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The Large Hadron Collider _\X‘(IT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $

Construction time : 14 years

Circumference : 27 km

2 _ : No of dipoles : 1232
= " .‘;:*3; 3 - ; "‘ = Power : 120 MW
T ‘H‘ o Luminosity(8TeV) : 8 nb'/sec
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The Large Hadron Collider

Energy radiated off per rotation cycle:

i’ Do e e e
e 67reoc|6| 67reop2,y B Gt it

SRR )= 280 g W
P(elp,—0.511 Mev) = 450 kW

AT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $
Construction time : 14 years

Circumference : 27 km

No of dipoles : 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb'/sec
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The Large Hadron Collider _\g(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $

2 et p2p2 Construction time : 14 years

o PP :
e 67reoc|6| 67Teop27 BT 0 A Circumference  : 27 km
P(p|mp:1 )50 W | » No of dipoles 1 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb'/sec

P(elp,—0.511 Mev) = 450 kW

Energy density |
500 kJ/m

Tension
200'000 t/m
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The Large Hadron Collider _\g(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $

2 et p2p2 Construction time : 14 years

o PP :
e 67reoc|6| 67Teop27 BT 0 A Circumference  : 27 km
P(p|mp:1 )50 W | » No of dipoles 1 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb'/sec

P(elp,—0.511 Mev) = 450 kW

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERAPDF0.1 (prel.)

B oxp. uncert.

model uncert.
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HERA Structure Functions Working Group
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The Large Hadron Collider ﬂ(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $

2 Construction time : 14 years

pa e“c '}’4 = el g e :
6meqp2 6megp? m* | Circumference - 27 km

) = 280 uW No of dipoles : 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb'/sec

- L=

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERAPDF0.1 (prel.)

Bl exp. uncert.

model uncert.

| xg (x0.05)

xS (x 0.05)

| | L
HERA Structure Functions Working Group

Energy density |
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Key demands on Experiments ﬂ(“.
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) Z >y event from 2012 data with 25 reconstructed vertice:

Vertex
identification: @ /%@%

4T *

Silicon

Tracker \ Q?%
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Key demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

— pp event from 2012 data with 25 reconstructed vertice:

Vertex
identification: @ /,z_’._%%_
4T * !
silicon g §
Tracker \ﬁ%&
Momentum
determination:

p =e-TXB

op __ 8B or
p  erB D erB
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Key demands on Experiments

AT

Karlsruhe Institute of Technology

Electromagnetic

Vertex

identification
Momentum
determination:

p =e-rxXB
op __ 6B Sr
p  erB S erB

10

2012 data with 25 reconstructed vertices &

Calorimeter

Hadron
Calorimeter

Energy determination:
* Energy resolution
* Stopping power
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The Large Scale Solution (ATLAS) ﬂ(“.
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« Magnet field (solenoid): 2.6 T s f}? * Length :45m
(inside calorimeter) R | - Diameter : 22 m

* Magnet field (toroid): ~4 T i : 7'000 t
(outside calorimeter) SR

* Tracker: Si/multi-wire
chambers

* ECAL/HCAL: LAr (varying
granularity)
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The Compact Solution (CMS) _\g(“.

Karlsruhe Institute of Technology

* Magnet field: 3.8 T (outside
calorimeter)

* Tracker: Si (97/p = 0.5%for a
10 GeV track)

* ECAL: PbWO,(°F/E = 1% for
a30GeV e/vy, Xo = 28)

* Length :21m
1 » Diameter : 16 m
* Weight

a

* HCAL: Sampling (brass
scintillator, 92 /5 = 10% for a
100 GeV 77/=, \; = 10)

| Silicon Tracker: i
//' ”’;,," p ‘// 'o> > }}

.4 Electromagnetic Calo:
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Worldwide Distribution of Data

AT
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* Collaborators: O(3'000)
* Institutes: O(200)

| = Countries: O(20) |
i I- ._ I l !"E 'ﬂli-. - F' 7 I.-_n'._-ll__-- _: ._. ‘
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* Recorded events: 0(10°)
* Amount of data:O(10 PB/a)
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(about 140)
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Wanted: Higgs Boson (Dead or Alive) ﬂ(".
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If mg is given all properties of the (SM) Higgs boson are known:
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AT

Karlsruhe Institute of Technology

Wanted: Higgs Boson (Dead or Alive)

If mg is given all properties of the (SM) Higgs boson are known:

. . . Fd!
Gluon fusion Vector boson Associated production
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A Long Road of Theory Developments ﬂ(“.
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99 - H qq — qqH qq — VH

« NNLO+NNLL(,)  NNLO(av,) .

