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ABSTRACT

C)ude geme(al arguments Dased on the prmclple of equwa19nce and

modern fselcl theory show that It IS Possible for the grawtat.oma’

acceioraison of aptlmatter 10 be different man tna? for matter

Further there ,s FO experlmemtal ewdence to rdle aut the cioss. oII. ty

In fact. some ewden~e Inculcates there mav be unexpected effects

T~~s. t~e Dlanwd experll-ent m measure tne grawtatlonal acceleration

of anhprotons .s of fundamental Importance
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.Pgrnaps the ma, n trusl ~f elementary paq.cle Dny SiCS .S ve =ffCrI

to Un.fy ,n a adantum f.eltj tn@ory ~na[ we call [he four f~rces Oi

natur3 We strong n@ear tne aleclrornagnel.c tne weak nuclear afm

grav:latlonal forces Of

In the last century we

Ine fo~ndar,oa for tne

eleclr.c,ly and magnetism

cou’se WIs ryDe of effort “s no’ new

experimental work of Faraaay ana ~rstea

meoretlcal work of Maxwell snow.ng Ins:

are not two seDara~e forces DUt JUs~

alffgrem asDects of Pe same forl:e AISO. me last Dart of E.ns~e.n s

career was aevotea to unsuccessfully lry’ng to Unify classlcai

electromagnetism With classical gravity From our

doo~.ecl 10 fallu~e Decause there were Other fOrCeS

raKen account of the strong and weak fOrCeS

Tne 1970”S saw the nexl stage In this drama Weinberg. G’as”ow

and Salam aev,sed the elec~roweak theory wh, ch Un.f.es

electromagmetlsm and Ine weak Interactions This theory -was

v.nalca!ed In me dlScOve~ of Pe W and Z parbcles at CERN

S.mul[aneously. a model of [he strong fore ? ‘aua~turn

chr3mocYymamlcs” or QC D was developed 1 herefore the next Iog.cal

ste~ was to try to ~nlfy C)CD wdn the electrowea~ thoo”; T~lS led to

Ine ‘sra~dard mO~al- ‘ One of Its mam prealchoms .s tna~ the poton

s uns~ao!e with a I ‘Ct~e of oraer 1030 years Th,s long i.fstlme .s

Decause me “X- partl:, “r [1’Ie pa?tlcle wIl,ch ~yp,f.es ,he ~n.f:ca[.~n

m;Iss scale ,3 so large ,10 ‘ 5 Gev) Therefore a process -whlcl -WOUICJ

OCCtir n the “00”s Of M8V region (proton aecdy) wohld M a“oD.ng

Dr,ys,~s al the Iol 5 GeV scale Unforknately Droton decay ~as fiat

c)oen seen ai we 1032 year l.f~l,rne level so this ,aea “Qma.5~
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~nw-~r.f.~a

Howeker tne~rer.cal Dnys.c ST5 nake rema. nea “naaunlea 3na are

!rf.ng 10 “n. fy grav.[y wlln Ine over Inree forces even rnougn r~e

3tner tnree naVe Vel 10 oe como’elelv Un.fmea among Inemse’ties su~n

Ineor.es are cal’ea Ineor.es of ‘auantu~ gravily “2

As we come to n more aetaml Delow. tnese quanlurn grav!~

tneor,es -may show macroscon.c effects a~ ~ne 10-’2 ev level cue lo a

PIanc~ mass I I 0’9 GeV) .n,f.cat.on scale Tn,s .S the same tYDe of

~tfec~ as was noDea for -WI~h Drolon decay tnat t Wotila De mea. alad at

[ne )(. mass ~n.f,cat.on scale Tne difference .s that nere the energy

scale stretcnes over an even larger regeme In fact. It aDproacnes tne

50 oraem of magnll~des of energy Wh.ch clef. nes tne f.eld of

elementa~ Damcle prlyslcs. (See Flg I )

