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Abstract

The absolute calibration of LHCb 2010 luminosity per-
formed with van der Meer scans is discussed.

INTRODUCTION

The luminosity in LHCb is constantly monitored with
randomly triggered at 1 kHz events. They are usually called
“nano-events” because they contain only an information
relevant for the luminosity measurement and everything
else is stripped off. The load on LHCb data acquisition
system is therefore almost negligible. This approach of lu-
minosity monitoring was proposed in [1]. “Nano-events”
contain so called “luminosity counters”, i.e. quantities pro-
portional to the luminosity and easily measurable online.
In 2010 we used as counters a number of vertexes, tracks
and hits in a vertex detector (VELQO), a number of hits in a
scintillator pad detector (SPD) in front of calorimeters, and
a transverse energy deposition in the calorimeters.

The relative luminosity can be determined from the av-
erage value of any counter. Alternatively one may deter-
mine it from the fraction of empty events with the counter
close to zero, which we denote by P(0). The luminos-
ity should be proportional to —log P(0). This is obvi-
ous for the Poisson distribution, but in fact is also valid
generally. Indeed, let’s suppose that the counter x can
not take negative values. Suppose, there are two indepen-
dent sources contributing to  and they individually give
spectra P; and P». The resulting spectrum is a convolu-
tion P = P; ® P». Since both sources can not produce
negative x, a zero sum means zero contributions from P;
and P», so that P(0) = P;1(0) - P»(0) and log P(0) =
log P1(0) + log P2(0). Therefore log P(0) is an additive
quantity which should be proportional to the luminosity.
This also implies that in the presence of backgrounds its
contribution — log Pyer(0) may be subtracted. Note, that
the background distribution should not necessarily follow
Poisson law. — log P, (0) is estimated in LHCb from the
crossings where one bunch is filled and the other is empty.
In the crossings with pp-collisions it is renormalized as-
suming that the dominating beam-gas background is pro-
portional to the beam currents.

We define an “empty” event as having x < =z with
some threshold xp. The above arguments hold only for
x9 = 0 since we assumed that z = z1 + 2o = 0 im-
plies x1 = 22 = 0. If 9 > 0, some systematic error
appears. To avoid it, one may use the average value of
the counter < x > instead of —log P(0). In this case an-
other systematics may appear however, if the counter is not
exactly proportional to the luminosity. The discussion of

both methods and their comparison with the luminosity es-
timation from the fit of the z spectrum, which is the most
precise procedure, is discussed in [2]. In particular, it ex-
plains how the x spectrum can be conveniently described
using Fourier transforms.

During commissioning in 2010 several modifications
have been made in LHCb subdetectors influencing lumi-
nosity counters. We chose the number of tracks recon-
structed in VELO in R-Z projection as the best and the
most stable counter. We used — log P(0) method for it and
defined an “empty” event as having zero or one track. The
systematics associated with this choice of threshold is neg-
ligible since the average interaction produces ~ 30 tracks.
Modifications and alignment variations of VELO also pro-
duced almost negligible impact on the method, since the
efficiency of reconstruction of at least two tracks in an in-
elastic event was always close to 100%. The stability of
the counter is demonstrated in Fig. 1 which shows the ra-
tio of the relative luminosities determined with — log P(0)
method from the multiplicity of hits in the upmost layer
of VELO and from the number of R-Z tracks. The for-
mer was also stable throughout LHCb 2010 running, and
we used it as a cross check. Fig. 1 covers the whole pe-
riod of LHCb operation, with both low and high number of
interactions per crossing. Two counters have different sys-
tematics, and by comparing them we assign a systematic
error of 0.5% to the relative luminosity measurement.
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Figure 1: Ratio of average numbers of interactions per
crossing ppy/iirz determined with — log P(0) method
from the number of hits in the upmost (so called pile-up
or PU) layer of VELO and the number of R-Z tracks, ver-
sus prz. The deviation from unity is due to the difference
in acceptance. Left (right) plot is for the beginning (the
end) of LHCb 2010 running with lower (higher) values of

L.

The absolute calibration of LHCb luminosity was per-
formed in 2010 using a beam-gas imaging method and van
der Meer scans. In the former the images of two beams
were developed from their interactions with a small amount
of gas remaining in the beam pipe, assuming the uniform



gas distribution across the beams. The luminosity was cal-
culated from the beam overlap integral obtained from the
beam images. The method was proposed in [3] and first ap-
plied in LHCD in [4, 5]. At this workshop it was discussed
in [6]. Here we concentrate on the alternative absolute Iu-
minosity calibration proposed by van der Meer [7].

The calibrations obtained with two methods were con-
sistent and were averaged for the final result. The meth-
ods had similar sensitivity limited in 2010 by uncertainties
in beam intensities. Other systematic errors were differ-
ent, therefore usage of both in LHCb provided an important
cross check of the results.

VAN DER MEER SCAN EXPERIMENTAL
CONDITIONS

Van der Meer scans in LHCb have been performed in
the dedicated LHC fills in the beginning and in the end of
2010 running, in April and in October. The characteristics
of the beams are summarized in Table 1. In both fills there
were two scans where either both beams moved symmet-
rically or only one at a time. Beam movements recorded
with LHC Beam Position Monitors (BPMs) up- and down-
stream of LHCb are shown in Fig. 2. Note, that for the
following analysis we did not use this information since
BPM measurements were temperature dependent and were
drifting with time. Precise beam positions were calculated
from LHC magnet currents and cross checked with LHCb
VELO detector, see later.

Table 1: Parameters of LHCb van der Meer scans. I o is
a typical number of protons per bunch in units 1010, n,y
(neon) is the total number of bunches per beam (number of
colliding bunches), ptmax is the maximal average number
of interactions per crossing, 771« 2 and 77, are the decay
times of the bunch intensity product and of the luminosity,
respectively, in hours.

