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1 Abstract

We have measured the energy loss of 150 GeV muons in the TILECAL prototype
[1] in H8 beam of CERN SPS accelerator.

Differential probability dP/dv for fractional energy loss v = AE,/E, was mea-
sured in the range v = 0.01 = 0.70 and it was compared with the theoretical
predictions for electron-positron pairs and energetic knock-on electrons produc-
tion and bremsstrahlung.

Total integrated probability of fractional energy loss [y o (dP/dv)dv of 150 GeV
muon per one radiation length in iron was measured to be (1.59 + 0.03,,; +
0.03,,5:.) - 1072 in agreement with theoretical prediction 1.55 - 1073. The agree-
ment was also found in three different intervals of v where dominant contributions
were caused by different processes of energy loss.

2 Introduction

The energy of 150 GeV is a typical energy of muons from the decay of heavy
Higgs boson via pair of intermediate bosons Z and W. This channel is considered
to be the most promissing one for the search of Higgs boson in a very wide mass
range.

In the ATLAS detector muons will be measured by the muon chambers inside
the air core torroidal magnet after passing more than 100 radiation lengths of
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electromagnetic and hadron calorimeters. Muons with energy 150 GeV lose their
energy by the production of electron positron pairs (this process dominates in the
region from 1.5 to 5 GeV of lost energy by muons), energetic knock-on electrons
(5+20GeV) and gammas from bremsstrahlung (above 20 GeV'). Therefore the
measurement of the energy loss in the whole range 1.5+150 GeV can check all
the three processes of loss separately.

Energy losses of high energy muons were measured in cosmic rays experiments
(2], [3] and recently also in accelerator experiments [4], [5].

Measurements [2] used Kiel spectrograph to measure the energy of muons, how-
ever limited acceptance of the experiment resulted in a low statistics. On the
contrary, the measurement [3] had large statistics but the energy of muons was
not measured and the spectrum of energy loss extended only up to 0.2 of frac-
tional energy loss and was dominated mainly by the pair production.
Accelerator experiment [4] found their data to be in a good agreement with cal-
culations done by Lohmann et al. [6] based on Kel’'ner and Kotov [7] formula for
pair production and Petrukhin and Shestakov [10] expressions for bremsstrahlung.
The measurements of EMC collaboration [5] was done in the region of bremsstrahlung
dominance and a good agreement was found with Tsai’s [11] description of this
process, which was shown by Tannenbaum [12] to differ from Petrukhin and Shes-
takov description by approximately 20 %. In the same paper of Tannenbaum[12]
the lack of measurements in the region of bremsstrahlung dominance (large frac-
tional energy losses) was clearly mentioned.

3 The Measurement

The measurement was done with the prototype of TILECAL [1] hadron calorime-
ter during 1995 test beam period. For the test beam measurement the scintillator
detector (muon wall [13]) was placed behind the calorimeter and another one was
fixed to one side of the TILECAL prototype.

The beam of 150 GeV positive muons was defined by three scintillators and its
direction was measured by two two-coordinate drift chambers. The beam entered
the calorimeter in the middle of central module at theta angle 90 degrees. At this
configuration, the TILECAL prototype is a very good electromagnetic calorime-
ter with active scintillator plate after each 14 mm (0.8 X,) of iron absorber and
it is longitudinally segmented into five rows (8.8 X, each), i.e. total thickness
of the calorimeter at this configuration is about 44 X,. Total statistics used at
present analysis was 100 thousands events.

We have selected events with maximal response in the 2nd or 3rd rows (seen by the
beam) of the calorimeter to ensure full containment of electromagnetic showers



produced by electron positron pairs, knock-on electrons or by emitted gammas.
Acceptance calculations showed that by this selection we have accepted all show-
ers starting within two rows (17.6 Xo) inside the TILECAL prototype. A weak
decrease of the acceptance for the energies above 90 GeV (maximal difference is
3%) is due to logarithmic prolongation of electromagnetic showers length and is
well described by the formula for the length L,.. , where accepted showers started:

Loce (Eshower) = (17.6 — In(Egpower (GeV)/90.GeV)) X, (see Fig.1).

The energy of electromagnetic shower was taken as the sum of signals in two con-
secutive rows (17.6 X,) for lowest energies around 1.5 GeV up to four consecutive
rows (35.2 X,) for the highest energies. This method minimized corrections for
muon signal (e,) in the scintillator plates. These corrections are important for
lowest energies and should be subtracted from the energy of the shower(esnower)-
To keep the additional signal of muons well separated from the signal of electro-
magnetic shower on the level

€u + 30u < €shower — 3ashower,

it was accepted 1.5 GeV limit as lower edge of studied interval of the energy
loss. The electromagnetic shower of 1.5 GeV in the calorimeter produces about
80 electrons and positrons which are detected in scintillators. Because two rows
contain 22 scintillator plates, the additional signal of primary muon in the scin-
tillator is about 30% for the shower with the energy 1.5 GeV. The correction is
about 4.5% and 0.6% for 15 GeV and 150 GeV showers respectively.

