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The CMS experiment

Overview

o HC

e Collisions

e Basic principles of CMS

e CMS Higgs analysis overview

* for simplicity most numbers are approximate
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The CMS experiment

LHC in a nutshell - pt1

® Goal at CERN’s Large Hadron Collider is to accelerate

particles to high energies and make them collide DAN—— !
¢ producing new particles X Wa
¢ High mass particles = high energies (E=mc?)
e very important as in proton collisions quarks and ad
i

gluons entering the hard scattering carry a fraction
of the proton’s energy

/
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The CMS experiment
LHC in a nutshell - pt2

¢ | HC accelerates protons at Vs=13 TeV
e Collision frequency 40 MHz

y(m)

e Current instantaneous luminosity at
0.02+
CMS ~1034 cm2s-

e Effective yeart=107s 000
¢ integrated luminosity L =104 cm2 =100 fb*  -0.02-
e L HC beams cross at the interaction point

¢ ~2.5k bunches per beam
® ~3Xx10" protons per bunch

e Inverse femtobarn (fb') measures particle collision events per femtobarn (10-43 m2)

¢ 1fb1~10% pp collisions

e Looking at a particular process (for now)
® Nevents =L X0
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The CMS experiment

How an event looks like

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.2
Run/Event: 195099 / 137440354
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The CMS experiment

Another example

CMS Experiment atithe LHC, CERN
Data recorded: 2017-May-23 15:12:38.033280 GMT
Run / Event / LS: 294929 /22988291 / 25
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The CMS experiment

e Coordinate system
® x-axis: point to the Interaction Point
® y-axis: upwards
® z-axis: along the beam axis

¢ instead of polar ©
e pseudo-rapidity n = -Intan(6/2)

n=0
Y4 n = 0.55

/’ n = 0.88
0 = 90°

0 = 60° / n = 1.32
9: 450 /
6 = 30°
e n = 2.44 <—
6= 10° — CMS/ATLAS coverage up to ~here
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The CMS experiment
From collisions to bytes

CMS Experiment atthe LHC, CERN 4 - —=
4 Data recorded: 2017-May-23 15:12:38.033280 GMT Agilent
Za= | Run/Event/LS:294929/22988291 /25

Quljuo
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| N |

R | ‘\/\/\ () ()
€= | Neghtive Time |———r Pocktive Time’| =, e

O Trigger Scurce Skope
Fdan |

¢ Trigger on physics is crucial
e L HC collision rate 40 MHz

¢ Hardware trigger (aka L1) ~100kHz
e Software trigger (aka HLT) ~1kHz

SUl|JO

® Here you can find raw data
® what does it contain?

CMS PAS BPH-16-001

CMS Physics Analysis Summary

pag-conveners-bphysics@cern.ch

Observation of the decay Z — g £7£~ in pp collisions at _

Vs =13TeV

The CMS Collaboration
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The CMS experiment
Basic principle of a HEP detector

~15m
Calorimeter Superconducting
Solenoid ron return yoke interspersed
wiith muon chambers IUOL) w
Muon Electron Charged hadron (e.g. pion)
- ==+ Neutral hadron (e.g. neutron) -=-==-Photon
>
~10m
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The CMS experiment

Tracking is not easy!

Where is the 50 GeV track?

T L
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s L[ ' ' . -
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2 L ’ A '
7 50— - : -
- . ’ ::.l.o‘ . 3 . . o '
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: s, - L
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-100{—
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alobal x (cm)
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The CMS experiment

Tracking is not easy!

global y (cm)
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The CMS experiment
Basic principle of a HEP detector