25 Apr 15Oct
LHC fill 1059 1422
Ii 2 1 7-8
B 2 35
Neoll/Mall 172 12/16
Hmax 0.03 1
trigger  min.bias 22.5 kHz random
<1 kHz min.bias
beam-gas
TI1xI2 950 700
TL 30 46

In April the maximal beam separation was achieved only
in the first scan, as in the second only the first beam was
allowed to move. In October, in the second scan both
beams moved one after the other. This allowed to cover the
whole separation range. However, the beam steering proce-
dure was such that in the middle of the scan the first beam
jumped to an opposite end point and then returned back, so
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Figure 2: Beam movements recorded with LHC Beam Po-
sition Monitors (BPMs) around LHCb point in April (top)
and in October (bottom). The zero points on the vertical
axes are arbitrary. Top (bottom) curves show time depen-
dent coordinates of two beams, y; 2 (1,2). In both LHC
fills there were two scans, first in Az = x; — zo and then
in Ay = y; — yo. In the first scan both beams moved sym-
metrically, in the second scan either only the first beam was
moved (April) or the first in the beginning and the second
in the end (October).

that the beam movement was not continuous. This could
potentially increase hysteresis effects in the LHC magnets.
In addition, second scan in October had twice less data
points, so we used it only as a cross check to estimate sys-
tematic errors.

In April the event rate was low and it was possible to
record all events with pp interactions. We used loose min-
imum bias trigger with the minimal requirements on num-
ber of SPD hits (> 3) and transverse energy deposition in
the calorimeters (> 240 MeV). In October the bunch in-
tensities were higher by ~ 7.5, therefore in spite of slightly
broader beams (8*=3.5 instead of 2), the rate was signif-
icantly larger, by a factor of ~ 30. In addition, there
were 12 colliding bunches instead of one in April. There-
fore we used selective trigger with three lines running in
parallel. The first line accepted random ‘“nano-events” at
22.5 kHz (20 kHz were devoted to 12 crossings with colli-



sions, 1+ 1 kHz - to 4 4 4 crossings where only one of two
beams was present, and 0.5 kHz to all other empty cross-
ings). The second line was the same loose minimum bias
trigger but rate limited at 1 kHz. The third line collected
events for the beam-gas analysis.

Both in April and in October the systematic error was
dominated by uncertainties in the beam intensities. In April
it was higher (5.6%) because of larger contribution from the
offset uncertainty at lower beam intensities [8]. In October
the calibration factor in the intensity measurement (2.7%)
became dominant [9]. Both scans gave consistent results,
and in the following we concentrate on the later scan with
about twice better precision.

Time stability

Beam intensities in LHC are measured with Direct
Current (DC) and Fast Beam-to-Current Transformers
(BCTs) [10]. The former provides ultimate precision for
the total current in the ring, while the latter gives infor-
mation on relative bunch populations. Fig. 3 shows the DC
BCT beam intensities before, during and after van der Meer
scan fill in October. Fig. 4 presents the relative evolution of
the individual bunch charges during LHCb scans. The LHC
filling scheme was chosen in such a way that all bunches
were collided only in one (or two for ATLAS/CMS) ex-
periment, namely 12 in LHCb, 3 in ATLAS/CMS and 1 in
ALICE. It is interesting that LHCb bunches demonstrated
the best time stability. They changed during two LHCb
scans by less than 0.1%. Therefore we did not normalize
the rates by the intensity product I x I3 at every scan point,
but instead used only one average product per scan. This
was done to avoid the noise associated with I; o measure-
ment. The averaged bunch intensities are given in Table 2.
The same procedure was applied for the April scan, when
the decay time of I; » was even longer, 950 instead of 700
hours in October.
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Figure 3: Intensities of two beams measured with DC BCT
(system A) before, during and after van der Meer scan fill
in October.

In addition to the beam intensity changes the luminosity
stability may be limited by the changes in the bunch pro-

Table 2: Beam intensities averaged over two scan periods.
The bottom line is DC BCT measurement, everything else
is Fast BCT. The first 12 rows are the measurements in
bunch crossings (BX) with collisions at LHCb, and the last
two_lines are the sums over all 16 bunches.

Scan 1 Scan 2
BX I, I I, I
2027 8.425 7.954  8.421 7.951
2077 7.949 7959 7944  7.957
2127 7.457  7.563 7452  17.561
2177 6.589 7.024 6.584  7.021
2237 7.315 8.257  7.311 8.255
2287 7.451 7280 7446  7.278
2337 7.016 7219 7.012 7.217
2387 7.803 6.808  7.798 6.805
2447 7.585 7.744  7.580  7.742
2497 7878  7.747 < 7.874  7.745
2547 6.960 6.244  6.955 6.243
2597 7476  7.411 7.472  7.409
All, Fast  120.32 119.07 120.18 118.99
DC 120.26 119.08 120.10 118.98

files, e.g. by an emittance growth. The luminosity stability
was checked several times during the scans when the beams
were brought to their nominal positions. The measured lu-
minosities are shown in Fig. 5 for the October scan. The
luminosity decay time was measured to be 46 hours (30
hours in April). This corresponds to 0.7% luminosity drop
during the first (longer) scan along either Az or Ay (0.9%
in April). As it will be discussed later, in van der Meer
method one needs the integrals of the luminosity over the
separations Az and Ay. The scan points have been taken
from lower to higher Az, Ay values, therefore the lumi-
nosity drop effectively enhances slightly the left part of the
integral and reduces its right part, so that the net effect to
the fist order cancels, since the curve is symmetric. The
luminosity at the nominal beam positions also entering van
der Meer formula, was measured in the beginning, the mid-
dle and the end of every scan, so that the luminosity drop
also cancels to the first order. Therefore the systematic er-
ror due to the luminosity drop was much less than 0.7% and
was neglected.

Fig. 6 shows the luminous region profiles when the
beams were brought to their nominal positions during the
first and the second scans in Az and Ay. One can see
that the widths did not change within the statistical errors
which also presents an evidence of the negligible emittance
growth. In addition, in the following it will be demon-
strated that the widths of van der Meer plots with the lu-
minosity dependence on Az, Ay are also stable.



