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Bounds on four-fermion contact interactions induced by string resonances

P. Burikhant and T. Han
Department of Physics, 1150 University Ave., University of Wisconsin, Madison, Wisconsin 53706, USA

F. Hussaih
The Abdus Salam International Center for Theoretical, Physics, Trieste, Italy

D. W. McKay®
Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
(Received 15 September 2003; published 5 May 2004

Based on tree-level open-string scattering amplitudes in the low string-scale scenario, we derive the massless
fermion scattering amplitudes. The amplitudes are required to reproduce those of the standard model at the tree
level in the low energy limit. We then obtain four-fermion contact interactions by expanding in inverse powers
of the string scale and explore the constraints on the string scale from low energy data. The Chan-Paton factors
and the string scale are treated as free parameters. We find that data from the neutral and charged current
processes at DESY HERA, Drell-Yan process at the Fermilab Tevatron, and from CERN LEP-II put lower
bounds on the string scalMg, for typical values of the Chan-Paton factors, in the ramge=0.9
—1.3 TeV, comparable to Tevatron bounds©nhandW' masses.
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[. INTRODUCTION The purpose of this article is to expand this effort to
model bothneutral and charged curreribteractions at ener-
String theory, spoken or unspoken, is generally assumedies below the string scale.
to be the underpinning of the low scale gravity id¢as?] Data fromep collider HERA experiments at DESY, with
explored theoretically and experimentally in recent years. Aepton-parton center of magsm) energies receiving a good
number of examp|es of ambitious “top-down" models of fraction of the full 320 GeV, the highest energy available in
string realizations of low scale gravity ideas have been adlaboratory experiments for deep inelastic scattering, provide
vanced, aiming at consistently achieving the connection t®ne interesting testing ground for low-scale string model
standard mode(SM) physics from higher mass scales in ideas. Similarly the CERN*e™ collider LEP-II, with c.m.
certain D-brane scenari¢8]. As yet a fully realistic model €nergies up to 200 GeV provides another reasonably sensi-
such as the SM has not been constructed. On the other harfiye probe of the low energy limit of our string-resonance
one could take a more phenomeno|ogica| approach’ from th@mplitudes. The full c.m. energy is available to excite String
“pbottom up.” One of the recent endeavors is to obtain theeffects in this case. At the Fermilab Tevatron, though the
SM tree-level amplitudes at low energig$—6] based on parton-parton collisions get typicall_y only a modest fraction
open-string amplitudefs7,8]. This approach assures the cor- of the 1.8—2 TeV available in thpp c.m. energy, there is
rect low energy phenomenology as given by the SM, yestill sensitivity to 0.5—1 TeV scale physics.
captures one of the essential features of string theory, namely The good agreement between all of the data from the
the string resonances, in a relatively model-independent wayacilities just mentioned and the SM allows bounds to be set
The basic assumptions in this approach are that the fund@n the mass scale of all kinds of new physics effects. For
mental string scal®/ s is at the order of 1 TeV, and that the example, leptoquark states are one such effect, and perturba-
dominant contributions to the low energy processes are dugve string resonances can carry the same quantum numbers
to the exchange of string resonances. Earlier work on pheas the leptoquarks in some channflg6]. At the parton
nomenological studies dealt with QED from thk, scale to  level, much of the kinematical range is low enough to justify
the first few string resonanc@4], or neutrino inclusive pro- keeping the lowest order terms in an expansion in inverse
cesses far above the string scale to explore the effects frostring scale. This allows a direct comparison of amplitudes
cosmic neutrinos[5,6]. Phenomenologically, this string- with the existing limits on new physics contact interactions
amplitude approach complements the low-scale gravity calf10-13. These observations that a comprehensive bound
culations based on expansions in Kaluza-Klein modds can be applied to a wide class of string-resonance models
which are argued to be higher orders in string-coupling exmotivate the work we present here. We hope that exploration
pansion[3,4]. of the constraints imposed on the model parameters by the
agreement between data and the SM will ultimately shed
light on the way string theory signals could emerge as labo-
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a_mphtudes. We _then in Se_c. Il take_.\ the Iqw-energy eXpan'Asmng(S,t,UFigz[tlﬁﬂ”lﬂzlﬂsmlﬂrSlﬁlv"lﬁwsnlﬂz]
sion by expanding the string amplitudes in powers of the

inverse string scale evaluated at typical kinematic points to S(s,t)

obtain the effective four-fermion contactlike interactions. We X st
check that the approximation is good in the kinematic ranges
we use. Comparing with the current limits on these interac-

tions, we derive bounds on the string scillg. We conclude

[T(1234+T(4321)]