* NLO(w) * NLO(w) .

* Precision 15% * Precision 3% E:i:jgn 4%

tt production
* NNLO+NNLL(cxg)

Single top production

g« NNLO(ov)

How this precsion §
was obtained:
* Precision 4%

W + additional Jets
« NNLO(av.)

Z + additional jets
« NNLO(a,)

WW WZ ZZ
* NLO(a,)

* Precision 5%

* Precision 5%

* Precision 10%

,@m'ﬂ'ﬂ XeLxin
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Example: Top Quark Pair Production _\g(“.
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uncertainty
o [pb] order in ag scale (u) pdf
158 NLO i Kleiss/Stirling '88.
F20 F5
160 NHD —= 1 Moch/Uwer '09.
164 | NNLO(approx) B S
163 NNLO(approx) = B Kidonakis '10.
LD
L —— NLO !
:uﬂ;_ﬁh — — = NNLO approx y
= Ll
I e
Eﬁu_— H‘“‘“\x T e 1
e

(NNLO approx) < 5%

. \\ Scale uncertainty
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http://inspirehep.net/record/269871?ln=de
http://inspirehep.net/record/824312?ln=de
http://inspirehep.net/record/871496?ln=de

LHC History XIT

Karlsruhe Institute of Technology

Start 10. September 2008: Restart 20. November 2009:
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45
240 e 2010, 7TeV ¢=68.0mb e 2011, 7TeV ¢=68.0mb e 2012, 8TeV 0=69.4mb {40

Quench in 100 i %
dipoles. . # i
p a 25 . ! g: ? -‘ 25

» Set free 6t of He. v b I
ivmf . .
* 53 damaged S L ,Lx;*‘ : T
superconducting pate (070)
magnets.
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LHC History (measured in physics measurements) ﬂ(".
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Ch. Sander
1012 LHC, /s = 8 TeV
§ o Tt
b 25
10} =
:— Ty = — 2010, 7 TeV, 44.2 pb ™' m— 2011, 7 TeV, 6.1 b’ — 2012, 8 TeV, 23.3 b’
) ' didet{pr > 100 GeV) _B' 20
=100 * s
2, ‘ e
= e £
] b 20 _— o £ 15} {15
S a3k e dilet(py > 400 GeV) H
2 10 I ‘, % -
(‘f ! Wy k-]
x L he @
=] ! + 10 110
S 4
: o
r Z'(['=10.1-m) 42
! | 4
L Z' (I =0.01-m) - N >
107% r
T — e P 0 2 e ° < 1°
10 100 1000 oof &k \xc,e L0
Scale / Mass [GeV]

repeating the program
at 8 TeV

first MinBias / UE rst top xsec, 3/pb
studies, particle multiplicities 6~40%

first incl. b x-section, 8/nb firs _Si'fge top xsec,
5~15% -cl 0 #

first significant limit on

first incl. jet x-section, PF jets Bs—py, BR<1.9x108

60/mb &~ 20-30% first Muop, 36/pb
A~ 65 Gov
first incl. W/Z x-sections, 200/nb R
5~ 4-6%, +11% lumi first WW xsec, 36/pb j
5 ~40%

first incl. J/AW x-section, 100/nb first limit on HWW

0~ 20%
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First SM Measurements 2010-2012 ..\X‘(IT

hnology

Feb 2014

- QcDsSector  57TeVCMSmeasurement (L <5.01b")
: : : : : : : : : : : : i : E 8 TeV CMS measurement (L <19.6 fb‘l)
—7 TeV Theory prediction

—
<,
!

