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B Factory via Conversion of 1-TeV Electron Beams into 1-TeV Photon Beams
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We derive formulas which describe the interaction of laser beams with electron beams. Specializing to
the case of 1-TeV electron beams from the future generation of electron linear accelerators, we calculate
the production rate of backscattered 1-TeV photons, and using these photons, we show that it is possible
to organize the photoproduction of beauty particles so as to measure 10° bb pairs per year. This should
be adequate to study rare decays and CP violation in B-meson decay.

PACS numbers: 41.80.Ee, 11.80.—m, 13.60.Le, 29.25.—t

The study of CP violation and rare decays of beauty pulse. The dipoles are randomly oriented so that the

particles is one of the most pressing problems in high-
energy physics. It is known that one should analyze at
least of the order of 10® or 10° beauty decays. Thus,
numerous proposals for beauty factories are being dis-
cussed now, although various ones of these projects are
likely to supply much smaller numbers of beauty events.

At the same time, at present there exist several pro-
jects such as CLIC (Cern Linear Collider) to build
linear e *e ~ colliders with beam energies up to 1 TeV.
The aim of this work is to show that there exists the pos-
sibility to use the unique features of the discussed TeV
electron linacs to obtain a facility for the production of
beauty via photoproduction off nuclei. Unique features
of high-energy photoproduction are (i) the rather large
fraction (~2%107%) of events with beauty at E,~1
TeV, and (ii) the fact that beauty particles are produced
with about equally large momenta ~0.5E, and at rather
large transverse momenta p, ~my.

We take advantage of previous work on producing
high-energy photon beams (cf. Refs. 1-4). Thus, the
following scheme can be envisioned. The 1-TeV electron
beam is Compton scattered off a low-energy (~1-eV)
laser pulse whose beam size has been matched to that of
the electron beam by the use of focusing mirrors (see
Ref. 4, Sec. 5). The laser photons are thus converted
into a highly collimated beam of energy E,~E,, direct-
ed along the electron’s original line of motion. More-
over, the properties of the 1-TeV photon beam are re-
markably insensitive to the laser-electron-beam crossing
angle (see Ref. 2 and Ref. 4, Sec. 5). These 1-TeV pho-
tons are subsequently scattered onto a nuclear target to
produce bb pairs.

We can imagine using the same electron bunch to con-
vert ~ 100 low-energy laser beams into high-energy pho-
ton beams. This is done over a distance of approximate-
ly 100 m. After each electron-photon bunch crossing the
electron bunch is deflected by a trim dipole through an
angle of ~10 ~* rad before scattering with the next laser

high-energy-photon hits on the nuclear target are scat-
tered in the transverse plane and are not along a line.
We envision the 100 miniphoton beams being separated
by 10 ~* rad, with the angular divergence of each being
limited to < 10 ~°. In this way, one of the new detector
technologies, such as scintillation fibers, should be able
to cope with the rather large number of beauty particles
being produced. In fact, in our scheme the number of
beauty particles is not limited by the production rate (we
could photoproduce many more than 10° per year); but
rather the limitation is how fast the detector can process
the events.

In Sec. I, we derive the formulas which describe the
interaction of a laser beam with an electron beam, ex-
plicitly showing the dependence on the accelerator lattice
functions and beam parameters. In Sec. II, we give a
numerical example using CLIC design parameters and
we offer concluding remarks.

