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Electromagnetic energy loss for muons and taus at high energy
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Abstract. We present a new evaluation of charged leptonwherea and 3 are slowly varying functions of energy
energy loss via photonuclear interactions. The evaluation reaccounts for ionization, an@ includes contributions from
lies on HERA results for real and virtual photon interactions bremstrahlungs,, pair productions,, and photonuclear re-
with nucleons and a phenomenological treatment of nucleaactions,. All three are discussed in the standard work by
shadowing. Implications for high energys andr’s are dis- Lohman, Kopp and Voss (1985). The brehmstrahlung and
cussed. We extend our results to more massive charged parfpair production contributions are on solid footing, but the
cles and discuss the case of relativistic magnetic monopolegphotonuclear terng, relies on phenomenological extensions
to laboratory data(Bezrukov and Bugaev, 1981). Given the
improvements in understanding hadronic physics in general
and the wealth of new experimental data on photonuclear re-
1 Introduction actions from HERA, it is appropriate to revigl{. In Section

2 we present a summary of our recent calculation(Dutta et al.,

Neutrino telescopes have the potential for detecting distanppo1), but first we discuss some more general considerations
sources of high energy neutrinos, for example, from Active of photonuclear reactions.

Galactic Nuclei and Gamma Ray Bursters(Gaisser, Halzen |, general, contributions t6 from a lepton scattering pro-
and Stanev, 1995). Muons produced by neutrino chargedessy, may be written as an integral over the fractional en-
current interactions with nuclei are the main signal of muonerqy |ost per scattering event,

neutrinos. In addition, muons are produced in cosmic ray in-

duced extensive air showers. Measuring the muon multiplic-ﬁ . / @d @)

ity can help determine the composition of the primary cosmic™ Y dy "

ray. At high energies, the muon flux should reflect the onset AB ) o

of charm production in the atmosphere. Thus, a good underhere,y = 5. The effective photon approximation is use-
standing of muon energy loss at high energies is an essentif!l for estimating the cross section of such reactions when the

ingredient for neutrino astronomy and high energy cosmicProcess is mediated by virtual photons. This technique relies
ray physics. on the observation that a boosted Coulomb field is primarily

transverse and may be approximated by an equivalent photon

Recent SuperK measurements of atmospheric neutrinos® =>"=": 5 ]
strongly suggest, — v, oscillations with large mixing ~ distribution.nes(w) ~ Z%a/w, wherea = 1/137 andZ is
angle(Fukuda et al., 1998-2000). For astrophysical sourcedh® charge of the incident particle. The cross-section for re-
the same oscillation parameters result in conversion of abo #€tions induced by relativistic charged particles can then be
half of all muon neutrinos into tau neutrinos, so production @PProximated as
and propagation of leptons is an inescapable component doy

of neutrino astronomy. The decay length at high energy, —— = neys(w)oy(w), )
l; = 50E; /PeV m, is long enough thatE'/d X for 7's must
also be considered. whereo,, is the cross-section for the equivalent process in-
The energy loss by muons is often written as volving real photons of energy. Since the equivalent pho-
ton energy is transferred to the target, one maywseyF,
nd in thi roximation
d—E:aJrﬂE, 1) and in this approximatio

dX y'rna,:r,
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The raw upper limit ig,,.. = 1 —my/E ~ 1, but one must
also understand that the treatment of the virtual photon as
“real” is only valid if w < A, whereA is the mass scale de-
scribing the reaction products and= E/m;. Crudely, these
conditions may be summarized Iy, = Min(1, A/m;).
For the case of photoproduction, ~ Agcep, andoyn
100u:b and grows slowly with energy.

For the muon we may takg,.. = 1 and estimatel, ~
1ub per nucleon. For significantly heavier particles, erg.
we expect a suppresion byycp/m;. Of course, this is all
very rough. The kinematic constraint groccurs at the edge
of where virtual photons may be treated as real. However,
a sharp cutoff is not appropriate since this region dominates
they integral. To obtain an accurate result requires a more
detailed formalism and that is the content of the next section.

~
~

2 Photonuclear formalism

Photonucleai N — [X processes contribute 16 through
virtual photon exchange. As noted above, calculations o
8 emphasize the cross-section at laggea region of phase
space which includes virtual photons with a rang€)éf As
such, we treat N — [X using the deep-inelastic scatter-
ing formalism and a nucleon structure functibnconsistent
with data over the full range a2. In this approach, both
soft physics at low? and hard perturbative physics at high
Q? are incorporated.