G [pb]

R —8 TeV Theory prediction
1 04 == y o
~CMS 95%CL limit

T Sector

102

—
o

||||||W||||||”‘

Production Cross Section,

—
Q
TTT]

[ Tz VB
fty ' ttZ 'ggH qqH VH ' ttH
Th. Ac,, in exp. Ac

W |21j|221|231|24i| z |21j|221|23j|24i|Wy|Zy wa'wz'zzmlgg}ftwyl Wl 1] | 2 | 3j |t1{h|tW Lh
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Search for the Higgs Boson 2011-2012

XIT
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Explanatory figure (not actual data)
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* for us finding the Higgs it was
48 years = 1,513,728,000 sec

23

T T T T ]

T T T T ] T T T T I T T T T ] T 25 T

O'/GSM

Excess
Deficit

Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

“Observed” (example data)

Higgs excluded at 95% CL below this line
Expected without Higgs (background)

Expected region at 68% Confidence Level
Expected region at 95% Confidence Level

The data is higher than the expected background
The data is lower than the expected background

200 300 400 500
mass of Higgs [GeV]

I
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Most Important Decay Channels ﬂ(".
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Chanel

Resolution
H — vy 1-2% O(0.1)
H 1857 1-2% o>1) |
H s WW 20% o) ']
H — bb 10% 0(0.1) |
HS o (0.1) |
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Most Important Decay Channels ﬂ(".

Karlsruhe Institute of Technology

Channel Resolution
d H — v~ 1-2% O(0.1)
—— SNER V74 1-2% oC>1) |
{ H—-WW 20% (
H — bb 10% (0.
H— 711 “_’1“5%

Institute of Experimental Particle Physics (IEKP)
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Most Important Decay Channels

AT

Karlsruhe Institute of Technology

26

Chanel

Resolution
H — vy 1-2% 0(0.1)
H 377 1-2% o>1) |
H—WW 20% o) ']
H — bb 10% 0(0.1) |

R ESy
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Pre-Discovery — February 2012

AT

Karlsruhe Institute of Technology
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Analysis of full 2011 dataset ~ 5 fb"

Hints start to appear...

H—ovyy:
« 3.10 local significance at mW=124 GeV

=
[0
O]
Z
-
w
2]
o
[
=
L

This is high, but must be careful!

* Searching a wide mass range —
background fluctuations can appear
anywhere: Look-elsewhere effect

“global” significance only 1.80

One of the reasons we demand 5o for
discovery...

900F-
800
700
600
500

T T T T T T
a) All classes combined
CMS Vs=7TeVL=481fb" 3

——Data 4 10
- Bkg Model

1o
20

M e m
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400 —_— 2XxSM m, =120 GeV
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t T t t t t t

c) Both photons in barrel
[ i ] 300

200k RY">0.94 3

150t

100f
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1 150
§ 100|
1 50

T T T T T T
b) Dijet-tagged class
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T,

<0.94 =

+{
N

é_e) One or both photons in endcap _f f
1 RT">0.94 3 250

200
4

t t t 1 t t t =
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R7"<0.94 3

T TTTTIT

T L L LINIL LA LR
/7

L L1
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| et 4
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Ji A E
il o k 20 -
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Discovery of a new particle 4" July 2012 AT

Karlsruhe Institute of Technology

—
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

Scratching magic
50 boundary.

Discovery driven
by H — v+ and
H — ZZ (high

resolution channels).

Broad moderate
excesses for
H — WW and

H — bb.

No signal seen in
H — 7171

29

Vs=7TeV,L=5115" {s=8TeV,L=5.31b"

Local p-value

g
=l o] dhl‘/

— | = Combined obs.

==== Exp. for SM H
—_— H Yy
—Ho 2
—H— WW
e B

T T I
=== JHEIH [E=TE] (DT (R  [EEYTE] [TV [V  IEIEET] [ETEN (= I T

T T T
1o
20
30
40
e e 5o
%QS% :
;99%
i99,9% :
: 160
m1H4(0Ge\})45 /0
145
m,, (GeV)
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

% ¥ 1o
C_U ~
7 107 =20
E' _|30
8 =
-4 =
o 10 :
-1 — 4c
10> =
10'8 — L£— Combined obs. “\ .
| ==== Exp. for SM H Teeal, _60
: 1§cms Vs=7TeV,L=51f"{s=8TeV,L=53 " __ - H%*ny ~A~‘ i
I = W )/10 AR 0L
Y NN A0 D ww ‘ Bl
Y \’\\}\ bbbb e ., i
Ellllliis . HEE . 176
110 115 120 125 130 135 140 145