=
o
o
=

1 ——
51
> 1r 1 101 e
= 2027 (bb) =
20.999 | 1 2077 (bb)
° 2127 (bb)
£0.998 | 1 2177 (bb) --e-
- 2237 (bb) -~ -
©0.997 | 1 2287 (bb)
£ 2337 (bb) ——
$0.996 F 1 2387 (bb)
< 2447 (bb) o
©0.995 | 1 2497 (bb) -
z 2547 (bb)
%0.994 | 2597 (bb)
i 2915 o
&0, 903 | ]
0.992 : : :
11:40 12:00 12:20 12:40 13:00

Time, 15 Cct 2010

> .
2 (bb)
© (bb)
= 0.999 EE’,E§ U
- (bb)
£0.9985 | (bb) ——
: 8

o
o 0.998 | (oo
z (bb)
EO 9975 (bb)
=2 (bb) ~-o-
& 0.997 [

0. 9965 : : :
11:40 12:00 12:20 12:40 13:00

Time, 15 Cct 2010

Figure 4: Relative evolution of the individual bunch
charges measured with Fast BCT (system A) during two
LHCb scans in October. Top (bottom) plot corresponds to
the first (second) beam. Three (four) bunches in the bot-
tom with faster decay time collided in ATLAS/CMS (or in
ALICE).

CROSS SECTION DETERMINATION

In case of z-y factorization the cross section can be de-
termined from Ax, Ay scans with van der Meer formula

_ Ju(Az, Ayo) dAz X [p(Axo, Ay) dAy
NlNQM(AﬂCo,Ayo) COos «x ’

o ey
where N ; are the bunch intensities, y is the average num-
ber of interactions per crossing and « is a half of the beams
crossing angle (270 and 170 prad in April and in October,
respectively). It is assumed that protons in the beams move
with the speed of light. (Axzg, Ayp) is the crossing point
where the beams return to their nominal positions, which
is not necessarily the point of the maximal luminosity. The
derivation of this formula is given in [11]. The interaction
definitions for p and for o should be the same, but other-
wise are arbitrary. We defined it as a pp interaction with
> 2 VELO tracks in R-Z projection, in accordance with
the definition of our best luminosity counter.

12 bunches collided in October were analysed individ-
ually. The separation Az, Ay dependence of u averaged
over all bunches is shown in Fig. 7. Two scans are over-
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Figure 5: The evolution of the average number of interac-
tions per crossing at the nominal beam positions during Oc-
tober scans. In the first (second) scan both in Az and Ay
the nominal point parameters were measured three (four)
times. The line is a fit to the first order polynomial, the fit
parameters are given in the top right corner. The luminosity
decay time is 1/0.605 - 10~° sec = 46 hours.
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Figure 6: The luminous region profiles measured with
the beams at their nominal positions during the first and
the second scan in October in Az and Ay. 12 colliding
bunches are combined. The curve is a Gaussian fit with the
parameters listed in the top right corner.



laid, the second was taken at the same points but with twice
larger step. One can see that its Ay curve is shifted from
the first scan by 7 um on the left and by 4 ym on the right
side. The reason of non-reproducibility is not understood.
It may be attributed to the hysteresis effects enhanced in
the second scan.

=
10
8,
6,
4t
2,
Owww\ww v b by |
-300 -200 -100 0 100 200 300
X separation, m
3 T T T T
10
8,
6,
4t
2,
0 PRI \A\\\‘\\\\‘\\\\‘\\\\ : P IR
-300 -200 -100 0 100_ 200 300

Y separation, lm

Figure 7: Averaged over 12 bunches number of interactions
per crossing versus the separations Az, Ay in October. The
first (second) scan is represented by blue (red) points and
solid (dashed) lines.

Similar curves for the April scans are shown in Fig. 8
where some shift in Ax is present.
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Figure 8: Trigger rate in April scan corrected for a small
probability of multiple interactions and thus proportional to
the luminosity versus the beam separations Ax, Ay. First
and second scans are overlaid.

The curves were fit to single and double Gaussian. The
results of the former for the October scans together with
the mean and RMS values are listed in Table 3. There is
no evidence for the emittance growth as the widths in two
scans were the same within the errors.

Table 3: Mean, RMS and single Gaussian fit results for the
October scans averaged over 12 bunches.

Ax scan Ay scan
mean 1.29 3.10
2.79 9.16
RMS 80.56 80.82
80.49 80.71
x?2/ndf 1881/38 827/38
1362/ 18 819/18
constant  9.880 & 0.008 9.820 4 0.008
9.789 +0.010 9.681 + 0.009
center 1.30 +0.05 3.10 £ 0.05
2.77£0.07 9.11 £0.07
sigma 80.25+0.04  80.73+£0.04
79.95+0.05 80.35+0.05

Double Gaussian fit gives a much better description. We
fit all bunches individually, Fig. 9 gives one example for
the first two bunches in October. The Ay curve is shifted
from zero to the right for illustration purposes to be dis-
tinguished from Ax. It was found that the fit errors can
be reduced approximately by half if the fit of Az and Ay
curves was performed simultaneously and the value at the
nominal point x(Axg, Ayg) was constrained to be the same
in both scans. The first fit parameter was chosen to be
JpdAz - [pdAy/p(Azo, Ayg), the term appearing in
Eq. (1), so that a cross correlation of both integrals and the
value at the nominal point is correctly taken into account in
the resulting fit error. Other fit parameters listed in Fig. 9
are: two integrals along Az and Ay, 01, Ao and a common
Gaussian center for Az and then for Ay curves. Here o7 is
the width of the first Gaussian, while o2 = \/0? + Ao?2,
ensuring o2 > 0. Relative normalization of two Gaus-
sians and the value at the nominal point were derived from
nine fit parameters listed above. x?/ndf for all bunches
was always between 0.7 and 1.8.

The product of bunch intensities /; - I> in 12 colliding
bunches is shown in Fig. 10. In spite of RMS spread of
12%, the bunches give cross sections consistent within sta-
tistical errors, having an average of 0.29% in the first scan.
The sensitivity of the method is so high that we decided
to use it to cross calibrate the relative bunch populations
It ,/ Z;il I , measured with Fast BCT system. Here
¢ runs over 12 LHCb bunches. By comparing Fast BCT
with ATLAS BPTX measurements it was observed, that
both may have a non-zero offset, see [8], [9]. Therefore
we fit our 12 cross section measurements with three pa-
rameters: common cross section ¢ and Fast BCT offsets
for two beams [ {),2. The offset uncorrected cross sections
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Figure 9: Number of interactions per crossing p versus the
separations Ax, Ay for the first two colliding bunches in
the first October scan. Ax and Ay curves are stacked one
after the other for illustration purposes. Fitting curves and
parameters are discussed in the text.

are shown in Fig. 11. They are fit to the function

16 16
o [T W -1)/5-3 1/ (1) —16- 1))

b=1,2 k=1 j=1

which uses Fast BCT offset corrected relative populations
and implies DC BCT [ PQC total beam intensities. Two off-
sets improve the description of the points compared to the
uncorrected simple fit by a constant. The latter has a good-
ness of fit probability of 1.5% and 2.5% in two scans, or
2.3 - 1073 if they are combined. The x?/ndf and all other
fit results are summarized in Table 4, which also contains a
section when ATLAS BPTX was used instead of Fast BCT
system.