To suppress events with more than one entering particle we have required the
signal in muon wall[13] in front of the calorimeter corresponding to one minimum
ionizing particle.

Possible hadron contamination of muon beam was eliminated by cuts imposed
on impact point and the divergence of the beam together with the requirement
that more than 95% of the signal to be deposited in the central module. The
electron contamination of muon beam was negligibly small (mean decay length
of muons to electrons is about 10¢ m), moreover we found no difference in num-
bers of showers with the maximum in the 3rd row and in the 2nd row where all
possible electron contamination would be concentrated.

Possible systematic errors were estimated 0.3 % in the precission of knowledge of
iron absorber thickness. About 1.4 % systematic uncertainty is due to absolute
energy scale correspondance to the knowledge of the ADC counts to electromag-
netic shower energy conversion coefficient 6.9 + 0.1 pC/GeV. The precision of
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mean muon energy 150.0 + 0.5 GeV results in another 0.3% contribution to over-
all systematic error. Maximal total systematic error was estimated to be equal
to linear sum of all three contributions, i.e. 2%.

4 Results

In each interval of the fractional energy loss v = AE,/E, we have calculated the
mean value < v > of fractional energy loss and differential probability per one
radiation length

AP/Av = ((Ni/Niat) /A03) - (1/ Lace(())),

where N; is the number of events in 1—th interval, N, is the total number of
events passing the cuts (about 85 - 10%), Av; is the width of i—th interval and
Ly, is the accepted length (see Fig.1).

We made a comparison of our results with theoretical predictions.

To describe pair production we have used Kel’'ner and Kotov[7]| expression for
differential probability of muon loss per radiation length:

(d—P) = CEZ2a21F(E#,’0) (1)
pair

dv T v

here C = Xop%rg = 1.185 - 1072, N4 = 6.022 - 10**mol™" is Avogadro number
Xo = 1.76cm is radiation length, p = 7.87gem ™3 is density, A = 55.85gmol !
is atomic weight and, Z = 26 is atomic number of iron; r. = 2.818 - 107 *3cm is
classical electron radius and a = 1/137.036 is the fine structure constant.
Function F(E,,v) is tabulated in [7] for lead and sodium for different energies
of muons. Our interpolation of Kel’'ner and Kotov function F(E,,v) for 150
GeV muon loss in iron is shown on Fig.2 together with the fit In Fr.(150.,v) =
—0.1751n*(v) — 2.748In(v) — 9.736, which we used in the calculations.

To describe production of energetic knock-on electrons we used formula of Bhabha
[8] given in book of Rossi [9] (m, is the electron mass):

dP Nl-v+2
(_) — O0mZ (m ) Sk ¥ (2)
dv knock—on E‘“‘ v




To compare our results with bremsstrahlung we used expression given by Petrukhin
and Shestakov[10] and another calculation done by Tsai[11].
The expression of Petrukhin and Shestakov (m, is muon mass):

(fz—P) _ Cuzie (me)@ (2-tvsv)ams) (9

bremsstrahlung my v \3 3

contains screening function:

2189m,LZ_2/3
PS _ 3 me
27%(8) =1n - g (4)

where § = m’v/2E,(1 — v) is minimal momentum transfer to the nucleus and
e = 2.718. ®75(§) is an approximation of exact screening function calculations,
which is valid within 1% up to §=0.1m, (v=0.9 for E, =150GeV)[10].

To compare previous formula with differential probability distribution given by
Tsai[11] [12] we rewrite Tsai’s formula in the form:

(‘fz—f)” - caza(T) (3 te) e

bremsstrahlung my v

where screening function ®75(§) is defined as follows

®77(8) = —‘ﬁl(:‘s) - %ln Z — feou + %(1/”(:/5) - gln Z)
2(1—w — Oy 1 Y1 — s
%3—(§v+)v2(¢14¢ +Z¢ 4¢) (6)

¢1 and 7; are functions of arguments aé and a'§ where a = 184.15/(\/EmeZ1/3)
and o' = 1194/(\/em.Z?/?) defined for zero momentum transfer

$1(0) = 41n(\/eaZ*m,), 11(0) = 41n(\/ea’Z?/*m,,) and for arbitrary &:

$1(ad) = $1(0) — 2In(1 + (aé)?) — 4(ad)arctg(1/ad),

¥1(a’8) = ¥1(0) — 2In(1 + (a'6)?) — 4(a’8)arctg(1/a's).

