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Abstract

We propose a new framework for solving the hierarchy problem which does not rely on either supersymmetry or
technicolor. In this framework, the gravitational and gauge interactions become united at the weak scale, which we take as
the only fundamental short distance scale in nature. The observed weakness of gravity on distances R 1 mm is due to the
existence of nG2 new compact spatial dimensions large compared to the weak scale. The Planck scale M ;Gy1r2 is notPl N
a fundamental scale; its enormity is simply a consequence of the large size of the new dimensions. While gravitons can

Ž .freely propagate in the new dimensions, at sub-weak energies the Standard Model SM fields must be localized to a
4-dimensional manifold of weak scale ‘‘thickness’’ in the extra dimensions. This picture leads to a number of striking
signals for accelerator and laboratory experiments. For the case of ns2 new dimensions, planned sub-millimeter
measurements of gravity may observe the transition from 1rr 2™1rr 4 Newtonian gravitation. For any number of new
dimensions, the LHC and NLC could observe strong quantum gravitational interactions. Furthermore, SM particles can be
kicked off our 4 dimensional manifold into the new dimensions, carrying away energy, and leading to an abrupt decrease in
events with high transverse momentum p R TeV. For certain compact manifolds, such particles will keep circling in theT
extra dimensions, periodically returning, colliding with and depositing energy to our four dimensional vacuum with
frequencies of ;1012 Hz or larger. As a concrete illustration, we construct a model with SM fields localized on the

Ž . Ž . Ž .4-dimensional throat of a vortex in 6 dimensions, with a Pati-Salam gauge symmetry SU 4 =SU 2 =SU 2 in the bulk.
q 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

There are at least two seemingly fundamental
energy scales in nature, the electroweak scale mEW
;103 GeV and the Planck scale M sGy1r2;Pl N
1018 GeV. Explaining the enormity of the ratio
M rm has been the prime motivation for con-Pl EW
structing extensions of the Standard Model such as

models with technicolor or low-energy supersymme-
try. It is remarkable that these rich theoretical struc-
tures have been built on the assumption of the
existence of two very disparate fundamental energy
scales. However, there is an important difference
between these scales. While electroweak interactions
have been probed at distances approaching ;my1 ,EW
gravitational forces have not remotely been probed at
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• Gravity has only been accurately measured in 
~1cm range.

• Assuming the gravity become same order of 
other forces at TeV scale. Λ=0.1mm for n=2.

• Should be continuous at r = Λ.
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Test of Inverse Square Law of Gravity
• Gravity is extremely weak compared to the other forces

– Can be naturally explained by assuming extra dimensions.
– Deviation from inverse square law is expected if extra 

dimensions exist. 
– Model-independent search is performed by assuming 

Yukawa-type force with coupling constant a and Compton 
wavelength l.
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α-λ Exclusion plot

additional term, originating from the light scalar boson
exchange, leads to a modification of angular dependence
not observed in the experimental data. Let us stress that the
same bound is valid for gV .

According to [15,16], experimental data in the keV
energy range are well described by the following expres-
sion:

d!

d!
¼ !0

4"
½1þ!E cos#$; (12)

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!0=4"

p
% 10 fm and ! ¼ ð1:91'

0:42Þ10)3 keV)1. These numerical values are very reason-
able from the nuclear scattering point of view, and from the
demand that these values are not spoiled by a Yukawa
potential contribution originating from a light boson ex-
change, bounds on g and $ were obtained in [16]. The
point is that the Yukawa amplitude, interfering with the
strong interaction amplitude, will show up in the following
contribution to ! for E ! 0:

j"!j ¼ 16m2
nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!0=4"
p

%2
n

4"

A

$4 ; (13)

and from the demand that "!<!, the above mentioned
bound was extracted. For an update of results obtained in
[16], see [17].

