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IR/UV mixing (a mechanism causing ultraviolet quantum-gravity effects to manifest themselves also in a far-
infrared regime) is a rare case of feature found in several approaches to the quantum-gravity problem. We here
derive the implications for “soft” IR/UV mixing (corrections to the dispersion relation that are linear in momen-
tum) of some recent cold-atom-interferometry measurements. For both signs of the IR/UV-mixing correction term
we establish bounds on the characteristic length scale which reach the Planck-length milestone. Intriguingly, for

values of the characteristic scale of about half the Planck length we find that IR/UV mixing provides a solution
for a puzzling discrepancy between Cesium-based and Rubidium-based atom-interferometric measurements of

the fine structure constant.

Quantum gravity presents itself as an ultraviolet problem: the tension
between general relativity and quantum mechanics is increasingly se-
vere as the energy of a microscopic particle increases. However, several
approaches to the quantum-gravity problem predict that there should be
some infrared counterparts to the novelties introduced in the ultravio-
let regime, a mechanism known as IR/UV (infrared/ultraviolet) mixing.
This mechanism might be as structural to the quantum-gravity problem
as Hawking radiation, and indeed the Bekenstein-Hawking entropy-area
relation reflects an aspect of IR/UV mixing [1].

The relevant phenomenology has mainly analyzed the implications
of IR/UV mixing for the dependence of the energy of a massive particle
on its spatial momentum in the infrared regime such that the spatial
momentum is smaller than the mass. When spacetime quantization is
formalized in terms of noncommutativity of coordinates one can have
(depending on the assumed form of coordinate noncommutativity) ei-
ther “hard IR/UV mixing”, with a correction to the energy of the particle
going like the inverse square power of spatial momentum [2,3], or “soft
IR/UV mixing”, with correction to the energy depending linearly on spa-
tial momentum [4,5]. Also some quantum-spacetime models based on
discreteness predict [6] an infrared correction to the energy of massive
particles depending linearly on spatial momentum.

We here focus on soft IR/UV mixing and set up the analysis in terms
of a relationship between energy (E) mass (m) and spatial momentum
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(p) given by [6]

2

E=m+p—+fmp (1)
2m

where 7 is a phenomenological parameter, which could have either sign,
with dimensions of length (in units such that the reduced Planck con-
stant and the speed of light are set to 1). It is expected [6] that || should
be close to the Planck length Lp (~ 1.616 - 1073 m).

A possible role for this IR/UV-mixing scenario in cold-atom in-
terferometry was already considered in previous studies (see, e.g.,
Refs. [7-15]): the relevant interferometers involve several stages in
which atoms with momentum much smaller than their mass get their
momentum changed through interactions with photons, and clearly the
IR/UV-mixing correction term in Eq. (1) affects the kinematics of atom-
photon interactions. Our main objective is to show that results obtained
with the latest generation of cold-atom interferometers can be used to
set bounds on # that reach the milestone |#| < Lp.

We start by considering the latest cold-atom-interferometry measure-
ments of the fine structure constant a also taking into account mea-
surements of a based on the anomalous magnetic moment (g-2) of the
electron.

As shown in our Fig. 1 the measurement of the fine structure con-
stant « using an interferometric setup with Rubidium atoms [19] (see
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Fig. 1. The black data point is for the present status of « measurements us-
ing the electron g-2 [16,17] (ag’_‘2 = 137.035999160(14)). The red and blue data
points are for the latest atom-interferometry measurements of « using, respec-
tively, Cesium [17,18] (ag! = 137.035999045(27)) and Rubidium [17,19] (ag) =
137.0359992052(97)). The weighted average of the g-2 and Rubidium measure-
ments is in violet. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic representation of one of the four configurations (¢ = ¢ =1,
see Section A.1) of the Rubidium interferometer of Ref. [19], a Ramsey-Bordé
in differential velocity sensor configuration. The black lines, labeled by mo-
mentum, represent trajectories of atomic beams, dashed black lines for atoms
in |F = 1) internal state, thick black lines for atoms in |F = 2) internal state.
The beam starts with momentum p;, and additional momentum is imparted by
Raman transitions (dashed blue lines) and Bloch oscillations (thick red line).
Ty, Ty, T, are the time intervals between interactions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 2) is in rather good agreement with the measurement of a based
on the electron g-2 [16], but there is a sizable discrepancy between
those results and the measurement of a using an interferometric setup
with Cesium atoms [18] (see Fig. 3). [Note that, as commonly done,
the schematic description of atom interferometers given in Figs. 2 and
3 neglect the effects of gravity, which bend the space-time trajectories
of atomic beams.]

