Odkrycie czastki Higgs %
przez eksperymenty LHC: jakie
trudnosci musielismy pokonac?

Czyi Wiel rzgoa izykq i nie tylko.........
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Czastki elementarne, pola cechowania
| ich oddziatywania
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The LHC machine
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> <43 e A B S The Large Hédrbn Collider
K= | is a 27 km long collider ring
housed in a tunnel about 100 m

nd near Geneva
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Coldest Rin In the Universe ?
1.9 K (CMBR is about 2.7 K)

LHC magnets are cooled with pressurized
superfluid helium
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The full LHC accelerator complex

CERN Accelerators
(not to scale)

LHC ring is divided
into 8 sectors
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LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

> 50 years of CERN history still alive
Start the protons out here and operational




LHC circular machine with energy gain per turn ~0.5 MeV
acceleration from 450 GeV to 7 TeV will take about 20 minutes




© pp Vs =14 TeV Lgesign = 103* cm? s (after 2010)
Linitiar < few x 103 cm2s1 (before)
Note: +sis X7 Tevatron, Laesign 1S X100 Tevatron
- Heavyions (e.g. Pb-Pb at Vs ~1000 TeV)

First collisions: ‘
November 2010

o ATLAS and CMS :
PP, general purpose

Point 4

LHC 27 km ring (previously
used for the LEP e*e- collider)

Point 6

Existing Structuras
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. " | HC Completed Structures (CE) -,LTL-,LS 1802720072
Ion'lon, LHC Complated Structures (CV, EL, HM, MA)
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pp, B-physics, CP-violation




LHC: jeszcze jeden zderzacz?

Max
proton

energy
[GeV]

Stored
beam

energy
[MJoule]

TEVATRON

Fermilab
lllinois USA

980

1.6 for
protons

HERA
DESY
Hamburg

2.7 for
protons

RHIC
Brookhaven
Long Island

lon-lon
P-P

0.9 per
proton
beam

LHC
CERN

lon-lon
P-P

7000
Now 4000

362 per
beam

Factor

7

100




What does this mean?

The energy of an 200 m long
fast train at 155 km/hour
corresponds to the energy of
360 MJoule stored in one
LHC beam

360 MJoule: the energy stored 20 K9 Of TNT

in one LHC beam corresponds « 8 litres of gasoline
approximately to...

* 15 kg of chocolate

It's how ease the energy is
released that matters most Il




Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10** cm? s

In the experiments:

Fraton 10° pp interactions per second
~ 1500 particles (p,n, «) produced in the
Barion detectors at each bunch-crossing

(quark, gluon)

Selection of 1in
10,000,000,000,000

Particle




Detektory eksperymentow fizyki wysokich energii

- Detektory pozwalajg na obserwacje (rejestracje) serii oddziatywan,
podjecie decyzji czy oddziatywanie jest interesujgce, identyfikacje
produkowanych czgstek, pomiar ich energii i pedu.

« Detektory dla zderzen przy wysokich energiach musza by¢ duze,
zbudowane z réznych poddetektoréw (kazdy dedykowany do
rejestracji pewnego okreslonego typu sygnatu). Niektore
poddetektory umieszczone sg w polu magnetycznym (aby
umozliwi¢ pomiar pedu).

« Metody pomiarowe to pomiar absorpcji energii, rekonstrukcja toru
na podstawie ,sladdéw” zostawionych w poszczegdlnych warstwach
detektordéw, itd. itd...



Muon Detectors

or@gnetic Calorimeters

Forward Calorimeters

End Cap Toroid
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TRT+SCT barrel travelled to the pit, 24" Aug 2006
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France Switzerland am
Georgia Taiwan : A LAS f,." T

38 countries, 177 Institutions
~2900 scientific authors
~1800 with PhD, ~1100 students

