Overview of LHC luminosity

calibration measurements
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— Luminosity formulae and calibration methods
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— 2009: 450 GeV RE
— 2010: 3.5 TeV 4= clear focus
0 Results Momentum[l Betatron
— 4 interaction points cleaning cleaning

o Conclusions and outlook
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Direct luminosity determination

Wil focus here on the two methods used at LHC:

a Van der Meer method
— based on beam separation scans

0 Beam-gas imaging method
— based on beam-gas vertex reconstruction
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Why luminosity determination is important

Rate = Luminosity x Cross section

0 Allows to determine cross section of interaction
processes on an absolute scale

— At the LHC: Heavy flavour production, couplings of
new particles, total (inelastic, elastic) cross section, ...

0 Allows to quantify the performance of the collider

— Important to verify experimental conditions, to
understand quantitatively beam-beam effects, ...
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Chronology

2009

o All experiments started off with a normalisation based on a
generator model including detector simulation

=> uncertainties at the level of 20% for 450 GeV

o LHCDb performed first direct luminosity normalisation at 450 GeV
using the beam-gas imaging method (see later)

2010

o At 3.5 TeV, started off again with a normalisation based on a
generator model including detector simulation

a Then, April-May, performed first direct luminosity measurement at
each IP with van der Meer scans (+continuous beam-gas imaging
normalisation, LHCDb)
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Van der Meer’s trick See Ref. [1]

Consider single circulating & colliding bunch pair with zero crossing angle

| .| '
R=c-L=0c-fN; N, Ipl(X,Y) P,(X,y) dx dy " 4"" <_-.%z

With transverse displacements A, , A, of one beam w.r.t. the other:

R (A, 4) =0 L8, 8) =0 TNy N, [ pixea,,y-8) po(xy) o dy

@x , AY) @(5 fN; N, J. P1(X-Ay , Y-A)) po(Xy) dx dy dA, dA,

= TN N, [po0y) [ [pueea, . y-a) dacda, ] dxdy
N )

=1 Y=g

4 A\
=cfN; N, J-pz(x,y) dx dy
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Assume x-y factorizable pi(X,y) = pi(X) py(Y)

L(A A) = TN, N, jp1x<x A) po(¥) X jply(y A) payly) dy

J \ J
Y Y

1/h (A,) = O.(A,)) 1/hy(Ay) = O(A,)

L(Ax J Ay) =f Nl N2 OX(AX) Oy(Ay)

Re-use van der Meer’s trick that for a=x or a=y:

[oua da, = [pata [\ [Pr@a)da] da = [py@) da = 1

Y
normalised to unity
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Result with factorization

Measure R while scan A, (at A, = A,), then while scan A, (at A, = A)

R (Ax J AyO) - O le N2 OX(AX) Oy(AyO)
R (AXO ’ Ay) - O le N2 OX(AXO) Oy(Ay)

R(Ax , AyO) ) R(AXO 1 Ay)
R(AXO ! AyO)

'R(AX,Ay) dA, dA, @AX,AW) dA, - I R(AX()@

(R(A,A) dA, dA, =cfN,N,- [ Oa) O,a) da, dA,

R(AA) = Ro = R(A0 1 Ay

=cfN,N,- [ 0(a)da, - j 0,(A,) dA,
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Van der Meer scan with crossing angle see Ref. [2]

Q It has been pointed out that the van der Meer method with bunched
beams (like at the LHC) can equally be applied to the case with non-
zero crossing angle (V. Balagura).

a General formula with full crossing angle ¢ :

N, N, _[ R(A, Ag) dA, - j R(Ag A) dA,

o —
COS(¢/2) - Ro(Ax » Ayo)

(here shown for the case with x-y factorized)
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Assumptions...

