EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN ACCELERATORS AND TECHNOLOGY SECTOR

CERN-ATS-2013-040

Energy Calibration of the LHC Beams at 4 TeV

J. Wenninger

Abstract

The mixed proton and lead ion run in January and February 20 run)
provided an excellent opportunity to measure the beam grarthe LHC. The
beam energy of the LHC was determined at 4 TeV and at 450 GeM ube
frequency difference of proton and lead ions by taking athge of the simulta-
neous presence of both particle types in the LHC. The datéhtoenergy mea-
surement was collected parasitically to standard p-Pbiphipperation. The mea-
sured energy at 4 TeV iByr.y = 3988 £ 5 (stat) 4 26 (syst) GeV/c. The LHC
energy at injection was measured with better accuracy tledord to bepP,,; =
450.28 4 0.01 (stat) +0.11 (syst) GeV /c. Both values are in good agreement with
the predictions from the magnetic model of the LHC and thesueament accura-
cies are entirely dominated by systematic errors.
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1 Introduction

Operation of the LHC between 2009 and 2013 saw an impressdgggssion of the peak and
integrated luminosities which culminated in the announeeinof the discovery of a Higgs-like
particle at a mass of 125 GeV/by the ATLAS and CMS collaboration4,[2]. Total pp cross
section measurements were performed in parallel to thelateipp physics operation using the
Van de Meer scan method and special operation with highy the TOTEM collaborationd].
Important progress was made on those measurements, pustsiggnatic error down in the
range of 2-3%. Following this reduction of the error on the total crgsstion, the uncertainty
on the LHC beam momentum can be become a significant contnibiar measurement errors.
At the time of writing of this document the LHC experimentvéa&xpressed the wish to know
the LHC beam energy with an accuracy better than 1%.

The 12 year beam energy calibration programme of LEP wasmsly successful in pro-
viding accurate beam energies between 40 and 100 GeV/cougthresonant depolarization,
the workhorse of LEP energy calibration, is not availablinatLHC, the experience gained on
LEP is also relevant for LHC energy calibration. In partaruthe studies on the ring circum-
ference variations are important in the context of the LHGges such affects play an important
role in accurate measurements of the LHC beam energy. Bas#ted_EP and SPS experi-
ence with energy calibration first estimates for the expexta at the LHC were described in
a note p]. Updated numbers for energy estimates were published12 #Dthe context of a
luminosity calibration workshop/].

This report begins with a brief description of the main irdieats to the energy of a storage
ring. The calibration method based on the comparison obprahd ion beams is discussed in
some details, highlighting the bonus of the mixed operatioale of proton and lead ions for the
measurement systematics. The measurements at 4 TeV areéctibimare presented in detail
together with the estimates for the systematic errors. Ekalts are compared to estimates
from magnetic model extrapolations and are used to estithaterrors that could be expected
in the future at 7 TeV.

2 Beam Momentum and Magnetic Fields

In a storage ring like the LHC the average beam momentuai each ring is defined by the
integral of the bending fiel& along the closed orbit of each beam

_Ze
o7

P B(s)ds = Z x 47.7[MeV /¢/Tm] fB(s) ds , (1)

where Ze is the particle chargeZ = 1 for protons andZ = 82 for Pb®* lead ions. s is the
longitudinal coordinate along the beam orbit. The contrdns of the various magnets to the
beam momentum can be decomposed into 3 terms,

P =P;+ AP, + AP, )

where P, is the contribution of the dipoles. AP, is the correction to the energy due the
guadrupoles. Other elements, for example horizontal adoitectors used for beam steering,
can give additional small contributionSP. to the momentum.P,; depends on the integrated
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dipole field(BL), and accounts usually for almost 100% of the beam energy #iecdipoles
define the nominal momentum, .
T o
The relative energy changeP,/ P can be expressed in terms of orbit lengtlor alternatively
RF frequencyfrr

P (BL)a - ®3)

APq:lC_Cc:_lfRF_fRFc (4)
P 0 C 0 fRF ‘

It is a function of the momentum compaction factara ~ 3.2 - 10~* for the LHC, of the
central orbit length (circumferencé€), or central RF frequencyzr.. The central orbit length
(or central RF frequency) correspond to the orbit where g@nbis centered on average in the
quadrupoles; on this orbih P, vanishes. In generak P,/ P does not account for more than
few per-mill of the bending field integral. For a perfectlygaled machine the definition of the
central frequencyy, (and of the central orbit length) is unambiguous. It corogs}s to the RF
frequency (or orbit length) for which the beam is centeredlimuadrupoles. In a real machine
with misaligned magnets the beam is travelling on a closéd trat is not centered in each
guadrupole. In such a case the central frequency corresporle RF frequency for which the
beam is centeredn averagen the quadrupoles.

3 Energy Calibration

3.1 Magnetic Field Calibrations

The simplest way to estimate the beam momentum is to derfk@nit the magnetic calibration
curves of the dipole magnets (also referred to as trangfietiins). The same calibration curves
are used to generate the current settings of the power ders¢hat feed the magnets during
beam operation. For dipoles magnets that are measurediifstgier-conducting) conditions in
SM18, the contributions to the error are given by a relatiemsurement accuracy ®f< 1074,

to which one has to add the long term reproducibility(*) and the uncertainty on the current
setting of the power convertet((*). The estimate for the total relative erroriis< 10~ [8].
For magnets that are not measured in cold conditions, teeaa additional error of x 1074
due to the uncertainty on the correlation between cold anthwaeasurements. An estimate
for the total relative uncertainty on the dipole field3at — 7 TeV/cis~ 7 x 1074 [8].

3.2 Resonant Depolarization

For electron machines resonant depolarization providegganecision measurement technique
which relies on the precession frequency of the electronsspi the magnetic lattice of the
storage ring. Electron beams polarize spontaneously ingaup to a theoretical limit of 92%
due to synchro radiation, and the spin precession frequsmegportional to the energ®[10].
Unfortunately this technique does not work for proton beasite polarization time at the LHC
is too long.