The discrepancy highlighted in our Fig. 1 is perceived as a major
puzzle for fundamental physics (see, e.g., Ref. [17] and references
therein). From the perspective of IR/UV mixing it is natural to inves-
tigate whether the content of Fig. 1 could change significantly by allow-
ing for the IR/UV-mixing correction term of Eq. (1). Measurements of
a based on g-2 of the electron involve particles with spatial momentum
larger than their mass, and therefore the IR/UV correction has negligible
effects there. Instead, the IR/UV correction has tangible effects (even for
|#| ~ Lp)inseveral stages of the interferometric setups of the Rubidium-
based and of the Cesium-based « measurements; however, in the inter-
ferometric setup of the Rubidium-based measurement of Ref. [19], as
shown in Section A.1, there is a large cancellation of IR/UV-mixing cor-
rection terms resulting in no net effect. For the interferometric setup

Physics Letters B 871 (2025) 139988
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Fig. 3. Schematic representation of the simultaneous conjugate Ramsey-Bordé
Cesium interferometer of Ref. [18]. Thick black lines represent trajectories of
atomic beams, labeled by momentum. The beam starts with momentum p,, and
additional momentum is imparted (without affecting internal energy) by means
of Bragg diffraction (dashed blue lines) and Bloch oscillations (thick red line).
T, T/, T, are the time intervals between interactions. w;, ®, are the frequencies
of the lasers employed for the first two Bragg diffractions, tuned to impart +nk
momentum, where k = (», + ,)/2. The Bloch oscillations impart Nk to beams
A and B and —Nk to beams C and D. The frequency w, in the third and fourth
Bragg diffractions is corrected by an amount w,, for arms C and D and by —w,,
for arms A and B (see Section A.2). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

of the Cesium-based measurement of Ref. [18] we find, as shown in
Section A.2, that the overall IR/UV-mixing correction can be cast in the
form of a shift in the determination of the fine structure constant, given
by

a=ay(1-¢-1.08-10%m™)

where «; is the estimate of the fine structure constant reported in Ref.
[18], assuming that there is no IR/UV mixing.

In light of these findings the content of our Fig. 1 can be viewed as the
basis for a measurement of #: combining the measurements of the fine
structure constant based on Rubidium atoms and on the electron g-2,
reported in [17,19] and [16,17] respectively (violet point in Fig. 1), we
get the present best estimate of « not affected by # and then requesting
consistency with the « measurement of Ref. [18] one finds

£=(98%1.9)-107%m = (0.60 £0.12)L, 2

It is intriguing that for a value of # of about half the Planck length,
which is still within the range of values of # considered plausible in the
quantum-gravity literature [20], IR/UV mixing can solve the discrep-
ancy highlighted in our Fig. 1. From a more conservative perspective
it is rather significant that our result (2) sets the bound ¢ < Lp with
high confidence (99.96 %) for positive #, and establishes very robustly
—¢ < Lp for negative 7.

Obtaining our result (2) prompted us to do an extensive literature
search for other measurement results which might be relevant: reach-
ing Planckian sensitivity is considered a very significant milestone in
quantum-gravity research, and frontier experiments are inevitably sub-
ject to the risk of unnoticed systematic errors, so it is undesirable to set a
Planckian bound on the basis of a single measurement. We did find a po-
tentially relevant measurement, also based on cold-atom interferometry:
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Fig. 4. Schematic representation of the setup of the dual species atom inter-
ferometer of Ref. [21] using ®Rb and *’Rb atoms. For clarity, only one of the
Rubidium species is shown. The black lines labeled by momentum represent the
trajectories of atomic beams A and B. The beam starts with momentum p, and
additional momentum +nk is imparted by Bragg diffraction (dashed blue lines),
where k is the wave number of the laser. The change of the momentum due to
gravity is denoted by p(r) and T denotes the time interval between interactions
(see Section A.3). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the test of the equivalence principle (EP) reported in Ref. [21], which
measured the relative acceleration of freely falling clouds of atoms of
85Rb and 37Rb with a dual-species atom interferometer (see Fig. 4), find-
ing for the Eotvés parameter! 7 = [1.6 + 1.8(stat) + 3.4(sys)] - 10712,

