PHYSICAL REVIEW D, VOLUME 59, 017301

Electromagnetic form factor corrections to collisional energy loss of pions and protons,
and spin correction for muons
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At very high energies, the collisional energy loss of hadrons passing through matter is reduced relative to
that of a point particle because of their extended electromagnetic structures. For fermions, spin and magnetic
moment effects work in the opposite direction. Analytic and numerical results are given for pions, muons, and
protons. The reductions are small, but increase with energy. At 1 TeV, for example, the reduction is 2.7-3.4 %
for pions and 1.4—1.9 % for protons, depending on the material. The influence of form factors on the so-called
Z° effect at high energies is also addres§&f0556-282(98)06623-3
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[. INTRODUCTION factors describe the elastic electron scattering data
equivalent adequately well beyond the range @f consid-
Collisional energy loss divides naturally into two contri- ered here. A preliminary version of the results was archived
butions: one from “soft” collisions involving energy trans- with the Particle Data GrougPDG) [5]. | also include the
fers from zero to an intermediate energy and another for correction to the muon’s energy loss from its spin and the
“hard” collisions with energy transfers frorfi, to the maxi-  very small high-energy? effect [6] with form factors, but
mumT .. For the soft collisions, atomic binding effects are only in the approximation of their expansion to first order in
important; for the hard collisions, the electrons in the struckQ?.
atom or molecule can be regarded as free. The conventional

(Bethe-Bloch expressions are almost totally insensitive to Il. FORMULAS

the exact choice of ; because the dominant contribution to ’

the “Bethe logarithm” from one is Inly/esx) and the other, For a heavy particle of chargee and massM passing
IN(Trmax/To)- through a medium of atomic numbgr the standard expres-

The standard resul{see, e.g., Ref1]) treat the incident  sion for energy loss in MeV cffg is
heavy particle as a spinless point charge in its interaction
with the atomic electrons. At high energies the maximum dE via
momentum transfer in a collision with a free electron at rest ax - C i L(8.2), C=0.3077, 1)
can be large enough that the extended size of the hadron’s

charge distribution begins to come into play. Table | glveswhereL(,B,Z) is the “Bethe logarithm,” given as the square

: 2
some representative values of b@mgd  and Tmay for bracketed expression in E@2.1) of the Particle Data Group

plons a”‘;' protons. Th(izmean square charge radius (.)f thﬁ]. Note that my constarg is related to Rossi’E7] constant
p|c2)n is (r) ,~ 1%2(GeV) [2], while thatl of the proton is Cr by C=4m.c2Cq, and to the PDG'K by C=KZ/A.

§r >|pf 127 (NGlel/) 2 [3]2'/6FJ:9T the expa?hs '?n torf].ahform ch- The effect of a form factor is felt only in the hard colli-

or, F(Q9)~1—(r")Q o+, We see that al igh ENergies ;s Here the struck electrons can be considered as free
the extended charge distribution will have a softening effec articles. Furthermore, the form factor effects only occur at
on the hardest collisions: the energy loss is reduced relativ xtremell high ener i,es We therefore 1 and

to that of point particles, although spin effects can work in:Elab thryoug%lout. Tt?e d.ifference in enemrgyt loss wiFt)tl%aban d

the opposite direction. . o N
In this paper | present for the record the results for theWIthOUt a form factor=(Q7) in the Born approximation cal

) ! ; o . culation is then
corrections(reductionsg in collisional energy loss of pions
with a simple propagator form factd2] and of protons
whose electron scattering is described by the Rosenbluth for- d_E _ E ZzJTmaX d_T (1_ L [l F(Q2)|2— 1], @
mula[4] with the standard dipole form factp8]. These form dx 2 5 T Tm ’
TABLE I. Representative values §f . and T for pions

where T=Q?/2m, is the energy transfefl, is the interme-
and protons versus energy.