10110 fiiSs R0 FPS T o0s 158 a0 e 150
my (GeV)

30

m,, (GeV)
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

Local p-value

=i
T

local p-value
)

&
%, ~— 7TeV Observed
™, —— 8TeV Observed

=== Expected for SM Higgs Boson

10° 1
my

cMs Vs=7TeV,L=51f"fs=8TeV,L=53f5"
1g
AN\ Z2\\V/ | B
107
E F
= ol
102 P
10°
——— Observed
==+ Exp. for SM Higgs Boson
4
10 ——— 7 TeV Observed
8 TeV Observed
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1 1 1 ‘D | 1 1 |
110 115 120 125 130 135 140 145 150
(GeV)

G

Ic

30

....................................
10110 115 120 125 130 135 140 145 150
my, (GeV)

10°®

10"
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==== Exp. for SM H
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—H— WW
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130
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

CMSH—>WW (s=7TeV,L=4.915" (s=8TeV,L=511"
T T T T T T

- —=— Observed
...... Expected (68%)
------ Expected (95%)

T T

------ Expected for m =125 GeV/ |

95% CL limit on /oy,

...................
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TTT

Ccms

local p-value
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e

e
[
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Discovery of a new particle 4" July 2012 ﬂ(“.

Karlsruhe Institute of Technology

8CMSH—m \s=7TeV,L=49f" \s=8TeV,L=511fb"
: s e s e .
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

Local p-value

CMSH—>WW (s=7TeV,L=4.915" (s=8TeV,L=511"
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What Happened Since Then?

* Briefly discuss each channel and its peculiarities.

* Go through all five decay channels and discuss what happened to them since
4" July 20127

* Make 2 pit-stops:

Status July 2012:

 |CHEP summer conference
(Sydney)

 Discovery (with £~ 10 fo*
@ 7 TeV & 8 TeV equal
share).
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What Happened Since Then?

* Briefly discuss each channel and its peculiarities.

* Go through all five decay channels and discuss what happened to them since

4" July 20127
Make 2 pit-stops:

Status July 2012:

Status March 2013:

Status Summer 2014:

 |CHEP summer conference
(Sydney)

 Discovery (with £~ 10 fo*
@ 7 TeV & 8 TeV equal
share).

* Moriond spring conference
(La Thuille)

* Preliminary results based on
full dataset (w/ £~ 25 fo1).

* Final publications based on
full dataset (w/ £~ 25 fo=1).

* Final calibrations, align-
ment, more channels inclu-
ded, more sophisticated
analysis methods applied.



H — ~~ Decay Channel

AT

Karlsruhe Institute of Technology

Events /(0.5 GeV )

CMS
| Unpublished

4%% Simulation

—— Parametric model

8TeV Combined

—— 0, =187 GeV

FWHM = 3.10 GeV

e

OMS/Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450

o

* High mass resolution (O(1-2%)). Simple
reconstruction and event selection.

+B) weighted events / GeV
ik n

S
&)

3.5F

25F

EEEEEEEEE R i i L B |
0 120 130 140
m,, (GeV)
19.7 o' (8 TeV) + 5.1 fb (7 TeV)
r CMS S/(S+B) weighted sum
H- vy

¢ Data

S+B fits (weighted sum)
------ B component

+0.26
4 -0.23

124.70 £ 0.34 GeV

* Tiny signal on huge background.

n
o =
o o
T TN T T T T

100

B component subtracted

}

0
« Decay via loops: " Zw M ST e
W 110 1156 120 125 130 135 140 145 150
¥ m,, (GeV)
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H — ~~ Decay Channel