+(l=4s5-Uu)+ (12t u) |,

in Sec. IV. _ o _ _
where the functior5(x,y) is similar to a Veneziano ampli-
tude[16], and is defined by
Il. OPEN STRING TREE GRAPH AMPLITUDES F(1-a'x)(1-a'y)
In weakly coupled string theory with a low string scale, S(x.y)= M(l—a'x—a'y) @)

one generically expects the string amplitude corrections to
the standard model processes to dominate over the gravitamhere the Regge slope parametefr=Mgz. In the limit
corrections, which enter at one loop and are parametricalljl > \/s, S—1 and the low energy gauge theory expression
suppressed by an extra factor gf, a gauge coupling for the amplitude is regained, as we show below. The factors
squared3,4,8). At energies well belowM g, the stringy cor-  T(1234)+ T(4321) and their &4 and -2 counterparts
rections can be systematically taken into account by the loware proportional to the Chan-Paton factpt3] and involve
energy expansion of the string amplitudes in terms/Mé. traces over the group representation matridesof the fer-

We assume that the tree-level string amplitudes represemtions at the four vertices. For examplel(1234)
the scattering of massless SM particles, as the zero stringTr(\*A%A3\%) with normalization TrE®\P)= 62" in the
modes. The first attempt at exploring the low-scale stringadjoint representation dfi(n). Typically, with our normal-
amplitudes was made to construct a string toy model of QEQzation, the Chan-Paton factors are in the range-df to 4
of electrons and photorig]. The SM is embedded in a type for a generalU(n) group. The above general expression
[IB string theory whose 10-dimensional space has six dimenserves as the basis for calculating all of the specific helicity
sions compactified on a torus with common periodR2  and internal quantum number possibilities in the case that the
There are N coincident D3-branes, on which open stringstates 3 and 4 have outgoing momenta.
may end, that lie in the 4 extended dimensions. The extra
symmetry of the massless string modes are eliminated by A. Charged current processes
(unspecified orbifold projection. The paper applies the re-

sults to Bhaba scattering and then adds several prescriptions 1€ charged currertCC) string model amplitude in the
to include some simple processese”—z%—e*e” and weak coupling regime receives no contribution from the

0 2 iets. whereg® ¢ i graviton at one loop. In this sense it is perhaps conceptually
q_(tq?g ? thje s,lw erle_:g represtehr_] sta S nng rle(sjonancetext'cleaner than the neutral currefNC) case[5,6], where the
P utly g P PEC- At energies above the string scale, the extra powes/ M%
trum and their interactions. . X L .
. . in the graviton contribution compensates for the Yang-Mills
Our construction of the tree graph amplitude follows the X . .
: . : gauge coupling suppression of the loop amplitude compared
same pattern as that outlined in Réf,6]. The resuit is a o the tree graphs; there the strong gravity dynamics and the
model containing the SM on the 3-branes and no unaccep%— grapns, 99 y dy

able(i.e., unobservediow energy degrees of freedom. This string resonance dynamics become comparable. Though we

is accomplished by allowing the group theoretical Chan2'® focusing on the low energy region, where graviton ex-

Paton factors as free parameters. The masses of gaucr‘gange is suppressed, the CC amplitude construction is sim-
bosonsW andZ must be introduced by hand, since the String% er than that of the NC because there are fewer processes

amplitude describes massless particle scattering and we aod only one gauge coupling to consider. For this reason we

ar, e .
not consistently modeling the breaking of gauge invarianceﬂ:escgzzethe CC case first in some detail, and then turn to the

Though all the standard model gauge couplings are assume For definitiveness, taking all helicities for the in and out

to unify to a single value at the string scale in this simple ; .
construction, we use the physical values of the SM eIec-States left-handeddenoted byL), we find the string tree

troweak couplings since we restrict ourselves here to enelgmplltude.