diate energy transfer, assumed very small compardd, o,

E (GeV) Pions Protons and
[Qumaxl? (GEV)? Tnax (GeV) [Qpaxl? (GEV)” Trnax (GeV) » )
_ 2MePiap  2MeEjy,
100 0.086 84 0.011 10 Thax= s s
500 0.492 482 0.188 184
1000 1.003 981 0.549 537

s=mZ+M?+2mE 3
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The maximum momentum transfer squared szax L N B L L L
=2m.Thax- EQuation(2) is valid for a spinless incident par-
ticle with charge form factoiF(Q?). Note that, because
|[F(Q?)|=<1, the right-hand side of Eq2) is negative.

For protons, the spin and magnetic moment complicate:
the expression beyond that given by EB). In terms of the
so-called charge and magnetic form fact@gs and Gy, in

muons

/dx

0.0

-0.2
protons (Rosenbluth formula)

pions

[units of 0.307 Z/A (MeV cm?/g)]

Form factor reduction in collisional dE

the Rosenbluth formula, the change in collisional energy Ioss ~0.4—
for protons can be written conveniently as the sum of two C
terms: L
_0.6_
A dE A dE A dE 4 C h
dax), " |4 dx), 4 dx @ ~0s|- T
P 1 2 B spinless "protons” ™ « |
where gl v e b e b b e L
0 500 1000 1500 2000
dE] C ) Tmax dT T pin E (GeV)
| =22 " 1- —tee@d P11, B .
dx| 1 2 o T T FIG. 1. Reduction in collisional energy loss for pions and pro-

(5) tons from the hadronic electromagnetic form factors and spin cor-
rection to muon energy loss versus incident particle energy in GeV.
dE] m.C Trax T Units of energy loss ar€=0.307Z/A MeV cni/g. The dashed
A = 3 sz dT[( N) curve represents Eq10), the reduction for a spinless “proton.”
dx| 2 4aM The solid proton curve is the sum of Eq40) and (11).
[IGmI*—IGel]  M?T
|Gwl?

To ma;

6) Wherex,’;ax=2meTmaxlufT. For protons the dipole form factor

X + '
(1+meT/2M?)  m.E2, yields
The first contribution has the same form as B); it corre- dE C 5 (5+4xP.)
sponds to a spinless “proton” and is negative. The second A dx|l = 2 2 In(1+Xha) + = 6 —6(1+x 2l
contribution results from the proton’s spin and magnetic mo- (10)
ment and its associated form factor. SinG,|>|Gg|, the
second contribution is positive, a consequence of the maggyherex? = Z%Tmax/ﬂs. and
netic moment scattering increasing relative to the charge
scattering at large angles. dEl C
The form factors for the pion and the proton are taken to Agxl =3 N2 1)1 a(Xhad T vET p(XPra) 1,
be 2
11
F.(Q)= ———, (7)  Wherex=pug/aM?, v=M?ud/2miEL, and
po+Q?
A2 (1+AX)  [1+\Xx A2
2 1 (X)= +
2 Gm(Q7) =0 « 1+x | (1-\)°
£ =
3 AX X(34+2x)
2 )2 — > + 5, (12
_ o Mp 2(1-M)“(1+x) 6(1—N)(1+x)
=F(Q)=| 5=, ©®
mptQ )
X (3+x%)

where £=2.79285 is the proton’'s magnetic moment in lo(x) = 6(1+x)3' (13
nuclear magnetons. The mass parameter for the pions is cho-
sen to beu,=0.736 GeV[2] and that for the protonu, For muons, a small correction to the standard Bethe for-
=0.8426 GeV or fu, )2=0.71 GeV [3]. mula results from the Dirac current of the muon. A simple