3.3 Spectrometers
Momentum measurements using spectrometer systems requoiieeisely calibrated and mon-
itored dipole magnet that has to fit into the machine lattide. open drift space of~ 10 m
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is required on either side of the magnet to determine theeangith beam position monitors
(BPMs). The spectrometer system usually requires precgss calibrations with another ab-
solute measurement technique at some energies, and isyraged for extrapolation to the
desired target energy. The difficulty at the LHC is too find @adle location, as for practi-
cal reason the spectrometer magnet should be normal-cmgluc ease the installation and
maintenance of precision instrumentation to monitor thgme#c field (for example Nuclear
Magnetic Resonance probes).

One of the three energy calibration techniques used at LBPRigh beam energies con-
sisted of such a magnetic spectrometH][ The core of the spectrometer was a dedicated,
individually powered dipole magnet that was calibrated ial@oratory and in situ with very
high accuracy. This dipole was surrounded on either side tigdscated BPMs installed in a
20 meter long field-free region. The BPMs were surveyed byra wositioning system and
provided a precise relative beam angle measurements orsioa$ of the magnet. The BPM
and alignment system resolutions were in the rangeighl The magnet was equipped with in
situ Nuclear Magnetic Resonance probes to survey the field.

A similar equipment would be able to provide rather easilyamantum measurement with
accuracy of 0.1 % or better at the LHC.

3.4 RF Frequency of Protons and lons

This absolute momentum calibration method takes advarmbtje fact that for a given LHC
dipole field setting, the revolution frequency (respedyitbe speed) is different for ions and
protons due to the different ratio of charge over rest masgh Wis technique a precise en-
ergy calibration was performed at LEP with protons and pos# at 20 GeV/c11]. Two
such calibrations were performed at the SPS, one in 1993 yswton and Oxygen ions at
270 GeV/c 2] and another in 2002 using proton aRd>®"™ beams at 450 GeV/d.p].

The speedic of a particle is related to the revolution frequengy, and the RF frequency

frr by o
RF
BC - Cfrev — 7 (5)
whereh is the harmonic number of the RF system= 35640 for the LHC).C' is the ma-
chine circumference. To determine the spgezhd therefore the particle momentum, both the
machine circumference and the revolution (or RF) frequenagt be known.

The trick to determine momentum and machine circumferehteeasame time is to mea-
sure the revolution frequency for two particles with chasger mass ratio that are injected into
exactly the same magnetic machine and on the same orbitsspEeel3,c of the proton beam
is related to its momentur and its rest mass, by the well known relation

2 P2

P e ©

An ion with chargeZe, injected into the same magnetic machine and on the santdloathithe
proton beam has a momentut= Z P. The speed,;c of the ions is

82 r

© T P2y (mye/Z)? (7)




with m; the ion rest mass. These two equations can be solved for thengneam momentum

P, yielding
[K2u? — 1
P = mpc 1_71%2 (8)
with
k= Bz/ﬁp fRF/fRF 9)
and .
= Zm, (20)

1 is the number of nucleons per charge of the jom; 2.517 for the fully stripped®b®** lead
ions that are available at the LHC. Equati@) ¢an be approximated by

o fp 2 _
= mpc¢ (2 = 1) (11)

whereA frr = fhr — fhr IS the RF frequency difference between the proton and iombea

The measurement error dhis dominated by the accuracy of the RF frequency determina-
tion since all other parameters entering Equatié@s(d (1) are known with high accuracy.
The measurement errer- on P is dominated by the term

+ 02
UP ~ fRF

frr
P 2Afre (12)

with o ando; i the measurement errors on the RF frequencies of the protbioameams.
The frequency differencA [z between the beams follows from Equatidri)

Afrr = <%>2

fp
5 ) 5w =) (13)

2

and scales quadratically with The dependence dnl P? makes the measurement very difficult
at the highest energies when the speeds of both beams appreac the speed difference
vanishes.

The frequency differencé fr is shown as a function of the LHC proton momentuim
in Figure1l. The frequency difference shrinks by more than 2 orders ajnitade between
450 GeV/c and 7 TeV/c. Frequency difference values as weh@sensitivity with respect to
energy changeg(A frr)/dP are given for some LHC energies in Taldle For a momentum
determination at 7 TeV/c with a relative accuracy16f?, the frequency difference must be
determined with an error not exceeding 40 mHz, which cooredp to an accuracy on the
machine radius ok 0.4 um.

3.4.1 Measurement Challenges

An accurate calibration at the level of 8:1% at 3.5-7 TeV/c requires a measurement of the
radial offset between proton and lead beams at the level-d0Dlum (Tablel). This is quite
a challenge since the LHC ring is not stable to this level anttime scale of a few hours.

5



104 - .

M o (Hz)

10 J

1 | I I oy I I R R R

10 10 10*
P (GeVl/c)

Figure 1: Expected central RF frequency difference betw®eton andPb®*™ beams as a
function of the beam momentum at the LHC.

MomentumpP AfRF d(AfRF)/dP OAf OR
(GeVlc) (Hz) (Hz/GeV) (Hz) | (zm)

450 4650 -20.7 9.1 96

3500 76.87 -0.044 015 | 1.6
4000 58.85 -0.029 0.12 | 1.3
6500 22.99 -0.0071 0.046| 0.49
7000 19.22 -0.0055 0.039| 0.41

Table 1: This table presents a list of variables that are t&r@st for a few relevant proton
momentum valuesK, left column). The second column from the left correspormdghe RF
frequency difference\ fz» between a proton andRb®** beam. The third column from the
right gives the sensitivity o fz to the momentumj(A frr)/dP. The fourth and fifth column
give the accuracy,; on A fpr andor on the mean machine radius required to reach a 0.1%
accuracy for the energy measurement.

