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Outline

@ Recap SM, Higgs boson production @ LHC
@ ATLAS and CMS experiments

@ Discovery of the Higgs boson
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The Higgs boson....
..an integral part of the SM

@ Renormalizable relativistic QFT with local
gauge invariance U(1)yxSU(2).xSU(3)c

@ Success of QED, high-energy behaviour T = <tfF Fo
of 4-fermion weak interactions, drives + LOBSY 4 11 o,
electroweak unification to propose [ VYV +hg

massive gauge bosons (confirmed e.g. at +nel”-vVe) § ;
CERN in 1980s and indirectly in the 70%) |

@ Higgs/BEH/ ABEGHHKtH-mechanism

Fi2
breaks gauge symmetry in the vacuum v = re
state - W-S i incorporated it in A
EW (G) model i .e i ﬁ,m AR

sin 0, V2 cos Oy
iy =21

v
mf—ﬁ Fme?c*nc
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Higgs production @ LHC

Compiled by
LHCXSWG
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From my to branching fractions

@ Assumes no invisible
(BSM) width

LHC HIGAS XS WG 2011

=
O
O
=
=
5
 —
+
C
o0
7
=)
2
L

200 300 400 500

Oslo Winter School 2018 5 A. Read, U. Oslo



From my to branching fractions

I I
WW

@ Assumes no invisible
(BSM) width

LHC HIGAS XS WG 2011

Higgs BR + Total Uncert
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ATLAS, CMS

collaborahons
HU_‘!L ' ‘Vl.l |

g . = o, [
»
* . L0 Se'n ——
R Ppanre o -
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CMS, ATLAS experiments

@ CMS: Compact, high
sol. field, all-Si
’rracker, crys’ral ECAL

@ ATLAS: Air-core
toriod, accordian LAr

b R B ECAL
14 ktons | 7 ktons Qi i/
1529 m | 22x45 m o o
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ATLAS-experiment

Electrons (stable) \l /
Muons (effectively stable, ?1) | (#/
Tau-leptons (from decay products)
Jets (from quarks and gluons R =

Missing transverse momentum (
(neutrinos, new physics e.g. SUSY)

90 M 3-D pixels
400 “pictures’/s
Toss 20 Mpics/s
Save some 1000 TB/yr




Muon

Spectrometer
Hadronic
Calorimeter
Electromagnetic
Calorimeter —
Solenod magnet t : : ’Ig : :";
Transition Tk
Radiation ®’ 115y
Tracking € Tracker "3 i
Pixel/SCT
detector

The dashed tracks
are invisible to
the detector

] Loy
b Of Ll g g
D " ""..': "%.}l'

Yo s

ARG

CATLAS [
L2 EXPERIMENT
http://atlas.ch
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Om
Key:
Muon
Electron
== Charged Hadron (e.g. Pion)
— = = = Neutral Hadron (e.g Neutron)
Photon

Silicon
Tracker

\ Electromagnetic
)‘ ]l Calorimeter

Hadron Superconducting
Calorimeter Soenoid

lron return yoke interssarsed

Transverse slice with Miuien chamboars

through CMS

D.Barmey, CERY, Febriguy 2008
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Cration: C. Patignani et al. (Partide Data Geoup). Ohin. Phys. C, 40, 100001 (2016)

u™ modes are charge conjugates of the modes below.

s~ DECAY MODES Fraction (I /T) Conficence level (MeVc)

e Veiy = 100% 53
I [d] (1.4£04) % 53
e VevyeT e [e] (3.4%£0.4) x10~5 53

Lepton Family number (LF) violating modes

e VeV LF  [fl<12 %

e 7

LF <57 x 1013

e ete” LF <10 x 10712

e 2y

LF <72 x 10—

J=3

Mass m = 1776.86 + 0.12 MeV
(m . —m__)/Myenge < 2.8%107%, CL = 90%
Mean life 7 = (200.3 £ 0.5) x 107** s
cr = 87.03 um
Magneti: moment anomaly > —0.052 and < 0,013, CL = 95%
Re(dy) = —0.220 to 0.45 x 10~1% ecm, CL = 95%
Im(dy) = —0.250 to 0.0080 x 10-!6 ecm, CL = 95%

Weak dipole moment
Re(d*) < 0.50 x 10-17 ecm, CL = 95%
Im(d¥*) < 1.1 x 10" eecm, CL = 95%

Weak anomalous magnetic dipole moment
Re(a¥) < 1.1x 1073, CL = 95%
Im(a®) < 2.7 x 1073, CL = 95%
7% — 7% K%v, (RATE DIFFERENCE) / (RATE SUM) =
(=036 + 0.25)%