As shown in Section A.3, we find that in presence of the IR/UV-
mixing correction term of Eq. (1) the analysis reported in Ref. [21]
would change significantly, resulting in a shift in the determination of
the E6tvos parameter, given by

n=mny(1+¢-377-10%m™")

where 7, is the estimate of the E6tvos parameter reported in Ref. [21],
assuming that there is no IR/UV mixing.

Making the robust assumption that the EP holds at least at the level?
l7] < 10~1* [22], one then finds that the results reported in Ref. [21]
amount to a measurement of the characteristic # of IR/UV mixing:

£=(-2.6+64)-107m = (=0.16 + 0.40)L 3)

We therefore have our sought second measurement establishing Planck-
ian bounds on the IR/UV mixing scenario of Eq. (1): our result (3) sets
the bound ¢ < L, with high confidence (99.5 %) for positive #, and also
establishes —# < L with high confidence (97.3 %) for negative ¢.
Within uncertianties, our result (3) is consistent with # = 0 but is
also consistent with the estimate of # given by our result (2), and there-
fore does not weaken the prospects that IR/UV mixing might solve the
discrepancy highlighted in our Fig. 1. At the current pace of improve-
ment of the accuracy of cold-atom interferometers it should not take

! In tests of the EP it is standard to measure the E6tvds parameter #, which is
the relative acceleration of two test masses divided by the average acceleration
between the test masses and the gravitational source.

2 The measurement result y = [1.5 + 2.3(stat) + 1.5(sys)| - 10! for the Eotvés
parameter was obtained by comparing the gravitational accelerations of two
macroscopic test masses of different composition [22]. In order to derive our
result (3) we assume that the EP holds at the same level for ®Rb and 8’Rb
atoms. Future studies contemplating combined effects of IR/UV mixing and of
enhanced violations of the EP for atomic systems, could use the experimental
results reported in Ref. [21] to set combined bounds on # and on the value of »
for Rb/*"Rb atoms.

Physics Letters B 871 (2025) 139988

long to investigate this exciting possibility. For example, in order to set-
tle this issue it might suffice to improve by a factor of 3 the accuracy of
an interferometer like the one of Ref. [21]. Another clear way to gain
insight would be to use the same interferometric setup as the one of Ref.
[18], but replacing Cesium with Rubidium (or, e.g., Strontium), thereby
allowing to test the fact that, as shown in Appendix A.2, according to
the IR/UV mixing scenario here considered, the effect characterized by
our Eq. (2) should scale quadratically with the mass of the atoms.
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Appendix A. Phase shift calculations

Atom interferometers are experimental apparata that exploit the
wave-like nature of atoms to measure interference between atomic
beams [23]. Atoms are manipulated using sequences of laser pulses to
prepare them in superpositions of internal and/or momentum states and
after traveling different paths they are recombined to read out differen-
tial phase shifts. A typical atom interferometric sequence involves the
following steps: the atomic beam is prepared in a definite momentum
eigenstate and, after a first laser interaction, the atoms are put in a su-
perposition of momentum states. Subsequently, the atomic beams are
redirected towards each other due to a laser pulse that acts as a mir-
ror and finally the two beams are recombined in order to read out the
interference pattern.