Geological movements like Earth tides may change the cifetence by up to 1 mm with

12 hours 14]. Due to the limited accuracy of the tidal prediction (atéeef a few percent) and

to the presence of other slow ground movemeh§, [it is not possible to accurately predict
changes t@’. to better thamz 0.1 mm. A direct measurement of the radial position of thersea
IS necessary, requiring well calibrated beam position moosi(BPMs) or more complicated
measurement techniqueks].



It is very difficult to perform accurate measurements as lasthe proton and lead beams
are injected and ramped in separate machine cycles as it oves up to 2011, with either
proton-proton or lead-lead runs. In such conditions measants on protons and lead ion
beams require separate machine cycles spaced by at beshadesv Attempts to calibrate the
momentum with separate proton and lead cycles yielded taioges at the level of 100 GeV/c
at 3.5 TeV [].

The situation changed significantly in 2013 with the mixedtpn-lead run, where both
particle types are present at the same time in the LHC, albegparate rings. The frequency
offsets can be measured at the same time for protons anddanselling out effects from
geological deformations of the tunnel and from certain BRMrs.

4 Mixed Operation with Proton and Lead lon Beams

The mixed operation mode with protons circulating in LHCgrih and lead beams in LHC
ring 2 (and vice-versa) was first demonstrated in 2@.1Hirst collisions were delivered in this
mode at 4 TeV in September 2015.[In a 4 week run that took place between January and mid-
February 2013, over 30 nb of integrated luminosity were delivered to each of the eixpents.
The data used for the beam energy measurement was collestitigally during this 4 week
period. Roughly one half of the run was operated with protongg 1 and lead in ring 2, and
the other half in the reverse configuration with protonsmgr2 and lead in ring 1.

Operation mixing proton and ions requires special RF ggitiand manipulations. The
operational cycle in this mode can be broken up into the fohlg phases.

1. Injection: The beams are injected one after another at 450 GeV, gjfavith the protons
(IBS is stronger for lead ions). The RF systems of the beamsialocked: the RF fre-
guencies of the beams are differ typically by 4650 Hz and @adjusted independently.
The beams are not synchronous at the collision points dueetfréquency difference.

2. Ramp: During the energy ramp from 450 GeV to 4 TeV the RF systemsinenmlocked.
The frequency of each beam follows the evolution of the beasrgy to maintain the
beams centered in the vacuum chambers. As the energy iasrémsRF frequency of the
two rings approach to within 58 Hz (Figugp.

3. RF manipulations at flat top: On the 4 TeV flat top the RF frequencies of the two beams
are forced to a common frequency (typically the averageuiaqy of protons and lead
ions), and the beams are re-synchronized to ensure thatititobés collide at the exper-
imental interaction points. After the RF manipulations tiwvo beams move off-center
since the common frequency does not match the frequencyreeigio center the beams
in the quadrupoles.

4. Squeeze Once the beams are synchronized, the optics at the intamgmdints is changed
to reduce the betatron function at the collision pojfit)(@and enhance the luminosity. The
duration of the squeeze phase is approximately 15 minutes.

5. Collisions: Finally the beams are brought into collision ('stable begmm the experimen-
tal interaction regions to deliver collisions for the expsnts.

The evolution of the RF frequency in the ramp and on the flatdghown in Figure.
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Figure 2: Evolution of the proton and lead ion RF frequendigs$ng the ramp. The frequencies
are locked together at 4 TeV (around time 960).

5 Frequency Offset Measurements

The determination of the beam energy is based on the radgdtadf the orbits at the end of
the RF manipulations at 4 TeV (phase 3 of Sec#id)n The beams are forced on a common
frequency that is on average 29 Hz too low for the protons éhéi2 too high for the lead
ions. As a consequence the proton beam moves radially oditwiaite the lead beam moves
radially inward. To determine the beam energy, the radilsletd measured by the BPMs are
converted into equivalent RF frequency shifts. FigBishows the orbit shift of the two beams
when they are forced to the common frequency during the RRpukation. The typical mean
radial change is 0.3 mm for each beam, a frequency change pfshifis the beam radially by
10.6 um. Systematic errors on the radial position determinatios th BPM scale and offset
errors are the limiting factor for the measurement accusacymust be well controlled.

The relative momentum offset of the beam due to its radidl shihe ring can be estimated
from the BPM readings in the horizontal (bending) plane gisive following Equation,

N
D...x.:
AP Z:Z:l x,zxz
- ==L (14)
> D3,
=1

wherei labels the BPMs andV/ is the total number of BPMsD,, ; is the horizontal dispersion
at the BPM with index andz; is the measured horizontal beam position at the same BPM. The
momentum offset is converted into a RF frequency offsetubhothe momentum compaction
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Figure 3: Beam position change for the protons in ring 1 (&g lead ions in ring 2 (bottom)
between start and end of the RF manipulations at 4 TeV. Far fots the horizontal axis rep-
resents the BPM index, while the vertical axis is the horiabfradial) beam position measured

at each BPM in mm. The position shift is modulated by the fwrial dispersiorD, ; at each
BPM.

factora,.,
S D
AP = z,1
Afap = R0 L Jarid (15)
‘ YD
i=1

The main issue for the accuracy of the measurements of thedney offset is coming from
possible systematic offsets between the center of the BRlddhee center of the quadrupoles.
A mean systematic alignment offset will lead to an error anrftconstructed frequency offset,
limiting the accuracy when a single configuration with pretan ring 1 and lead ions in ring 2
is used (for example). For a constant measurement offseed8PMs, it is possible to cancel
the systematic error by inverting the beams in the rings hyemeasuring in the configuration



Afppp = Af + (8¢ + 3p) Afppp = Af - (8¢ + 3p)

Figure 4: Principle of the cancellation of systematic esron the radial position by inversion
of the protons and lead ions in the two rings.

with protons in ring 1 and lead ions in ring B-Pb) as well as in the reverse configuration with
with protons in ring 2 and lead ions in ring Ri§-p).