It is quite natural to assume that the coupling of a new
light boson with nucleons originates from its coupling with
u and d quarks. In this case, bounds from pion and kaon
decays [18] are applicable. Let us start with vector cou-
pling. According to the conservation of vector current,

couplings to nucleons are equal to the sum of the couplings
to quarks: 2fuV þ fdV for a proton and fuV þ 2fdV for a
neutron (fi are analogous to our g

i
N). The "

0 ! VV decay
contributes to"0 ! invisible decays and, using the experi-
mental bound Brð"0 ! &&Þ< 2:7* 10)7 in [18], the fol-
lowing bound was obtained:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jf2uV ) f2dV j

q
+ 4* 10)3; (14)

which is automatically satisfied for an isoscalar coupling,
fuV ¼ fdV . However, the bound on the "0 ! 'V decay,
with the latter contributing into the "0 ! 'þ invisible
mode, will translate into bounding of isoscalar couplings
as well [18]:

2fuV þ fdV
3

< 1:6* 10)3: (15)

Here, the experimental bound Brð"0 ! '&&Þ< 6*
10)4 was used. These numbers should be compared with
our bound on gVN (8).
Since "0 ! SS and "0 ! S' decays violate the corre-

sponding P and C parities, we do not obtain bounds on fS
from these decays. C-parity conservation forbids the "0 !
'A decay as well, while from the bound on "0 ! invisible
decays, we get the coupling constant bound (14) for the
axial vector boson.
More stringent upper bounds on the coupling constants

follow from very strong experimental limits on the branch-
ing ratio BrðKþ ! "þ þ &&Þ< 2* 10)10. The longitu-
dinal component of the axial vector boson contributes to
the decay amplitude proportionally as ð2mq=$ÞfqA [18],
and even if the axial vector boson couples only with light
quarks, we obtain

fu;dA & 10)6$ðMeVÞ: (16)

The factor of 2mq=$ is absent when the axial vector
interaction is substituted by the scalar interaction, and thus
we obtain

fu;dS & 10)5: (17)

Fortunately, the conservation of vector current forbids
K ! "V decays for $2 ¼ 0, so that is why the bound on
the vector coupling for light $ is not very strong:

fu;dV

"
$

mK

#
2
& 10)5: (18)

IV. CONCLUSIONS

Our bounds obtained from high-energy and very small
momentum transfer np elastic scattering data [2] provide
exclusions of new forces at distances above 5 fm, which
corresponds to exchanged particle masses lighter than
40 MeV. These bounds are extracted in a covariant ap-
proach, as an alternative to the bounds on couplings at
larger distances, extracted from the absence of deviations
from the Newtonian gravitational law.
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FIG. 4 (color online). Experimental limits on (G and % from
[5–14] parametrizing deviations from Newton’s law. Our limits
transformed into coordinates (G and % are also shown for
comparison.
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nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!0=4"
p

%2
n

4"

A

$4 ; (13)

and from the demand that "!<!, the above mentioned
bound was extracted. For an update of results obtained in
[16], see [17].

It is quite natural to assume that the coupling of a new
light boson with nucleons originates from its coupling with
u and d quarks. In this case, bounds from pion and kaon
decays [18] are applicable. Let us start with vector cou-
pling. According to the conservation of vector current,

couplings to nucleons are equal to the sum of the couplings
to quarks: 2fuV þ fdV for a proton and fuV þ 2fdV for a
neutron (fi are analogous to our g

i
N). The "

0 ! VV decay
contributes to"0 ! invisible decays and, using the experi-
mental bound Brð"0 ! &&Þ< 2:7* 10)7 in [18], the fol-
lowing bound was obtained:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jf2uV ) f2dV j

q
+ 4* 10)3; (14)

which is automatically satisfied for an isoscalar coupling,
fuV ¼ fdV . However, the bound on the "0 ! 'V decay,
with the latter contributing into the "0 ! 'þ invisible
mode, will translate into bounding of isoscalar couplings
as well [18]:

2fuV þ fdV
3

< 1:6* 10)3: (15)

Here, the experimental bound Brð"0 ! '&&Þ< 6*
10)4 was used. These numbers should be compared with
our bound on gVN (8).
Since "0 ! SS and "0 ! S' decays violate the corre-

sponding P and C parities, we do not obtain bounds on fS
from these decays. C-parity conservation forbids the "0 !
'A decay as well, while from the bound on "0 ! invisible
decays, we get the coupling constant bound (14) for the
axial vector boson.
More stringent upper bounds on the coupling constants

follow from very strong experimental limits on the branch-
ing ratio BrðKþ ! "þ þ &&Þ< 2* 10)10. The longitu-
dinal component of the axial vector boson contributes to
the decay amplitude proportionally as ð2mq=$ÞfqA [18],
and even if the axial vector boson couples only with light
quarks, we obtain

fu;dA & 10)6$ðMeVÞ: (16)