One can see that the offset errors in the first scan are
(0.10 — 0.12) - 100, or 1.5% relative to the average bunch
intensity < I1 2 >= 7.5 - 10'°. The sensitivity of the
method, therefore, is very high, in spite of the fact that the
RMS spread of intensities /7 - Is was only 12%. It may
be very advantageous to make bunches in the future scans
as different as possible, to become even more sensitive to
the offsets and also to probe other effects like beam-beam
interactions which may be visible at high but not at low
intensities.

The offset and cross section errors are only statistical.
Since the fits return good x?/ndf values, the bunch crossing
dependent systematics should be at a lower or at a compara-
ble level. The relative cross section error is only 0.09%, al-
though the cross section difference between Fast BCT and
BPTX fits is twice larger. One can also see that the BPTX
offset I3 for the second beam differs in two scans by 1.6 0.
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Figure 10: Bunch intensity products I; - I for 12 colliding
bunches in October.
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Figure 11: Cross sections not corrected for Fast BCT offset
for 12 LHCb bunches in October. The upper (lower) curve
is obtained in the first (second) scan. The fit takes into
account Fast BCT offset and is discussed in the text. The
fit results are summarized in Table 4.

This gives the level of systematic errors. All main sources
of systematics which will be discussed later (DC BCT un-
certainty, hysteresis, ghost charges etc.) cancel when com-
paring bunches.

In spite of a good agreement between the bunches within
the same scan, there is an overall 2.1% discrepancy be-
tween the scans. The reason is not understood, and may be
attributed to the potential hysteresis or similar effects re-
sulting to uncontrollable shifts of the beam as a whole. We
took the results of the first scan with Fast BCT offsets for
the final LHCb luminosity determination. 2.1% is the sec-
ond largest systematic error in the cross section measure-



Table 4: Results of the cross section fit over 12 LHCb
bunches in October. I 1072 are Fast BCT or BPTX offsets
in units 10'%. They should be subtracted from the values
measured for individual bunches. Last two columns are for
the first and the second scan, respectively. The cross sec-
tion from the first scan obtained with Fast BCT intensities
with offsets is used for LHCb luminosity calibration.

Fast BCT
o,mb 5873+0.05 57.50+0.07
I? 0.40 £0.10 0.29£0.15
IS —0.024£0.10 0.23£0.13
x2/ndf 5.8/9 7.6/9
with zero offsets
o,mb  5873+£0.05 57.50£0.07
x2/mdf 23.5/11 219/11
ATLAS BPTX
o, mb 58.62 & 0.05 57.45 + 0.07
I? —0.10£0.12 -0.23+£0.17
IS —0.63+£0.12 —-0.34+£0.15
x2/mdf 69/9 73/9
with zero offsets
o, mb 58.63 = 0.05 57.46 + 0.07
x2/mdf 66.5/11 23.5/11

ment after uncertainties in the beam intensities. If DC BCT
accuracy will improve in future 2011 scans, this may be-
come a dominating error. In April the situation was similar,
the discrepancy was (4.441.2)%, the results may be found
in Table 5. Since the April measurement was performed
with the trigger rates proportional to the luminosity, instead
of R-Z VELO tracks, we corrected the results for the dif-
ference in acceptances o(RZ)/o(April trigger) = 1.066.
At that time Ax and Ay curves were fit separately. To
obtain the average number of interactions from the trigger
rates we used LHC revolution frequency 11.245 kHz.

Table 5: Cross section results in April. R is the trigger rate
corrected for the small probability of multiple interactions
and thus proportional to the luminosity. o(RZ) is the cross
section of the interaction with > 2 R-Z VELO tracks.

Scan 1 Scan 2
fR dAz,cm-Hz  5.107£0.017 4.875+0.016
fR dAy,cm-Hz  5.094 +0.025 4.994 + 0.016

R(Axg, Ayo), Hz 392 383
I - I, x10'0 1.056 1.056
o(RZ) 59.6 57.0

SYSTEMATIC ERRORS
Az and Ay length scale

Ax and Ay beam separation values at every scan step
are calculated from the LHC magnet currents. There was a
small non-reproducibility in the results of two scans, as it
may be seen from Figs. 7 and 8, which may be attributed
to the mismatch of the beam positions. Therefore it is im-
portant to check Az and Ay values, and in particular their
scales which linearly enter the cross section formula (1).

We made two cross checks with VELO detector, first, by
comparing the luminous region positions measured in two
scans, and second, we made a dedicated mini-scan in Oc-
tober when we moved the beams with constant separation.

In case of identical beams the luminous region is cen-
tered at the middle between them, otherwise it is shifted
towards the narrower beam. The deviation from the mid-
dle is a function of the beam separation which we de-
note by AfLum(Ax, Ay). When the beams are moved
symmetrically in the first scan, the middle is always at
zero, so the deviation coincides with the luminous re-
gion center, Arum(Ax, Ay) = ﬁﬁum. Here I stands
for the first scan and “Lum” is for the luminous center.
When only the first or the second beam is moved by RiI,
in the second scan, the middle between the beams is at
R’ﬁ72/2 and Arpum (Az, Ay) = R{{lm - R’l{{g/z Since
AfLum(Az, Ay) should be the same function in both
scans, we have a constraint R}/ /2= RIL Rl inde-
pendently of the beam shapes. The luminous region centers
R{um and ﬁﬁ{lm can be precisely measured in VELO. Its
dependence on the beam separation in April is shown in
Fig. 12. Blue solid lines (red dashed) is for the first (sec-
ond) scan. One can see that the former is not linear as it
should be for single Gaussian beams. At the scan ends the
center is closer to the first beam meaning that the second is
broader.
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Figure 12: The luminous region center measured in VELO
versus the beam separation Az (left) or Ay (right), in
April. The first (second) scan is shown by blue open (red
filled) points. The curves are the fit by 7th order polyno-
mial. Horizontal bars represent not the errors but the bin
width.