If 671 (672) is the systematic frequency error that is introduced byntereffset of the BPMs
inring 1 (ring 2), see Figurd, the measured frequency differentg, », between proton and
lead in p-Pb configuration is given by

Afppy = Afrp 4 (651 + 0yp2) (16)
while in Pb-p configuration the measurement yields
Afpry = Afrr — (051 + 0p2) - (17)

A frr represents the true frequency offset between protons adddes. It is assumed that the
BPMs are only sensitive to the beam charge and do not chaegecttaracteristics when the

beams are inverted. The real frequency is obtained by aver#ite measurements taken in the
two configurations since the systematic errors have extwlppposite sign,

Afur = 5(Afyr+ Afpiy) (18)

The potential of removing or at least reducing drasticdigysystematic error from center offsets
of BPMs and quadrupoles makes the mixed mode with protoneadlibns very attractive for
the energy measurement.

In the following sections and figures the following standemtbur code is used for the data:

Data points corresponding to operatiorpiiPb mode are displayed igreencolour.

Data points corresponding to operatiorPfh-p mode are displayed imagentacolour.

Data points corresponding ting 1 are displayed ifblue colour.

Data points corresponding ting 2 are displayed imed colour.
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5.1 Beam Position Monitor Calibration

Since the frequency shifts are obtained from the radial ggasition as measured by the BPMs,
the calibration of the BPM scale is critical to obtain acten@easurements.

The scale correction was determined with controlled RFUesagy trims of 10 Hz over a
range of£40 Hz around the central orbit. The calibrations were pené in fills 3499, 3500
and 3514, see for example FigireUnfortunately the calibrations could not be repeatedterla
fills because of beam loss issues with the lead beam (dueg tieensverse emittances). In all
cases the response of the BPMs was perfectly linear. Forlrialy calibrations consistently
yield a factor ofC; = 1.020 +0.001, for ring 2 the spread is somewhat larger with a calibration
factorCy = 1.023 £ 0.003. C(2) are the scale corrections to be applied to the BPM data, they
correspond to the ratio of frequency change reconstructedeoBPMs with respect to the true
frequency change.

The scale factor can be checked with the radial positiort siiifach beam before and
after the RF manipulation (phase 3 in Sect#)n since the RF frequency change due to the
RF manipulation is precisely measured. The orbit measuntsraee taken one second after
arriving at the 4 TeV flat top, and one second after the statti@bptics squeeze (to ensure a
consistent treatment of the data for all fills). Due to theetimterval between those two orbits,
the frequency change must be corrected for tides. The tideat@ons range between2 and
+2 Hz, the typical correction is however around 0.4 Hz. Th®raetween the reconstructed
RF frequency change (from the BPMs) and the measured fregyenvides a verification of
the BPM scale. The distribution of calibration factors iswh in Figure6. The central values
agree very well with the dedicated calibrations done withfiRRuency steps. The calibration
factor spread is relatively large due to the small frequasti@nges and to the time between the
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Figure 5: Calibration of the BPM scale with RF frequency sithorizontal axis) in fill 3500
at 4 TeV before the RF manipulations. The vertical axis gpoads to the RF frequency value
reconstructed from the BPMs. The beam 2 data points havedftsst vertically by 4 Hz for
clarity. The deviations from the data points to the stralgigs are smaller than 0.1 Hz.
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Figure 6: Distribution of the BPM calibration factors oltad from the orbit change during the
RF manipulation at 4 TeV.

acquired orbits. While the spread for ring 1 is around 1% arwbnsisted with estimates based
on the orbit accuracy, the spread of the calibration fadtosggnificantly larger for ring 2. The
same difference is also observed for the dedicated cdbinsat The reason for the difference
between ring 1 and ring 2 is not understood.

5.2 Horizontal Dispersion

Due to tidal deformations and other geological effed# [L5], as well as manual trims of the
RF frequency to adjust the beams (for example for losses)dtiial position of the beams at
the start of the squeeze at 4 TeV is modulated from fill to filheTcorrelation between the re-
constructed RF frequency offsets of the proton and lead bedidh TeV after RF manipulation
is shown in Figuréer. There is a strong correlation between rings as expectechimmges that
shift the mean frequency or the machine circumference. The fill shifts of the frequency
offset can be used to reconstruct the horizontal dispeididine two rings (assuming that the
BPM offsets are stable). The reconstructed dispersiongtwinicludes the BPM scale correc-
tion, is compared to the model dispersion in Fig8reThe agreement is excellent, within the
known 10% beta-beating. This results also indicates tleateébponse of all the BPMs that are
considered for the measurement is correct.
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Figure 7: Reconstructed RF frequency shifts of the protamifbntal axis) and lead (vertical
axis) beams in p-Pb and Pb-p mode. The vertical offset betwlee two data point groups
(lines) is due to the systematic errars andd s, as quoted in Equationd ) and (7).
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Figure 9: Parameters of the proton and lead bunches dureng-#b and Pb-p phases: bunch
intensity (top) and bunch length (bottom).

5.3 Beam Conditions

The distribution of the bunch intensities that were usedterorbit measurements is shown for
both proton and lead beams and both modes in Figuweith the exception of a few setup fills
where the intensity was below)! charges, the proton bunch intensity was10'° charges,
with a mean of~ 1.6 x 10'° charges. The average lead bunch charge was lowey, &'’
charges, the lowest bunch charge was arduick 10'° charges.