gies below the string scale. ce -
We begin with the general form for a four-fermion ampli- Astring(LL) =ig

tude for open strings in such a braneworld framework. The

parton level Mandelstam variables are denotedspy, and S

u. The physical scattering process will be identifiedfas +S(S'U)GT1243}'

+f,—f3+f,. Thes, t, andu channels are labele(,?2),

(1,4), and(1,3), respectively. The ordered amplitude with the where we have further simplified notation by introducing

convention that all momenta are directed inward readd ;,3,= T(1234)+T(4321) and so forth. The corresponding

[8,14,15: standard model electrowed&kW) tree amplitude is

S

s s
S(s,t) f-|_1234+ S(U,t)( i a) T1324
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where the generic labdlis not distinguished from that in the
5 (2)  LL case above, to avoid clutter in the notation. These expres-
t—My sions are the analogs of those written down for the NC neu-
trino case in Refd.5,6], which we expand for the full range
of NC cases in the next subsection.

Agv=ig?

Here and hencefortly is identified with theSU(2), gauge
coupling. We require that the charged current intthieannel
contain theW boson as its zero mode and that there is no
exotic (leptoquark zero mode in thai channel. In order to
remove the unwanted zero-mode pole, we must require The open string perturbative amplitude construction for
2—2 NC scattering follows exactly the same pattern as de-
scribed above in the charged current case. The neutral cur-

The low energy gauge theory limit should reproduce \tiie rent case involves 4-fermion amplitudes as well as 2-lepton
pole in thet channel in the tree approximation to the string PIUS 2-gluon external line amplitudg§]. We find that in the
amplitude. Using Eq(3) and matching the coefficient of the low energy realm the gluon amplitudes contribute negligibly

B. Neutral current processes

T1245=T132~=T. ©)

1/t pole to the SM result of Eq2), we identify to the constraints. Therefore, we confine ourselves to the
4-fermion construction, again identifying zero-mode poles in
Ti237=1+T. (4 thet channel withy andZ exchange. As before, we require

that the Chan-Paton factors are constrained to cancel the ex-
otic zero modes in the other channels. To introduce the SM
factors, we adopt the device that fermion labels in the Chan-
Paton factors are the guide to constructing the low energy
limit. This is because th&’s of the external legs depend on
S the SU(2)®@U(1) embedding in a largefunifying) group,
> S(s,t), (5) and the Chan-Paton traces owées are linked to the quantum
t—My numbers of thes, t, andu channels. The connection between
the string amplitude zero mode poles and the SM poles, in
keeping with this philosophy, is described next.
f(s,t,u)=uS(s,t)+sSu,t)+tS(s,u). (6) We consider separately the low energy matching for 2
— 2 amplitudes for1) all left-handed(L) or all right-handed
In the limit Mg> \/s, we have (R); and(2) LR—LR andRL—RL.

The tree-level result for the amplitude fall —LL, after
removing the exotic zero-mode pole in thiechannel and
identifying the zero-mode pole in thechannel as théV
boson, is

. S )
ASfing(LL) =ig°T f(s.t,u) +ig?

where

2 2
m° St T Stu © =

S(S,t)%1_€—4, f(S,t'u)a\:——__ (7) 1'€aqa_>€aqnu a=L,R

Ms s The string and SM electroweak tree amplitudes for the

like-helicity combinations are
The SM tree amplitude is reproduced in the IinthMé

— 0. For later convenience we defikés,t,u) via Eq.(5) by 2

NC L2 S S
Astring(@@) =197| S(S,1) + T1oaat S(t,U) - T1aza

ASSng(LL) =ig?

= MGVV(S't’u)' (8) .
+3S(u,s) 5 1243/ (10
The above results are also applicable to right-handed an-

tifermion scatteringRR—RR. The other helicity combina- s t g‘g?
tions including antileptons and antiquarks can be worked out ~ Afg( aa)= 2i62f Qe+ —— =51,
by appropriate crossing. For instance, for the scattering of a t—Mz syCw

left-handed lepton and a right-handed antiquaiR«— LR, or where Qg , are the electric charge of quark and leptsg;

right-handed antilepton on left-handed qu&k—RL, the  =sin4,,,c,=cosf,. Matching withe=g sin &, gives
s—u and 2—3 crossed amplitude applies. The amplitudes