Asymptotic behavior of ¢5 and %2: ¢1(0) — ¢2(0) = ¥1(0) — ¥2(0) = 2/3 and
¢1 — ¢ = 1 — P = 0 for large arguments is fixed by the relations|11]

$2(ad) = ¢1(ad) — (2/3)/(1 + 6.5a8 + 6(ab)?) ,

Pa(a'8) = P1(a'§) — (2/3)/(1 + 40a'§ + 400(a’8)?).

Finally f.ou = 4.197 - 1072 is correction for Coulomb interaction.

5



Functions ®F°(§) and ®T5(8) are plotted on Fig.3 together with the values of
®(6) extracted from our data.

Photonuclear interactions contribute also to energy loss of muons. The probabil-
ity is given by following formula [6]

dP Ao nle)\ a
(%) - o(42209) Sor, o) (7)
v photonuclear mr

where the function I'(E,,v) is given

3 3 km?  2m}

[(E,,v) = ZG(:{:) (&1n(1—|—71)_m%+1t_ tu)
1 mg 2 i
m? (3 m? 1 m?2
— L4 - 2in(1+ —;

v T (So i i ) ()
with
3 [z
G(z) = ;(%—He‘m(lﬂ))

z = 0.00282430,n(AE,)
o,n(AE,) = 114.3 4 1.6471n(0.0213AE,,)microbarns

. mf‘v2
1—w
2 2
kK = 1————
v V2

m; = 0.54GeV?
mi: = 1.80GeV?

The contribution of photonuclear interactions is about 1 % for lowest values of
fractional loss v and about 5 % for the highest v (see Fig.4), but it is suppressed by
our selection criteria which were optimized for electromagnetic secondary prod-
ucts. We estimated the maximal contribution of photonuclear processes to be
about 0.5 % and 2 % for lowest and highest values of v respectively. This values
were subtracted from measured values of dP/dv.

The spectrum of differential probabilities dP/dv per one radiation length in iron
is plotted on Fig.4 together with data uncorrected for muon signal in scintillators.
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The values are tabulated in Table 1.

5 Conclusions

The data are compared with the above mentioned theoretical calculations of
Kel’'ner and Kotov for pair production (curve P in Fig.4), Bhabha formula for
knock-on electrons (K) and Petrukhin and Shestakov (BFS) and Tsai’s (BT%)
calculations for bremsstrahlung process. Our data are in a very good agreement
with theoretical calculations (without any free parameters) in the whole range
from 0.01 to 0.7 of the fractional energy loss.

Because different processes dominate in different regions of fractional loss we can
check the validity of them separately. We have calculated integrated probabilities
AP = [mee %dv over the whole range of measured v and also in three different
intervals of v. Three intervals of v (see Table 2) were chosen in such a way that
about 55% contribution to integrated probability in the first interval was due
to production of ete™ pairs, in the second interval the dominant contribution
45% was due to knock-on electrons and bremsstrahlung dominated by about 60%
contribution in the third interval of v. Obtained values in all intervals agree within
lo with theoretical predictions for the bremsstrahlung description of Petrukhin
and Shestakov. The value of integrated probability APp, g prs = 1.44-107* in
the region v = 0.12+-0.90 calculated with Tsai’s description of the bremsstrahlung
is about 2.2¢ higher than the measured value AP = (1.18 4 0.09444: £ 0.02,,,; ) -
10~%. We can conclude that under the assumption of absolute precission of the
description of pair production and knock-on electrons in the region of high v
by the formulae (1) and (2) our data slightly prefer Petrukhin and Shestakov
calculations of the bremsstrahlung.
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| <v> | AP/Av [ (dP/dv)p,kiprs || (dP]dv)p x prs |
(1.08 £0.05) - 1072 || (1.53 £ 0.08) - 10" 1.45-1071 1.46 - 10T
(1.25 £0.05) - 102 || (1.10 £ 0.07) - 10~* 1.07-107T 1.08 - 107 T
(1.48 £0.09) - 102 || (7.4+0.4) 1072 7.47 1072 7.56 - 102
(1.8£0.1)- 102 (5.4 £0.3)- 102 4.83-1072 4.90-1072
(2.3+0.2) 1072 (2.74+0.2)- 1072 2.95- 1072 3.01-102
(3.0+0.2) 1072 (1.8+0.1)- 1072 1.70 - 1072 1.75 - 1072
(3.8+0.3) 1072 (8.6+0.8) 1073 10.1-1073 10.4 - 1073
(4.8+0.3) 1072 (6.7+0.7) - 1073 6.03-1073 6.33-1073
(5.9+0.4) - 1072 (4140.5) 1073 3.92-10°3 4.17-1073
(7.3+0.4) - 1072 (3.2+0.4) 1073 2.53-10°3 2.73-10°3
(8.9+0.5) 1072 (1.6+0.2) - 1073 1.71-1073 1.88-1073
(1.11 +£0.06) - 10 | (1.14£0.2)-1073 1.12-1073 1.25-1073
(1.440.1) - 1077 (1.7+1.2) - 1074 7.31-107% 8.38-10°¢
(1.84+0.1) - 1071 (4.9+0.9) - 1074 4.74-107% 5.57-107%
(2.34+0.2) 1077 (3.4+0.7) - 1074 3.06-107*¢ 3.71-107¢
(3.3+0.4)- 1077 (1.4+0.2) 1074 1.60- 1072 2.02-10°%
(5.14+0.3) - 1077 (1.5+2.1)-107° 7.43-.107° 9.89.107°
(7.0£0.7) - 1077 (4.0+0.9)-10°° 4.26 -107° 5.96 - 10~°