The distribution of bunch lengthd44) is also given in Figur®. Even though no measurable
influence of the bunch length could be observed in a dedidatgda change of bunch length
could potentially have a small influence on the BPM measungsrend change the dependence
on intensity as the peak charge density is affected in thegitiodinal plane. For protons the
bunch length was around 1.2 ns for all but the setup fills. Eadlbunches there is a larger
spread and a difference between the two modes because 4tk lgas adjusted to improve
lifetimes and emittance growth from Intrabeam ScatterlB&) during the Pb-p period.

5.4 Bunch Current Dependance

The bunch current is important because of the known depeedainthe BPM electronics ac-
curacy on this beam parameter. The sensitivity is due to timeiple of the Wide Band Time
Normalization electronics and it is in principle well unstrod [L7].

To assess the importance of this sensitivity on the measmeof the radial orbits and
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reconstructed frequencies, bunches were scraped on atdlisnat injection during stable con-
ditions. The apparent change of the radial orbit positioa tuintensity systematics can be
assessed during such tests. The results are shown in RiQdoe ring 1 and ring 2. While
for ring 1 the radial position measurement is stable dows tox 10° charges, the situation is
less favorable for ring 2 where systematic effects becomsiblei around~ 10'° charges. This
difference is explained by the presence of (unused) inienseasurement electronics in the
ring 1 acquisition chain, affecting the systematic elears effects.

While this systematic effect does not impact the measuremiethe protons due to the
higher bunch charge, the lead ion bunch measurements ircp+Riguration with lead in ring 2
are in a region where the systematic errors may reach 0.5 étrding to the scraping tests.
This will be considered later in the analysis.
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Figure 10: Apparent change of the radial beam position Kopexints), converted into RF fre-
qguency change, as a function of the bunch intensity of ringlde(trace, top) and ring 2 (red
trace, bottom). The bunch intensity was scraped on a cdllinver a short time interval. The
green band corresponds to a frequency range(®5 Hz.
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6 Energy Measurement at4 TeV

The frequency difference between protons and lead ionstiac®d from orbits acquired at
a standard time corresponding to the start of the opticsesguéSectiord). For each beam
the frequency offset with respect to the center of the BPMietermined using Equatiod ).
The reconstructed frequencies are corrected for the a&Ry scale calibration factors given
in Section5.1, and the difference in frequency between protons and leasli®obtained by
subtracting the frequency offsets of the two beams with treect sign convention.

To evaluate systematic effects the data was analysed usiiagedt cuts and sub-samples of
the BPMs. Three different samples were considered:

e BPM sampleSa this is thestandardsample based on BPMs with dispersion larger than
1 m. The number of good BPMs in this sample is 390 for ring 1 &B8&If8r ring 2.

e BPM sampleSh: only BPMs in the LHC arcs with dispersion larger than 1.5 nevgsed
to extract the frequency offsets. This essentially halbesntumber of BPMs and biases
toward BPMs with higher sensitivity to frequency offsets.

e BPM sampleSc the standard cut on the dispersion of 1 m was used, but onl<BR
half of the machine were considered, between phase advaBée<xo2r and4 x 2w, see
Figure8. This corresponds to the ring section from CMS to ATLAS in theection of
beam 1.

The following standard cuts were also applied to minimizgewyatic errors:
e The bunch intensity of the proton bunches mustbe1 x 10'° charges.
e The bunch intensity of the lead ion bunches musth@s x 10'° charges.
e The bunch length of the proton bunches mustbg ns.
e The bunch length of the lead bunches mustb@.95 ns

e The calibration factor derived during the RF manipulationsinbe in the range 0.97 to
1.07 (Figureo).

The complete measurement sample consists of 26 fills in p-&derand 22 fills in Pb-p
mode. After applying the cuts on intensity, bunch length ealtbration factors, the number of
fills is reduced to 18 in p-Pb mode and to 20 in Pb-p mode. Thdtneg frequency difference
A frr, Obtained from BPM sampl8a is shown for the remaining 38 fills in Figul On
Figure 11 a small time dependance of the result is possibly preseti, avslope of around
0.6 Hz in each period. This trend is also present if the amalggepeated for the other BPM
samples. The offset ot 4 Hz between the data of the two modes reflects the systemmadic e
on the frequency offset described in SectmnThis corresponds to a radial offset between
average center of BPMs and quadrupoles-dt0 xm. To obtain an accurate result the data of
the two periods must be averaged.

The possible time trend in the data of Figure may have a variety of origins, including
measurement fluctuations. A real change of energy seemsdextbecause the tune settings
were very stable in the entire period. Orbit effects are moy likely since the r.m.s. change of
the orbit between fills is in the range of 460 um (after subtraction of the contribution from
the frequency offset) and shows no trend. A change of the BR8&ts by~ 5 ym or of the
BPM calibration by~ 1% could explain the effect.
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Figure 11: Time dependence of the frequency differencesaibp and lead beams (as a func-
tion of the LHC fill number). The symbok] indicates BPM calibrations.

The distribution ofA frx values is shown in Figurg&2 with two different cuts on the data
sets. The top plot of Figurg2 includes all 38 fills with standard cuts. For the bottom piot a
additional cut on the fill number was applied: only the 10 ilsund the moment when protons
and lead ions were reversed were retained. This sub-samglsad recorded close to the BPM
scale calibrations. Based on the r.m.s. orbit changes-6680:m one expects a spread of the
A frr values for each period o 0.35 Hz. The observed spreads are somewhat larger, in the
range of 0.35 to 0.52 Hz. But for the sub-sample of 10 fills theead is consistent with the
expected spread.