The cross section of interestds /dy, which we write as

2
ol e
and make use of(Badelek and Kwiaski, 1996)
do(x,Q?) 4o Fy(x, Q%) [1 . Mazxy ©)
dQ?%dx Q4 T 2F
2m? \ y?(1 + 4M322/Q?)

(%) |

In these expressionsy, is the lepton massy/ is the nucleon
mass, and the standard kinematic variabled foyN (p) —
2

2(1+ R(z, Q%))

I(k) X scattering areg® = (k—k')? = —Q? z = 3%, and
Y= %,‘i. We use the following limits of integration:

min S Q< 2MBy — (M +mxq)* — M?) (7)
Ymin S ygl_ml/Ea (8)
whereQ2,, ~ miy?/(1 — y) andymin ~ (M + my)* —
M?)/(2ME).

The quantityR in Eq. 6 is defined by, and Fy,

Fi(z,Q%)
2 L\,
=" 9

R@.Q%) = 5 o) (©)

The structure functiod;, (x, Q?) is proportional to the lon-
gitudinal photon-nucleon cross section. In h& — 0 limit,
Fr, ~ Q* while F; — @2 soR — 0. We have used
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Fig. 1. Contributions to Muon energy loss.

R(z, Q%) modeled by Badelek, Kwiegski and Stato (1997)
for 1077 < 2 < 0.1 and 0.01 Ge¥ < Q? < 50 GeV2.
Forz > 0.1, the parameterization of Whitlow et al. (1990)
is used. There is no evidence for target dependende. of
The value ofg,, for muons evaluated with thegediffers by
only a few percent from that calculated with= 0. Conse-
quently, in what follows, we explicitly se® = 0.

The nuclear structure functioR;' depends on the partic-
ular target, denoted by mass numbér Data from exper-
iments at CERN (NMC collaboration, 1991-1995) and Fer-
milab(E665 Collaboration, 1992-1995) show a systematic re-
duction of nuclear structure functidry! (x, Q?) with respect
to that from A free nucleonsAFY (z, Q). We define the
shadowing ratio by

_ FN2.@%)
AR (2,Q%)
Theory and data suggest that the suppression is weakly de-
pendent or)? in the range of interest for the photonuclear

cross section. Accordingly, we takeZ independent func-
tion of x and A consistent with the Fermilab E665:

a(A, z,Q%) (20)

A0 x < 0.0014
a(A,x) = A0-069logoz+0.097 () 014 < 2 < 0.04 ,(11)
1 0.04<x .

The structure functiod’* is then approximated by

A

F a(A, I)E(Fg’ + F) (12)

a(A,0) 5 L+ P@)FE

assumingZ = A/2. HereP(z) = 1 — 1.85x + 2.45z% —
2.3523 +x* describes the ratiéy / Fy, parameterized by the
BCDMS experiment(Benvenuti et al., 1990).

The quantityF? (z, Q?) is extracted in a variety of exper-
iments in a range df < Q2 < 5000 GeV? and5 x 1076 <
x < 1, though kinematic limits restrict the range @¢ and
x in any given experiment. The differential cross section
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Fig. 2. Contributions to Tau energy loss. 2 lep
®
SO ]
must be integrated fron? = 0, where the perturbative =
QCD description ofF; is not valid, to values of)?> where % .
QCD is valid. Consequently, a parameterizatiofgfcon- & 00 |——+——+— — 1
sistent with all the data is most useful for our purposes. The 0021 m = 10% GeV 4

parameterization of} used here is the one by Abramow-

icz, Levin, Levy and Maor (ALLM)(Abramowicz and Levy,

1997) based on data available from the pre-HERA era as well 0.01
as H1 and ZEUS data published through 1997.

0.00 —
3 Results 0002 m_=10’GeV 7
The result of applying the formalism of the previous sec-
tion to a muon propagating through rock is illustrated in Fig. 0.001 |- 1
1. 3, is shown as the dotted line labeled ALLM. We also
show the contributions t@ from bremstrahlung and pair pro- 0.000 . - = )
duction, as well as the photonuclear contribution from LKV 6 -5 -4 -3 -2 -1 0

based on the Bezrukov-Bugaev treatment. Although our re-
sult exceeds that from LKV at high energies, eveh@é eV

our treatment yields only a 10-15% correction to the total o . )
At higher energy, though, it is clear that photonuclear reac-Fig- 3. Contributions tos3, as a function of the fraction of en-

tions will start to dominatel/dX for muons. For lighter ergy transferred to hadrons Panels are labeled by lepton mass.
Note that the vertical scale is different for different panels. For

materials, e.g. V\_/ater/|ce/a|r, photonuclear reactions will beml > Aocp, 3, scales as /m, as does the value of which

somewhat more 'm_portam' . . ) makes the dominant contribution f&,. Within each panel the in-
Our result forr’s is shown in Fig. 2. There is no previous givigual curves are for leptons with different velocities, i.e. rela-