Standard Model of Elementary Particles

three generations of matter
(fermions)

l Il I .
/ : \ "j\ -
7.4 MWk 1275 G’ 17244 Govc? : 12500 Getie? - e i '
273 23 23 : D Rl W
2 u 12 c 12 t 3 & 0 H lem ‘ i
\\\>\~\\\\\\ ’_/ |

up charm top gluon Higgs Silicon -9
Tracker
LB MV 95 MW’ 4.18 Geyyc” \o i
d 113 g 13 b ] Eﬂ@@@{tﬁf@@@gm@tu@
12 12 1 L alorimeter
Hadromn
down strange bottom photon Calorimeter Superconducting
Solenoid Iron return yoke fnterspersed
with muen chambers
051 Mt LS 67 Naic* LTTEE Gey\\* SLLS GV
e ll : p . , T : L Muon Electron Charged hadron (e.g. pion)
7b - ==.Neutral hadron (e.g. neutron) ----. Photon
oson ‘
p,(ut+) =29 GeV
B0 3% Gewx r](u+) = 0.66
‘) E,™=24 GeV
: W‘ M, = 53 GeV

electron muon tau W boson

neutnno neutrino neutrnino Run Number: 152221, Event Number: 383185

Date: 2010-04-01 00:31:22 CEST

u

¢ In the transverse plane
®>pr=0

.. ~, , N O = W-uv candidate in
® aka Missing Transverse Momentum Lt ot 7 TeV collisions

(MET)
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The CMS experiment
Basic principle of a HEP detector

® 3 key characteristics of a good detector
® high efficiency

® good resolution
Tracker A&

¢ IOW fa ke rate EH@@&W@m@gm@%@ . e

. Calorimeter )
® Big advantage of CMS Hadron

Calorimeter SM[@@W@? m@]uj]@ﬁﬁmg Iron return yoke fnterspersed
® hlgh magnetic field (38 T) soleneld wﬁﬁhmg@@@h@mb@ﬁs
[ gOOd pT resolution Muon Electron Charged hadron (e.g. pion)

- ==.Neutral hadron (e.g. neutron) ----. Photon

® good separation of charged and neutral particles

perfect detector poor resolutjon’

poor resolution
+ low efficienc
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The CMS experiment
Basic principle of a HEP detector

®
® Tracks and hits are turned into objects | |
e electrons il I ,ﬁ |
Noaull) i il
® muons oo L > i
ilicon T
Tracker N Hinli
¢ M ET EH@@&W@m@gm@%é 7
Calorimeter / I
. phOtonS Hadron
Calorimeter Superconducting I
. Solenoid Iron return yoke fnterspersed I
L ]ets witth muon chambers
Muon Electron Charged hadron (e.g. pion)
- ==.Neutral hadron (e.g. neutron) ----. Photon
&(: _CIMSIPI I'I i |2|01|0I - | IM 3.659'+/-0.012 | c:\ - e e
S - reliminary 7| ©1000[—cms \Vs=7Tev L, =314 nb” ]
8 Ns=7TeV, |Ldt=35pb 1 -+ data ) .
. - N\v 407 +/-49 h E\D‘ 800+ signal+background —
Q 800 — N = 9187 +/-133 — (@] : ....... background-only |yJ"v| <1.2 :
S 4 o [ ]
—~ — — — 600 o©=28MeVic? ' g —
-9 600 — L3 — =~ — -
= - 12 - 4 .
S 1 ® 400f i
o — 7 400 — -
a oo, Jhpree ok Jpp—rpu -
200 L ] 200 =
s _ . .
0 ‘.:}1..l.......l....,:‘.‘.....l.,,,T;I....I....i‘I "‘G'lemm"”“'m ...................... ymd i n, Wi i - e S -
2 25 3 3.5 4 4.5 5 2.6 27 28 29 3 3.1 32 3. 3 3.4 3 5
M,, (GeV/c?) w* W invariant mass (GeV/c?)
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The CMS experiment R

CMS CMS Experiment atithe LHC, CERN

— YO

Data recorded: 2017-May-23 15:12:38.033280 GMT
Run / Event / LS: 294929 /22988291 / 25
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The CMS experiment

S ATLAS
A EXPERIMENT

n Number: 18016 Nu 14

Date: 2011-04-24 01:43:39 CEST

pr > 2.0 GeV

11 reconstructed vertices
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The CMS experiment

SOATLAS
A EXPERIMENT

Run Number: 180164, Event Number: 146351054

Date: 2011-04-24 01:43:39 CEST

pt>10 GeV

11 reconstructed vertices
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The CMS experiment

From collisions to bytes

CMS Experiment atthe LHC, CERN
Y| Data recorded: 2017-May-23 15:12:38.033280 GMT
Za= | Run/Event/LS: 294929422988291 /25