A M L4 T

Adelaide, Albany, Alberta, NIKHEF Amsterdam, Ankara, LAPP Annecy, Argonne NL, Arizona, UT Arlington, Athens, NTU
Athens, Baku, IFAE Barcelona, Belgrade, Bergen, Berkeley LBL and UC, HU Berlin, Bern, Birmingham, UAN Bogota,
Bologna, Bonn, Boston, Brandeis, Bratislava/SAS Kosice, Brazil Cluster, Brookhaven NL, Buenos Aires, Bucharest,
Cambridge, Carleton, CERN, Chinese Cluster, Chicago, Chile, Clermont-Ferrand, Columbia, NBI Copenhagen,
Cosenza, AGH UST Cracow, IFJ PAN Cracow, SMU Dallas, UT Dallas, DESY, Dortmund, TU Dresden, JINR Dubna, Duke,
Edinburgh, Frascati, Freiburg, Geneva, Genoa, Giessen, Glasgow, Gottingen, LPSC Grenoble, Technion Haifa,
Hampton, Harvard, Heidelberg, Hiroshima IT, Indiana, Innsbruck, lowa SU, lowa, UC Irvine, Istanbul Bogazici, KEK,
Kobe, Kyoto, Kyoto UE, Kyushu, Lancaster, UN La Plata, Lecce, Lisbon LIP, Liverpool, Ljubljana, QM London, RH
London, UC London, Louisiana Tech, Lund, UA Madrid, Mainz, Manchester, CPPM Marseille, Massachusetts, MIT,
Melbourne, Michigan, Michigan SU, Milano, Minsk NAS, Minsk NCPHEP, Montreal, McGill Montreal, RUPHE Morocco,
FIAN Moscow, ITEP Moscow, MEPhI Moscow, MSU Moscow, Munich LMU, MPI Munich, Nagasaki IAS, Nagoya, Naples,
New Mexico, New York, Nijmegen, Northern Illinois University, BINP Novosibirsk, NPI Petersburg, Ohio SU, Okayama,
Oklahoma, Oklahoma SU, Olomouc, Oregon, LAL Orsay, Osaka, Oslo, Oxford, Paris VI and VI, Pavia, Pennsylvania,
Pisa, Pittsburgh, CAS Prague, CU Prague, TU Prague, IHEP Protvino, Rome I, Rome Il, Rome Ill, RAL-STFC, DAPNIA
Saclay, Santa Cruz UC, Sheffield, Shinshu, Siegen, Simon Fraser Burnaby, SLAC, South Africa Cluster, Stockholm, KTH
Stockholm, Stony Brook, Sydney, Sussex, AS Taipei, Tbilisi, Tel Aviv, Thessaloniki, Tokyo ICEPP, Tokyo MU, Tokyo Tech,
Toronto, TRIUMF, Tsukuba, Tufts, Udine/ICTP, Uppsala, Ul Urbana, Valencia, UBC Vancouver, Victoria, Warwick,
Waseda, Washington, Weizmann Rehovot, FH Wiener Neustadt, Wisconsin, Wuppertal, Wirzburg, Yale, Yerevan

(1 institute) and Hong Kong SAR (3 institutes) joining ; some Vietnam students via French

institutes




General purpose detectors
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Particle identification
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Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10** cm? s

In the experiments:

Fraton 10° pp interactions per second
~ 1500 particles (p,n, «) produced in the
Barion detectors at each bunch-crossing

(quark, gluon)

Selection of 1in
10,000,000,000,000

Particle




eInteractions every 25 ns ..

oIn 25 ns particles travel 7.5 m
c=30cm/ns; in 25ns, s=7.5m

Muon Detectors Electromagnetic Calorimeters
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End Cap Toroid

Inner Detector I -..\ &
Barrel Toroid Hadronic Calorimeters Shielding

17000 “m ¢Cable length ~100 meters ..

t

oIn 25 ns signals travel 5 m




Jak w ciqgu 1 sekundy wybraé 1 sposrod 107 ?

Co to znaczy niewielka czesc?

. 25ns = 40 x 10%/s zderzen

. 23 oddzial/zderzenie = 23 x 40 x 106 /sek ~ 10° /sek oddziat

. mozemy zarejestrowac tylko ~ 100/sek zderzenn = redukcja 107

lle informacji trzeba przetworzy¢?
trigger elektron: 8bit x 40MHz x 7500 ~ 3 000 Gbit/sek

Czy mozna podjac decyzje w 25ns?
nie mozna: czas rejestracji w detektorze dtuzszy (ok. 50 x 25ns)

iInformacje trzeba wystaé¢ do procesora (ok. 15 x 25ns)
informacje trzeba przetworzy¢ (ok. 10 x 25ns)

trigger
\ YES

Ixo

107 evts/s \trash/

Save

detector — PIPELINE




Trigger
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99.99 % Lv1
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{7 \Data Flow for Physics Analysis
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Model detektora
| symulacja oddziatywania czgstek z jego materiatem

Jaka jest skala problemu?

. 25,5 millionow Al ko= S=<S ———
oddzielnych A R L SIS
elementow = it o=

. 23 000 roznych A== |
obiektéw -\'5;\ i Il
geometrycznych BYeieky, B e

e 4 673 roznych typow M\X::w —
geometrycznych \

o kontrolowanie
naktadajgcych sie na
siebie przypadkow

® 1 000 000 sygnatow :
w detektorze na 4 1)
przypadek
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Model detektora

rR= 1082 mm

TRT {

(R=514mm [ 2

, I »
R =443 mm i RN .

R =371 mm

ATLAS inner detector

TRT

SCT {

L R =299 mm

Pixels

R=122.5mm

Pixels { R = 88.5 mm
R =50.5 mm
R=0mm
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Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10** cm? s

In the experiments:

Fraton 10° pp interactions per second
~ 1500 particles (p,n, «) produced in the
Barion detectors at each bunch-crossing

(quark, gluon)

Selection of 1in
10,000,000,000,000

Particle




Higgs-like particle: 4-th July 2012

We are living a privileged moment in the history of HEP.