In this appendix we review the main steps for the calculation of the
total phase shift for the atom interferometry configurations analyzed in
[18,19,21]. First, we present the general formalism, following [24,25],
and then apply it to the specific experimental configurations, following
[24,26,27]. The contributions to the total phase shift include:

» Propagation phase: In the path integral approach proposed in [25],
the propagation phase is written in terms of the action

ﬂmz/cm
T

with £ being the Lagrangian and I" being the path along which the ac-
tion is evaluated. For atom interferometers, it turns out that S(I') > 1
[26,27], so for our purposes the action can be evaluated along the
classical trajectory I',; which extremizes it. The propagation phase

(A1)
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is then defined as the difference in the action computed along the
classical trajectory of each interferometer arm, as follows

t
@ =/ ! LG (1), %, (1), 1) di+
o0 (A.2)
't .
—/ L(GH(1), X, (1), 1) dt .
To
In the above, ¢, is the time of the initial beamsplitter, 7, is the time
of the final beamsplitter and X;(¢) is the coordinate of the classical
trajectory along the ith arm of the interferometer.
e Matter-radiation interaction phase: this phase contribution arises
whenever an atom-photon interaction occurs. For an interaction oc-
curing at the ith arm of the interferometer, it is given by [25]

" = i(ﬁ X)) - a)t,—) o

where the +/- signs indicate whether the photon has been absorbed
or emitted, respectively. The pair (k, ») denotes the wave vector and
frequency of the absorbed/emitted photon while (X;(7,),t;) are the
space-time coordinates indicating where and when the interaction
takes place. When calculating the total phase shift, all the interaction
contributions of the lower arm of the interferometer are subtracted
from the ones of the upper arm, yielding the total matter-radiation
interaction phase.

e Separation phase: In the semi-classical approximation, the classical
trajectories need not overlap at the time of the final beamsplitter
pulse, giving rise to an open interferometer. This issue introduces
an ambiguity in calculating the total phase, since the result will be
different if the final beamsplitter interaction is considered for the up-
per or lower interferometer. To resolve the issue, a separation phase
is introduced, which averages over the final momenta of the beams
at the output ports and takes into account the distance between the
arms at the time of the final beamsplitter. The separation phase is
given by

p1(tp) + pa(ty) . .
P°P = (%) . (xz(’f) - xl(tf)> (A.4)

The total phase for the atom interferometer is obtained by summing
the propagation phase, the matter-radiation interaction phase averaged
over the 2 arms of the interferometer at the two different output ports
and the separation phase. In formulas

rot _ &+ Z (]Si"' + ¢, (A.5)

interactions
where the sum takes into account all of the matter-radiation interactions
in the interferometric sequence and ¢ indicates that the interaction
phase at the two output ports is averaged over the two atomic wave
packets.
The expression for the Lagrangian that takes into account the modifi-

cation to the dispersion relation as in (1) and the gravitational potential
is given by

2
E:—m+%—fmzu—mgz. (A.6)

The experimental sequence we are considering can be described with
good approximation in 1 spatial dimension, which we will identify as the
z-axis. The relation between the spatial component of the momentum
and velocity is given by

oE z
v=tt= v emyrd, (A7)

where E is given by (1), y(p?) = 1 if p* > 0 and y(p?) = —1if p* < 0. The
trajectory can be obtained by integrating the above expression

z(t)=/ vi(t') dr

To

t Z (4!
=/ [M +Zmy(p*(t))| dt’, (A.8)
N m
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with p?(r) = pé‘ — mgt, where 1, is such that p*(1,) = p(z)'. Given the expres-
sions (A.6),(A.7),(A.8), we can calculate all of the main contributions to
the interferometer phase.

A.1. Rubidium atom interferometer measuring a

The measurement of the fine structure constant with Rubidium atom
interferometry reported in [19] is based on the Ramsey-Bordé interfer-
ometer in differential velocity sensor configuration [23,27] depicted in
Fig. 2. The main idea of this setup is to measure the transferred velocity
to the atoms via Bloch oscillations (indicated by the thick red line) in
between two Ramsey sequences separated by a delay T,. This velocity
transfer is Av = 2N gkg/mpg,, where N is the number of Bloch oscilla-
tions (~ 500), k is the Bloch beams wavevector and mp,, is the Rubidium
atom mass. The Ramsey sequences, of duration T, are characterized by
two Raman based beam splitters operating with lasers of wave number
k. The beam splitters are indicated by the z/2 boxes in the sequence,
along with the dahsed black lines. Additionally, in order to keep the
Raman resonance condition along the interferometer, a ramp for each
of the Ramsey sequences is needed and an additional frequency jump
due to velocity transfer process has to be taken into account. This is ob-
tained by experimentally allowing for a time dependence of the laser
frequencies w(t). We denote by éwy the difference between w(Tp) and
(0). Effects due to gravity and due to light shifts (encoded in an addi-
tional phase ¢; ¢) [19,27] can be eliminated by combining the signals
obtained from a total of four different configurations in which Bloch
accelerations are in opposite directions (¢ = +1) and the directions of
Raman transitions are inverted (eg = +1).