The factor of 2mq=$ is absent when the axial vector
interaction is substituted by the scalar interaction, and thus
we obtain

fu;dS & 10)5: (17)

Fortunately, the conservation of vector current forbids
K ! "V decays for $2 ¼ 0, so that is why the bound on
the vector coupling for light $ is not very strong:

fu;dV

"
$

mK

#
2
& 10)5: (18)

IV. CONCLUSIONS

Our bounds obtained from high-energy and very small
momentum transfer np elastic scattering data [2] provide
exclusions of new forces at distances above 5 fm, which
corresponds to exchanged particle masses lighter than
40 MeV. These bounds are extracted in a covariant ap-
proach, as an alternative to the bounds on couplings at
larger distances, extracted from the absence of deviations
from the Newtonian gravitational law.
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α-λ Exclusion plot

additional term, originating from the light scalar boson
exchange, leads to a modification of angular dependence
not observed in the experimental data. Let us stress that the
same bound is valid for gV .
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change, bounds on g and $ were obtained in [16]. The
point is that the Yukawa amplitude, interfering with the
strong interaction amplitude, will show up in the following
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and from the demand that "!<!, the above mentioned
bound was extracted. For an update of results obtained in
[16], see [17].

It is quite natural to assume that the coupling of a new
light boson with nucleons originates from its coupling with
u and d quarks. In this case, bounds from pion and kaon
decays [18] are applicable. Let us start with vector cou-
pling. According to the conservation of vector current,

couplings to nucleons are equal to the sum of the couplings
to quarks: 2fuV þ fdV for a proton and fuV þ 2fdV for a
neutron (fi are analogous to our g

i
N). The "

0 ! VV decay
contributes to"0 ! invisible decays and, using the experi-
mental bound Brð"0 ! &&Þ< 2:7* 10)7 in [18], the fol-
lowing bound was obtained:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jf2uV ) f2dV j

q
+ 4* 10)3; (14)

which is automatically satisfied for an isoscalar coupling,
fuV ¼ fdV . However, the bound on the "0 ! 'V decay,
with the latter contributing into the "0 ! 'þ invisible
mode, will translate into bounding of isoscalar couplings
as well [18]:

2fuV þ fdV
3

< 1:6* 10)3: (15)

Here, the experimental bound Brð"0 ! '&&Þ< 6*
10)4 was used. These numbers should be compared with
our bound on gVN (8).
Since "0 ! SS and "0 ! S' decays violate the corre-

sponding P and C parities, we do not obtain bounds on fS
from these decays. C-parity conservation forbids the "0 !
'A decay as well, while from the bound on "0 ! invisible
decays, we get the coupling constant bound (14) for the
axial vector boson.
More stringent upper bounds on the coupling constants

follow from very strong experimental limits on the branch-
ing ratio BrðKþ ! "þ þ &&Þ< 2* 10)10. The longitu-
dinal component of the axial vector boson contributes to
the decay amplitude proportionally as ð2mq=$ÞfqA [18],
and even if the axial vector boson couples only with light
quarks, we obtain

fu;dA & 10)6$ðMeVÞ: (16)

The factor of 2mq=$ is absent when the axial vector
interaction is substituted by the scalar interaction, and thus
we obtain

fu;dS & 10)5: (17)

Fortunately, the conservation of vector current forbids
K ! "V decays for $2 ¼ 0, so that is why the bound on
the vector coupling for light $ is not very strong:

fu;dV
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IV. CONCLUSIONS

Our bounds obtained from high-energy and very small
momentum transfer np elastic scattering data [2] provide
exclusions of new forces at distances above 5 fm, which
corresponds to exchanged particle masses lighter than
40 MeV. These bounds are extracted in a covariant ap-
proach, as an alternative to the bounds on couplings at
larger distances, extracted from the absence of deviations
from the Newtonian gravitational law.
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Experimental Principle
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• Differential cross section of Yukawa force is evaluated with Born approximation.
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cross section 

• Nuclear scattering à Isotropic

• Yukawa force à strong angular
dependence in the forward region
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Mercury Target
for neutron production

Muon Production Target
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Proton Beam

Neutron Beam Mercury Target
for neutron production



2018/Jan/9 1510th International Workshop on 
Fundamental Physics using Atoms

HRC (KEK)

TAKUMI (JAEA)
Reflectometer (KEK)

iBIX (Ibaraki Pref.)