AT

Karlsruhe Institute of Technology

Status July 2012:

o 10 E P
2 E Interpretation Requires LEE CMS Preliminary P
[ {s=7TeV,L=5.1fb"
a 1 Vs=8TeV, l_:5.3fb5'1
© F i N
AV ) f~\\/] : 1o
010-1_\ v M 11/ SV H
-l EN/ H
E \\ / // _.e=="" 126
107 g ‘%ﬂ A ..—.-.‘.‘.....;......
10_3 : . 1 Observed (Asymptotic) B 36
E / ----- 1x SM Higgs Expected (Asimov)
10‘4 E \ I 7 TeV Observed (Asymptotic)
: \74 8 TeV Observed (Asymptotic) 1 4o
-5 T SAET RN Mt e b L by b a
10110 115 120 125 130 135 140 145 150
m,, (GeV)

p=16+04
o = 4.1(obs) 2.8(exp)

Q@ mpyg ~ 125 GeV

39

Local p-value

Status March 2013:

\s=8TeV,L=19.6fb"

1 T I;I TT I L | TTT IE
: \‘;' _&10

10—1 :' '-\} _____________________ \
R WIS B % ; o

1072 :'.,f. =
«’x ':30

107 .. R

_4 'vo” __

10 = H—7yy obs. E
== Exp. for SM H -%40

S \Ns=7TeV _|

10 -\s=8TeV E
110 115 120 125 130 135 140 145 150

my, (GeV)

Local p-value

Status Summer 2014

(after complete re-analysis)

CMS Hoyy 19.7 fb" (8 TeV) + 5.1 fb™ (7 TeV)

K N
10718 e
102;— """"" &
10—3;_ ~|13c
104

F 40
10°g
10°

= -7 56
107 — Observed 7 + 8 TeV

E —— Observed 7 TeV

F —— Observed 8 TeV
108 --- Expected 7 + 8 TeV

E - Expected 7 TeV

F -~ - Expected 8 TeV
0% e e

110 115 120 125 130 135 140 145 150

m, (GeV)

1=0.8+0.2
o = 3.2(obs) 4.2(exp)

i=1.140.2
o = 5.7(obs) 5.2(exp)
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H — ZZ Decay Channel

AT

Karlsruhe Institute of Technology

CMS Simulation \s=8Tev CMS Simulation \s=8Tev CMS Simulation \s=8Tev
> 45 > 1400
4 = £1400- = 2 i
8 0u=20GeV| & 4 Oy =1.6GeV 8 5 Oucp=12GeV
T Ik cinnd I 1)t ERp R | HepcZn2eent R iSe saa) inl 200/ T 22 R Go=17Gev
@ aeob my=126 GeV 4 et ©1200F my= 126 GeV ot A My, =126 GeV b et
& 350 b S
= = 10001
%’ 300F %1000* %’
3 250} ¢ Simulation % 80o| ¢ Simulation 3 800 ¢ simulation
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i 600
. 4007
oo 400F
50 200 200
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My, (GeV) Mg, (GEV) m,, (GeV)
Summer 2014
CMS Vs=7TeV,L=5.11";{s=8TeV,L=19.7 fb"
> T | D t T 1 T T T T
i ata
o 35 March 2013
0] [Im,=126 GeV
*
~ B z+x
2
c 25
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Q1

—_
(=}

* High mass resolution (O(1-2%)). Simple
reconstruction and event selection.

I
JI
L YO
]

Y i
80 100

* Obvious signal on small background.

* Most important search channels: 4, 2.2¢
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H — ZZ Decay Channel

AT

Karlsruhe Institute of Technology

Status July 2012:
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107 ¢ ‘f CMS Preliminary E
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p=0.7£973
o = 3.2(obs) 3.8(exp)

Q@ mpyg ~ 125 GeV
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Status March 2013:

—— Observed 7 TeV
—— Observed 8 TeV'
— Qbserved 748 TeV

CMS Preliminary

HoZZ—4 i
E=7TeV,L=51M" ;
E=8TeV,L=196M0" ]

‘ HHHII‘ HHIH‘ \HHHI‘ HHHI‘ HHIH‘ Lo, H'IM*'I:;IN’[-I"IHIII IHHIH‘ HHHII HIHII\‘ L+ IHH“ L

I‘\I\I‘\I\\\L.I‘\II\‘I\I\‘I\I\-:I:I‘I\\I‘II\\

my, [GeV]

110 120 130 140 150 160 170 180

Status Summer 2014

CMs Vs=7TeV,L=51f";{s=8TeV,L=19.71b"

m 1 T e | L | T T
210"F =
g 3 E =1
1 107 el
Q = =l
c10 L= — Observed L:D i N
2,7 i — Observed LQD ! \\E
B — Observed 21 ! i ]
10 - - - Expected iy E
1041: ff z
1043: ff z
1045: : :
1047T.u“‘m‘.‘um‘ﬁm‘..u‘Jdm..m.“F

110 120 130 140 150 160 170 180

m, (GeV)

= 0.9+
o = 6.7(obs) 7.2(exp)

p=0.9%073
o = 6.8(obs) 6.7(exp)
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H — WIW Decay Channel ﬂ(".

