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circular tunnel in
Switzerland and
France (near Geneva)

27 km in circumference
mean depth of 100 m

1232 dipole magnets

392 quadrupole
magnets

> 9598 magnets in total

8 RF cavities per
direction

design energy: 7 TeV
per beam

design luminosity:
103 cm—2s~!
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Compact Muon Solenoid (CMS)

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes

Overall diameter : 15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

—

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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What is luminosity?

dN
— =L
/ o \
event rate cross section
frev: revolution frequency (11245 Hz)
ny: number of bunches (up to 2808)
r— frevN1 Ngnb Ox, Oy beam widths (~ 15 um)
B 4roxoy, N¢, No: number of protons per bunch (~ 10'")
f: correction factor (crossing angle,
displacements)
1 bunch Beam 1 Beam 2
(protons or s
heavy ions)

2495ns  abort gap

bunch train
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Why is luminosity important?

PP/pp cross sections
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Abstract  pAS TOP-16-006

A measurement of the tf production cross section at \/s = 13 TeV is presented us-
ing 2.3 fb~! of proton-proton collision data acquired by the CMS detector. Final
states including one isolated charged lepton (electron or muon) and at least one jet
are selected and categorized according to the multiplicity of jets. From a
fit to the invariant mass of the isolated lepton and a jet identified as stemming from
the fragmentation and hadronization of b quark, the cross section is measured to be
o(tf) = 8346 2.5 (stat) +228 (syst) + 225 (lumi) pb in agreement with the stan-
dard model prediction. Using the expected dependency of the cross section on the
top quark pole mass at NNLO+NNLL we determine the latter to be m, = 172.3*27
GeV.

o(tt) = 834.6 + 2.5 (stat) + 22.8 (syst) + 22.5 (lumi) pb

> We need high luminosity to get
large number of events for
processes with low cross sections.

> To measure cross section precisely,

we need a precise knowledge of the
luminosity.



https://cds.cern.ch/record/2202802

How can we measure luminosity?

l. From machine parameters:
P [ — T;'evN1 N2nb
x w \/% droxoy,

> beam widths from machine parameters:

N - “H » betatron function 3*: beam envelope,
g determined by beam optics

/ : » emittance e: phase space volume
/ N * occupied by the beam (beam property)
» beam width: o = \/B*¢
> rather imprecise
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How can we measure luminosity?

l. From machine parameters:
P [ — T;'evN1 N2nb
x w \/% droxoy,

e ; > beam widths from machine parameters:
______________ - “ﬁ » betatron function 8*: beam envelope,
/ ' determined by beam optics
d » emittance e: phase space volume
/ N * occupied by the beam (beam property)
» beam width: ¢ = v/B*¢
> rather imprecise

Il. From rate measurements:

1 dN > oyis: Cross section for general "hits" in a
= specific detector

ovis di > need to calibrate every detector used for
luminosity measurements

> Van der Meer scans
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Calibration: Van der Meer Scans

Scan 2: Y-plane BCID 2674 72/ ndt 38.72/16
z 0.1111 £ 0.0002354
L | x | | - r /o, y s0.
t . . . 2 [ cwmsPreliminary U
§ [ vdm scan: Fill 4266 Frac 09986 £ 0.002189
= x " :_‘; o Mean  -0.00657 + 0.0003073
[ x ] Sl =
- =
x m F
beam 1 e
x 107
beam 2 E
x m r
] x [ ] 10° =
] x [ E
n x [ 10" E
- x . E integral
X 10°E Y = —g
F peak
> special run: separate two beams in a3 g
transverse plane, move them in
steps through each other _ 21x,YyRo

) > Ovyis = NN-F
> measure event rate as function of 11N2

transverse distance > separately for every detector used

oo to measure/monitor luminosit
> for both transverse directions x, y y
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Calibration: 2016 Van der Meer Scan Campaign
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Calibration: Length Scale

CMS Preliminary 2016 (13TeV)
t " x = E

" X =m xzolndl 6.939/3

" x = g % gl —o.gsgsasig Bo%éggi
[ I | = k=
beam 1 s S
] = N
beam 2 . grEse
" x m 8 >
= x = (% S
"= x =m g §

" x = X? I ndf 0.7392/3

X PO 946.910.133

pl 0.9972 + 0.0009691

> put both beams at fixed transverse L

I I L I I I
S0 s a0 50 g 50 00 150 200

separation and move them across nominal offset [um]

the detector correction  uncertainty
> measure vertex position as function  horizontally | -1.1%
of nominal position vertically -0.5%

> use slope of linear fit to correct total 1.6% 108%

nominal positions in VdM analysis o
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Calibration: Beam Imaging Scan

u x u Work in Progress 2016 (13 TeV)
t | | x | | g 0.04 :7 Scan X1, BX 872‘ %
- Gaussian w/o corelations .
™ x ™ C X?d.of. =1.1417
003
" x =u E 3
EXE 0021~ >
beam 1 B E
beam 2 oo !
xm £
= x = °F °
L] X L] —0.01; -1
L] x L] 5
-0.02|— -2
] x [] E
{ -003f -3
. -0.04 :7 ~
> keep one beam fixed and move the E R B