Decay parameters

See the 7 Particle Listings for a note ccncerning T-decay parameters.
ple or u) = 0.745 + 0.008
ple) = 0.747 + 0.01C
plp) = 0.763 + 0.020
&(e or u) = 0.985 + 0.030
£(e) = 0.994 + 0.040
€(u) = 1.030 + 0.05¢
n(e or u) = 0.013 + 0.020
n(s) = 0.094 + 0.073

Cration: C. Patagrani et ol (Partiche Data Geoup), Ohin Phwys. € 40, 100001 (2016)

(86€)(e of p) = 0.746 + 0.021

(8€)(e) = 0.734 + 0.028

(86)(u) = 0.778 + 0.037

£(x) = 0.993 & 0.022

£(p) = 0.994 + 0.008

£(a;) = 1.001 + 0.027

£(all hadronic modes) = 0.995 + 0.007

*™ modes are charge conjugates of the modes balow. "HE" stands for
=% or K%, "€ stands for e or . "Neutrals” stands for 7's and /or 0's.

Scae factor/

r~ DECAY MODES Fraction (F;/T) Confidence level (MeVc)

Modes with one charged particle
particle™ > 0 neutrads > 0K u, (85.24 % 0.06 ) %
(“1-prong”)
particle™ > 0 neutrds > OKg vy (84.58
[T TR (17.39
W Pyvey (368
e Dpvy (17.82
e Vol (184
h~ > 0K§ v, (12.03
h™ (11.512
T vy (10.82
K- v, ( 6.96
h™ > 1 neutralsv. (37.00
h~ > 12%, (ex.X?) (36.51
h~ 7%, (25.93
=~ v, (25.49
#~ 7% non-p{T70) v, (30
K- n%u, (433
h- > 27, (10,81
h~2x% ( 9.48
h~ 2x6u,(ex.K°) (932 £ 010 )%
7 2% (ex K%  [g] (926 +010)%

7 2%, (ex. K9), < 9 x 10~ 3CL=95%

0.06 ) %
0.04 ) %
0.10 ) x 103
0.04 ) %
0.05 ) %
0.05 ) %
0.05 )%
0.05 ) %
0.10 ) x 10~3
0.09 ) %
0.09 ) %
009 )%
0.09 ) %
32 )x10-3
0.15 ) x 103
0.09 ) %
0.10 ) %

-
-
-
=
-
=
-
=
-
=
-
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=

lar
" 2n" v, (ex. KY), < 7 x 1073CL=95%

vector
K“2e:&v,(ex.K°) g] (65
h= > 3%, (134
h™ > 3n%, (ex. K9) (125
h= 3=z, (118
3%, (ex.K%)  [g] (104

22 )x10~4
0.07 ) %
0.07 ) %
0.07 ) %
0.07 ) %

KK KN

HTTF://PDG.LBL.GOV Page 2 Created: 10/1/2016 20:05 HTTP.//PDG.LBL.GOV Page 3 Created: 10/1/2016 2005




Cration: C. Patignani et al. (Partide Data Geoup). Ohin. Phys. C, 40, 100001 (2016)

u™ modes are charge conjugates of the modes below.

s~ DECAY MODES Fraction (I /T) Conficence level (MeVc)

e Veiy = 100% 53
I [d] (1.4£04) % 53
e VevyeT e [e] (3.4%£0.4) x10~5 53

Lepton Family number (LF) violating modes
e VeV LF  [fl<12 %
e LF < 57 x 10713
e ete” LF <10 x 10~12
e~ 2y LF <12 x 10~11

J=3

Mass m = 1776.86 + 0.12 MeV
(m . —m__)/Myenge < 2.8%107%, CL = 90%
Mean life 7 = (290.3 % 0.5) x 107 s
cr = 87.03 um
Magneti: moment anomaly > —0.052 and < 0,013, CL = 95%
Re(dy) = —0.220 to 0.45 x 10~1% ecm, CL = 95%
Im(dy) = —0.250 to 0.0080 x 10-!6 ecm, CL = 95%

Weak dipole moment
Re(d*) < 0.50 x 10-17 ecm, CL = 95%
Im(d¥*) < 1.1 x 10" eecm, CL = 95%

Weak anomalous magnetic dipole moment
Re(a¥) < 1.1x 1073, CL = 95%
Im(a“’)( 2.7 % 1073, CL = 95%