¢ Trigger on physics is crucial
e L HC collision rate 40 MHz

¢ Hardware trigger (aka L1) ~100kHz
e Software trigger (aka HLT) ~1kHz

SUl|JO

® Here you can find raw data

¢ what does it contain? - now you know

e Data are reprocessed

¢ based on detector calibrations [ alignments [ other corrections
¢ preliminary samples ready ~1 week
e final re-processing O(months)

S. Leontsinls 21
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The CMS experiment
From collisions to bytes - example of reprocessing

Experiment atthe LHC, CERN t *

140 — ' o
- CMS Preliminary 2012 + X =]
_ 120+ \'s=8 TeV o ” * \ 2
& -+ Aligned data
31000 Prompt data
........... N B
< 80—
o - Large Pixel  Prompt
'% 60— movement "gg!['isreat'on
T 40— ) 3
i - — + & : @
o4 B *+ Jon ) (:Ig
0 20 % par W W |
a8 - ¢ M | +
Ol —wsn— wos— —w " 50 - #W‘ N
B ¢ h ++
-20— | | - b
06/11 13/11 20/11 27/11 04/12

cctions

Date

) C dl V C 1JIC —adlUlV ~1 VWCCK

e final re-processing O(months)
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The CMS experiment

Data taking...

CMS 16/05/18 LHC: PROTON PHYSICS DAQ?2 State Run Number Lvl Rate Ev.Size [Compact] Dead Time [AB] Stream Physics Accepted [CPU]
Wed 23:30:51 Stable Beams [02:15] Running 316457 [01:55] 41.830 kHz 1.16 [0.85] MB 2.56 [1.71]1 % Total 1082.01 Hz 2.59[27.32] %
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o <#EVinBU> 110.3  <RAM> 6.6 % <OUT> 1.2 % — RunningDe Calibration 6.5363E45 95.427 hititer.3MuonsNoiD ™ 0.35 | [l
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The CMS experiment
What can we do with the collisions recorded?

e Standard Model

¢ \W/Z production cross-sections e Measurements

¢ WW/ZZ production cross-sections ® cross-sections

o WWW/ZZZ production cross-sections o mass / lifetime

® New physics, beyond the Standard Model e Searches

® Supersymmetry e bump

® Extra dimensions e distributions - tails

e Dark matter
¢ Charged Higgs

Higgs physics as a prime example of a standard analysis

(reminder Nevents - L X G)
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The CMS experiment
Higgs production at the LHC

¢ Gluon gluon fusion
® 0 =19.3 pb Vs=8 TeV
¢ [oop dominated by top quark

¢ often accompanied by jets in the final state

10°E — =R
g . Vs= 8 TeV §§
< T 18
F 10F EE
1 - ]
;OO0 ot :
T 1k —
g T o' .
(a) - =
10-2 E—I 1 | ® 1 1 1 1
80 100 200 300 400 1000
My [GeV]

dominant production mechanism

Nevents = L X 0 =20 fb' X 19.3 pb = 4x105
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The CMS experiment
Higgs production at the LHC

e Vector boson fusion
G =1.6 pbVs=8 TeV

® 10X lower cross-section compared to ggF -
jet
10%E T3
g - Vs= 8 TeV E%
T 10 45
q q T - .
g L i
& 1 _
7 - -
7 g 107 =
107 : | | o
80 100 200 300 400 100C
My [GeV]

Disting experimental signature

Nevents = L X 0 =20 b x 1.6 pb = 3x104
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The CMS experiment
Higgs production at the LHC

e Associated production with W/Z / ”A,j\
® o = 0.7 pb Vs=8 TeV for WH [+ )
\ | /f,l"//
® G = 0.4 pb Vs=8 TeV for ZH N vwz/
e very low cross-section o
107 ————3;
g - Vs= 8 TeV E%
T ]
8—_ L i
T e E
10 &
/ l/ 10_2 E_I | | . | | | |
80 100 200 300 400 100C
My [GeV]
W, Z

Very clean final state

Nevents = L X 0 =20 fb X 1.1 pb = 2x104
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The CMS experiment
Higgs production at the LHC

® Associated production with top pair
G =0.12 pb Vs=8 TeV
e very2 |ow cross-section