In the undeformed case, a straightforward calculation of the prop-
agation, interaction and separation phases introduced in (A.2)—(A.4),
yields the total phase for each configuration

D(eg,€p) =P (€g,€p) — Ppleg,€p)

2¢g Nk
=2TR€R,€R<M
mRgp

-8 Tp) (A.9)

+ ¢r5 — Trowg(eg, €p),

where ¢ 4 (eg, €p), Pp(eg, €p) are the accumulated phases in arms A, B of
the interferometer configuration in Fig. 2. In each case, wg(eg, €p) is
adjusted in order to obtain ®(eg, €5) = 0. Averaging over the four com-
binations of e, €5, one determines 1/mpg,:

< 1 ) _ ZeRA,eB |6wR(€R’€B)|

1 (A.10)
16N gk gk g

mpp

The measurement of the fine structure constant is then determined

through the relation a? = 4zR_, % ML, where R, is the Rydberg con-
e Rb

stant and m, is the electron mass. The ratio % is measured indepen-

dently and known better than 0.1 ppb [17,19]3. Upon introducing the
modified dispersion relation (1), the corrections to the phases accumu-
lated in the 2 arms of the interferometer of Fig. 2, denoted by 6¢ 4 (¢, €)
and 6¢p(eg, €p), are found to be equal to each other, and specifically

mpp8
Sa(cr€p) =me,,< - %(TD +TR)*+

(A.11)
—2kyNTgep + kp(Tp — TR)GR),
mppg
Sp(er.€p) =meb< - gb (Tp +Tp)*+
(A.12)

—2kgNTgep + kp(Tp — TR)eR>,

Therefore, the correction to the total phase for each configuration is
5D(ep,€p) = 6P 4(ep.€p) — 5¢pp(eg.cp) = 0 so that the determination of
the fine structure constant using the interferometric setup of Ref. [19]
is unchanged when introducing IR/UV mixing corrections. Notice that,
since the cancellation between §¢ 4(eg.cp) and S¢g(eg, €p) occurs for
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any value of the mass of the atoms, our IR/UV-mixing model predicts
that cold-atom interferometers using the same interferometric setup as
the one of Ref. [19], but replacing Rubidium with Cesium (or, e.g., Stron-
tium) will also find results for the fine structure constant in agreement
with those based on the g-2 of the electron.

A.2. Cesium atom interferometer measuring «

The measurement of the fine structure constant with Cesium atom
interferometry reported in [18] is based on the Ramsey-Bordé configura-
tion [23,26]. The idea is to use two simultaneous conjugate interferome-
ters, in order to cancel out effects due to gravity in the calculation of the
total phase, rendering the measurement more precise. The interferomet-
ric sequence is depicted in Fig. 3. This particular setup employs Bragg
diffraction as beam splitters (the light blue dashed lines in Fig. 3), which
has the advantage of changing the momentum of an atomic beam with-
out changing the internal energy levels of the atoms. The effect of each
beam splitter drives the atomic beam into a superposition of momen-
tum states, which differ by multiples of k, where k is the wave number
of the lasers. In order to increase experimental sensitivity, a sequence of
Bloch oscillations is also imparted to the atom beams to increase their
momenta by Nk, where N is of order 10? in the experiment. The wave
packets of the two simultaneous conjugate interferometers are recom-
bined at the last beam splitter and interference patterns are observed.
Notice that at the third and fourth beam splitters, the laser frequency is
adjusted by a term +w,,, where the + sign is for the CD interferometer
while the - sign is for the AB interferometer, driving the conjugate pairs
further apart.