T = 75 KLv, (RATE DIFFERENCE) (RATE SUM) =
(=036 + 0.25)%

Decay parameters

See the T Particle Listings for a note cencerning T-decay parameters.
ple or u) = 0.745 + 0.008
ple) = 0.747 + 0.01C
plp) = 0.763 + 0.020
&(e or u) = 0.985 + 0.030
£(e) = 0.994 + 0.040
€(u) = 1.030 + 0.05¢
n(e or u) = 0.013 + 0.020
n(p) = 0.094 + 0.073

HTTF://PDG.LBL.GOV Page 2 Created: 10/1/2016 20:05
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Cration: C. Patagrani et ol (Partiche Data Geoup), Ohin Phwys. € 40, 100001 (2016)

(86€)(e of p) = 0.746 + 0.021

(8€)(e) = 0.734 + 0.028

(86)(u) = 0.778 + 0.037

£(x) = 0.993 & 0.022

£(p) = 0.994 + 0.008

£(a;) = 1.001 + 0.027

£(all hadronic modes) = 0.995 + 0.007

*™ modes are charge conjugates of the modes balow. "HE" stands for
=% or K%, "€ stands for e or . "Neutrals” stands for 7's and /or 0's.

Scae factor/ p
r~ DECAY MODES Fraction (F;/T) Confidence level (MeVc)

Modes with one charged particle

particle™ > 0 neutrals > 0K%u; (85.24 % 0.06 ) %
(“1-prong”)

particle™ > 0 neutrds > OK0 vy (84.58
B, vy, (17.39
W Vv (368
e Uovy (17.82
e V. (184
h= > OK6 v, (12.03
h™ (11.512
vy (10.82
K- v, ( 6.96
h™ > 1 neutralsy, (37.00
h~ > 12%, (ex.X?) (36.51
7%, (25.93
LIk o 7 (25.49

#~ 7% non-p{T70) v, (30
K~ 1r°u, (433

> 2n%, (10.81

| ih 2x° u ( 9.48
a es h-2x0, (ex K°) (932 = 010 )%
7 2r%, (ex K% (5] (926 = 0.10)%
7~ 270 v (ex.K9), < 9 x 10-3CL=95%

0.06 ) %
0.04 ) %
0.10 ) x 103
0.04 ) %
0.05 ) %
0.05 ) %
0.05 )%
0.05 ) %
0.10 ) x 10~3
0.09 ) %
0.09 ) %
009 )%
0.09 ) %
32 )x10-3
0.15 ) x 103
0.09 ) %
0.10 ) %

-
-
-
=
-
=
-
=
-
=
-
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=
-
=

x 21r u,. (ex.KY), < 7 x 1073CL=95%

vector
K“2e:&v,(ex.K°) g] (65
h= > 3%, (134
h™ > 3n%, (ex. K9) (125
h= 3=z, (118
3%, (ex.K%)  [g] (104

22 )x10~4
0.07 ) %
0.07 ) %
0.07 ) %
0.07 ) %

KK KN
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Quark and gluon “jets”

Jets make this
correspondence

>

"Hadronization”

Why doesn’t the top quark hadronize?!
)

I
What we calculate What we measure

Simulated event from ATLAS Experiment € 2011 CERN




@ LHC challenge: Find 10> Higgs bosons in
101> proton-proton-collisions.
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@ LHC challenge: Find 10> Higgs bosons |n

1015 proton- pro’ron collusmns
R 4 ;

‘:~.' "'Q. \- T" 0'(, ~ \f?\ _ \\\ .
IR AIASS )
. N i

Vi s
)
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http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981

@ LHC challenge: Find 10> Higgs bosons |n

1015 proton- pro’ron collusmns
R 4 ;

| A L 2\
AL T N ~a \ \\\ |
Y] . -u— = - o

8 2
‘, ,/‘ ’ /
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http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981
http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981
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NS o~ m
f 3 3 3
L_\\ "\._, . YJ’ ,v‘} -

CATLAS P, GAILAS

EXPERIMENT EP—_—

L . '; ) - EXPERIMENT

R b J0A0A Fum handew MNYSALEA
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Results 4 July (*), 2012

| o

ELES p ;:
= QATLAS 7
bt 1 LA f i
- LWl e oL I8

A EXPERIMENT  ([[ 8 “z"g‘} |
- - M N 'F ] i

SATLAS = —

A ' 2
MINALLA '\\ \'.} 4

T ¥ T T T l T T T T I T T Y Ld I L T T T
- Dds  — SMisysE =)
B ww [T wzzzwe
ic=BTeV fLdt=58f  LJ& N GmkTx
“ Bl Zees [ Wejets
H=WW —evpwuvev + 0/1 jeis ) N125 G

v .o Y(Z-as'he:
e SizeBky F1 (M =196 5 GV - Backgcund 7z’
---m---- Bk (dth orcer ps ynemia ) B ackgound Z+jets, B
:] Signal (m =125 Ge\)
Sysuunc.