Karlsruhe Institute of Technology

LA L N B S I D g =] =L L L L L L L L LA

kS - o 1e0f
2 r ]
% [ - data — m,=125 GeV CMS Preliminary ] - [ -+ data — m,=125 GeV CMS Preliminary -
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* High discovery potential, but bad mass r)

resolution. w/ */“
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ff' | O-jet 1-jet 2-jet(VBF) A
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H — WW Decay Channel

AT

Karlsruhe Institute of Technology

Status July 2012:

= 102 E 3
Q‘n s --- median expected CMS Preliminary ]
o B H—WW — 2i2v B
c i expected £ 16 _ 5 4 11 (8 Tev) + 4.9 b (7 TeV) 7
o
= 10F expected + 26 3
g F Ly —— observed )
L 1E //:
To) E E
» N ]
101 = E
Bl v v v b bivrnd ool
100 200 300 400 500 600
Higgs mass [GeV]

1= N.A.
o = 1.6(obs) 2.4(exp)

Q@ mpyg ~ 125 GeV

43

95% C.L. Limit on o/og,,

—_
o
o

-
o

10

Status March 2013:

§ CMS Preliminary = Observed g
[ \s=7TeV,L=4.9 fb"1 - == Median Expeoted ]
| \s=8TeV,L=19.5fb" -
| H>WW—212v 0A-jet Bl e _
l:’ Expected + 20
- ——— Injection mN=125 GeV = 10 —
100 200 300 400 500 600
m, [GeV]

Status Summer 2014

CMS

491" (7 TeV) + 19.4 b (8 TeV)

SM

-
o
[

—
=]

[ == Observed

-- Median expected H— WW (all channels]3
Expected £ 1o ]

Expected + 2¢

95% CL limit on o/c

-
Ll | \\\III\I\|I\II\II\I‘IIHHHI‘HIIIIIII

110

200 300 400 500 600

Higgs boson mass [GeV]

0=08+0.2
o = 4.0(obs) 5.1(exp)

0=0.840.2
o = 4.0(obs) 5.2(exp)
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H — bb Decay Channel

XIT

Karlsruhe Institute of Technology

Entries / 0.05

cs,

CMS Expavimant al LHC, CERN
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H — bb Decay Channel

AT

Karlsruhe Institute of Technology

Local p-value

Status July 2012:

1T T 3

L A~ /1
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T c] SR é
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10° =

CMS Preliminary 1

10* Vs=7+8TeV,L=5.04+5.11b" -
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r --@-- Expected from SM Higgs ;
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Higgs boson mass [GeV]

1= N.A.

o = 0.7(obs) 1.9(exp)

Q@ mpyg ~ 125 GeV

45

Local p-value

Status March 2013:

'3 I _31
107 CMS Preliminary E
\s=7TeV,L=5.0fb"
10k {s=8TeV,L=19.0 fb"
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10.5 E —&— Observed
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110 115 120 125 130 135
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Status Summer 2014

ol 1y
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E CMS E
1s=7TeV,L=5.0fb" ]
104 E \s=8TeV,L=18.9fb" .
F pp— VH; H— bb E
5| —=&— Observed ]
i Expected from SM Higgs boson ;
1 0’6 L L L 1 1 | L 1 1 L ‘ 1 L 1 1 ‘ 1 1 Il 1 | L L 1 1 |A
110 115 120 125 130 135
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1=1.0+0.5
o = 2.1(obs) 2.1(exp)

n=10=+05

o = 2.1(obs) 2.1(exp)
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H — 77 Decay Channel ﬂ(".

Karlsruhe Institute of Technology

CMS 49fb at7TeV 197fb at8TeV

—
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H — 77 Decay Channel ﬂ(".