Table 1. Comparison of measured values of differential probabilities AP/Awv
in the range 0.01 = 0.70 of fractional energy loss with theoretical calculations
(dP/dv)p,x,prs according to sum of formulae (1), (2) and (3) and (dP/dv)p x4 p7s
according to sum of formulae (1), (2) and (5)in the text. Overall systematic errors

of 2% are not quoted.

(Vmins Umaz) APrcasured APp,giprs | APpigipTs
(0.01,0.03) | (1.16 £0.03)- 10> | 1.13-10=° | 1.15-1073
(0.03,0.12) | (3.06 £0.15)-10~* | 3.04-10~* | 3.22-10~*
(0.12,0.90) | (1.18£0.09)-10* | 1.17-10~* | 1.44-10"*
| (0.01,0.90) || (1.59£0.03)-10~® || 1.55-10° [ 1.62-107° |
Vmaz dP

Table 2.

Integrated probabilities AP

Vmin  dv

dv per one radiation length

measured in three different intervals (Vimin, Vmaz) and compared with theoretical
calculations for the sum of pair production (P), knock-on electrons production
(K) and two different formulae of the bremsstrahlung (BF®) and (BT5) (see

formulae (1),(2),(3) and (5) respectively). Overall systematic errors of 2% are

not quoted.
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Figure 1:
Length L, (in radiation lengths of iron) of the region where accepted showers
started is plotted as function of shower energy. The curve is a constant equal
to 17.6 X, for energies up to 90 GeV and it falls down according to formula
Lace (Eshower ) = (17.6 —In(Egnower (GeV')/90.GeV ) X, for energies above 90 GeV'.
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Figure 2:
The function F(E,,v) (see formula (1) in the text) for e*e™ pairs production

by 150 GeV muons in iron. The curve corresponds to the fit In Fp.(150.,v) =
—0.1751n%(v) — 2.7481n(v) — 9.736.
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Figure 3:

Comparison of screening functions of Petrukhin and Shestakov ®¥° and Tsai’s
®T5 description of bremsstrahlung of 150 GeV muons in iron. The data points
were calculated with the assumption of validity of formulae (1) and (2) for e"e™
pairs and knock-on electrons production also in the region of high values of v.

12



1O +
-
< o w1200 GeV
Oy 'L e O
=10 & . : .
5 : o open circles— w.\th muon S\gng\
— B in the scintillator
o | full circles — corrected
— -2 K
10
(- C
@ g TS b
S L 5 .
> : e o
O \\P\S\
~ B
0o -3 N
— 10 = > \
i PH
P s
1ot B™ B™ — bremsstrahling AN
- K — knock—on AN,
" P — pair production \
5 PH — photomuc\earmt‘emcﬂoms
/‘O 1 1 1 1 1 1 11 1 AY t 1 [
107 107" 1

v=AE,/E,

Figure 4:

The distribution of differential probality dP/dv for energy loss of 150 GeV muons
in iron. The curves P, K and BF%, BTS for pair production, knock-on electrons
production and bremsstrahlung correspond to eq. (1), (2) and (3),(5) in the text.
Full curves are sums of P, K, BPS (lower one) and P, K, BT® (upper one).
The contribution of energy loss due to photonuclear reactions (curve PH) is also
shown.
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