Without the IR/UV-mixing corrections, one obtains straightfor-
wardly the total phase, which is given by

D =(¢py—dp)— (bc —¢p)
< 4(n + N)k2> (A13)
=2nT | @, - ———— ),

me
where ¢4, ¢p. ¢, ¢p are the accumulated phases in arms A, B,C, D of
the interferometer configuration in Fig. 3, respectively, n is the order of
the Bragg diffraction, 7 is the free fall time interval between the first
two interactions and m is the mass of the Cesium atom. The frequency
w,, is adjusted in the experiment so that ® = 0. This yields an indirect
measurement of 1/mc in terms of the directly measured w,,:

(5e:) = wsoe
mes) A+ NK2
Once again, this yields a measurement of a exploiting the fact that the
ratio %, is measured independently with accuracy better than 0.1 ppb
[17,18].

The introduction of the modified dispersion relation (1) produces
corrections to the total phase (A.13). Denoting by é¢;, with I =
A,B,C,D , the IR/UV mixing corrections to the phases accumulated
in the 4 arms of the interferometric scheme of Fig. 3, we have

s

(A.14)

‘m,
Sy =TCS (ngS(2T +T) +T)H*+

(A.15)
+2k(nQT + T + T;) + 2T + T{)),
fmCS ! 1N\2
opp = 7 gme, 2T + T, + T,)"+
(A.16)
+2k(nQT +T) +T;) + 2T + Tl’)>,
‘m
S = ZCS ( = 2k(n(T] = T)+
+2N(T) +T))+ (A.17)

+ gme (2T +T))* = (T] - T2’)2)>,
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‘m
Sy = 2CS ( —2k(n@4T + T - T))+

+2N(T) +T))+ (A.18)

+gmes (AT +T))* = (T] - Tz’)z)),

where T/, T, are time intervals shown in Fig. 3. Following the procedure
outlined for the undeformed case, from the expression of the total phase
it is possible to extract a measurement of a.,, which in terms of the
undeformed measurement, which we denote by ac;, is given by the

relation
m2
Cs
acs = "cw<1 e )

A.3. Rubidium atom interferometer testing EP

(A.19)

The test of the equivalence principle reported in [21] is based on
the interferometric scheme depicted in Fig. 4, apt to measure the rel-
ative acceleration between %Rb and 8’Rb atoms. The idea is that the
phase accumulated by each isotope is proportional to its gravitational
acceleration, so the difference between these two phases becomes pro-
portional to the E6tvos parameter. The interferometer sequence is as fol-
lows. The atoms are launched vertically and at 7 = 0 a first beamsplitter,
implemented in terms of Bragg diffraction, drives the atomic beam in a
superposition of momentum states which differ by multiples k, where
k is the wave vector of the laser. At r =T, a second Bragg diffraction
acts as a mirror and reverses the momentum kicks of the two atomic
beams, driving them towards each other. At ¢ = 2T, a final beamsplitter
recombines the atomic beams and interference patterns are observed.

For each species, the accumulated phase is given by

(A.20)

85(87 8587)  ,85(87)
Q3N = G —dg = —nkggsenT,

where ¢8AS G7) and ¢2;5(87) are the accumulated phases for 85¢7)Rb in arms
A, B, respectively, of the interferometer configuration in Fig. 4. The or-
der of Bragg diffraction is indicated by n and ggs47, is the gravitational
acceleration experienced by 8¢ Rb, which are positive in our conven-
tions. The difference between the phases of the two species is

A® = —nkAgT, (A.21)

from which one can extract the relative acceleration Ag = gg5 — gg7 and
consequently the E6tvos parameter defined as

885 — 887

n=2 .
835 + 837

(A.22)

Upon introducing IR/UV mixing effects through the modified disper-
sion relation (1), the accumulated phase differences A¢, and A¢y are
corrected as follows

6(Apy)=—7¢ <m85T(g85m85T + nk)+
(A.23)
— mg;T(gg;mg7;T + nk)>,

6(Agp) =— f(m85T(g85m85T — nk)+
(A.24)
— mg;T(ggymg7; T — nk)) .

The corrections to the phase difference can be recast as a correction to
the E6tvos parameter

mgs — Mgy > . (A.25)

n=nol1—ar 85181
0( (885 + &87)T1g
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