The difference between the curves for the second and for
the first scan, multiplied by two, is shown in Fig. 13. Inde-
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Figure 13: Difference between two curves in Fig. 12 multi-
plied by two. Results of the fit by a straight line are shown
in the top right corner.

pendently of the bunch shapes it should be linear. The fit re-
turns the slopes compatible with unity within —1.3 +0.9%
and 1.5+0.9% for Ax and Ay, respectively. In spite of op-
posite signs of Az and Ay corrections, we conservatively
assigned 2% systematic error for the length scale calibra-
tion in April. Note, also that in Az there is a shift by 1.5 ym
at zero between the two scans.

Dedicated length scale calibration scan in Octo-
ber

In October we used another calibration method. Beams
have been moved in 5 equidistant steps in Ax and Ay but
the separation between them was kept constant. The lu-
minous center movement is shown in Fig. 14. Red points
above flat intervals distinguish periods with fixed beam
positions which we used in the following analysis. They
are shifted upwards only for illustration purposes. During
the scan along z the beam separation was (Az, Ay) =
(—80 pm, 0). Here 80 um is approximately one sigma of
van der Meer luminosity dependence on Ax = z; — .
This separation was chosen to maximize the derivative
dL/dAz, i.e. the luminosity sensitivity to possible dif-
ference in the two beam scales. If e.g. the first beam
moves slightly faster than the second, the separation Ax
gets smaller and the effect can be visible in the increase
of the luminosity. The same separation Ay = 80 pm was
chosen in the y scan.

Difference between beam scales. The luminosity be-
haviour during the scans is shown in Fig. 15. As one can
see it is not constant. This may be attributed to the differ-
ent scales of two beams. Mote specifically, we assumed
that the real positions of the beams x> can be obtained
from the predicted numbers 33912 by applying a correction

z12 = (1+e€,/2) -ng, )

and the same for 1 2. Assuming a Gaussian shape of van
der Meer luminosity dependence on Ax, with sigma o, we
get in this case

1 dL A

L dz+22)/2) o2 )

X, mm
)
]

Y, mm

A v,

iy

L
o1 o 04

lg921593l594]595]5961597I598]599 16 16.01 16.05 16.075 16.1
Time, hours

Figure 14: Evolution of the luminous center in x (left) and
in y (right) during length scale calibration scans in Octo-
ber. Red points above flat intervals distinguish periods used
in the following analysis. They are shifted upwards only
for illustration purposes. During the first (second) scan the
beams were moved in 5 equidistant steps of 80 pum along
x (y) with the constant separation Az = 80um, Ay = 0
(0, 80 pm).

Here A = 80 um is the fixed beam separation. From the
slopes in Fig. 15 we obtain €, = 2.4% and ¢, = —1.9%.
The luminosity in different bunches changes coherently, as
shown in Fig. 16.
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Figure 15: Average number of interactions summed over
12 colliding bunches versus the luminous center during
length scale scans in « (left) and in y (right) in October.
The fit by a straight line is overlaid, the fit results are given
in the top right corner.
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Figure 16: The same as in Fig. 15 but separately for differ-
ent bunches.

Since Az = (29 —29)+e- (29 +29) /2, it depends on the



middle point between the beams (2 + 2:3)/2. In the first
scan it is always at zero, therefore no correction is needed.
During the second scan this point moved 0 — 355.9 ym —
0. Therefore a correction of Ax values in Fig. 7 is required.
The central point should be shifted to the right (left) for the
x (y) scan. The left (right) side is thus stretched and the
opposite side is shrunk. The corrected curves are shown in
Fig. 17. One can see, that the shift between the scans is
reduced in y, but appears in z, so that the discrepancy can
not be fully explained just by a linear correction.
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Figure 17: The same plots as in Fig. 7 but with ¢, ,, correc-
tion discussed in the text. Ax and Ay curves are stacked
one after the other for illustration purposes.

Stretching and shrinking the second scan curves influ-
ences the integrals and the resulting cross sections very lit-
tle. The latter changes in average only by 0.1%, which we
include into a systematic error. In fact, in Table 4 and in
Fig. 9 the numbers are given after the correction.

Cross check of acommon beam scale.  In case of par-
allel translation of both beams, the luminous center should
follow the beam positions regardless of the bunch shapes.
Since it is approximately at (x1 + x2)/2 = (2§ + 29)/2
and similar for y, the corrections due to €, , are negligible.
The luminous center can be measured with VELO. This
provides a precise cross check of the common beam scales
(2] +29)/2 and (4} +y3)/2.

The result is shown in Fig. 18. The LHC and VELO
scales agree within —0.97+0.17% and —0.33+£0.15% in
and y, respectively. For the cross section determination we
took a more precise VELO scale and multiplied the values
from Table 4 by (1 — 0.0097) - (1 — 0.0033). In addition,
we conservatively assigned 1% systematic error due to the
common scale uncertainty.
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Figure 18: Luminous center reconstructed in VELO versus
the position predicted from LHC magnets. The horizontal
bars represent the bin widths, not the errors. The points are
fit to a linear function. The slope, shown in the top right

corner, calibrates the common beam scale.

x-y coupling

LHC ringtilt. Van der Meer formula (1) is valid only
if the particle distributions in x and in y are independent.
To check this statement we measured the movement of the
luminous center along y during length scale scan in x and
vice versa, see Fig. 19. The slope is compatible within er-
rors with the expected at LHCb 13 mrad tilt of the LHC
ring [12] with respect to vertical and horizontal axes of
VELO. Note, that due to this tilt the LHC and VELO scales
differ by 1 — cos(13 mrad) = 0.84 - 10~ both in x and y.
The corresponding correction to the cross section is negli-
gible.
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Figure 19: Luminous center position in = during length
scale scan in y (left) and vice versa (right). The points are
fit to a linear function. The slope, shown in the top right
corner, is compatible with the expected 13 mrad tilt of LHC

ring at LHCb.

x-y independence of the luminous region. In addi-
tion we checked z-y independence of the vertex distribu-
tion. To increase statistics we used data collected in the
same LHC fill 1422 after van der Meer scan at LHCb when
the beams collided head-on. Fig. 20 shows RMS spread of
vertexes in y in different slices in x and vice versa. From
the first glance there is a big x-y correlation. However,
the same plot for the sample of vertexes with > 40 tracks
and thus better resolution, is much more flat, see Fig. 21.