102 E T T T T E g
g F Vs=8TeV s
< T 18
T - 5
Q. | _
2
© 1= —
107 =
_(] - { -2 __
10 E 1 1 | ® 1 l 1 1
80 100 200 300 400 100C
v - > -~ 1 My, [GeV]
g N

\'

Unique final state with 2 b-jets,

- .
e 2 W bosons and a Higgs
Nevents = L X 0 =20 fb x 0.12 pb = 2x103
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The CMS experiment

Higgs decays at the LHC

Highest branching ratio, but high
QCD background

LHC HIGGS XS WG 2013

g

77
Very difficult.. Poor performance +
of ¢ jet taggin n'd
J geing o0

—
—

-,

Only accessible final state with
leptons

Fully reconstructed final state wit
excellent resolution

-

Fully reconstructed final state wit

LLLL

excellent resolution

r

-4 | | | | | | | | | | | i | | | | | | | | |
10 80 100 120 140 160 180 200
My [GeV]

H—gg and H—cc can be studied in



The CMS experiment

Higgs decays at CMS

CMS 359" (13 TeV)
16000:—l|l—|:)lYlYI”I””I””I””I””I””I””

- M,=125.4 GeV, fi=1.18

All categories

14000 S/(S+B) weighted

12000 ¢ Data
— S4B fit

10000 ------ B component Ntotal =N s+ N b
Bl tlio

O*20

lIlllllllIllllllllllllllllllllll

S/(S+B) Weighted Events / GeV
-
o

D

3

o
lllllllllllllllllllllll

CM 35.9fb" (13 TeV)
> _IIIIIIIII TTTT TTTT TTTT IIIIIIIIIIIIIIlIIIIIIIII_
O 70 i
©) B + Data 5
< 6oF [ H(125) ]
Q B I:] qa—>ZZ,ZY* .
1 al 1 1 1 1 1 % :_ - gg%ZZ,Z’Y* _:
100 110 120 130 140 150 160 170 180 u>J S0F I z+X i
m,, (GeV) - -
40— 7
30F =
20 -
10

0
70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

Nevents — I_ X0 X B(H_’?) X B(?_’?,) X
for H2ZZ—4l, e x A=(20-40)%
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Higgs d
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Events / GeV

Data - Fit
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B CWMS Preliminary TR

Hi~> _ F -
o 30 ¢+ Data N
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The CMS experiment

H—ZZ— 4l simplified

e Choose decay mode of the Z ¢ Select events containing
®7—qq ® 2electrons and 2muons OR
o 7 ee/uu/TT ® 4 electrons OR
o/—VV ® 4 muons
e H—ZZ—llll, I=e,u is the easiest by far ¢ Various approaches on that.. Cut &

MELA, ...

¢ aka the golden mode

¢ high-pt leptons are clean!
¢ have high efficiency
¢ very good momentum resolution

S. Leontsinls C; U. Zurich



The CMS experiment

H—ZZ— 4l simplified

¢ Check that one of the di-lepton pair is consistent with a Z
e one is real, one is off-shell
® Check that the 4 leptons are compatible with the Higgs

CMS {s=7TeV,L=51m";{s=8TeV,L=19.71"
> :I I I | | | ] ] ] I | | I | | | | I | | | I:
8 35_— * Data —
™ B zx -
cMs fE=7TeV.Le51m"  fE=BTeV,Lu1970" oMS fS=7TeV.L=51" {s=8TeV,L=1970" ~ 30~ —
> 10IIII||lllllIlllllllllIII|IIII|IIII|IIII > 7_ll|llll|Illl|llll||ll||lllllllllllllllllIllllIIL Q : ) DZ'ZZ :
8 of DPm  1215<m,<1305GeV 8 [1215<m, <1305Gev * Daa ; c - T :
- . () r .
X W z.x - 6fF Bl z:x = > 25¢ | |my=126Gev
; 8 . ; - . . Ll - -
= Oz .z £ 5 [zrzz - 203 .
) 7 @ C ] — —
ﬁ . DmH=126GeV Lﬁ E Dm"=126GeVE E E
4._ — - -
5 o . 15:_ _:
3 b - - ]
4 - R ]
. 10 —
3 2 EEEBE _: -
2 e . 5k
1 ] ﬁc\llu ] + 9 -
) L 0
9 50 60 70 80 90 100 110 120 0%%5 20 25 30 35 40 45 50 55 60 80 100 120 140 160 180
m, (GeV) m, (GeV) m,, (GeV)
CMS Simulation s=8TeV CMS Simulation s=8TeV CMS Simulation fs=8TeV
> 450 > 1400
L] Q Q
1] Oyca = 2.0 GeV 31400 e = 1.6 GEV 5] Ogep = 1.2 GeV
w0 400 [ 0. =28GeV H—ZZ ~ 2e2) o, =23GeV 21200 O, =17 GeV