(11)

for this process read Tioa5=T130=T, (12
— — . u u (o]
cc =ACC =ig? R t aYa
ASGng(LRI=ASS 4(RL) =ig S(s,t)( t S)T1234 T1234:T+23\z;v( QuQut —— %) , (19
t=Mz sycw
u u
+S(tu) T Tagaat S(S,U) S Taaag which guarantees that there is no zero-mode exstibannel

pole and that the SM tree amplitude is recovered in the limit

_ S(s,t)=9S(t,u)=S(s,u)—1 where S<M§. Because the
— M2 V(s,t,u), string models have nothing to say about the electroweak
w symmetry breaking, we put the effect in by hand in our treat-
9 ment. We choose to introduce it through the condition on the

=ASting(LL) (s> u)=ig?
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Chan-Paton factors, which leads to thdependence in Eg. The amplitudes we have constructed are particularly con-
(13). In the absence of breaking, all of the gauge bosonsenient for comparing to the contact interaction amplitudes
would be massless;,M\,=0, and Eq.(13) would relate  analyzed and constrained by data in the literaftie12. We
the Chan-Paton factors only through the gauge charges. turn next to this comparison, deriving constraints g in

Our modified string amplitude now reads the process.
s S
A’s\lt%ng(aa): ing—tf(S,t,u)+2i925\2/vS(S,t) f( Qqu IIl. LINKING STRING AMPLITUDES TO CONTACT
u INTERACTIONS
t g'gl In this section, we convert constraints on contact interac-

: (14 tions to constraints on the string scallg; for given T values.

In order to compare to data at low energies, we express string
deviation from SM electroweak amplitude hy,; («,B
=L,R), namely,

t=MZ sicly

where f(s,t,u) was defined in Eq(7). Our convention for
the SM neutral-current couplings is

Ol =Ta—Qssirfby, gh=—Qssirfhy. (15 Astring(@B) =Aew(aB) +Aqp. @)

We have adopted the shorthand that all parameters pro- | i ) . ) _
portional to Chan-Paton factors are designated by the singldSing Ea. (7), we find for like-helicity fermion scattering
symbolT. In fact, in our study of the low energy constraints (¢@)=LL andRR
on the models in the following section, we will make the
simplifying assumption that the factors are all equal. 2 st 2 2

ar a
—Apw(aa)—iTg?

- (22
2 Mg

2.0,05—0a0y; @.B=L.R; a*p 6 MS
The string and SM electroweak tree amplitudes are
whereT is the generic parametrized Chan-Paton factor cor-
NG o u u responding to the particular process. For unlike-helicity com-
Astring(@B) =197 S(8,1) = T1234+ S(t,U) + T1324 binations in the neutral current casie,z=A (s U),
The reduced amplitudes for contact interactions from

2

u ; . >
N S(u,s)ngm), (16) ngfg beyond the SM are conventionally parametrized as
. Lu t gigq Aqr
AE\%/(CVE)IZ'GZT(QqQﬁm%)- AMS= nfﬁﬁzeA—z. (23
(17 “‘
Again, matching withe=g sin 6, gives The cutoff A 4 is the mass scale at which new physics sets
in. It presumably corresponds to the mass of the heavy
Tioa57= T123=T, (18 strongly interacting particles that mediate the new interaction
and it is referred as the “compositeness scale.” The sign
) t g'gl factor e= =1 allows for constructive or destructive interfer-
T1a2a=T+2sy| QQe+ —— 5 |- (19 ence between the contact interaction and the SM amplitudes.
t=Mz swCw Typically, in the fit to a given class of interactions, it is

The final string amplitude reads designatedA .. to distinguish between fit values obtained

with e=*+1.

The relations between the string contribution and the re-

ANC —ig2T—f 1 2ig2s2 e duqe_d ampllf[ude parametrization can be found to be, for like-
suring( @B) =197 T (8, L,U) + 219783 (W) | QaQ¢ helicity fermion scattering,
A4
t
k). 20 AM e T2 S e oy (24)
t—Mz syuCw w5 T 129 M '

This is s«<-u crossing from Eq(14).