3 result to compare to. Shown on a log-log plot, photonu-tivistic ~ factors of10? — 10%. As the lepton energy increases, the

clear processes dominai# /dX for E > 10'® eV. Brem-  equivalent photon energy for a givenalso increases. The contri-

strahlung, which scales dgm?, is quite unimportant. Pair bution too increases as well, reflecting the risesiny

production, however, scales as just one powet bfi;; as

does photoproduction in the limit of large lepton mass. Itisis in factless thathgcp, so the relevang,,q, isy-,, = 1. It

a bit puzzling, then, that, is more important for- leptons,  follows thatg, /8, & Y.+ /Yvy.u = Agcp/m-. In going

whereas3, wins out fory’'s. fromm,, tom, photonuclear gains relative to pair production
Indeed, pair production can be treated in the effective phoby roughlyAgcp/m,, and hence the dominant contribution

ton approximation similar to the discussion in Section 1 with to 3 switches.

Log Y

the result thap, ~ [** o, with y, ~ m./m; ando, ~ Another aspect of the comparison betweggnand 3, is
Z2a3 /m?. The key is to notice that botlaandr are heavier  their high energy behavior3, continues to grow with en-
than the electron, so the ratio 9f - /y,,, is truly m,/m. ergy, reflecting the underlying growth ef »-. 3, also grows,

On the other hand for photonuclear reactiong, reflecting the logarithmic growth in the underlyingv —
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NeTe™ cross section, until the effective photon energy is
large enough that the target nuclear field is screened by atomic
electrons, i.e. at = m./a?. For pair production by:'s,
Wmaz ~ Me(E/my), S0 3, flattens out at an energy ~
m,/a?. The result is correspondingly higher fo's. .
These arguments are illustrated in Fig. 3, which shows‘g
contributions tog,, as a function ofy for a range of hypo-
thetical lepton masses. For; = 100 MeV (< A), one can
see clearly that the contributing regionfs scrunched up

£
)]
2
=%

againsty = 1. For large masses, thgm,; scaling iny,,q. 10° 3
is apparent: the peak of the contributions closely follows et i — ]
A/my, with an effective value ofA ~ 1 GeV. With a mass 10°
of 1.777 GeV ther lepton is in the transition region. 1, 1Et2 e oo+ vood sl ol e+ vod ol vl o

scaled simply with mass one would expgct,, /3., - ~ 17,
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instead it is only about 3. One can also see the growth,in E,, (GeV)
with the energy of the incident lepton.

Fig. 4. 3., for different mass leptons, as a function of lepton energy.
3.1 Monte Carlo estimates of lepton range Curves are labled by lepton mass in GeV.
Fig. 3 also provides some insight into the practical problem
of developing monte carlo programs to mod#/dX. For  field associated with the monopole has the opposite polariza-
muon propagation’ it is common practice to treat pair pro_tion to that Used in the phOtonuclear CFOSS—SeCtion Calculation
duction as a continuous process, but divide bremstrahlunglescribed above. We are not aware of a formalism that prop-
into hard and soft regimes divided by some cutgff, (Lipari erly allows us to implement a monopole photon vertex in the
and Stanev, 1991). The soft regime is treated as a continuoU@ED sense.
process, but foy > .., the interactions are treated stochas-

tically. From Fig. 3 we see that , is dominated by ~ 1. AcknowledgementsiNork supported in part by NSF Grant No. PHY-

9802403 and DOE Contract DE-FG02-95ER40906. We thank the

As S_UCh’ a StOChaSt_'C _treatment IS reqw_red _for monte CarloAspen Center for Physics for its hospitality while this was was ini-
studies ofi: range. Similarly, althougls, - is slightly softer tiated, A. Stasto for assistance wiff(z, Q%), and R. Engel for
itis still dominated byy > 0.1 and a stochastic approach is conversations concerming the useff

advised. Fig. 3 also serves to justify the soft treatment of
pair production by muons, for which cagg.. ~ m./m,.
This is a value similar to that shown in the, = 100 GeV
panel for contributions t@.,, where it is easily seen that hard
events are not a significant component. Fat pair produc-
tion would be even softer.
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