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ABSTRACT

Qurte general arguments based on the principle of equivalance anc
modern f.eld theory show that it s poss:ible for the gravitat-orar
acceierat.-on ot artmatter to be a.fferent than trat for matter
Further there . r0 experimental ev'dence 10 ru'e dut the poOSS-Di -ty
In fact. some ev:den~e ind.cates there may be unexpected effects
Thus. the p'anned expern—ent tc measure the gravitatiora! accelerai-on

of antiprotons -« of fundamental mportance



Parnaps the ma.n trust of eiementary partc'e phryS.cs -S tre effcr
to unfvy .n a quantum tfeld theory wrat we cai the four forces of
natura the strong nuc'ear tre =2lectromagnerc tre weak nuclear and
the grav:tatonal forces Of course th's type of effort .s no* new

In the last century tre exper-mentali work of Faragay ana Orstea
ia.a tre founaanon for tne theoretical work of Maxwel'! snow-ng tra:
e'ectr-c:ity and magretism are not two separate forces Dut ,ust
a.ffarent aspects of thre same for-e Aiso. the 'ast part of E.nsters
career was devotea to unrsuccessfu'y trying to unify crass.cai
electromagnet'sm with class:cal gravity From our viewpoint he was
doorr-ed to failure because threre were other forces that reeded 10 Da
taxen account of the strorg and weak forces

Tre 1970's saw the next stage :n this drama Wenberg. Giasrow
and Salam g@ev.sed the e'ectroweak theory which un-f.@es
electromagretism anrd the weak interact:ons Th:'s theory was
v-ngicated n the discovery of the W and Z part.cles at CERN

S-multaneously. a moage! of the strong forry» “gua-itum
chromoaynamics™ or QCD was adeveloped Therefore the next '0g-ca:
sted was to try to unify QCD with the electroweax theor; This ied 10
the “standard modal"' One of its main preaictons .s that the proton
s unsianle with a 1 i¢t-me of oraer 1030 years This Igng 1.fatumg s
pecause the “X° paruz.m the partcle which typif.es .he un-ficaton
mass scale 3 S0 'arge (1073 GeVv) Therefore a process whic™ wou'a
occur -n the "‘00's of MaVv ragion (proton decdy) wou'd be Dr0OD-ng
priys:ics at the 10'9 GeV scale Unfortunately proton decay rac rot

pnen seen at tre 1032 year .fgume ieve! SO th.s :gea rema.~s



unvar-f.ea

However (reorerca' Dhys-£-SIS Nave rema.ned ungaunted anJg are
try-ng 10 un-fy graviy win tne otner tnree forces even tnougn re
Jtner tnrge nNave yet 10 pe compretely un-f.ed among tremseves Sucn
tnreor-es are car‘ed treor-es of "quantum grav.ty’ 2

As we come to -n mQore (@eta:' Dbelow. these Qquartu™ grav-ly
tireor-es ™may show macroscop-c effects at tre 10°72 gV eve' cue 10 a
Pianck mass 110’9 GeV) unfcaton scae Trns s the same type of
etfect as was noped for w'th proton decay trat t would be m™Meg-atad at
tnre X-mass un-ficat-on scale Tne afference .s trat rere the ererjy
scae stretches over an even iarger regeme In fact it approacres tne
50 oragers of magnitudes of erergy wh.ch qgef-res tnhe f.e:d of
e'ementary parrcie prys.cs. (See Fig 1)

In quartum treory one has to 100k for a new type of grav-ty necause
stangara E:rste:n.an gravity (general relativity) cannot be quant-.zed
Trne diwvergerces obtainea :ir. try:ng to make E:nste:n’s class.ca: thsory
-rt0 a quanrtum theory are stmply 100 severe It 's 10 be hoped trat any
negw theory wit L:@ normanzeab'e Or pernaps even finite