NNRI �Tokyo Tech. U., JAEA, Hokkaido U.)

Hi-SANS (JAEA)

AMATERAS (JAEA)

NOBORU (JAEA)

DNA(JAEA)

4SEASONS 
�JAEA, KEK, Tohoku U.�

NOP (KEK)

iMATERIA (Ibaraki Pref.)

SHRPD (KEK)

High-Pressure Diffraction 
Station (U. of Tokyo, JAEA)

NOVA �NEDO, KEK�
15 filled

out of 23 BLBL05
Neutron Optics and Physics (NOP)

Neutron Beam

Proton Beam



J-PARC/MLF/BL05(NOP)

Proton Beam

Neutron Beam
Supermirror bender

Polarized-beam 
branch

2018/Jan/9 1610th International Workshop on 
Fundamental Physics using Atoms

Unpolarized-beam branch

Low-Divergence
branch

7m
12m

16m

20m

Direct beam dump



J-PARC/MLF/BL05(NOP)

Proton Beam

Neutron Beam
Supermirror bender

Polarized-beam 
branch

2018/Jan/9 1710th International Workshop on 
Fundamental Physics using Atoms

Unpolarized-beam branch

Low-Divergence
branch

7m
12m

16m

20m

Direct beam dump
• It has an advantage for small angle scattering experiment although 

beam intensity is low compared to the other two branches.

• We can simultaneously take data with neutron lifetime experiment.
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Experimental Setup

• Physics run has been started in late 2016.
• J-PARC beam power : 150 kW
• 2 atm Xe and He with gas circulation
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Vacuum Chamber

Gas cell

3He PSD

Neutron Beam
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Results

hqsubt_wcorr_Xe
Entries  3386224
Mean    2.682
Std Dev     1.143
Integral   7.358
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EX:Xe
Entries  3386224
Mean    2.386
Std Dev    0.7751
Integral   6.074

hqsubt_wcorr_He
Entries  527256
Mean    2.532
Std Dev     1.114
Integral    3.47

EX:He
Entries  527256
Mean    2.532
Std Dev     1.114
Integral    3.47

hqMC_Xe
Entries    4.813177e+07
Mean    2.666
Std Dev     1.144
Integral  4.813e+07

hqMC_Xe
Entries    4.813177e+07
Mean    2.666
Std Dev     1.144
Integral   7.358

hqMC_He
Entries    2.623085e+07
Mean    2.514
Std Dev     1.106
Integral  2.623e+07

hqMC_He
Entries    2.623085e+07
Mean    2.514
Std Dev     1.106
Integral    3.47
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EX:He
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5. Analysis

To isolate the neutron-gas scattering, Igas(q), from background we subtract from the total

intensity the vacuum cell condition Ivac(q). This removes scattering e↵ects from the alu-

minum gas cell windows and downstream scattering chamber window, as well as the e↵ect

of neutron-beamstop scattering. Before subtraction, the vacuum cell intensity is corrected

to account for the TOF-dependent neutron absorption cross section of each gas.

To further isolate the q-dependence of the Yukawa-like interference term we normalize

the experimental Igas(q) distribution by the corresponding distribution generated using the

pseudo-experimental simulation technique described in the previous section without intro-

ducing a Yukawa term to the interaction. We first express the experimental and simulated

distributions1 as

IEXP (q) = CEXP (⌦)⇥
�
b2i + b2c + 2 bc bne(q) + 2 bc bY (q)

�

ISIM (q) = CSIM (⌦)⇥ �
b2c + 2 bcbne(q)

�
(11)

where CEXP (⌦) and CSIM (⌦) are solid angle (⌦)-dependent functions which relate I(q)

to the di↵erential cross section. In principle they are equivalent however due uncertainty in

the interaction point within the cell (assumed to be center of the cell when constructing q

from data), finite detector resolution, and beam divergence they may di↵er in a gas species-

independent way by a few percent. In order to remove this e↵ect we form the ratio:

R(q) ⇡ CEXP (⌦)

CSIM (⌦)
⇥
✓
b2i + b2c

b2c
+ 2

bY (q)

bc

◆
. (12)

The function R(q) is found for two gas species j, k and the respective ratios R(j)(q) and

R(k)(q) are obtained. We then form an additional ratio R(jk)(q) ⌘ R(j)(q)/R(k(q) which

further suppresses the contribution of �(q) at the cost of reducing our sensitivity to bY (q).