o Beams do not change when they are moved across each other
— correct for (or neglect) beam-beam effects
— correct for (or neglect) slow emittance growth
— correct for (or neglect) slow bunch current decay

a Scan range sufficiently large to cover the distributions
— negligible tails

0 Relation between transverse displacement parameters (magnet
currents) and the actual displacement is known on absolute scale

— calibrate the absolute displacement scale with vertex detectors
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LHC VdM scan measurements at 3.5 TeV/beam (1)

Six vdM scan experiments performed so far (in 2010)

a Typical procedure:
— Optimized IP luminosity (mini scans) in both planes
— Scanned first plane (X or Y)
— Set optimum on first plane (not always)
— Scanned second plane
a For these scans the beam separation was limited to approx +/-6 beam
sigmas.
a In addition, length scale calibration
— Moved both beams in same direction
— Optimised locally the luminosity

— Compared reconstructed displacement of luminous region (tracking) with the
displacement inferred from magnets settings.

— Alternatively: move only one beam relative to other

0 Remark: IP1+5 had zero crossing angle, while IP2 had 280 urad (vertical
plane) and IP8 had 540 urad (horizontal plane).
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LHC Measurements at 3.5 TeV/beam (2)

O 6 vdM scan experiments performed so far (in 2010)
0 k, = number of stored bunches / beam
a n, = number of colliding pairs per IP

LHC date IP scanned ng
fill nr p/bch)

1058 Apr24 IP5 (CMS) 3 ~1e10  AX, AY
1059 Apr26 IP1 (ATLAS) 2 1 ~1el0  AX, AY
Apr26 IP8 (LHCbh) AX, AY, X,,Y,
1089 May$8 IP5 (CMS) 2 1 ~2e10  AX, -AX, AY, -AY
May 9 IP1 (ATLAS) AX, -AX, AY, -AY

1090 May10 IP2 (ALICE) 2 1 ~2e10  AX, AY

o AX, AY : moving both beams by same amount (in opposite direction),
minus sign indicating a reversed scan direction.

a X, Y;:moving only beam 1
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Nota Bene

a The cross sections that are going to be presented here are NOT
total or inelastic cross sections.

O These cross sections are detector-dependent cross sections that,
once calibrated, are used for monitoring the luminosity on an
absolute scale.

a These are typically “visible cross sections” (include geometrical and
trigger acceptance, and possibly a reconstruction efficiency)
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Beam-gas imaging method see Ref. [3]

Again, luminosity o . ‘. =

L = fN,N, 2c cos2(¢/2) j o.(r) p(r,t) dr dt

0 Beam interacts with residual gas around the interaction region

. . . Requires:
o Reconstruct beam -gas | nteraction vertices @) \L/J':x detector resolution smaller (or at least
comparable) to the beam sizes
(2) residual pressure & acceptance must be

=> sample transverse beam profile adapted to this method

measure individually the p, and p, and rebuild the overlap
(measure also ¢ and hourglass effect and and and...)

a Strength with respect to van der Meer method:

(a) non disruptive, do not affect the beams !
(b) can run fully parasitically during physics running time

=> potentially smaller systematics uncertainties
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LHCb beam-gas imaging at 3.5 TeV

Q
Q
Q
Q
Q

3.5 TeV, 2m optics at IP8, bunch intensity ~2e10 p/bch
13 bunches: 8 colliding, 5 not colliding per beam

L ~ 2.5e28 Hz/cm? per colliding pair

3 hours of data

z resolution ~ 0.1 mm

RS el

beaml beam?2

bunch empty
10000} | empty bunch
bunch bunch
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‘ ‘ ‘ 1000; in z< 20cm ]
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LHCb beam-gas combined with lumi region imaging

_ 8 distinct colliding pairs
a Single bunch

analysis is important Fitting Luminous region - different bunches

Use the crossing bunches in the IP (-150 < z < 150 mm)
72329 72330 72331 crossing

o bunch-bunch

luminous region can .. o X o oo X o om0 S S
. relative lumi mean position size
be used to constrain 1_2.—@J | o1s0s P | | LS %
the single beam sz P % % % | 00200}
distributions: 21, 2 & ol } % E o % '
] ] % & %} TS 0.0290f % % %D % ]
— combine data with ®osf @ i I —01520 % : _