The results for\ fr - averaged over the two periods for different samples andaratshown
in Table2. Besides varying the BPM sample (sets 4 and 5) and the filtsete(sets 2 and 3)
as described above, the analysis was also repeated foracrhitred at the start of the stable
beams period (i.e. with beams in collision, set no. 5). Thet®iin stable beams are typically
acquired 20 minutes after the start of the squeeze, this gineestimate of possible systematic
effects from the BPM electronics temperature. There a@falser fills, since some fills were
dumped in the squeeze or used for beam setup. The resultsble with respect to the cuts,
all differences are consistent with statistical fluctuasio

Data set no. 2 is used as reference for the energy deteromrediit is likely to have the
smallest bias and systematic error. Those fills are closenia to the calibration fills. From
Table2 a systematic error af0.25 Hz is assigned to the choice of the BPM selection. Simee t
lead ions bunch intensities lie in a range where BPM systieraabr start to kick in, a additional

19



| Set| Afgr (Hz) | Data sample and cuts |

1 |59.244+0.15 | BPM sampleSa standard cuts

2 | 59.21+0.17 | BPM sampleSa standard cuts, 10 fills per period (3495-3530)
3 |59.154+0.13 | BPM sampleSa no cuts (all fills)

4 |59.24+0.14 | BPM sampleSb, standard cuts

5 ]59.49 4+ 0.18 | BPM sampleSg standard cuts

6 |59.51+0.12 | BPM sampleSa orbits are acquired in stable beams, standard cuts

Table 2: Results for the frequency differences of proton lead beams\ [z, for different
analysis cuts. The errors on the frequency are statistidgl b must be noted that the statistical
errors are strongly correlated.

| Contribution | Syst. Error (Hz)]
BPM selection 0.25
Bunch intensity effect on BPM measurements  0.25
Average BPM scale uncertainty of 0.5% 0.30
Drift of the frequency difference 0.60

| Total | 0.76 |

Table 3: Contributions to the systematic error on the prégad frequency differencA frr.

systematic error of-0.25 Hz was assigned to this effect. The uncertainties oBBM scale
directly affect the result. A systematic error of 0.5% isigised to the scale calibration, which
results in a-0.3 Hz systematic error on the frequency. Finally@6 Hz systematic uncertainty
is added to account for the possible (and unexplained)idrifte data visible in Figur&l. The
total systematic error is obtained from the quadratic suth@# contributions (assumed to be
largely independent), yielding a final error #0.76 Hz. All contributions are summarized in
Table3. The result for the frequency difference between protoisl@ad ions at 4 TeV is

Afrparey = 59.21 £ 0.15 (stat) +0.76 (syst) Hz . (19

This result can be converted into a beam momentum at 4 TeVthétltonstants given in the
Appendix

Pyrev = 3988 £ 5 (stat) £ 26 (syst) GeV/c = 3988 + 26 GeV /c (20)

where the total error is obtained from the quadratic sum efstitistical and of the systematic
error. If only the three fills with BPM calibration are usedigtermine the energy, the frequency
offset is

AfRFATeV =59.134+0.43 (stat) Hz (21)

The statistical error is based on a assumed measuremeatispr®.35 Hz as expected for the
fill-to-fill r.m.s. orbit change, which also matches rathezlvihe observed width (Figur&?).
The value obtained from those 3 calibrated fills is in gooaagrent with Equatiorl@).
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7 Energy Measurement at Injection

The energy measurement was repeated at injection withsabguired just before starting the
ramp to 4 TeV. At that moment of the cycle the RF systems ofwwerings are still uncoupled
(Sectiod). The beams are operated with a large RF frequency differeflee frequency offset
between protons and lead ions is obtained from the recordeftdgquencies for each ring,
corrected for the radial offset measured by the BPMs base@RWM sampleSa In general
the beams are well centered in this phase, and the corredtmm the orbit measurements are
small (between-27 and+3 Hz) compared to the total frequency difference of 4.6 kHar F
this reason the BPM scale calibration uncertainty does fiettathe result for injection in a
significant way.

4245
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Figure 13: Reconstructed RF frequencies of the protonZbotal axis) and lead (vertical axis)
beams in p-Pb (green) and Pb-p (magenta) mode at injectionffdet of 400'780’000 Hz has
been subtracted from the RF frequency values presentedifighre.

Figure13shows the correlation between the proton and lead ion Riaémges. The offset
between the 2 periods is smaller than at 4 TeV. Fid4rgives the evolution as a function of the
fill number and the histogram of the reconstructed frequetiifgrences at 450 GeV. The step
that is visible in the top plot in Pb-p mode occurs at fill numB8&34 and is due to a change
of the integrated field of the horizontal orbit correctorshisTchange was applied to adjust
the momentum matching between SPS and LHC. The relativegehianfield is2.4 x 10~
for ring 1 and2 x 10~* for ring 2, corresponding to an average momentum chakffe=
0.099 GeV. This change reducésfrr by 2.05 Hz, in good agreement with the step in the data.
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To avoid introducing corrections for the orbit correctoanges, fills after number 3533 have
been excluded in the analysis and do not appear in the low¢oplFigurel4. In the p-Pb
period only the last 10 fills were retained (see 4 TeV casehti@oy to the situation at 4 TeV,
the offset of the measurements between the p-Pb ad Pb-mpésiesmall. This difference can
be explained by the absolute orbit at injection which dgfigEom the orbit at 4 TeV. In addition
the corrector settings are not identical which also inflesnthe mean position of the beams
in the BPMs of the two rings. In the p-Pb period the evolutidn\yfz~ exhibits a drift of
~ 2 Hz. In each period the orbits and corrector settings wetde(axcluding the change due
to energy matching). The r.m.s. orbit stability wa<$0 ;m after subtraction of the frequency
offsets, showing no particular systematic effect. Thetataibility is consistent with the typical
fill-to-fill reproducibility. The expected spread & fz, is around 0.35 Hz for each period,
while the observed spreads are slightly larger than 0.5 Ha.significant shift of the mean
vertical position is visible which would be a possible iration of bias from BPM electronics
temperature.