Everte/ 2 GeV
=

00
00

Evenis/ 10 eV

(3=7 leV, fLdt=a.8in’
{3=8 ToV, [Ldt=5.9f0" H—vy

Events « Bkg

150 1€0 2 250 a0
m., [GaV" ‘ m, [GeV]
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Aot

BN TRMDE: 203 70w, BVENL TUMIGN S2obl 114

Mabe 301275213278 79 C75T
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?EAKTI.AS

PERIMENT

bitp://otlos.ch
LR JeSy 1%
fverk:  AMILEIS
bate: DOA2Q¢-10
LRI 15 DR DY 31
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Candidate H — WTW ") = ety u v,

WATLAS

A EXPERIMENT
Run Number: 204026. Evert Number: 31133446

Oslo Winter School 2018 17 A. Read, U. Oslo



“I n,varian__

We see the Higgs boso

FE =mc® = E? = m?c* + p°c?
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H — vy 1

@ H is electrically neutral, photon has only
electromagentic interactions.
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-2 H IS elec’rrlcally neufral pho’ron :'h;c.ls' only
elec’rromagen’rlc m’rerac’rlons '

v e T

e oy

-.Ifi"- 'f—';.-?:
3 *
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LHC data samples

CMS Integrated Luminosity, pp

ATLAS Online Luminosity Data included trom 2010-03-30 11:22 tc 2017-11-10 14:09 UTC
e 2011 pp VS =7 TeV
— 2012 pp 1s=8TeV
w— 2015 pp V$=13TeV
e 2016 pp 18 =13 TeV
w2017 pp V$=13TeV

2010, 7 TeV, 45.0 pb '
2011, 7 TeV, G.1 1 '
2012, 8 TeV.23.3 b
2015, 13TeV, 4.2
2016, 13 TeV, 40.8 M '
2017, 13 TeV, 51.0m '

Delivered Luminosity [fb™]

2 L0 (B 8

USRI

=
S
‘n
=]
£
£
=
-d
e
Q
-~
(1]
.
[=)]
Q
=)
=
©
)
[+]
.—

v
%,

x‘“& el o sw" s'5°° s°6 s\\“ «’0“'
Month in Year Date (UTC)
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LHC data samples

35 ATLAS Online Luminosity

e 2010 ppNs = 7 TeV
2011 pp Vs = 7 TeV
w— 2012 pp \'s = & TeV

w
Q

Measurements

N
o

o Similar for CMS

'Iri
o
=
2
0

Q
;=
£ 25
5
-
2
@
=
o
o

-
an

oct
Month in Year
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Pile‘,—up hallenge
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30 35

number of vertices

Oslo Winter School 2018

[GeV]

1on

E:‘E:' Resolul

Peak interaclions per crossing

Data 201 2 default
Datz 2N =

MC dafault
MG Pile-ao suppeassion

yaft

23

\E = 7 Tev

ATLAS

Online Lurninosity

~45%

N’;‘.

el
Month in 2070

ATLAS Freliminary

F e-1p :,,_m'a.r.-‘.i-.'m

yar

J \! 'l“ 1::. Cn\

Moni~ in 2011

T2 perlirniney

1

Efciency

090
09s
neo:

N Qe

AN U
Morth in 2072

Runad 2

CombReliso PF 413 <0 2

1 TV
gy

Muon ID

* Dats
. NC
- Date'MC
15 20 25 20 2%
Number of vertices

o:n Andainda
TaN Ve

J Lt <2064 pb
N2 Aabs cban 2
AILAS Vreimnany—

} (Rt ————————————

1.0
1

02

(LR -

S,
atrr. .

A. Read, U. Oslo


https://twiki.cern.ch/twiki/pub/AtlasPublic/JetEtmissApproved2013EtMiss/fig_03.png

/]

Standard “candles

CMS
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ATLAS Praliminary

[pb]

¢ 012V CME measursmenl (slzDsysl)

LHC pp Vs =« 7 TeV
Theory

Data iL=0035-43%

tol

— 7 T2 Theory preciction

R 1oV Theory preciciion

LHC pp Yz = € TeV
wem Theory

e DataL=58.20M0 ")

Q.