Clearly, the z tails of the luminous region contain more
poorly measured vertexes, which produce larger RMS in y.
This explains Fig. 20, z-y correlation appears via a cross
correlation with the vertex resolution.
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Figure 20: Luminous center RMS in y in different x slices
(top) and vice versa (bottom). The data was collected after
LHCDb van der Meer scan, with head-on beams.
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Figure 21: The same as in Fig. 20 but only for vertexes with
> 40 tracks.

Fig. 22 shows the z-y profile of the luminous region.
There is a slope of 79 mrad. Its origin is not understood.
The corresponding -z and y-z profiles are given in Fig. 23.
The slopes of -92 and 44 pirad are due to the known fact that
the middle line between LHC beams is inclined from the 2

axis. This was observed with beam gas events, the incli-
nation varies slightly from fill to fill. Taking into account
these x and y cross correlations with z and also the known
13 mrad tilt of LHC ring, one can calculate the residual x-y
correlation slope, which was found to be 77 mrad.
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Figure 22: Contours of x-y luminous region profile. The
points represent y-coordinates of the luminous center in
different x slices. They are fit with the linear function. The
slope (A1) is given in the top right corner.
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Figure 23: Similar to Fig. 22 but in -z and y-z projections.

If the beam profiles are two-dimensional Gaussians of
the general type with a non-zero correlation between x and
1, the cross section formula should be corrected. The de-
tails are given in Appendix. We assumed that the correla-
tion coefficients of two beams were similar and therefore
close to the measured correlation in the luminous distribu-
tion & = 0.077. In this case the cross section correction
is £2/2 = 0.3%. We did not apply this correction, but in-
cluded 0.3% as a systematic error.

Ghost chargein LHC ring

There is a small fraction of “ghost” protons contained in
not nominal LHC RF buckets. This is discussed in [8], [9].
Their contribution to the total LHC beam current should be
subtracted.



Ghost chargein not nominal bunches. With the ded-
icated trigger in LHCb we were able to measure the rates of
beam-gas events produced by ghost and nominal protons,
and to determine the ghost fraction from their ratio. The
results for the October and April fills are summarized in
Table 6. LHCD trigger efficiency is timing dependent, it is
optimized for the interactions in the nominal RF buckets.
For the satellite buckets the efficiency drops as it is shown
in Fig. 24. This was measured in van der Meer October fill
by shifting LHCb clock by 5, 10 and 12.5 nsec and by com-
paring the total beam-gas rates in the nominal crossings.
Since the RF bucket number within 25 nsec bunch is not
measured in LHCb, this uncertainty through the efficiency
dependence introduces some systematics in ghost charge
measurement. We considered two extreme cases, when all
ghost charge was contained at the nominal RF positions
and thus the timing efficiency was 100%, and when the ef-
ficiency was at the average level for 5, 10 and 12.5 nsec
points. The latter should be below the efficiency averaged
over all RF buckets. We took the average between these
two extremes as an approximation of the efficiency and half
of the difference between them as an error. We also fit four
available points at 0, 5, 10 and 12.5 nsec to the periodic
function Ryax - (¢ + (1 — €) - cos(2mAt/25 nsec). Here
R1ax 1s the maximal rate at zero and ¢ estimates the av-
erage efficiency due to timing for the random distribution
of the ghost charges in RF buckets. The obtained € values
are close to our efficiency central values, as it can be seen
from Table 6. Finally, the cross section correction due to

i 012:40.06 | 0.00+0.03 _
the ghost charge is 55575771 + 0gato1s — 0-14 = 0.08%

in April and J23=0-02 4+ 8-30=0.08 — 0.66 + 0.10% in Oc-
tober.

Table 6: From top to bottom: total ghost charge fraction
outside nominal bunches in October. Fractions localized in
43 bunches around the nominal positions. The same two
lines for April. Ratio of the average rate measured with 5,
10, 12.5 nsec time shifts and the rate at zero. Estimation of
the efficiency due to timing. Average efficiency from the fit
to the sum of a cosine and a constant.

Beam 1 Beam 2

Fraction in Oct., % 0.20 £0.02 0.36 £0.03)
(in £3 BX) (0.12£0.01) (0.25£0.02)
Fraction in Apr., % 0.12 £ 0.06 0.00 £ 0.03)
(in £3 BX) (0.124+0.06) (0.00 £ 0.03)

5,10, 12.5 ns avr. 0.73 0.67
Efficiency 0.86 £0.14 0.84 £0.16
€ 0.83 £0.04 0.78 £0.04

Ghost chargein the satellite RF bucketsin the nomi-
nal bunches. Itis known that there may be a ghost charge
in the satellite RF buckets in the nominal bunches. Usually
it may be present in +2,4, ... buckets around the nomi-
nal position which is attributed to the SPS frequency of

o
n

beam-gas rate, Hz
o
~

o
w

0.2

0.1f

ol b e e e e e e e e e L
0 0 2 4 6 8 10 12
Time shift, ns

Figure 24: Beam-gas rate proportional to the trigger effi-
ciency versus the time shift of the interaction from LHCb
clock. The curve is the fit to the function Ruyax - (€ +
(1—¢€)-cos(2mwAt/25 nsec), which returns the timing trig-
ger efficiency for the random distribution of ghost charge
€ = 0.83£0.04 and 0.78 £ 0.04 for the first and the second
beam, respectively.

200 MHz [8], [9]. Due to LHCb crossing angle of 170 urad
in October, £2 and the nominal buckets are separated in x
and can not collide if the beams are head-on. However, as it
is schematically illustrated in Fig. 25, when the beams are
separated in x by about 225 pum the collisions are possible
at z = £75 cm. The z distribution of vertexes accumu-
lated with the minimum bias trigger in October is shown
in logarithmic scale in Fig. 26. To estimate the fraction
of the ghost charge, we counted a number of vertexes at
z = 0, £75 cm versus the separation z, see Fig. 27. Since
the rate of the minimum bias events was biased by the
trigger rate limiter, we took vertex distributions with the
weights determined from the sample of nano-events taken
with random trigger. Assuming similar efficiencies and dis-
tribution of particles in the nominal and the satellite -2 RF
buckets, the fraction of the charge in the latter is determined
to be 0.1%. We did not correct for this effect but assigned
a systematic error of 0.1%.