Furtner one knows as a matter of pr:ncrple that metric grav-ly
myst be ncompatble with quantum mechan:Cs a;_s_omg_my_e;:" Gerera
re'ativity 1S a worigd-hne (metrc) theory whereas Quantum mecran.cs
S a many-path point of view

The above ar emphas-zes as we pointed out -n the -ntroduCt-on
art.cre to tnis secton? nar our -geas on grav-ly are reavy an
:ntgrest:ng muxture of ciass:ca! and qQuanrtum phys.cS Tne weax
equ.valence pr-nc-p'e states trat the :nert.al mass S eQua' 'o0 re

grav-lat.ona mass
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F.gure 1 Pnysi.cs over 50 orders of magn.itude :n energy Partce
mys3eS are -nd-cated by th:Ccx i-~-@S accelerator ererqies Dy th.n .nes
an@ pregnomera by dasred rnez Tne left-nand s:des snow - tab'sred
Jpjects and corcepts whereas tne r:gnt-hand s-d9s Show specu'atea
9b,ects angd corcepts



mi=mg - (1)
Tne .vert:ar mass .S tne x-nemat.c obect .» Newtor's '‘aw of force
F=ma. (2)

ContrarswiSe (ne grav-tatora! mass -s the crarge -n Newton's 'aw of

grav:tat-on

F = -Gmgm g2 . (3)
Now ever thougr CPT teli's us trat tre :nert-al mass of a partcre <

equa: to tne -nert-al mass of the aruparucle
mp = —my (4)

th.s does not :'mply tr'at

?

mG=m|=E|=EG. (5)

Tnat s m@G = m~ does not necessarly mean that CPT s broxen

If an apple falls to the earth :n a certain way CPT only mpl.gs trat
anr anuapple fa.s to an antiearth :n the same way CPT says notn.ng
apnut NPow a) ant:appie (that :s to say an antproton or a positron fais
to ar earth Tnus we see that there S nothinq wrong as a marter of
auantum principle for these new treones of quantum grav-ty 10 &xn.D-t
a v.oraton of tne principi®e of equ-valence

Tngor:@es of quantum gravity start from a numper of a-fferant
mot.vat'ons Such as dimarsional redu<t:on subersymmetry or Str.ng
theory They rema.n ncomplete mathematca''y and phys:ica'ly BEut

they 00 have a common gerer:. naw prediction 2 2 the spn-2 gra. 'sn



nas sp-r-1 .grav:pnoton) ana sp:n-0 igrav-scarar partrers Tre

n
b

pariners are expectea to rave f.n:te ranges ana (9 couD® wI"
aporox-m3ately grav-at.onra’ strengin to soma conserved Quantly SuCn
as a funaamentar Ferm-on nymper For the stat.c case In:s means one

~0u'd expect a phenomenolog:cai grav.tationa: potennal to pe of tre

form 5

V=-Gmimy[17 ael'V 4 bef'Spr . (6)

In EQ i6) a and v (D ana s) are the coupl.ng strengtn rormalzed 10
crag-nrary grav-ly and the range of the gravipnoton (grav-scalar) Now
tensor and scalar for.es are always atrractve However. sp:in-i vector
forces are attract-ve between opDpos.l@ charges anrd repuisve pDetween
LK@ charges (This 1s famihar from electromagnet:sm ) Here tne
cnarges are matter and anumatter Therefore. the i-) sign in front of
the vector term of Eq 16) represents the repulsion of matter to matter
and the (+) sign represents the attracticn of antimatter to matter

Trese theories are say:ng trat there are new veclor and sca'ar
graviiatonal forces whi.cn could be macroscopic n their effecis Tney
cou'd approx-mately cance! :n the ordinary worid (matter-m.atter
.nteractions;.® ang so not rave been notcea pecause tnere they produce
very small second-order effects However i one were to measure the
grav-tat.oral acceleration of antmatter. then the new terms wou'd
buth add to the normal attractior- and thuS could produce a very :arge
t.rst-orger eftect ’