~

=

LY 10GeV

-l
o

Ae > 04

Production Cross Section, ©

4an’
531!

49m’
asm’

36, 19 pb” (RE

e oIy - CNSMASENY 1010 MM
P SOIRRE TNR N ENE IO

o1 W / WV, OIS 0160 27

T

- NLO OO0 il 4 Sirse apton (ATRV) 7411 52 pn

¥ Sz e eplon (7 TeV) 1789z "2 b
o pq =¥

& Ulepton 173 | cb

Ooall-bahor e 167 = &1 s

wEam —ACCas. NNLO IpP) @ Samained 177 ") pb

SOR T Py _ WCCF

ingle top quark production —

. i ! Eapavx NMLOipp)
TMS raimiran, A0 o

CME 11 EE b T = CWLO 2CD (pp

T ITYIYI

-

5o

-
-
-

¢ O

ML 1E Dwsomin s dwavwnd
theoey uncectarly (scals @ PCM)

Cavmnnedl Pt Aol Trwrertarn JNER 1T 12005 042

KLCHALL OCD
theney unesetarly (sealr & PEF)

Kidorob o Fraw Free DAY 120047 231000
L | ]

4 6 8 10
\'s [TeV]

Oslo Winter School 2018 A. Read, U. Oslo




July, 2012

T l T T T
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A new boson, "Higgs-like”

\C=7oV,L=b110" \¢=EleV L=a3t

ATLAS 2011 + 2012 Data

| _dt~4648f' \s=7TeV [Ldt~58591b"1s=8TeV

«==Fypoctac Combnad - Fypastad H 2 77 S I =« Fapacted H = bh

— Obzervad Combined Cbserved H— 22' — 1l Obacvaed H - bbb °©

Local p-value

<=« Cxpectec H — 1y <« Expectad H— WW* — vy Expected H —
— Observad H — vy ~—Chserved H - WW' - lviv Obseved H = T

w— Combined obxs
smes Exp for SMH
w—H 1y

— s T2

— e W

w— 1%

170 115 120 125 130 135 140 145 150
my (GeV]

,” . .....‘.‘v:
@ Combination of all channels and data KSCIC%]EQ’

available at the time R T 4P

S A

L HléGS""%‘:i%
kL 58 BOSON &5

& . A ;_-,_‘_f..;;’,2>\~\“ - o\e\‘

@ The most sensitive channels making oS Sl \a

the impact % [‘i -~

" AYAAAS

@ 2 experiments with 5¢ at “same mass

!

_ /L
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Since July 2012:
From “a Higgs-like boson”
to

"a Higgs boson”



Statistics miniworkshop

chaired by Louis Lyons (Imperial College-Unknown-Unknown)

from Wednesday, 13 February 2013 at 08:00 to Thursday, 14 February 2013 at 18:00 (Europe/Zurich)
at CERN

Description WHAT WE HAVE LEARNT FROM THE LHC HIGGS SEARCH?

BASIC IDEA OF MEETING:
Now that we have actually searched for and found a Higgs-like boson, we should have a small meeting to try to decide what we

have learnt about the statistical issues involved, and to consolidate our experience.

@ While van Dyk asserted that he would advocate a
different quantification of the evidence for a Higgs
boson, he acknowledged that the ATLAS and CMS

analyses must be among the most rigorous
statistical treatments of a complex scientific data

set "on the planet”.

@ Profile-likelihood ratio machinery (RooStats/RooFit/
MINUIT) put us in position to rapidly (!!) advance
from limits and discovery to measurements!
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Rest of 2012: The signals grew...
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Mass of the Higgs boson

(Run 1 data only)

Expt. | Chan. My stat | syst
ATLAS | TY°Y | 126,8 | 0,2 0,7
cMs | YY | 1254 | 05 | 06
ATLAS | 4l | 124,3 |0.6/0.5/0.5/0.3
CMS | 4l | 1258 | 05 0,2
ATLAS | Comb | 1255 | 0,2 |0.5/0.6
CMS | Comb | 1257 | 0,3 0,3

(Optimistic back of the envelope 125.610.3)
my = 125.09 + 0.21 (stat. ) + 0.11 (syst. ) GeV
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Conclusions

@ Far beyond any reasonable doubt we have
started to measure and test in detail the
properties of a Higgs boson, which in every
way is so far consistent with the minimal SM
(JP=0*, SM couplings in production and decay,
no unexpected invisible decays)
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