To obtain other amplitudes involving antifermions, it is a For unlike-helicity ~ fermion scattering, AM .,z
matter of simﬂe cgssing. For example, for the Drell-Yan=AM_ (s<u). For a Drell-Yan process, which involves
(DY) procesxjg— € €, we simply haves«—t crossing of the antifermions, we have«—t from Eq.(24). The factorF in-
above formulas in Eqg14) and (20). cludes the information for chiral couplings and it is
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for charged current,

t—Mg
i olqt (29
2sg, QQet+ —— 2“ 25 for neutral current€q.
t—M7Z syCw

It is interesting to note that the leading stringy correctionsat E¢ , =318 GeV, theep c.m. energy. The ZEUS Collabo-
to the SM amplitudes as in E@422) enter at dimension 8, ration quotes the value
while the standard parametrization for four-fermion contact 5 16
interactions as in Eq(23) is of dimension 6. Due to this o(Q*>200 GeV)=69.0"13 pb
additional energy-dependent suppression fastdd2, the
constraints obtained from low energy data Mry will thus
be weaker than that oA .

In certain more complicated brane-world models, for ex-
ample intersecting D-bran¢8], there are corrections at di- Mc=0.45 TeV, (27)
mension 6 from Kaluza-Klein excitations, winding modes as
well as string oscillators. They lead to a stronger limit on thewhether one uses the full or the approximate amplitude. In
lower bound of the string scale, about 2—3 TEM]. general the approximate cross-sections agree with the com-
plete calculation to 3 figures untMs=E_,,, where one
finds differences of the order of a percent. For example, with
T=1 and Mg=320 GeV, the full and approximate cross

With the above setup, we are in position to extract boundgections are 85.2 pb and 82.8 pb, while witk —1 the
on the string scale from the values of parameters of contagiross sections are 62.2 pb and 62.5 pb. The approximation is
interactions. A global fit of contact interactions to all of the evidently quite good so long dd s>E. ,, since the lowest
current and charged current process, including atomic parity E. . and should, in principle, be represented by a resonant
violation, is also reported in Ref11]. The low energy data  {orm with finite width. However, the vanishing of the struc-
dominate these global ConStraintS. As noted earlierS)tM,% ture functions ax—1 minimizes the impact Of the nearby

dependence of our string amp_litudes severely suppressessonance on the DIS cross section Mg—E,,, from
stringy effects at very low energies and the low energy datapove.

are insensitive to the string scale. We will thus mainly make

as the SM expectation using its next-to-leading-ordiérO)
QCD fit. For example, witif =1 one finds the experimental
95% confidence levelC.L.) limit

A. Validity of the approximate amplitudes

use of the data at highest energies available like in HERA, B. Evaluation of lower limits on Mg
Tevatron, and LEP-II. ) . . . .
Our expansion of the facto(x,y), wherex,y=s, t, or Focusing on the chiral amplitudes, , , which enter in

u, should be valid if bounds oMg are found to be well POth the NC and CC processes, we combine E2@) and
above the kinematical region covered by the data. How clos§?4 10 express the constraint &s at a givenT value andA
can the scale be to the kinematical range of the data befof@ound value as

the approximate expansion becomes unreliable? We address 72 g%s 1/4
this question by computing the CC cross sect®orp— v Mg>| — — —(F+3T) for DIS at HERA. (28)
+ X with the full amplitudes and with the approximated am- 12 7

plitudes. The differential deep-inelastic-scatterifplS) For the DY process at the Tevatron aetle~ annihilations

cross section, in terms of the functioksin Ag,o(LL) i S| Epoil we havesct in Eq. (28)

Eq. (8) andV in A5 ,¢(LR) in Eq. (9), reads In Table | we show the lower bounds dng that follow

5 o from the corresponding best fit values pffrom the HERA

d°o _ do NC data, the Drell-Yan data from Tevatron, and the hadronic

dxd®? dQ? cross section from LEP-II quoted in R¢fL1]. These values
follow from our NC analysis above. In the table we also use

+(1-y)qd(x,Q%)+5s(x,Q?)]V3}, (26) the NC data with th&U(2) relation between the CC and NC

amplitudes, namely,

{[u(x,Q*)+c(x,Q*)]Vv?

wheredoSM/dQ? is the SMW-exchange Born term differ-
ential cross section. In the course of this study, we can probe

as well the simple constraint on the model that follows from;, give corresponding limits on the CC amplitudes. These are
the measured total cross sectid9-21, namely, not independent constraints, of course, but simply show the
5 30 impact of the data in the CC sector. We also include the

o(Q*>200 GeV)=66.7"3 pb, direct CC bound oM s obtained in the preceding subsection

AM_ (CC)=AMEI—AMEY,
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TABLE I. Lower bounds on the string scal g from contact interaction parameters, at a 95% C.L. The
Chan-Paton factof has been taken as1 as indicated.