Wnetner or not a large effect v.uu:d ensue depends of course an
the magrutudes of the two ranges v and s and aisu uh the sizes of tne

coup:ng constants a and b As [0 the coup!ng "Q~:.Ants they would €&



expectad to be of order unly SnCco9 trey are norma'zed to norma
grav.ty A symmetry preak-ng COu'd we' maxe trem s:.gnty a-fferert

As -0 'ne ranges 1ne@re are as yer ro frm preq-<tons Hows.er
auartatve statements car be made  Startng w-th "e smau ewver
trougn ranges of oraer of tne Planck 'engtn 0033 ¢m) would proauce
new effects as a matter of pr.nc:p'e they wou'd not produce effects
wn.cnh couid be measuread 'f the ranges were on the order ¢f 200 m as
aavocates of a new °“fftn-force” sceraro wouid rave 8 tren trere st
wuu'd De notr-ng to be seen .n thre current ant.proton grav-ly
exper.megnt However -n this case there m.ght be measureable effects
.n prec'se matter-marter experiments. ,} the couping constants a ara
b were a.fferent

F:nally. ranges on the order of many 10s to 100s of xm could y-eid
positive. unexpected results :n the antproton gravity expenment The
queston :S. "Are sucnh rarges allowed by the data?" Tre answer
pernaps surpnsingly. 5. “Yes ©

Many people are famuar w:ith the work of Stacey. Tuck arg
coworkers anaryzing gravity down ming shafts 'n Austrasa Beginn.ng
'n 1978 ana@ cluminaung .n ther recert RMP paper 9 they reported an
anomalous repulsion which .f aralyzed n terms of a single new
Yuxawa potental, y:elded a new ‘erm with relative coupling constant
of oraer 0 01 and a range of order 100-1000 m

Trey emphasized that the:rr gata was nrot prec.se enough 19 restr-ct
ne ft to a partcular functora! form So. for our program we
requested trat they do an analys:s n terms of the two new forces
pred.cted by quanrtum grav:ty Stacey Tuck and Moore'0 a.g tnis Tnay

founa that a gooa fit was allowed as long as (a-b) = 001 Giwen tns



ranges uD 10 ~450 «m were arowed  Trn.s resut was cut -rto tne FREM
moge! of tne eartn ana -nteégrareqa outl 10 see wnat e effect wou'a c=
On tne artproton - Tne resu''s #-1n a=D=' are srowr n F.g 2

Tne .gear:zea un-form sprere eartn s off by a factor of 2
essent-aliy because of tre a:fference .n gers.ty near tne surface of tre
eartn  Tne rea! eartn’'s Curve 'S wavy 1"e wav-ness correspondas to trs
fact tnat youre see:ng the a-fferent snens become s-grn-f.cant  Note
trat ar a 40 <m iengtn sca'e onre would obtainr a 1°, effect .n rre
anr-proton expenment wh.ch snou'd be measu-ean'e Af 450 xm 3re
would have a 14% effect wn:.ch gefn.te'y would be measureapie Tr.s
1S with a=bs=1_ ana the effect scales with as=p

¥ you ada ‘o th:s the aralys:s of rap.aly-rotat:ng pursars wn-cn
ailows values of (a.n) up to O(100) tren one can say the expected

a.fference n g for the anuproton cculd be

Agig = a (0.14) (v/450 km) . (7)

But that s nct ail the evidence A number of other expe-menrts
have been reported. some finding anomaious res.Jlts Tre mos’
iiustrative. for our purposes are the seemungiy contraa.ctory Eotvos
experments by Thieberger'! and by Adeibergers group '2 Th.gperger
fourra that on top of the New Jercey Pasusages. a copper sprere
neutrarly buOyant :n water :S repelled outward rorma: to the c::ff
Ageberger's group compared the d.fferentai grav-tarorar effect of a
smail hil on the Unwvers.ty of Wasnington campus on a:tfer.ng g9roups
of two materiails anda foung no effect