Assuming conservatively a total systematic error@f Hz on the averaged frequency dif-
ference, the result for the frequency difference betweetops and lead ions at 450 GeV is

Afrpin; = 4644.2 + 0.2 (stat) =+ 2.0 (syst) Hz (22)
This result can be converted into a beam momentum at injeofio
P.; = 450.28 £0.01 (stat) £ 0.11 (syst) GeV/c (23)

A contribution to the systematic error from the orbit cotogenagnets of 0.05 GeV was added
in quadrature to the uncertainty arising from the frequetiiffgrence. Contrary to the case of
4 TeV this contribution is not negligible at injection dueth@ much smaller relative uncertainty
on the beam energy.

This result for the momentum at injection is in excellenteggnent with previous measure-
ments []. A cross calibration of the LHC injection momentum with t8®S momentum at
extraction through a measurement of the momentum offséteobeam injected into the LHC
yields

P, = 450.25 £ 0.25 (syst) GeV/c (24)

The SPS flat top field was calibrated in 2002 in a similar way\atad ion beamslf3].
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(as a function of the LHC fill number). The jump in the valuetegfill 3533 (Pb-p period)
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symbol] . The arrow indicates the size of the correction. The symbpir(dicates BPM
calibrations. Bottom: Histogram &k fzx, the arrow corresponds to the expected value for an
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excluded, the fills are the same than for the 4 TeV analysis.
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8 Time Dependence of the Energy

The energy of the LHC beams may vary with time due to changéseodipole field, changes
of the orbit corrector settings and geological effects thi#ience the circumference.

The stability of the LHC dipole field at 4 TeV can only be asséssdirectly since no
continuous measurement is available. The data collectedgiihne p-Pb run only indicates that
the energy stability is better than 1%. The reproduciboityhe LHC machine transverse tunes
over time during the pp run is at the level &) =~ 0.02 or better. For a total integer tunes of
64 (horizontal plane) and 59 (vertical plane), this yielddi@ole field stability of better than
3 x 10~*. Such a good stability at high field is not surprising sineertagnets

e are operated by definition at a stable temperature of 1.9 K,

e are cycled in a systematic way before each injection to ertterhighest possible machine
reproducibility [L8].

The horizontal orbit corrector magnets are used primaailgdrrect the closed orbit of the
two beams, but when they are shifted systematically in orection, their combined field can
affect the beam energy()]. At the LHC the horizontal correctors are used at injectmmatch
the energy of each ring with the energy of the beam extracted the SPS. Typical corrections
are at the level oft3 x 1074, the differences between the rings never exceed10—*. This
correction is only applied at injection and not propagatediigh energy. The energy is re-
adjusted typically 2 to 3 times per year. At high energy tHatiee correction due to correctors
does not vary by more than10—*.

The circumference of the LHC is oscillating periodicallyedio Earth tides. The total rela-
tive energy swing from the tides is3 x 10~* which corresponds to a RF frequency swing (to
maintain the beam in the center) of 17 Hz. The circumferemgegsis 1.1 mm. An example is
given for the LHC run in 2012 in Figurg5. The radial feedback loop corrects the tidal effects
by adapting the frequency to center the beams. This looped daring ramp and squeeze, it
ensures that at the start of the stable beam periods the efftte tides is essentially zeroed.
Tidal effects that occur during the stable beams period@mected by the OP crews as needed.
Tidal energy shifts, besides being rather small, tend toeseout over the duration of a run.

In addition to periodic tides the ring is also subject to #oseasonal circumference changes
that were already observed at the time of LHB, [L6]. Figure 16 displays the RF frequency
adjustments that were made by the radial feedback to maitit@ proton beams centered.
The data in Figurel6 has been corrected for the tidal effects. The total frequemdng is
35 Hz, which corresponds to a circumference change of 2 mnaaethtive energy variation
of 2.6 x 107

In summary the contributions of energy variations over tharyand other smaller correc-
tions to the beam energy remain very small, a valug »f10~* can be considered as a conser-
vative upper limit for the relative energy changes over aabiove injection energy.
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8.1 Energy Difference between the Rings and Centre-of-ma&nergy

The main contributions to possible energy differences betwthe 2 rings are:
o differences in the integrated dipole field along the pattheflieams,
o differences in the average beam position in the quadrupoles
o differences in the horizontal orbit corrector settings.

The differences in integrated dipole field expected frormtlagnet measurements are smaller
than10~* [19]. Such a difference may be estimated with beam data fromdhecations that
have to be applied to the trim quadrupoles to set the trassvieines to their nominal val-
ues. This method only provides a rough estimate, sincerdiffees in gradient errors of the
guadrupoles between the two rings are also a source of tumaliiferences. The two other
sources of energy differences (radial position and casreftmay also affect the total tune
trims, but with a different sensitivity (natural versusaiothromaticity). The 2012 run tune cor-
rections at the top of the ramp yield a relative energy diffiee of less that0~* if derived from
the vertical tune, and a possible difference of uf to 10~* based on the horizontal tune. The
differences between the two planes tend to indicate thaignaerrors contribute significantly
to the tune trims. There are no indications that contratiietestimate of0~* for the relative
energy difference obtained from the magnet measurements.

27



Taking into account the observed systematic differencesdsn ring 1 and ring 2, and the
very small offsets in the radial position of the two protomies in p-p operation, the maximum
difference in average radius is at the level-68 Hz. This corresponds to a relative energy
difference of+2 x 107°.

Energy offsets due to the orbit correctors can be deterndivedtly from the settings of the
orbit correctors. At 4 TeV a conservative upper limit for thiference is=10—*.

In summary, adding together all contributions, an uppeitlior the relative energy differ-
ence between the 2 rings can be setfbox 1074,

At LEP the center-of-mass energy could differ significarfitym one IP to the other due
to the large synchrotron radiation loss and the unequalildigsion of RF voltage around the
machine circumference. This effect is completely neglegydt the LHC due to the very small
energy loss of only 6.7 KeV per turn even at 7 TeV. The energy &zalesc £4).