OUR FIRST FUNDAMENTAL SCALAR (7)
The discovery came at halt of the design epnerqy,

much more several pile—up and one—third o
integrated luminosity than was originally judged as

hecessary.,

= ATLAS 2011 -2012 R =R e [
8 \s=7TeV: |Ldt=46-48fb" T - = P
— \s=sTeV: [Ldt = 5.5-5.9 ib” & 10 — e
S — T/
e UEE
1% |
- - - - _Ec
10710 || g v o . .
-71‘ o 12_:\‘3:BT:; ) . ) _?CT
10 FEFETEE BPEPETETE BPEPEPETE PR .. o - 1077 = o 2 — L P e R —=
110 115 120 125 130 135 140 145 150 1o ms 120 128 B0 135 MG e
m,, [GeV] my, (GeV)
ATLAS PLB 716 (2012) 1-29,sept 17 (2012 CMS PLB 716 (2012) 30-61,5sept 17 (2012)
Largest local excess: Largest local excess:
590 at m,= 126.5 GeV 5.0c0 at m,= 125.5 GeV
H—=>vyy, bb, T, WW(lvilv, Ivqq), ZZ(41, llvv, ligq) H—=rvyy, bb, 11, WW(lviv), ZZ(41, liTT, lIvv, ligq)
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Production cross-section

87% s ggH ¢ 1 Ho l 10°
fusion

At the LHC

LHC HIGGS XS WG 2012

\s=8 TeV

o(pp — H+X) [pb]
=

—h

—
<
%)
IIII

80 100 200 300 200 100¢

/0y (My = 125 GeV)



Higgs BR + Total Uncert

10°—

Decay channels

AM/M ~ 1-2% High resolution

bb ww g
18
:g H— vy Rare, S/B < 1
t H—2ZZ* -4 \eryrare, S/B>> 1
7z 3 _ |
AM/M ~ 10-20% Medium resolution
H — bb Abundant, S/B << 1
E H—1t Abundant, S/B < 1
YY Zy 1 AM/M > 30% Low resolution

[ | i||||| N — *_}
100 120 140 160 180 200H WW 2(2v Very abundant, S/B < 1

M, [GeV

4 production modes X 5 decay modes (yy, ZZ, WW, Tz, bb)

~ 100 exclusive final states (production, decay, event categories)
are contributing for M, ~ 125 GeV !



H - eeee candidate

@ATLAS

EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-@5-18
Time: 29:28:11 CEST




H->ZZ ->4l

“Golden” channel, high S/B,
excellent mass resolution,
but low statistics

E 40__ ® Data 2011+ 2012 ATLAS
C - SM Hi B
% - m :Eﬁsa C;G::fr}fit} H_)ZZ*_M'I . s eps
5 355 py B \s=7TeV [Ldt=461fb" Signal significance 6.6, expected 4.4c (SM)
D F J . \s=8TeV JLdt=20.7fb"
L - Eackground Z+Je‘tﬁ, lf Qc T T 71 | T T T 1 l L T LN L | T T T 1 L |
30— 7z Syst Unc. =100 — Obs 2012 ATLAS
: e
251 — R e Exp 2011 I8=7 TeV [Ldt =4.6 b
B — Obs 8omb_|nat|0n
i 10F -oeee xp Combination  s-g TeV [Ldt =20.7 5
15F- 1 O-SE
1 0: 1 0—5E -l:::".‘ *:::5
s 10 E
107 -
0 .
100 150 200 250 {pM
m, [GeV] 6.60
-10—13 1 L1 I Ll 1 I‘J‘-J L I Ll 1 I Ll 1 I:I Ll 1 Ll 1 1
110 120 130 140 150 160 170 180
my, [GeV]

] g T ar Wz g ¢
-- H - H § - H
1
"\
g q T g H i F
ic) VH (dy H

) gg— H {h) ¥BF

Again, categorisation of events to enhance VBF
and VH sensitivity

[

arXiv:1307.1427,
accepted by PLB
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Events / 2 GeV