Since the mtegrands in Ege), (5), and(6) are not sin-  Feynman diagram computation, appeal to the result given by
gular asT ™! at smallT, the intermediate energy transfEg Rossi[8], or specialization of Eq(11) to é=1 andu,—x
can be set to zero with negligible error. The results for thegives the correction

change in energy loss are then
_C (Tmax)z_c ( + mi )2 C

dE
c A—| =2 = =
-3 ZIn(1+x7.), 9) dx] on 2 \ Eiab 8 2MeE|ap 8

= (14

dE
dx
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ll. RESULTS With 7ma/2~1.15<10 2, this correction is tiny for particles

Figure 1 displays the reduction in energy loss for pionsW'th |z|=1. What happens if the incident particle has ex-

; . : . tended electromagnetic distributions? It seems clear that,
and protons and the spin correction for muons in unit€of .
X o . . since the second-order diagram has softened external
as functions of the energy of the incident particle. Since th(?/ertices thez® contribution to the scattering cross section
main “Bethe logarithm” in Eq.(1) is in the range of 13—-22 ’ 9

for Ejuy=100—1000 GeV, the reduction is less than 1% forill be reduced more than the? contribution. The new in-

pions of energies less than 200 GeV and protons of less tha{[ﬁgrand for Eq(15 will surely be smaller than for a point

700 Gev. At 2 TeV, the reduction is 4-5 % for pions and parélicnlgé thez® effect is very small already, we content our-
3-4 % for protons. The difference between the dashed CUN Selves with an expansion gf the form fac)t/:)rs to first order in
and the solid curve for protons shows the magnitude of the.5 " Xp o, . . .
positive magnetic moment contributiof.d E/dx] in an extension of Dalitz's calculation. This approxima-
At extremely high energies, of course radziétive Iosse%ion make tractable an otherwise fairly horrendous computa-
from bremsstrahlung and pair production dominate. Extent0n: The calculation follows closely that of Dalitin some
sive computations have been made of energy loss by brem ays S|mpl_ex we presesnt only the resglt. The extension of
strahlung and pair production for muof@]. The dominant d- (221 t(é mcIIU(tjef.th?z (}e”ﬂsé b.Ut with the form factor
scaling with incident particle mad! is as (mM/M)2 for ~ ©Xpandedonly o irst order Q7 is
bremsstrahlung and as,, /M for pair production, each times dE 22CmTadr?) J’ld [
= X
3 0

an insensitive logarithm. With such scaling, | find that in A — = (1-X)+maz
iron, for example, the combined radiative energy loss for
pions (protong equals the collisional loss at roughly 500
GeV (4.5 TeV). Even for protons, as the energy increases X ] (16)
radiative processes obviously dominate the energy losses be-

fore the form factor corrections to the collisional losses beWhEFEXIT/TmaX. Thez? part of Eq.(16) is just what Eq(2)

come appreciable. gives if |[F(Q?)|? is expanded to first order i®2. The full

high-energyz® correction, to first order ifr?) [the sum of

22+73

(1—x>+%x<&—x)

The so-called® correction to energy loss is given at high
energies by an expression similar to Eg), but with the
difference between the second-order McKinley-Feshbach-

dE
dx

16

' maz’C 5
= 1- 45 <I’ >meTmax

s 2

Dalitz cross section10,11 and the lowest order result for mraz3C 8
the elastic scattering of an electron by a point Coulomb field. = 1- 75 (rZ)Qrznax}. (17)
The second-order cross section is the relativistic Rutherford

expression times For pions(spinless “protons’ at 100 GeV, the form factor
L o2 . o reduction is 17%(3%). At 500 GeV (beyond the range of
X=1-~B*sir0/2+ wza B sin 0/2(1=sin 6/2). validity), the reduction is 96%57%). The only reliable mes-
The first two terms are the well-known lowest order resultSage at very high energies is that thiecontribution to the
for a spin incident electron. The remainder gives tie  €nergy loss is well below the point-charge regaf).
correction to the energy loss for a point charge incident on a
free electron 6]:

0 B 7az’C (Tmax dT [( T ~)1/2 T }_ maz’C
23 2:8 0 T Tma T X
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