00285 ; %

7 o0.0280F
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o
)
B
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Y Y Y
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LHCb scans (fill 1059)

b 2a@aaa 27

— AN /
~" ~

both beams moved symmetrically only beaml
(to see movement of luminous
region in VELO = scale)
LHCDb VIDM scan., 26 Apr

)
Q
@

QO 4 scans

o LOCaloRate
corrected for small
pile-up effect

0 Checked rate at
“working point”
R(Ayo » Ay), red
points, throughout

= A=k '31.53 /s 11 07 !
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LHCb comparing two scans

Comparison of two scans

1% both beams moved

2) only beaml1 (x0.8 smaller step)
T S MAX, scan 1|
g M AX, scan 2
5 4007 BAY,scan1 |
é B AY, scan 2
O
=
=300 ]
200t 1
100+ 1
0 e I I R R B = =
-200 -150 -100 -50 O 50 100 150 200
AX or AY, um
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LHCDb length scale calibration
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LHCb: deconvoluting two beams

Q Using the full vtx reconstruction, the scans can also be used to
deconvolute the individual bunch shapes (beam1 and beam?2)

V. Balagura

= L B B L BRI IR B AR
(f] 1000 Profiles visible
— [ o - ¥ - a )
> 750:_ BBeam 1. X _ from moving frame
[ BBeam 2, X 1 (relevant for luminosity)
:_ FBeam 1,Y ]
500 [ BEBecam 2, Y
250 F

Scan 1 / Scan 2

x1 X2 yl y2
03k e RMS | 37/37 | 37/36 | 38/37 | 45/43
Frac.1 | 0.61/0.60 | 0.73/0.70 | 0.68/0.69 | 0.57/0.42
10 o um | 27/27 | 26/25 | 26/26 | 25/22
0 o,um | 43/42 50/46 46/45 55/48
1 il

500 —400 30[) 200-100 0 100 200 300 400 500

XorY, um 13
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LHCb beam-gas imaging results at 3.5 TeV PRELIMINARY

O Agreement Putting it together in a plot

between two Effective cross-section results (assuming +8% for the I? error)

methods (vdm &, = cross section of event with 2 or more RZVelo tracks
and be am_g as) Cross seclﬁnn calf:ulatedlper I:urlrch andlﬂll {errll.’lrs: shalpe + bet)

Q Thin error bars
include beam S ensemesed }
current i } % :} %\ %
normalisation } %
uncertainty

a Thick error
bars: without
beam current
normalisation 20!
uncertainty

VDM 52.616.0

op [mb]

-

Overall 61.6 +6.2

io-

A A

Fill number
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LHCb beam-gas imaging at 450 GeV
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ATLAS scans

(fills 1059 and 1089)

see Ref. [7]
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ATLAS scan fits

LUCID_EVENT_OR | LUCID_EVENT_AND |
:.-E ATLAS preliminary ] émz L ATLAS preliminary -
é vs=7 TeV g vs=7 TeV ]
0 E _
1 E_ } _E 1 =
]
02 o1 Nc?minal Be?a-r‘:I Separa(:if:n X(mm) - 02 o Ngminal Be?a-rL Separa[:iin X(mm)
o Fit with double RT(O) fﬂe—{x—xﬂ)i/zg§ (l _ fa)f_,_—(.r—xﬂ)i/ZO‘ﬁ
Gaussian Ry (x) == 4
(common mean) V2r Oa Ob
and constant bkg | . 1—f np oL
o I n > o ri142
o Similar for Y Y, G, o) —2:r2_r2}1
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ATLAS results PRELIMINARY