Given that the energy differences between the two rings arg small compared to the
measurement uncertainties and that there are no localyesigfts at the IPs, the centre-of-mass
energy can be approximated as twice the beam energy. Thiveetarors on centre-of-mass
energy and beam energy are identical since the energieg divthrings are essentially fully
correlated.

9 Energy Extrapolations and Energy at 7 TeV

9.1 Uncertainty at other Energies

Between 2010 and 2012 the LHC was operated at 1.38, 3.5 and Ndeccurate p-Pb energy
calibration is available at 1.38 and 3.5 TeV. The corredithrat had to be applied to the machine
(in particular the tune) do not exhibit signs of an unexpadteam energy error. Furthermore
the 450 GeV calibration is in excellent agreement with thelehdSection7). For this reason
the relative error of 0.65% obtained at 4 TeV (Equati®d)) can also be used for the LHC runs
at 1.38 and 3.5 TeV. The nominal energy values of 1.38 TeV abd'&V should be used as
central values. As discussed in the previous sections,dhtributions due to differences of
corrector settings and circumference variations are gibdi at this level of accuracy.

9.2 Magnetic Extrapolation

The accurate energy measurement at injection can be eldtagdo higher energy using the
magnet transfer functions. The uncertainty on the extetmol is currently estimated to be
dime = 7 x 107* (relative error) §, 18]. The measurement at injection presented in a previous
section agrees within this uncertainty with the nominalrgne

The energy interpolation is performed using the simple egna

Pref

Py = Paj oo
! ) 450[GeV /(]

(25)

whereP,.; is the nominal momentum. The momentum error is estimatewyube relation

P, —450[GeV /c
1450[GeV /d]

2
02 = (Gt Prey — 450[GeV /) + (ap,mj ]) (P — Pooy)? (26)
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Reference Momentum Extrapolated Momentum Momentum Error
P,.r (GeV/c) P, (GeVlc) op,int (GeVIC)
450 450.28 0.11
1380 1380.9 1.1
3500 3502.2 3.2
4000 4002.5 3.7
6500 6504.0 6.1
7000 7004.4 6.6

Table 4: Extrapolated energies (from injection) and cqoesling errors. The first line at
450 GeV is the reference point. The energy errors are basadaative interpolation error of
7 x 1074,

opn; = 0.11 GeV/c is the error estimated for the measurement at injecsiee Equatior2@).
The last term contributing to the error in Equatid6) takes into account the fact that it is
not clear if the observed difference between measured amihabenergy at injection has to
be scaled linearly to higher energy, or if it is an offset thaly affects the low energies. The
results of the interpolation are presented in TabléAt 4 TeV the value agrees well with the
direct measurement presented in this document.

9.3 Proton-Lead Measurements after Long Shutdown 1

After LS1 the LHC will be operated in the energy range of 6.5 fteV. A beam energy mea-
surement using the technique applied at 4 TeV as describ#teidocument would yield an
uncertainty ok 140 GeV/c at 7 TeV assuming the same total systematic errtbreoinequency
measurement. Based on the experience of 2013 it seemslpdssimprove the systematic er-
ror by a factor 2 to 3 which would result in an erroref40—70 GeV/c (0.5-1%). For a better
control of the systematic errors, the measurement woultitgrom more frequent switching
between p-Pb and Pb-p periods. While flipping every othersfifirobably too heavy, it may
be reasonable to split operation into two periods of p-Pbtamdperiods of Pb-p. Since this
measurement requires a mixed p-Pb operation period, itvieber unlikely to happen before
the end of 2016.

Another possibility consists in interpolating the 4 TeV ma@@ment presented in this doc-
ument to 7 TeV as discussed in the previous section. Thiscesdsignificantly the lever arm
with respect to injection energy.

10 Conclusions

The mixed proton and lead ion operation period was used tsunedhe beam energy at 4 TeV
in an almost entirely parasitic way. The energy was obtainech the difference in radial
position (and therefore speed) of the proton and lead belawesn though the main aim was the
measurement at 4 TeV, an accurate measurement was alsopesfat injection.

The result for the momentum at injection is

Prj = 450.28 £ 0.01 (stat) & 0.11 (syst) GeV/c | (27)
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while the momentum at 4 TeV is
Pyrev = 3988 £ 5 (stat) =+ 26 (syst) GeV/c . (28)

Both measurements are dominated by the systematic errdrs.refative uncertainty on the
energy at 4 TeV is 0.65%. Since they are no signs of unexpeeeitions of the magnetic
fields in the machine data at 1.38 TeV and 3.5 TeV, the samé&®r6&tive uncertainty applies
also to those energies.

Within the quoted errors the energies of the two beams caoh&dered to be fully corre-
lated.

Energy variations along the run and other contributionfiéoenergy do not exceetl3 x
10~% in relative terms, i.e41.2 GeV/c. Similarly the relative energy difference betwéee
two rings does not exceetl2 x 10~ or £0.8 GeV/c.

Using the magnetic model of the LHC and its estimated ertbesenergy measurement at
injection can be extrapolated to 4 TeV to yield

Pytev int = 4003 £ 4 (syst) GeV/c . (29)

which is in excellent agreement with the measurement pteden this document.
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12  Appendix
| Parameter | Symbol | Value |
Proton massZQ] (MeV/c?) m, 938.272046(21)
Electron massZ0] (MeV/c?) Me 0.510998928(11)
Atomic mass unit20|(MeV/c?) My 931.494061(21)
Phyos atomic massZ1] 207.976639(3)
Pb52d atomic mass M/ | 207.960730(3)
[ =my/Zm, (Z = 82, Eq.10) 2.51743387(9)
Speed of light20] (m/s) c 299792458

Table 5: List of the fundamental parameters that are usexittaat the beam momentum from
the RF frequency measurements. The errors on the paranaegegiven in parenthesis. The
atomic mass oPbygg is corrected for the 82 missing electrons.
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