HERA NC Drell-Yan LEP
7 (TeV™?) Mg (TeV)/T 7 Mg/T » Mg/T

7! —-1.18"523 0.34H1 -0.19°3%7  0.85+41 —0.22 5558 0.32/0
0.50/1
7l 1.53'132 0.29+1 0.88°9%% 0.34/0 0.26" 9% 0.29/0
0.57H1 0.4841

0.73~1
Nee 271714 0.26/1 1.07°952 0.41/0 0.48513 0.33/0
0.5841 0.45H 1

0.73~1

HERA o 0.4511 (CDF) 0.80 0.53/0

0.75H1

from HERA data and the DY bound obtained by Collider Mg (F+ 3T)*4 or roughly proportional ta*4. This is also
Detector at FermilalfCDF) at the Tevatron on the CGqev the case for DY processes at the Tevatron end~ annihi-
compositeness scal2], with the correspondinyl s bound.  lation at LEP-II.

When translating the existing constraints g, to Mg, we

need to take into account the different energy dependence as D. Drell-Yan processes at the Tevatron

noted earlier. In computing the values of the bounds in Table \\e follow the same pattern as described above, now us-
I, we use the rule of thump that the average parton energig st of Eq. (24), for limits from DY processes at the
fraction is(x)=1/3, so the direct channel HERA parton c.m. Teyatron. For typical values we find the strongest bounds on
energy squared is=E¢ /3~ (0.18 TeV}. At the Tevatron, string scale are 0.85 and 0.73 TeV for modest vallies
where the total c.m. energy was 1.8 TeV, our nominal parton- + 1 and -1 for eeuuand eeddrespectively. An indepen-
c.m. energy squared &=EZ /9= (0.6 TeVF. For the mo-  dent search for deviations from the SM in the DY channel
mentum transfer squared we taQ8=s/2. In the following qqvl at CDF[22], cited in Refs.[12], yields a 95% C.L.
subsections we explain the entries in the table. upper bound of 0.8/Te¥/on the value ofycc. The corre-
sponding limits orM g are independent of those derived from
the eeddcase. Searches foN' and Z' resonances at the
C. HERANC Tevatron yield bounds similar to the larger of the bounds just
Limits on the deviation from SM predictions for processesguoted, namely in the range 0.75-0.85 TE22]. As in the

at HERA lead to corresponding bounds on string parametegase of leptoquark resonance searches at HERA, the bounds
From Table IV of Ref[11], the limits onAM = 5{9, pro- ~ On theW’andZ’ masses at the Tevatron are roughly consis-

vided separately foeeuuand eedd are given. At 2r level ~ tent with the contact interaction bounds we just described.
(or 95% C.L), we have the lower boungt'= —2.3/Te\2. The larger DY bounds rise to 0.86 TeV and 1.04 TeV when

We apply the weak isospin constraint that #eiuandeedd the T valu_es are doubled ta- 2, indicating that ir]creasing
amplitudes have opposite sign, which implies the uppetl® magnitude of has a marked effect oM. In Fig. 1 we
bound 729=4.7/Te\2. In order to obtain a lower bound on ShoW the plot of the lower bound oM s versus the Chan-
string scaleM g5, we need the correct sign &M from our Paton parameter in Fhe range £|T|.$4 for the eeuuand
string expression corresponding to each limit on valueof eeddcases, which give representative largest lower bounds

Consequently, in theeuucase, the gauge factof ¢ 3T) f[)hn Ms for a ?lg/eanvalued It?] any Ctasf’.'tt's fa:_r o Say tgat
=0 is required. In theeedd case, the requirement ig( € resonant bounds an € contact interaction bounds are

1+3T)=<0. With typical valuess=(0.18 TeV{, t/(t— M%) complementary ways to probe for string physics at the TeV

=1/2 andT=+1 (—1), we find the bounds 0.39.29 TeV scale.