Algorithm

meas
Gw's

Gw's

PITHIA | O

PITHIA

TNeas
Uw's

PHOJET
Gw's

Uﬂ{ OIET
TIeas

Uw'.s'

(mb) (mb) (mb) SeunNumber [ o[ Fe
UCDEvent AND — 1240£006=136 | 157 127 | 168 | 135 | = siione] Saeioo
UCDEventOR 401840124442 | 467 116 | $4 | 12| = wrson)| ssoo
I MBTS S fpaired 518720204570 384 L3 | 687 | 1R | 2 mweow] Sveeo
I VBTS Apaied  S865+0235645 | 666 LI | T | 16| 2 mEmeeis] Geoo
VBTS 1 fiming 04402457 | 516 | LWL @18 |13 | 2 seeem| oo
Primry Vertex Comnting |~ 536£02+59 | 519 108 | 00 | 131 | 2 meiem ) dweo
a Using six different count rate methods
Source Uncertainty on Gy (% )
Longth Scele Calibratcn .
Imperfect Beam Centering 2 uncertainty if
Transverse Emittance Growth & Other Sources of Non-Reproducibility 3 knew beam
%Dijpendence l2l current perfectly
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CMS scans (fill 1089) see Ref. [8]
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Observed beam blow up during scans

Growth of X Beam-Width Growth of Y Beam-Width
E %P T
S 3 66
Q C ; E
“%57'5 : % 650
o - © =
57 — 64 —
56.5 631
- 62
56 __ -
- 61
55.5— -
0 5000 10000 15000 20000 25000 30000 35000 0 5000 10000 15000 20000 25000 30000 35000
CMS scans ime (s) CMS scans ime (s)

o Beam width growth as calculated from the measured emittances
during fill 2089 with LHC wire scanners. The slopes from the lines
can be used to correctly extrapolate the measured widths to their
corresponding values at the zero points of the scan.

0 Note the zero-suppressed vertical scale
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CMS scan fits

& F CMS Preliminary & [ CMS Preliminary
& 1 VdM Scan: Fill 1089 -X 10 +X & 1L VdM Scan: Fill 1089 +X 10 -X
s F s F
107 107
10‘2 ;— MeanX = -0.00971 +/- 0.0001 10‘2 ;— MeanX = -0.01040 +/- 0.0001
E hX = 0.82 +/-0.02 E hX = 0.75 +/-0.03
10_3 __ sigX1 = 0.0516 +/- 0.0004 10_3 __ sigX1 = 0.0508 +/- 0.0005
5 sigX2 = 0.078 +/- 0.002 L f sigX2 = 0.075 +/- 0.001 f
- Chi2/dof = 2.5 ~ Chi2/dof = 1.6
10% 10* &
10‘5 B 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 10‘5 L 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 | Il 1 1
02 01 0 01 02 02 01 0 0.1 02
6.4 = 0.05503 + 0.00012 (stat) AX (mm) G.q = 0.05525 + 0.00012 (stat) AX (mm)
5 E 5 E
L3 - CMS Preliminary L3 - CMS Preliminary
& 1z VdM Scan: Fill 1089 -y fo +y & 1L VdM Scan: Fill 1089 +y to -y
s F s F
10" = 10" =
10‘2 ;— MeanY = 0.0034 +/- 0.0001 10‘2 ;— MeanY = 0.0019 +/- 0.0001
= hY = 053 +/-0.04 E hY = 0.72 +/- 0.02
10° r sig¥1 = 0.0508 +/- 0.0009 10° L sig¥1 = 0.0546 +/- 0.0004
% sig¥2 = 0.0728 +/- 0.0010 5 sig¥2 = 0.079 +/- 0.001
Chi2/dof = 0.7 - Chi2/dof = 1.6
10% 10%
10‘5 B 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 10‘5 B 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1
02 01 0 01 02 02 01 0 01 02
6.4 = 0.05926 + 0.00012 (stat) AY (mm) 6.4 = 0.05985 + 0.00010 (stat) AY (mm)
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CMS results PRELIMINARY

Rscan/mc = 1.007 £ 0.003(stat) £ 0.110(syst).