31200 my, =126 GeV
o

710 115 120 125 130 135 140 110 115 120 125 130 135 140 110 115 120 125 130 135
m,, (GeV) Maez, (GEV) My, (GeV)
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The CMS experiment

How to recover

¢ Final state radiation recovery

e leptons radiate photons

¢ high energy photons can be
detected and recombined with o
the muon

CMS Slmulatlon s=8 TeV

IIIIIIIIIIIIIILIIIIIIIIIIIIIII

o 5007
S 450
>

D 400

350

300 :—Events affected by FSR
- M, = 126 GeV
250

200
150
100

50

—— FSR applied

——— FSR not applied

IIIIIIIIIIIIIIIIII

MS Experiment at LHC, CERN

ata recorded: Wed May 23 21:09:26 2012 CEST
un/Event: 194789 / 164079659

Imi section: 118

IIIIIIIIIIIIIIIllIllllllllIIIIIIIIIIIIIlIllllIIII

%0 90 100 110 120 130 140 150 160
my,, [GeV]
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The CMS experiment

LHC
Run 1 ‘ | Run 2 ‘ ‘ Run 3
LS1 13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
injector upgrade 5t07 XI
splice consolidation cryo Point 4 limi _ nomina

7 TeV 8 TeV button collimators DS collimation %rt}:ec_)ramliton . HL LH(_: luminosity

— R2E project P2-P7(11 T dip.) regions installation I
Civil Eng. P1-P5 _\

2013 2015 2016 2017 2019 2020 2022 2024 2025 2026

A _”
radiation
experiment experiment upgrade 2x nominal 'Umin:ﬁ;n - experiment
Zg:{?inal beam pipes nominal luminosity —] phase 1 P 1 upgrade phase 2

luminosity I

I/ integrated
luminosity

we are here
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The CMS experiment
Looking towards the future aka what your students will work on

® In case no new physics found
¢ would make sense to go to an e+e- collider
¢ make it a Higgs factory and study principles of the new
boson

Z in Hadron collider Z in Electron-positron

o o
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The CMS experiment
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The CMS experiment
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The CMS experiment

CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9fb™ (13 TeV)
> AR RARRY RARRY RARLYE RALAS RARAS RALRE RALAN RALLN LAL > RARN RARAN RARLS LAALN RAARS RALAS RARA] RARLY RALAS LARLE 1
g 12~ ' - 8 10_ ‘ .
o - ¢ Data 0 ._ ¢ Data ‘-
i) 10__ ELO;Z;naI-Zsignal —. S : ELO;Z;naI-Zsignal :
2 L ignal - - | ignal - —
g 8-— -- g:rt?bi?\:atcazﬁ:rgzgd . % 8. -- g:rgbiat:atc::i:rg:gd - Z (O' ) p
> i ~ > - 1
w - . ’ —
| ] o e : 1.00  1.59 x 10~
: : £ : 1.28  1.00 x 10~
; | ; 1.64  5.00 x 1072
! § °r ‘- 2.00 2.28 x 1072
- s/ SRS\ * | : A .0 L L ] : ) ) _2
P P L L S T Y P LY N e b L
8.6 272829 3 3.1323334 3?5 3.6 0 70 75 80 85 90 95 10010511(?1\}5 232 100 X J'U 2
My [GEV] M- g [GEV] 3.00 [.35 x 107

3.09  1.00 x 1073
3.71  1.00 x 10~
4.00  3.17x107°
5.00 2.87x 107
6.00 9.87 x 107"
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