electroweak
‘measurements and show that the constraints on KK masses and couplings are more severe than earlier
thought. However, we demonstrate that our explanation remains plausible if a few KK modes are
lighter than LEP energy, because if this were the case the contribution to the 4-fermion scattering from
the internal propagator would be dominated by the energy and not by the mass. To accommodate
the (g - 2), discrepancy we assume that the lepton number L does not partake in the hypercharge
and p in one extra di to the SM branes): for a mass of the lowest KK
excitation of 60 GeV (lower than the LEP energy), the string scale is roughly 10 TeV' while the L gauge
coupling is of order ~ 10",

2110.01247v2 [hep-ph] 10 Mar 2022
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In [1] we argue that the exchange of Kaluza-Klein
(KK) excitations of the lepton number (L) gauge boson
could provide a dominant contribution to (g - 2), and
explain the discrepancy between the Standard Model
(SM) prediction of a, = (g - 2),/2 and experiment:
Aay = afNALNL _ g2M = (251 2 59) x 10711 [2]. On the
other hand the zero mode of the lepton number gauge
boson is anomalous and gains a mass O(M) through a
four-dimensional generalisation of the Green-Schwarz
anomaly cancellation mechanism. Its mass being at the
string scale, its contribution to (g — 2), is negligible, and
therefore only the contributions of the KK modes are rel-
evant to explain the discrepancy. In this addendum we
reexamine model constraints from LEP data.

At the leading order in the U(1), coupling constant
81, the contribution of massive vector bosons to (g = 2),
comes from the muon vertex correction, and is given by

z(1-z)
(1=2)2m +zM*’
1
where M is the mass of the boson, m, the muon mass
and o = gi /(47). One can then consider three different
cases, depending whether M > 1, M ~ m, or M < m,.

aLmi 1
— f dxdydzo(x + y +z - 1)
o

Case1: M > m,

‘When all KK states have masses much bigger than the
muon mass, the sum of the integral (1) over all the KK
states can be approximated by

1 m
ad) = Y 2l “ )

‘where M, is the mass of the nth KK excitation [1].

The bound from LEP data on the so-called compos-
iteness scale associated to 4-fermion operators is given
by [3]:

<B~(10TeV)2, [6)

ag(n)
’Z": s —LNP

where s is the square of the center-of-mass energy’. For
M, > +5, (3) reduces to ¥, a.(n)/M2 < B. Thus, the

1 For fine-tuned values of M,, close to V5, the vector boson propagator
appearing in the left-hand side of (3) is regulated by replacing —



Deviation of the muon
anomalous magnetic moment
from the Standard Model:

Leptophilic Z' can at least in
part accommodate
for this deviation.

Additional contributions are possible due to KK excitations of Z'.
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We show that experiments at the Forward Physics Facility, planned to operate near the ATLAS interaction point
during the LHC high-luminosity era, will be able to probe predictions of Little String Theory by searching for
anomalous U(1) gauge bosons living in the bulk. The interaction of the abelian broken gauge symmetry with
the Standard Model is generated at the one-loop level through kinetic mixing with the photon. Gauge invariant
generation of mass for the U(1) gauge boson proceeds via the Higgs mechanism in spontaneous symmetry

breaking, or else through

appealing to

terms. We that

FASER? will be able to probe string scales over roughly two orders of magnitude: 105 < M, /TeV < 107.

In Ref. [1] we investigated the sensitivity of dark matter
direct detection experiments to extremely weakly coupled ex-
ra U(1) gauge symmetries which are ubiquitous in D-brane
string ifi [2, 3]. In this to the dark
matter work we particularize our investigation to experiments
planned to operate at the HL-LHC Forward Physics Facility
(FPF) [4, 5]. Before proceeding, we pause to stress that our
investigation will be framed within the context of Little String
Theory (LST), which allows us to take the string coupling g
of arbitrary small values [6, 7]. This contrasts with previous
literature on hidden U(1) in string theory, which pivots on the
volume of the internal space rather than on g;.

We focus attention on the FPF’s second generation For-
wArd Search ExpeRiment (FASER2).! FASER2 will be
shielded from the ATLAS interaction point by 200 m of con-
crete and rack, creating an extremely low-background en-

for searches of long-lived particles traveling un-
scathed along the beam collision axis. Herein, we are in-
terested in searches for light, very weakly-interacting vector
fields that couple through kinetic mixing to the hypercharge
gauge boson or, at low energies, effectively to the Standard
Model photon (SM). At hadron colliders like the LHC, dark
U(1)y gauge bosons of mass my can be abundantly produced
through proton bremsstrahlung or via the decay of heavy
mesons. Indeed, over the lifetime of the HL-LHC there will
be 4x10'7 neutral pions, 6x10'® 7y mesons, 2x 10'> D mesons,
and 10"* B mesons produced in the direction of FASER2. The
U(1)y discovery potential of FASER2 in the (my, gx.r) plane
is shown in Fig. 1, where we have defined the effective kinetic
mixing parameter gy = e€,x, and where e is the elementary
charge and €y is the physical kinetic mixing parameter. We
note in passing that complementary measurements of weakly

! FASER has been already installed in the LHC tunnel and will collect data
during Run 3 [8

E'O T T T[T T[T T[T T[T TIT 7T

LST models.

o
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FIG. 1: Dark U(1)y sensitivity reach contour in the (my. gxr) plane
obtained with the FORSEE package [9]. The shaded regions are ex-
cluded by previous experiments: SLAC (E137) [10], CHARM [11],
NuCal [12], and LHCb [13]. The symbols indicate particular predic-
tions of LST models for feasible parameters given in Table L.

coupled U(1) gauge bosons could be carried out by the pro-
posed LHC experiments SHiP [14], FACET [15], and MATH-
USLA [16].

We now turn to demonstrate that LST provides a com-
pelling framework for engineering very weak extra gauge
symmetries with masses 500 < my/MeV < 800 and
107 < gxer < 1077, The SM gauge group is localized on
Neuveu-Schwarz (NS) branes (dual to the D-branes). How-
ever, the U(1)y gauge field could live in the bulk and if so
its four-dimensional gauge coupling becomes infinitesimally
small [17].
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