In auantdm treo~ one has to look for a mew lyPe Of grav”ty 5eCauSe

stanaara E’ms~e:n.an gravltY (general relatlvlty] cannot be abawmzea

Tne awergences oDtalnea ;r. trying lo make E:nsteln”s class.cal tb90ry

.rto a quantum theory are stumply too severe It IS 10 be noDea trial any

new theory VVIII Le normal l?eable or perhaps even flnlte

Furtner one knows as a matter of pr~nc’ple that metric grav. ty

muSI De ,ncompat:~le with quanldm rn~nanlcs a Ieve I 3 Genera’

re’atlv’ty IS a wokl-lme (metrmc) theory wfnereas quam~ rnecran. cs

.s a many-path point of view

The above al’ empnas.zes as we colmea out n the .ntwauct.a~

ar~:~lg to tms sectmon 4 wat our “deas on grav”ty are really an

:nterestlng mlr[ure of Classlcal awi quantdm Dhy S.CS Tng ~e~K

ea~IWalence Drmnc”nle states tnat the ‘nertmal mass -s equal !0 !ne

grav.!at.ona’ mass
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fTIl=mG . (1)

Tn~ . leq,a, mass .s tne K.nemat.c oblecl in F4ewlom-S ‘avv Of fOrCe

F = mla . (2)

Comrariwlse Ine grav. talmo~a! mass .s the cnarge .n Newlom-s law- or

grav~tat. on

F= -GmGm-G’r2 . (3)

NOWeven motign CPT ~el!s us that the :ne~”al mass of a Dan.c!e .s

equal to me .nerl.al mass of the amlDartcle

ml = —ml ,

tn:s does mot ImpIy tlat

?

mG =rn[= ii, =iiGa

Tnat .s ~G * ~= does

If an aDDle falls to

nol necessarily

the earth In a

(4)

(5)

mean ~hat CPT IS uro~e~

cenaln way CPT only Imw’es tnat

an antlaDple fa.ls to an antlearth ‘n the same way CPT says notn.mg

aDod now al ant:a~ple (that ‘s to say an ant~proton or a Dosmon! falls

to an earth Tn~s we see that thOre .s fU)thlnq wrong as a matter of

auantu~ Dr’fiCiple for these new tmeorles Of ~uantu’m grGV.ly 10 bXn IDl

a violat,on of tne prlnclple of equivalence

Tneor:es of quantum grav,ty start from a ntir’nber Of d. ff0r9fi!

rnotlvat’ons shcn as dlmwslo~al

thooqf They rema, n ,ncomplete

t~ey ao have a co.mmo~ gefwrlc.

vxluct’on sbtOersymmetry or st’n~~

matriematlca”y and Dhyslcallv Ed!

new Drecllctlon 25 the son-2 gra. Tzn



nas SD.P-1 ,grav,pnoton) ana sDIn-O ig”av. sca’ar) Da’Inew -=_Tripe=

Dar~ners are e~Declea lo nave f.n=le ranges ana [a cobDIe fi.~n

ammx:malely grav’lallona’ s~rengw to soma conserves auanvly sucn

3S a fundamental Ferm.on numDer For Ine s~at.c case IP:S meahs one

.VOu’a t3XDeCt a D~enoneflologlcal graV’~a~lond! poten~’al to De of tne

form 5

(6)v=- Gm1m2[l~ ae-r’!f + be-r~~]ir .