as shown in the table. We should comment here that, the

typical bounds on masses of leptoquark resonances at HERA E. LEP-I

are in the range 0.25-0.29 Tef21], roughly compatible The LEP-II results are from the lowest nominal energy,
with bounds from our contact interaction analysis. Slightlybut have the advantage that all of the c.m. energy can go
higher values ofT| produce higher bounds dis. For ex-  directly into producing new physics. For LEP-II, we use
ample, withT=—2, the value is 0.35 TeV foeedd Clearly =~ =(0.2 TeV) with t=—s/2. We only consider the cross sec-
larger absolute values af correspond to larger bounds on tion for hadron production as stated in Rf0,11]. Limits

Mg, limited only by the requirement that the effective cou- are as listed in Table I. The limits tend to be stronger than in
pling constants remain perturbative, consistent with outhe DIS at HERA case, since the values »fs and their
string amplitude construction. From E¢R8), we see that uncertainties are significantly smaller and the c.m. energy is
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1.3r T T T T T are comparable in every case to those found in specific mod-
[ els or from leptoquark and/’ andZ’ searches at HERA and
1.2} Tevatron. This is no surprise, since the accelerator energy
[ and the precision of the measurements dictate the accessible
Ry scale in searches for new physics. It is also no surprise that
—~ | the highest energy data provide the highest values of the
% . 03 lower bound on new physics. The Drell-Yan processes at the
e Tevatron lead to our strongest constraints, namely
0 L
= 09} 0.9 Tev for |T|=1,

i . Ms=113 Tev for |T|=4, @9
o8r .- excluded -]
el as shown in Fig. 1 for theeuucase.
0718 ! ! ! ! ! The relationship between string scdlés and quantum
1o 5 20 =5 30 35 40 gravity scaleM is model dependen{t3,4]. However, Mg
|T| <M quite generally, so the bound dvig applies toM as

FIG. 1. Relationship between Chan-Paton parameters and Iowé/\r/e”' In one simple case of D-brane scenario, the string scale

bounds of the string scal 5 from the DY process at the Tevatron. and the quantum gravity scale in the weakly coupled string

T is positive and negative foeeuuand eedd respectively. The sector are related biyi]

region under the curves is excluded at 95% C.L. M K

Mg g’
where the model-dependent factois of order 1. Taking the
valuek=1 and theSU(2) gauge coupling at the weak scale

for illustration, we obtain from Eq929) and(30) a conser-
IV. SUMMARY AND CONCLUSIONS vative bound on the gravity scale,

(30)
slightly larger than the characteristic value used in our
HERA analysis. A consistent but somewhat weaker limit is
given in Ref.[4] with Ms=0.41 TeV.

Combining the low energy limit of string amplitudes for
NC and CC processes, we find that bounds on the string M?[
scale can be obtained that complement and extend previous

analyses. In particular, we extend previous .mod.els to COVEEom the Drell-Yan analysis of the Tevatron data. This esti-
all neutral current phenomena "’!”d’ for'the f|rs't time, offer 3ate of the range of values of the scale of gravity in large
model of charged current amplitudes in a string resonancgrxtra dimensions is competitive with the current accelerator

framework. The essence (.)f Fhe approach_ we adopt s that earch values and the value from the specific model of Ref.
Ref. [5]. The low energy limit of each string amplitude re-
lié

1.1 Tev for |T|=1,

1.6 Tev for |T|=4, 3D

. . : 4]. But again we advise caution because of the model de-
produces the corresponding SM amplitude. This leaves on endence of our estimate
a limited number of Chan-Paton factors unspecified, an e conclude that a T'ev string scale can measurably
these are treated as free parameters whose values are relaﬁg

by requiring consistency with the perturbative construction dify weak current amplitudes even well below the string
y req 9 y P scale. The corresponding limits on this scale and the scale of

2;?9&?;“ni:gﬂ‘gfg?ﬁéénbthfhzb:erg(;?nzfn?igwﬁgﬁﬁﬁeS'g' avity are quite interesting and worth further exploration.
and 'the {iata for a given styrin sc?ale More agenerally. th cluding these considerations in the interpretation of future
9 9 ) 9 Yi %ata will add an extra dimension, or more, to the search for

parameter space consists of the string sbédeand a limited new physics at the TeV scale.
number of free dimensionless parameters denoted generi-

cally by T. We refer to this as a “bottom up” approach to ACKNOWLEDGMENTS
probing the string aspect of braneworld.
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