Reproducibility of the luminosity at the nominal
beam positions

As it can be seen from Fig. 5, when the beams were
brought to their nominal positions, the luminosity not al-
ways returned to the expected value. x2 /ndf = 40/12, so the
non reproducibility can not be fully attributed to statistical
fluctuations and some systematic error should be present. It
is origin is not understood but the effect may be similar to
the non reproducibility of the beam positions visible from
the shift of two scan curves in Figs. 7, 8 and 17.

We denote sigma of the statistical fluctuations by oggat



and assume that the extra systematic fluctuations may also
be described by a Gaussian with sigma oy;. A luminosity
measurement time, an accumulated statistics and thus ot
at different points were the same. Since the statistical error
alone gives x?/ndf = >, (A;)?/02, /ndf = 40/12, to
bring it to unity one should add the systematics oy de-
termined from (02, o + 02 ,:)/0%., = 40/12. The relative
statistical error is oyt = 0.00209/0.8356 = 0.25%, so
that oyt = Ostat 1/39.84/12 — 1 = 0.38%. The absolute
scale of ;4 measurement enters the cross section formula (1)
twice in the enumerator and once in the denominator, so
the overall dependence is linear. Therefore we assigned an
extra systematic error of 0.4% to the cross section measure-
ment.
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Figure 25: Collision of protons from the nominal and +2
satellite RF buckets in van der Meer scan.
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Figure 26: z distribution of vertexes in the minimum bias
sample in the first Az scan. Vertexes at £75 cm are due to
interactions of protons in the nominal and £2 satellite RF
buckets.

BEAM IMAGING DURING VAN DER
MEER SCAN

During van der Meer scan the transverse beam images
can be reconstructed [11]. One should accumulate trans-
verse vertex distributions visible from the beam center and
unfold them with the transverse vertex resolution. This
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Figure 27: Average number of interactions p at z = 0 (top)
and z = £75 cm (bottom) versus the beam separation Ax
corrected for the trigger bias of the minimum bias sample.
It is assumed that the efficiencies and the distribution of
particles in the nominal and the satellite == RF buckets are
the same.

should give the beam image in its transverse plane for arbi-
trary beam shapes. The approach is complementary to the
beam-gas method.

The beam imaging was used to cross check the widths
of van der Meer luminosity versus separation curves in Oc-
tober data. The x and y VELO vertex resolution was de-
termined from data in the following way. N vertex tracks
were randomly split into two equal halves to form two in-
dependent vertexes. Their separation divided by v/2 gave a
resolution estimate for a vertex with N /2 tracks. The reso-
lution was then parameterized with the function o /N + ¢
with o, o and § parameters and their errors given in Ta-
ble 7. For the beam imaging we used only tracks with
N > 10. The average resolution function was recon-
structed for the /N-distribution observed in data. This was
done for the central values of o, « and & parameters, and
for the values shifted by one sigma to the left or to the
right to simultaneously minimize or maximize the resolu-
tion. To simplify deconvolution, the obtained resolution
functions, shown in Fig. 28, were approximated as Gaus-
sians. The beam images were also approximated as Gaus-
sians, the corresponding widths after unfolding are shown
in fig. 29. The beam transverse planes were defined using
the known crossing angle of 170 prad and the measured in-
clination of the luminous ellipsoid from the z axis. As it
is discussed in [11], the luminosity depends on the beam
profiles along x, while the beam imaging gives the widths
01,2 of the profiles perpendicular to the beams. Due to the
crossing angle o = 170 purad, the former is broader due to



a contribution from the z-length of the bunch. To correct
for this effect we assumed that the bunches of two beams
were of the same length and determined it from the width
of the luminous region as /207 . . The widths of van der
Meer luminosity versus separation curves finally can be ob-
tained as /02, + 02, + 4(0f )22, their ratio with the
measured values is show in Fig. 30. The points (band) cor-
responds to the central values (one sigma change) of the
vertex resolution parameters. As one can see the method is
very sensitive, the band width is about 1.2% and the RMS
spread of the points is 0.5-0.8%. Assuming equal weights
of the points, they were fit to a constant. The obtained av-
erage ratio is compatible with unity within 0.4-0.6%. This
proves both the widths of van der Meer luminosity versus
separation curves which effectively enter the cross section
formula (1), and the vertex resolution at LHCb which is
important in the beam-gas luminosity determination.

Table 7: VELO vertex resolution parameters and their er-
rorSs.

T Y
o, pm 0.2148 +0.01962  0.2023 + 0.01806

o 1.023 +0.05375  1.008 + 0.05257
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Figure 28: VELO resolution functions obtained for the ob-
served distribution of the number of vertex tracks /N. Mid-
dle curve corresponds to the central values of o, o and
resolution parameters discussed in the text. Narrower and
wider curves are obtained for the parameters simultane-
ously shifted by one sigma in the direction minimizing or
maximizing the resolution.

The width of van der Meer Az curve was also checked
by measuring the z-movement of the luminous center dur-
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Figure 29: Gaussian widths of the reconstructed beam pro-
files after unfolding with VELO resolution in the plane
transverse to the beam in different bunch crossings. Solid
blue (dashed red) curves are for the first (second) beam.
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Figure 30: Ratio of expected from the reconstructed beam
images and measured widths of van der Meer luminosity
versus Az (top) or Ay (bottom) curves in different bunch
crossings. The band corresponds to one sigma variation of
the resolution parameters. The points are fit to a constant,
the result is shown in the top right corner.



ing the first scan in z. It is shown in Fig. 31. According
to [13], in case of identical beams the slope should be equal
to

0z  sin2«

Az 4

2 2
o, + oy

o2 cos? a + o2 sin

2,
where o, . are the transverse and longitudinal beam
widths, 0z is the induced z-shift of the luminous center. We
approximate again o, as \/ﬁofum. Since VELO resolution
in z is much better than 0§, = 52.0 &= 0.3 mm, it is ne-
glected. Using the slope from Fig. 31 one gets the expected
width of van der Meer Az curve oY PM = /25, = 78 um

x
in agreement with the measured value of 80 pm.
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Figure 31: Movement of the luminous center in z during
the first scan in Az. The slope (Al) is given in the top
right corner.