In Ea i61 a and v ID ana s) are the coupling svengm ~or~aluea to

cra”nary grav”ty a~a tbe range of the grav’pnoion (grav”scalar] FJ()-W

tensor am scalar for-es are always atvaclwe However. spin-i vector

forces are auraclwe Detween oDPos,le charges and recitiiswe Detween

llKe Cnfirges (This IS farnlllar from eiectromagnet:Sm 1 Here Ine

cnarges are -matter and antimatter Therefore. me i-) sign In fronl of

the vec~or term of Eq 15) represents th9

and the (+ I sign represents the attractmn

reDulslon of matter tO rna~ler

of antimatter to matter

Tnese t~eorles are saying that there are new vector and scalar

gravqahonal forces wmcn could be macroscopic In their effects They

could approximately cancel In the ordinary world (matter- n.a~ter

.nteractl~ns]. 6 an~ so not pave been not.ced mcause there

very s~all second-omer e’fects However d one were to

gravtatofial acceleration of antimatter. then the new

D~t~ add to tfw W)rmal atlraCtlO~. and thus COuld produce

f.rs[. oraer effect 7

they mochce

measurg Ine

terms woula

a very laqe

W~etner or not a large effect wuuld ensue deDends of co~rse c!n

we magrllt!~des of the two ranges v ancl s and also @ We sizes ~f !ne

~~uDli~g constant~ a a~a D AS 10 the COUpI ng ‘.@~I:.,In[s they WOUKJ C5



we ~’ancK Iengv IIU -- cm] -wo~la Droauce

of Dr.nc’Dle Ihey wo~!a not Droa”ce effecw

‘f the ranges were on Ibe orser cf 200 m as

the antlproton grawty expenmerq

woug~ ranges of omer of ‘-- “’-----
.———-- ri.33 -– - .- ---- --

mew effecrs as a ~aner

-*n.cn couia De .meas~red

aavocates of a me-w “f,ftn.force- Scenar.o would nave 8 tpen tnere SI.11

UVtiUIa De no~n. ng to be seen n tne c~venl ant. Drolom grav.ty

experiment however .n IhIS case there m.gnt be measurea~le effecls

.n precjse rna[ter-mailer experiments. J f~e cobpllng comams a

D were different

F,nally. ranges on the order of many 10s to 100s of ~m could

Dosmve= unexpected res~ns in

abest. o~ Is. “Are sucn ranges

pernans surprsngly. .s. “Yes -

Many Deome are fam~l:ar

coworkers analyz’ng grawty down mine snafts Ifl Austra’la Beg,nn.ng

In 1978 and C[ummaflng in their recent RMP

amomalods repulsion wnlch .f analyzecl In

YuKawa potenhal. ~,eld~ a new :erm With

of oraer O 01 and a range of order 100-1OOO m

TneY emphas,z~ [hat their data was ~Ot Drecise

ne f.t [o a Dartlcular funct, ona! form So. for

requested IF at tney do an analys, s In Ierms of the two new fOrCe S

DredKted DY caba~krn grav~ty Stacey

fOUnd mat a gooa fit was allowed as

allowed Ey the data?” The an~-wer

w~tn me work of Stacey. TUCK ana

mm-gthey ‘eDoUed an

terms of a ~Ifla@ mew

relatwe couDllng constant

enough {a restr.ct

our Drograrn -We

T~cK and Moore’0 d!d IhIS Tme~

long as (a-D) _ (’J01 G,vem !m.~



moael of tne earv

on ~ne an~.Drofon 7

Tne .aealizea

essenlma’iy Decadse

ana .nlegrarea out m see -wat IW effecl *au Ia ce

Tne ‘esul!s -~.~n a=D=l are sr’aw~ -n F.g 2

“n.for~ sDnere earth .s off by a factor o! 2

of tme a’fference “n aenslty “ear lne surfac9 of Ine

earln Tne real carps curve .S wavy The -wav.mess corresDonas [o In9

fac~ ~na~ YOU re seeing l~e a. f?erent s~ells Deco-e s.gnmfmca”~ r$jo~~

vat al a 40 Km iengw scale one ‘Would oualfi a 100 effec~ n

an~.p~o[on exper,men~ wh.cn s“oul~ be measu-eaDle AI 459 Km

woti Ia have a 14°0 effect w~’cn aef. n:te’y wouW De m.easdreaDie

Is Wl[h

If

a-b-l. ana the e%Cl scales WIIII a-u

you ada ‘o tn3 me a~alysls of raDlaly-rotalmng pulsars wcn

values of (a.b] Up to 0(100) then one can say the expecteaaiiows

difference m g for the antlDroton ccuIa De

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

But tnat IS nGt all the ewaence A number of other ex~e’.men~s

have been repOrlOd. some !Indlng anomalous resdlts Tne mosr

lli~stra~lve. for our purposes are the seemingly contradictory Eotvos

experiments by Thlebergerl 1 and by Adelberger-s grouD 12 Th,eDerger

fotifid that on toD of tne New Jersey Pasllsaaes. a copper spnere

neutra!ly b~oyant In water ‘S reDellea outwarcj normal to ~ne cl:ff

AaelDerger-s group comDared the dlfferentlai grav.ta~.onal effec[ 0~ a

small hill on the lJnwers.ty of Wasnlngton campbs Gn a: ffer. ng grout)s

of two materldm ana found no effect

If one th,nks ‘m terms of a single snort-ranged new Yuxawa Force

as ‘n l~e f’fth force Dolnt of v’ew then tnese I-wo ‘esbits aDDear
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F,gure 2 Tne size of the new effect CIU9 to tne gra~~l~~oton and
gravl~calar Inleraclio.ns for antimatter as a function of the leng~n

scale v-s-i. This result IS for new co@ing constants a= D-1 ana

scales with th91r values The iower. SOIICI rlne IS for Ihe earth-s real
mass C!’str.butlon wnergas the ~asned Ilne .s for a Uniform mass