Again neglecting terms of O(�2),

Rjk(q) ⇡
✓
P0 + 2


bY j(q)

bcj
� bY k(q)

bck

�◆
, (13)

where constant terms that include incoherent scattering constributions are absorbed in P0.

By choosing gases which are very di↵erent in mass, the loss in sensitivity to ↵ due to the

di↵erence term in (13) can be minimized. For the case of Xe (A = 131, bc = 4.69(4) fm)

and He (A = 4, bc = 3.26(3) fm) [31], the loss in sensitivity alpha is only 1%. Therefore one

can produce an exclusion plot in the ↵, � plane as described in XX by first normalizing the

experimental I(q) data for two separate gases by the respective MC I(q) distributions, then

performing a simple �-squared minimization with (13) to the ratio of these results using

various values of ↵, �.

6. Results and Discussion

During our run on BL05 the beam power to MLF was an average of ⇠ 150 kW and we

recorded 2.5⇥ 106 scattering events for evacuated cell, 2.8⇥ 106 for He gas-filled cell, and

1 We did not include incoherent scattering in the simulation due to the very limited amount of
published data. Instead we account for this through measurement.

10

• First, experimental data is normalized by the corresponding simulation data for each 
gas species to remove any q-dependence, then the ratio of two gases was taken.
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FIG. 6. Raw I(q) distribution compared with Monte Carlo
simulation results.
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FIG. 7. Residual I(q) distribution used to extract the value
of ↵ as a function of �.

reactor of the Korean Atomic Energy Research Insti-
tute [18] which was also used to constrain ↵ over a similar
range of � range and is also shown in Fig. 8. In that ex-
periment the q acceptance region was about one order
of magnitude lower than ours and was therefore more
sensitive in the larger � region (see Fig. 1).
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FIG. 8. Exclusion curve in the ↵�� plane resulting from our
analysis, labeled “BL05 MLF” and superimposed over results
of several other experiments.

Our experiment was performed on a pulsed neutron
beamline and therefore capable in principle of a much
larger q acceptance region than what we report in this
paper. We were limited in this experiment by some tech-
nical di�culties. In the low q region we saw scattering
background from our beamstop which made the q re-
gion below 1 nm�1 inaccessible. Data for q values above
4 nm�1 su↵ered from neutron absorption on the inner
surface of the cell wall which was di�cult to reproduce
exactly with our simulation method. We therefore de-
cided to restrict our data analysis window to q < 1 nm�1

and q > 4 nm�1, which greatly limited our sensitivity to
↵, particularly in the larger � region.

Scattering from the beamstop may be surpressed by
adding an additional layer of neutron absorbing material
to the lithium plates and by deepening the side plates to
avoid reentrant neutron scattering from within the scat-
tering chamber. We expect such a simple design can
increase our sensitivity to ↵ in the region of down to
q = 0.3 nm�1. We can also increase the upper limit of
q to 6 nm�1 simply by building a gas cell with a larger

• Set new limit below 0.1 nm.

• Degradation > 0.1 nm is due to 
background caused by scattered 
neutron from beam stopper.

• < 0.01 nm is dominated by 
“Schwinger effect”.

• C. C. Haddock et al., 
https://arxiv.org/abs/1712.02984



• A search for deviations from inverse square law of gravity at nm range via 
neutron-noble gas scattering has been performed at J-PARC/MLF/BL05.

• We set new limit below λ < 0.1 nm using first data taken in 2016/2017.

• We have already collected more data with improved apparatus and higher 
beam power (300kW) in Dec. 2017.

– Background was greatly reduced. Can be access larger λ region.

• Continue data taking until this summer.
– J-PARC beam power will be 400kW from Jan., 500kW from Apr. and more after 

summer shutdown.

• Ne and Kr will be tried for the systematics studies. 
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Summary & Prospects