I. Rate of y conversion.—The production rate of
high-energy photons from Compton scattering (see Fig.
1) of low-energy photons on 1-TeV electrons is given by

the relativistic “golden rule’”:*¢
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FIG. 1. Compton scattering diagram.
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where similarly for zg, and
p,(x,x) = Nra(;:kz ¢ X, NG, ~ =2l () x'=8p,/p, (15)
(275) 170'7 zrzapz/p—, (16)

Ne —s(xp)

pe(x,pf)-—r"—e A (3) 5=6p,/p . a7n
- f d3xdpe -S(x,p,) () The parameters x, z, and s measure beam position along
’ the horizontal, vertical, and longitudinal directions, and
Sx,p)=SH+5MN+5® ) the prime denotes the derivative with respect to s.
, Bu,Bv,nu,ny are the accelerator lattice functions, ey
SH = Bu_ X2 — B xpxp+ (+LBDx3, (6) and ey are the electron-beam horizontal and vertical
28H 2en 2¢ ﬁ transverse emittances, oy, oy, and o, are the rms elec-
w_ By By tron-beam width, height, and length, m is the mass of
S =?zé - ?2;;2,5 e [3 ——U+:pPzg, the electron, E; and E; are the initial and final electron
R v v energies, € and ¢ are the initial and final photon polar-
S(I)__5_+ (s—5)?2 (8) ization vectors, o, is the rms photon pulse width and
o} 202 height (assuming round pulses), /, is the rms photon

s (kp pulse length, NV, is the number of electrons in a bunch,
| m|2=-& { Pi f KPP ace- 6)2_2} 9) N, is the number of photons in each laser pulse, and M,
xpi k' pi the invariant Compton scattering amplitude, has been

and squared, averaged over initial electron spins, and
summed over final electron spins. Also, for bunched
en =ch/Bu , (10) beams the total phase-space volume can be written as
ev=cob/Bv, an r=Qn)3B3y’m3enevo,o; . (18)
o, =0o,/p, (12) In Eq. (1), the expression in square brackets can be
evaluated in the electron’s rest frame where the dynam-
xp=x—1nn(s)s, 13)

ics is easiest, averaged over initial and summed over final
xp=x'—nf(s)é, (14) photon polarizations, and Lorentz boosted back to the
laboratory frame. The final result one obtains after
many integrations is

3/ 2
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where B is v/c for the electron and
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and similarly for By, @y, and Dy,
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Now that we have derived an expression which gives
the rate of 1-TeV photon production and its dependence
on the beam parameters and the accelerator lattice func-
tions, in the next section we use a set of CLIC design pa-
rameters to calculate the photoproduction rate of bb.

II. Rate of beauty production.— We now want to cal-
culate the rate of production of beauty particles. To
bend the electron beam through 10 ~* rad using the shor-
test possible trim dipoles, we use the formula ¢ ~eB!/pc
in the cgs system of units to obtain the trim length / =20
cm and B=1.6 T for pc=1 TeV. For the electron beam
and accelerator lattice functions we use values under
consideration for CLIC. The laser parameters should
not be difficult to meet. Thus, we take the following
values: transverse beam size (for round beams) =oy
=o,=2 um at the center point of the array of trim di-
poles, beam bunch length =o,=1/,=3 ps, N,=10°
N,=10"" (~16 mJ, for a single photon energy of 1 eV),
accelerator repetition rate =2 kHz, electron-beam trans-
verse emittance e’V =2x10"% m= 762//3;”/——» Buyv
=4 m=p, at the center point of the array of trim di-
poles, and for the electron beam 5p/p =0.1%.

In actual practice, we would like to space the trim di-
poles an optimal distance apart, but to facilitate the cal-
culation of average accelerator 8 and dispersion func-
tions in the region of y conversion let us place them close

together. Assuming that the dispersion is zero at the exit
of the electron linac and that it is equally shared between
horizontal and vertical directions, it is easy to show that

1 eB s¢

ﬁH‘y Ep——6—~0 .004 m, (26)
ﬁ;,‘y=%:—f%~1.25x10‘3, Q7

where 5o =10 m is the position of the center point of the
array of trim dipoles. Also, assuming that fp=4 m is a
minimum at so with no quadrupoles in the region of y
conversion, we find

Bu.v =Boll +58/3p31~12.3 m, (28)

Bh.v=—s0/Bo~ —2.5. (29)
Using these numerical values, Eq. (19) gives
N -= dN == 4

bunch crossing d Qg dt ATAQ=4.5Tx107, (30)

where At=/,/c and AQ,~10 "3, corresponding to ac-
cepting all photons with energy = 900 GeV having a
minibeam opening angle of 10 ~” rad.