a+t~twtlon of tne same [Olai mass



conlraaaclory However .f one ~n.nks .n terms O! IW-O Iong-rangea

forces wn.cn aDDrox’male’y cancel [Pen Dy geologlc aCCdent ~ne two

res~lts are conslslem As obsefvea Dy A~aer gt al .’3 the pal’saaes

cl. ff ,S [ne cage of a d.aDase s:II wn.Ich extenas all ple way .nlo

Pennsylvania TII.S SIII has a dens.ly of 2 g g cm-3 wh:cn g.ves a

con~rasl of +0 2 g Cm-3 w:th ve other roc~ .n the reg.on Taq.ng

[a-Di=O 01 th!s SiII cou Ia acco~nt for lme effec~ of TmleDerger KIr a

range v - 200 Km

From a Drel. rn,nary version of We Ideas expressed aDove .1 was

Droposed’4 that an exDenmenl De done 10 measure tne grav,tal.onal

acce’eratlon of antlprotons at LEAR (tne Low Energy Antlproton R’ng]

al CERN. Since then a collaboration nas been formea 10 do Ime

exDer!ment 15.16 and the e.: Derlmem nas Deen approved (pS 200).

Figure 3 IS a schamatlc a:agram of tne experiment Tne ObIDUI af

LEAR (ammrotons of approximate energy 2 MeV] WIII be eceleralea

el~ner wl~h an RFQ or By passing tnrougn a !OII Then the anl,proto~s

WIII De captured. cooled. and transferred through a Series of

electromagnetic traps Flnaily. the antlprotcns. at approximately 10

‘K WIIIbe ‘aunCh6d Up a Superconducting Shlelaed anft tube guldea n

me ax-al alrectlon by a magnetic fleid.

Tne actual measurement IS a time of fllght measurement For a

g.ven length of drdt L. tne arrwal time of the last antmDroton wn.cn

nas enough energy to go UD a croft tube of length L IS gWn by

t = (L/2g)1i? (8)

Tnls value of ‘g- for the ant-proton will be comcared to tnat of me

negalive hyarogen .on a particle wdh me same charge and almost [me



—

Cw-lrueu

I

Figure 3 A possible schematic diagram 16 Ior Ihe anllprolori grawly
experiment The diagram IS no! to scale The regmn mslde Ihe dotted

lines represents a “Ihermnal source= o! low 10 very low energy

antlprotons Ihal would be avudable for a varlely 01 experiments



same mass as the awproton

The ~r.f[ lube “sea .rl the anl,pro~on exDerlmenl -w.11be an Ut)aawa

vers. on of me tube ~sea DY Wmeborn a~a FamanK :0 measure ~ne

grav’larmonal’ acceleration of

[n~t Fa,r~arl~ ,s cons, der. ng

Dos’lro~s 18 Because sucn

electrons 17 In this context. we Do.nt Ob[

doing a modern gravuy exr)er!menl dsllg

an experiment wouid tesl for ano~alous

gravitational comDllng 10 ieDton number Instead of to baryon nurnDer

[a~ar~ num Der]. I( wouia Comp@mentary to tne ant”pro~on exDer”men~

II ,S 10 Be encouraged 19

~llimateiy. one woula

exDer”ment Using neutral

nope SOmOday to be aD’e to do a grav”ly

amlmatter: more specifically. antlhydrogen

W.tn electr,c forces neutrallzea. such a grawty

orders of magnitude more precise. The probler,l.

make. let alone contain. antmydrogen We rOfer
--

eXpWin’IOnt COUIC! be

of course. IS how to

you to the art!cle ,n

theSO Proceedings by Mitchell ‘u He discusses programs almea at

DrOduCing antlhyarogen Once antlhydrogen IS made. tne advent of laser

st~rage and velocdy SeWtiOn t~chn”~ues for Single alo~s ana

magnetic trap devices open Up the posSIDilrty fOr doing a gravity

exDerlment

1 T Goldman. article In this prOCeOdlngS on the ‘Standard Mode’-

2 There are many people WfhO deserve credit for the fundamental
Kleas In thlS field A few wnom we ment~on are Fayet ~~i,..
Zacnos. and especially Joel Scherk Ref 5 below Conta.ns a
dela’lecl D’bllOgraPn~

3 E P W:gner Rev Mod p~ys ~. 255 (195~1. BUII Am pnys SK
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