CONCLUSIONS

The absolute calibration of luminosity was performed in
LHCb in 2010 using two van der Meer scans and the beam-
gas method. They gave similar accuracy dominated by the
bunch intensity uncertainties. Here we concentrate on the
results of van der Meer scans in April and in October. The
visible cross section is measured for events having at least
two VELO tracks in R-Z projection. The fraction of such
events in randomly triggered sample is continuously moni-
tored during LHCb data taking. This allows to extrapolate
our measurements to the whole LHCDb statistics.

The cross section results are given in Table 8'. They are
all consistent with each other. For the final LHCb luminos-
ity calibration we averaged the cross sections measured in
the first scan in October and in the beam-gas method. Dur-
ing the second scan in October the beam movements were
not continuous, so the results might suffer from the hys-
teresis effects. Both in April and in October measurements

1 The beam-gas results is an update of [6]

the difference between the scans was included as a system-
atic error. The complete list of errors is given in Tables 9
and 10.

Table 8: Cross section of the interaction producing at least
two VELO tracks in R-Z projection, measured in two van
der Meer scans in April and in October and obtained with
the beam-gas method. Cross sections from the first October
scan and from the beam-gas analysis were averaged for the
final LHCD luminosity calibration in 2010.

o(RZ), mb rel. error, %
April 59.6, 57.0 7.5
October 58.4, 57.1 3.6
Beam-gas method 60.8 4.5

Table 9: Summary of cross section relative errors for van
der Meer scan in April. Last column contains correction to
the cross sections listed in Table 5.

Source error, %  corr., %
I 1 X [2 5.6
Diff. btw. scans 4.4
Length scale 2
Stat. error 0.9
RZVelo stability 0.5
Ghosts in other BX 0.08 +0.14
Ghosts in =2 RF neglig.
I x Iy drop neglig.
Emittance growth  neglig.
Total 7.5

In the future van der Meer scans in 2011 the DC BCT
accuracy should be improved. Note, that Fast BCT did not
contribute to October systematics since we determined the
Fast BCT offsets directly from the fit, and therefore the sta-
tistical error 0.09% already includes this contribution. With
significantly improved BCT scale uncertainty, the error will
be dominated by non reproducibility of the scans. This is
not fully understood but may be attributed to the uncer-
tainties in the beam positions during the scan. Note, that
there is always a very good agreement between different
bunches, so the problem should be in the beam as a whole.

To push the error further down one may think of ei-
ther the precise measurement of the beam positions or of
precisely controllable beam movements, which should not
necessarily be linear but may be more complicated, e.g. si-
nusoidal.

To study systematic effects further it will be advanta-
geous to have as different bunches as possible. Difference
in bunch intensities may provide better sensitivity to the
Fast BCT offset measurement. Comparing the bunches
with high and low intensities allows to estimate possible
beam-beam effects. Broad and narrow bunches could help
reveal systematics which depends on the bunch shapes.



Table 10: Summary of cross section relative errors for van
der Meer scan in October. Last column contains correc-
tions to the cross section central values from Table 4 with
Fast BCT intensities.

Source error, %  corr., %
BCT scale 2.7
Diff. btw. scans 2.1
Length scale 1 -1.3
RZVelo stability 0.5
Working point stability 0.4
Non-diag. zy cov.matrix 0.3
Ghosts in other BX 0.15 +0.66
Ghosts in £2 RF 0.1
Beam scale difference 0.1
Stat. error 0.09
I, x Is drop neglig.
Emittance growth neglig.
Total 3.6

In LHCb it is also very advantageous to perform beam-
gas measurements during van der Meer LHC fill.

APPENDI X

Here were calculate the cross section correction in case
when the beam profiles are two-dimensional Gaussians of
the general type with non zero z-y correlation term,

1 1 Tl
r) = ———=exp(—z(r—r Yig(r—r .
p1,2(r) o p( 2( 1,2)" B o(r—r12))

Here
_ |T1,2
9 =
Y1,2
are the covariance matrices and Gaussian centers. 2731 2|

denote the determinants of the matrices 27X ». It may be
shown that the overlap integral p = [ p1(r)p2(r) d*r is
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are the beam separations and the two-dimensional analog
of the width of van der Meer luminosity versus separation
function. The analog of the luminous width is > = ¥; +
Y. If the Az-Ay correlation coefficient is not zero, £y #
0, the cross section formula (1) should be modified. Instead
of Ar it is convenient to use the normalized coordinates

=)= [
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we have then
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We’ll denote the cross section calculated from Eq. (1) by

Otact Since it is valid only in the case of z-y factorization.
The general formula is

where

and

J(Az, Ay) dAz dAy
N1 N5 cos o

Otrue =

and the required correction

Otrue _ ,U/(A-TO, Ayo) . f/L(ACE, Ay) dAx dAy
Ofact IM(A-T, Ay()) dAx - I/L(A.T(), Ay) dAy )

With the non-diagonal covariance matrix, if

2 2 + 2
M(AZ‘O) Ay()) X exp ( Xao gOXIOXyO Xyo )
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then with the same proportionality factor

/,u(Ax, Ay)dAz dAy o 275,35,/ 1 — &3,
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/HdAi o</exp ( X OX;(()l — 0 Xy()) X

2
x d(Xixi) = \/2m(1 — &5) % exp (-%) ;
where ¢ = z,y and (X0, Xyo) denote the normalized
coordinates of the crossing point (Axg/3z0, Ayo/Zyo)-
Therefore, the measured widths of van der Meer p versus
A; functions are

Yo = Ya /1 - &

Finally,

Ofact 9 0Xz0Xy0 0\Xz0 y0
1 e[ 6 L 800 + x30)

Otrue 0 1- 5(% 2(1 - 53)
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The exponent term coming from pu(Axg, Ayg), gives a
correction only if the crossing point (xz0, Xyo0) i not cen-
tered at zero. For the October LHCb scan it is negligible.
The coefficient & is determined by the covariance matri-
ces of both beams ¥ ». It is impossible to obtain it only
from the measurable matrix X = > + Y5 of the luminous
region. However, for the systematic error estimation we
assumed that &, is at the same level as the correlation co-
efficient in X (0.077), which is the case e.g. for the similar
beam covariance matrices.
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