Colov b b bennn b iy
-004 -003 -002 -001 0  00L 002 003 004

other beam across it X [em]
- measured vertex position form an > factorizable Gaussian model — not
image of the beam shapes a good description of data

~ simultaneously fit the four beam > remember: oyis o XxXy assumes
images with proton density model factorizable beam shape
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Calibration: XY Correlation Correction

Double Gaussian Triple Gaussian Super Gaussian Super Double Gaussian

CMS Preliminary 2016 (13 TeV) . .
T F P — 2 > fit models: normalized sums of
~ il Gaussians with positive or negative
“ ' : weights and non-zero correlation term
' g * > best fit: "Super Double Gaussian"
E . = derive correction from comparing true
Wb . overlap integral with simulated VdM
£ . scan result
A - > correction: +0.8 % with uncertainty
nd . : M =+ 0.9 % (covering differences for
SETTIS T I ATIE different fit models and BCIDs)

x [cm]
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Calibration: Other Systematics

Orbit drift A CM.SP::::::W 2016(13 TeVv)

> beams may drift during scan steps N EE%E . .

> beam positions measured with DOROS beam position § L
monitors MR S-SR

> compare beam positions before and after each scan, estimate ° L
effect on Van der Meer calibration R .

12 3 4 5 6 7 8 9 10
Scan number

Beam-beam deflection
> proton beams repel each other, depending on their separation

> correct beam positions for this effect

5 I
nominal displacement [mm]

Beam current measurements
= several current measurement devices with different capabilities

> need to estimate spurious charges (ghosts and satellites)
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Integration
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Integration: Pixel Cluster Counting

> ]
% 1 = use pixel cluster counts as
(=] ] main event rate
T, ] » 66 million channels
= o007 e 1 > occupancy <0.1% at
* "mi ] design luminosity
0.96 ", ] » very good stability over
0.95 Pof, time
1 ] > linear response up to high
o Data (2208 ] pile up
0.93 catBaP(ix La);H > Iin1ited from maximum
0.92 = BPix..Layer.2 ] trigger rates
« BPix, Layer 3 1 = use only modules that were
091 v FPix;Disk1 E operational during the entire
L ‘f FPix, Disk 2 | . ear
0'904 10 12 14 y

Instantaneous Luminosity (x10*cm2s-1)
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Integration: Out-of-Time Response Effects
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3Lcms prminary '2015 (13TeV)
B = Before corrections

s+ Aftertype1 --7%

v Aftertype 142 - ~10%

> PCC biased by two out-of-time
response effects

. > type 1:
T eyt Splhover
» electronic pixel signal leaking into
O oMS Py " 2015 (13Tev) next bunch slot
o et > type 2:
02 e 1oz -10% » Afterglow

» exponential decay of activated
material surrounding the detector
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Integration: Stability and linearity

Cross-detector stability, linearity Internal stability

S R— L CAL\) B0 S GV e A " 2b16 (13Tevy]
35;— = gw; oy W W v Y gy v o

; E %u.x} oy W VT sy A PR
30 = guza; é
2 ; é 0.24 ;7 v forward disk 2 E
15; é M; vonT SR BT TV w.'..é
0= = I S bud ub bt o allihecder o

= . 01/04 11/06 21/08 01/11

- | Date (Day/Month)
e E

E DT/PCC - . -

ST S I P _/‘.m‘: > shown are relative contributions
&96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 .

from pixel layer to total PCC
> DTis assumed linear and stable > per-layer contributions have drift
> linearity uncertainty of 0.6 % to throughout 2016 data-taking
cover PCC non-linearity =~ assign uncertainty of 0.5%
. . o _
> stability uncertainty of 1.5% to — total uncertainty: 1.7 %
cover DT/PCC steps (2015: 1.0 %)
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Overall uncertainty of 2016 luminosity

Systematic 2015 (CMS-PAS-LUM-15-001) 2016 (CMS-PAS-LUM-17-001)
Correction [%] Uncertainty [%] | Correction [%] Uncertainty [%]

INTEGRATION

Internal stability - 0.5
Cross detector stability - 1.0 - 1.5
Linearity - 0.6
Dynamic inefficiency - 0.4 0-—1 0.3
Type 1 corrections 7-9 0.6 7-12 0.7
Type 2 corrections 0-4 0.7 0-4 0.5
CMS deadtime - 0.5 - 0.5
CALIBRATION

XY correlations 1.1 1.5 0.8 0.9
Beam current calibration - 0.3 - 0.3
Ghosts and satellites - 0.2 - 0.4
Length scale -0.5 0.5 -1.6 0.8
Orbit drift - 0.4 - 0.4
Beam-beam deflection 1.8 0.4 1.5 0.4
Dynamic-3 - 0.5 - 0.5
TOTAL 2.3 25
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http://cds.cern.ch/record/2138682
http://cds.cern.ch/record/2257069

> High luminosity important to achieve high statistics in
rare events.

> Precise luminosity important to achieve high precision in
cross section measurements.

> Luminosity at CMS is calibrated with Van der Meer scan
method and measured using Pixel Cluster Counts.

> Preliminary 2016 result: Total integrated luminosity of
40.8 fb~" with uncertainty of 2.5 %
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Thank you for your attention
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