Method Efficiency Visible Cross-section

Total Cross-section =100% 71.3mb

HF Coincidence 63.4% 45.2 mb

Vertex Counting 73.6% 52.4mb

Error Value (%)

Beam Background 0.1

Fit Systematics 1.0 0 NB: if perfect current
Beam Shape 3.0 measurement,
Scale Calibration 2.0 uncertainty: ~4% !
Zero Point Uncertainty 2.0

Beam Current Measurement

Total 11.0
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ALICE scans (fill 1090)

| V0 Coincidence Rate |

—1200
% R B, e
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QO one horizontal scan
O one vertical scan
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ALICE scan fits
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o Dashed line in double Gauss shows only primary Gaussian

Separation [mm]

o Single Gauss does not fit tail, however double Gauss as well (asymmetric tail for Y scan)
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ALICE results PRELIMINARY

o Integrals

— S5,=152.17 + 0.67(stat.) Hz mm S, =162.20 £ 0.69(stat.) Hz mm
o Zero-separation rate with pile-up corrections applied (<4% correction)
Ry .scan(0,0) = 986.72 + 10.93(stat.) Hz Ry.scan(0,0) = 975.08 £ 10.87(stat.) Hz

0 Luminosity and cross section
— L=(1.576%0.0275%) x 10%? s'm=2

o, = 62.2 £ 0.1(stat) mb used average R(0,0) = 980.90 Hz
(cross section visible to VO, where VO = fwd & bwd scintillator counters, both sides of IP, in coinc)

o Uncertainties
1. Bunch intensity error dominated by DCCT baseline shifts and scalg 5% per beam
2. VO top rate discrepancy for X and Y scan ... 2%

3. Separation has 2 um error (known from bump calibration) ... 4%
Overall systematic uncertainties yet to be finalized
Single and double Gaussian fit results show that the result will stay within systematic uncertainties

o Numerical sum method does not have influence of fitting, and also independent from Gaussian
approximations:
- Use this value as central value

ALICE o,,=62.2mb =+0.2 % (stat.) £ 8%(syst.) (preliminary)
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Bunch current measurement see Ref. [4,5,6]

0 Both Van der Meer and beam-gas imaging methods require an
absolute measurement of the bunch charge in order to produce an
absolute luminosity measurement

a LHC: each beam current is measured by two types of devices:

DCCT (see Ref. [4,5])
Measures the total current in the machine (also satellite bunches

and uncaptured beam).

Fast BCT (see Ref. [4,6])
Measures total charge stored in a nominal 25ns bunch slot.

If no satellites and no uncaptured beam, then
sum of Fast BCT bunch currents = total DCCT beam current
(true to <2% level for the measurements presented here)
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Bunch current uncertainty

DCCT and Fast BCT still under commissioning
Systematics due to:

DCCT scale normalisation

DCCT random noise (small...)

DCCT offset variations (drifts)

Fast BCT sensitivity to clock phase

Fast BCT numerical algorithms, “spillover”, ...

Currently, conservative estimate => ~10% error into the luminosity
Largely dominating the luminosity uncertainty

a A more precise quantitative characterization of these errors and of
their degree of correlation is still in progress

a May improve in the near future (both more analysis and more
measurements)
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Conclusions / summary

o First absolute normalisation of luminosity and cross section were
performed at the LHC (450 GeV / beam and 3.5 TeV / beam)

o Two methods were used:
— van der Meer method
— beam-gas imaging method

0 Results accuracy dominated by beam current normalisation
uncertainty (~10%, being worked on)

o Potentially, could hope to aim for total uncertainty ~5% (future
measurements)

— will first have to work hard on the beam current normalisation
— then on other smaller systematic uncertainties
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