It ong thinks :n terms ot a s:ngle short-ranged nrew Y.u«<awa force

as :n the tfth force point of view then these two resuils appear
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Figure 2 Tne size of the new effect due te the grav:ohotor ard
grav.scalar :nrtgractions for antmatter as a function of the r'enrgin
scale v=Sai. This result 1s for new couping constarts a=b=1! ana
scaies with thair vaiyes The iower, soud une 1s for the earth’'s rea:
mass arstr-but.on whereas the aashed uLre s for a umform mass
a:stripution of tne same totai mass



contraa-ctory However f ore 1n.nks .n terms of two 'ong-ranrgea
forces wh-cn approx:rate'y cance' trer Dy geo0'0g.C acc:dert tne two
resu'ts are cons.stenrt As observed Dy Ander eral.'3 tre Pausades
c.ff .s the eage of a d-apase s:"" which exterds al' the way -"t0
Pernsywvar.a Tn.s sii has a densty of 29 g cm-3  wheen g-ves a
contrast of +02 g cm 3 w:n tre other rock 0 the reg-or Tax.ng
1a-Di=0 01 th:s sal cou'd accourt for tre effect of Tn.eperger for a
range v = 200 xm

From a pre!-minary versior of *he ideas expressed above -1 was
proposed'4 that an experment be done to measure the gravitat-onra
acce'eraton of antprotons at LEAR (the Low Energy Antproton R.ng)
at CERN. S.nce then a collaboration has been formed to do tne
experiment 13.16 ang the e:perment nas peen approved iPS 200).

F.gure 3 s a schematic a-agram of the experment Tne oulout of
LEAR iantprotors of approx:mate energy 2 MeV) wil be eceierated
either with an RFQ or by passing through a foil Then the anuprotors
w'il pe captured. cooled. anra transferred through a 3sernes of
electromagnetc traps Finally. the antprotcns. at approx:mastely 10
OK. will pe '‘aunched up a superconducting shielged anft tube guided -n
the ax.al drection by a magnetic field.

Tne actual measurement :s a tme of fignt measurement For a
g-ver length of drift L. the arrval tme of the rast ant.proton wh.cn

ras enough energy to go up a arft tube of 'ength L i1s given by
t = (L2g)V/2. (8)

Tris value of °g~ for the antproton wil be comcared to tnat of tne

negat.ve hyarogen -on a particle with (he same charge and aimost re
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Figure 3 A possible schemalic d|a.;;ram'6 for the anliprolon gravily
experimen! The diagram i1s not to scale The region inside the dotted
lines represenls a "thermnal source® ol low 1o very low energy
anhipiotons thal would be available tor a variely of experiments

b



same mass as the art:proton

The arft tube usea -n the ant:proton expenment w:-I be anr ubaatea
vers.on of the tube used Dy Witteborn ana Fa:rrpan« 0 measur® tne
grav=tat-onan‘—acce'erat-on ot ewectrons 7 In this context. we DO-Nt Out
trat Farrbank .s consider-ng dong a modern gravity experment us.ng
pos:trons '8 Because such an experment wouid test for anomaous
grav-tat.onal compnng to iepton number nstead of to baryor numper
(quark number) it wouid compiementary to the ant-proton exper-ment
It .5 10 be encouraged '9

Ulnmateiy. one would hope someday to be ab'e to do a grav-ly
exper-ment uS.ng neutral artimatter; more spec:fically. antihydrogen
W.th electr.c forces reutranzed. Such a gravity experment cou'd be
orders of magnitude more prec:se. The problera. of course. 1S how 1o
make. 'et alone contair. anthygrogen We rater you to the art:icle .n
these Proceedngs by Mitchell 20 He discusses programs aimed ar
producing anthydrogen Once antihydrogen :s made. the advent of 'aser
storage and velocity selection techn:ques for single atoms ang
magretiC trap deviCes open up the possiDiity for doing a grav:ty

2xpariment
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