Events - Fitted bkg

Excellent mass resolution
H (Y pointing in calornimeter) ; « eps
I \ )
> Y Y poor S/B Signal significance 7.40, expected 4.30 (SM)
toooo [— T T T ' - < o T T .
- ATLAS . %‘ 182 %l‘gl H = yy expected p ATLAS
8000 * e booen m-t2acev(iy ] § 19 T SEVETR,
T Theg, eeeeeeees Bkg {(4th order polynomial) 7 — :|1 = 1o
5000 — — ‘I 0-2 .................... : 20‘
- T H—yy - 103 ----- 30
4000 |— — 1 0_4 e WS
i B ] LV SRR | IR SRR oetttiony 40
- \s=?TeVJ-Ldt=4.81b _ 10°F e e
20001— ] 10 Data 201115 =7 TeV 56
~ \s=8TeV ILdt =207 1b" . 107 Obs. 2011
00l 4 10® > JL::II =48
400 E— _E 9 e E}(p 2011 60_
300 :- — 110[.]10 — Obs. 2012 Data 20121s =8 TeV
200 E- —
100 _ 4 10lE B 2012 chn =207 10" 76
0B
-100 21 = :Ilgqg /.40
200;_ L _: 10'14 L Ll | Ll Il | Ll Ll L1 | I 1 1 Ll 1 1 L1l
oo 0 150 160 110 115 120 125 130 135 140 145 150
m,, [GeV]
arkiv:1307.1427, | _ Ty [GeV]
accepred by LB - ggF ®mVBF WH ®ZH mtH
[~ ATLAS Simulation H—ﬂ
a ‘i"__ 7 i Wz g t ::::.\.TTI\::: I~ i
oD S N S == —
_ ot b ) —— —
o q 7 q H @ F e wotion v, I 1]
(8] gg— H (k) VEE o) VH id} FH sl L I e
| L1
Subdivide into categories, including vector-boson o | —————
fusion (VBF) and (W/Z)H (=VH) targeted selections o L ———
Ene-epin —

cianal composmion (%)
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Shower shapes and vertex reconstruction

Photon ID 2 - Photon shower shapes and background rejection

7%y Rejection

» Photons shower shape distributions in LAr
sampling layers - different for signal and

background (n°)

S3

s2
—l

PS

Vertex Reconstruction

m,?=2%E,E,(1 — cos «)

1 Vertex reconstructed through likelihood combination
Calo pointin

> Calorimeter ‘pointing’
> I tracks pT?2

> Conversion vertex

> Mean vertex position
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Mass measurement

Phys. Lett. B 726 (2013), 88-119

-
= ' ATLAS — Combined (stat+sys)
o — Vs =7 TeVv J'I_dl =a4648f' 0 0=----- Combined (stat only)
—~ Vs=8TeV [Ldt=20.7 b H— -
6— H->ZZ* > 47
S
49— S 4 20
2 tammmis,  ATLA°
1EN o EIllmhEmiem
3
: NE E
e -
A E
Y E—— w— W 2 S
[ 1 | 1 | | | 1 1 L |

127 128 129
my [GeV]

4 M, =1243+06,,:04  GeV

stat —

Y- M, =126.8+0.2

sta

. £0.7,, GeV

Combined: M, =125.5+0.2,,, £ 0.6, GeV

sys



Which Higgs boson we discovered

Higgs boson was discovered in ZZ*, yy, and WW™* decays

Higgs boson mass is ~¥125.6 GeV

— measured in H—=ZZ*—4l, and H—yy
— ATLAS: M;=125.5 £ 0.2 (stat) £ 0.6 (syst) GeV
— CMS: M,;=125.7 + 0.3 (stat) + 0.3 (syst) GeV

ATLAS and CMS data strongly favor JP=0* SM quantum numbers

— All alternative J” models tried are excluded at >95%CL
Signal strength p=o0/0,,, and all couplings are consistent with 1
— ATLAS: p=1.33%0.20

— CMS: p=0.801+0.14
— Tevatron: p=1.44+0.60

>30 evidence for V-boson mediated (VBF) production

All measured properties are compatible with SM Higgs hypothesis
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What do we want to measure?

L2 = — % W, Wi — —%BW B""
_ 1 1 a) Discriminate models with extended
L g a /
+Ly (’ O — 872 W, — >8 YBM) f Higgs sectors from SM Higgs sector?
+ R~ (f@n — —%g’ YB,U) R
b] Determine remaining [effective)

2 parameters in SM Lagrangian

[Higgs couplings and

— ‘(fc‘),u — %g*ra W — %g’ YB“) b

quartic gauge boson couplings) ?

+p7 | B — A
—(V2AgLdR + V2, LOR + h.c.)

+ Lgg (eventually)

Zapraszam w czwartek, 8.05, na konwersatorium PTF
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Collecting few numbers .....

Number of turns of the LHC ring made by protons in one second: ~ 11000
Number of proton-proton interactions per second : 1 billion
Number of particles produced per collision : more than 1000
Machine temperature : 1.9 K (the largest cryogenic system in the world)
Weight of CMS experiment: ~ 13000 tons (30% more than the Tour Eiffel)
Amount of cables used to transfer the detector signals in ATLAS : ~ 3000 km
Data recorded by experiments in 1 year: 20 km of CD

Number of involved physicists : > 4000 (from the 5 continents I)