Finally, we arrive at the number of bb pairs photopro-
duced per year:

Nys/yr=1[4.57%10%] (from Eq. (30)) x[100] (number of mini photon beams)
x [2x10 ~*] (probability of bb production on nucleus with 4 ~ 20; see Refs.7-9)
x [2x103 Hz] (CLIC repetition rate) x[3x107] (s/yr)

x [10 ~2] (hadronic interaction length of target)

x [10 ~2] (fraction of photon-nucleon interactions which are hadronic)

=5x10° bb’s/yr .

3D

Note that we have fixed the intensity of our minibeams so that only on the order of one hadronic interaction per elec-
tron pulse should occur on the average (i.e., ~10* photons for a target of 10 ~2 hadronic interaction length), otherwise
the detector would not be able to analyze the events since the pulse is very short. Modern detectors of the fiber type
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operate independently so that events occurring simul-
taneously in different points in the transverse plane can
be analyzed.

In conclusion, we have derived formulas which de-
scribe the interaction of a laser beam with electrons in an
accelerator, showing the explicit dependence on accelera-
tor lattice functions and beam parameters. But more im-
portantly, we have described a scheme for producing the
required 10° pairs of beauty particles per year needed to
study CP violation and rare decays of the B°B°-meson
system. Our scheme is dependent upon advances in the
design of electron linacs of the future, but much progress
is being made in that direction. Further, our scheme is
not limited by the number of bb’s produced per year; for
example, orders of magnitude more beauty particles
could be produced per year simply by increasing the
number of photons in the 1-eV laser flash. On the con-
trary, our scheme is limited by the ability of the detector
to analyze the abundance of beauty particles which are
produced. Thus, the new scintillating fiber technology is
an attractive possibility. We encourage further investi-
gations along these lines.

We would like to thank L. Frankfurt, N. Uraltsev, A.
Vorobyov, J. Bjorken, and W. Gai for many stimulating
discussions. One of us (S.K.M.) would especially like to
thank A. Anselm and A. Amatuni for the hospitality ex-
tended to him at the Leningrad Nuclear Physics Insti-

tute and the Yerevan Physics Institute, respectively. The
work done at Argonne National Laboratory was support-
ed in part by the U.S. Department of Energy, Contract
No. W-31-109-ENG-38. S.K.M. is a U.S.A.-U.S.S.R.
Interacademy Exchange Scholar.

(@Permanent address.

1. Ginzburg, G. Kotkin, V. Serbo, and V. Telnov, Pis’'ma
Zh. Eksp. Teor. Fiz. 34, 491 (1981) [JETP Lett. 34, 514-518
(1981)].

2. Ginzburg, G. Kotkin, S. Panfil, and V. Serbo, J. Nucl.
Phys. 38, 1021-1032 (1983).

31. Ginzburg, G. Kotkin, V. Serbo, and V. Telnov, Nucl. In-
strum. Methods Phys. Res. 205, 47-68 (1983).

4J. Sens, CERN Report No. CERN-EP/88-99, 1988 (un-
published); also in Proceedings of the Workshop on B-
Factories and Related Physics Issues, Blois, France, 1989 (to
be published).

3J. Bjorken and S. Drell, Relativistic Quantum Mechanics
(McGraw-Hill, New York, 1964), pp. 108-116.

6J. Bjorken and S. Mtingwa, Part. Accel. 13, 115-143
(1983).

7J. Sacton, in Proceedings of the CERN SPS Fixed Target
Workshop, December 1982 (unpublished).

8W. Smith et al., Phys. Rev. D 25, 2762-2793 (1982).

9J. Aubert et al., Phys. Lett. 106B, 419-422 (1981).

1525