Karlsruhe Institute of Technology

Status July 2012: Status March 2013: Status Summer 2014

CMS Prliminarys = 748 TeV, Hos, L= 10 4 CMS Preliminary, {s=7-8 TeV, L =24.3 fb", H— 11 CMS s 4.0 f7at 7 TeV, 197 't 8 TeV
= 5.0 s40r————— 17T T —TT — = 4.0 T T
& F e ‘simulation sngnal inj. (m =125 GeV) 3 B F —e— observed b‘” e Observed
"6 4.5 :— ——e— gbserved B 3.5 [ expected B 3.5 [ —— Expected
c expected 3 c [ [ + 1o expected put E [ = 10 Expected
- + 1o cted - o L +
S M O e ] S s0f T+ 20 expected S sof W i
: £ - =
% = 25f E
O O i o
52 = 20F o
¥p)
® @ ¥t 32
n
15 : 3
1.0
§ 0.5
0.5F
0. 0 o Ly L 4 4 Ly , |: 0.0 L1 1 1 PR T T PR B 1 a7 i L 1 1
110 120 130 140 110 120 130 140 100 120 140
m, [GeV] m, [GeV] m, [GeV]

1= N.A. uw=11+04 pw=0.8=x0.3
o = 0(obs) 1.4(exp) o = 2.9(obs) 2.6(exp) o = 3.2(obs) 3.7(exp)

@ mpyg ~ 125 GeV Treating contributions from H — WW as background.
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H — 77 Decay Channel

AT

Karlsruhe Institute of Technology

Status July 2012:

M
> A oo
o _u o

95% CL limit on clcs

110

CMS Prenmmary\F 7+8 TeV Hot, L= 10fb1
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expected
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e 8 2 2N W
© v o v o n o

120

0

= N.A.
o = 0(obs) 1.4(exp)

@mH

48

125 GeV

Local p-value

Status March 2013:

CMS Preliminary, ys=7-8 TeV,L=243fb  Ho 11

1 =
10'f 3"
q 26
102 e
10-3 : 3c
10 3
40
107 —e— p-value observed
PP " S p-value expected _i
456
107
10°® L . e o L
110 120 130 140
m, [GeV]

Status Summer 2014

Local p-value

10°L

CMS H—1t, 4.9 fb™" at 7 TeV, 19.7 fb" at 8 TeV

107k

-, \ / SR
____________________ 1
—e— Observed p-value I
........ Expected for SM H(mH) -;
] ] ] i
100 120 140
my, [GeV]

1o

30

40

f 50

1.14+04
2.9(obs) 2.6(exp)

1=0.8+0.3
o = 3.2(obs) 3.7(exp)

Treating contributions from

as background.

Institute of Experimental Particle Physics (IEKP)



H — 77 Decay Channel

XIT

Karlsruhe Institute of Technology

Sketch of event O-jet 1-jet 2-jet
categories for 2012, 00 Gav
: prt> e
incl H — 77 only. P> m; > 500 GeV | m; > 700 GeV
: 100 GeV |Ary| > 3.5 |Any| > 4.0
(qh-p.Th igh-p.th high-p;™
P > 45 GeV high-py high-pr boosted loose
VBF tag
HTh baseline low-py™ low-pr™
"""""""""""""""""""""""" hot | higrem | high-p®
D" > 45 GeV high-py, gh-Pr- | boosted loose
VBF tag
ST baseline low-pr™ low-p;™
ERSS > 30 GeV
p > 35 GeV high-p; high-py* loose
€| VBF ta
H baseline low-py” low-py! :
p.' > 35 GeV high-pr high-p7
e = 2-jet
» WY baseline low-py low-py
ThTh highly
8 TeV only) boosted | P cted VBF tag
baseline
prt > pr't > p;™ > 100 GeV
100 GeV 170 GeV m; > 500 GeV
|An| > 3.5

49

Nearly 100 exclusive event
categories.

6 inclusive decay channels.

Exclusive decay channels
for production in association
with Z, W bosons.

On 7 TeV and 8 TeV
dataset.
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Combinationof H > 77 & H — bb ..\X‘(IT

Karlsruhe Institute of Technology

o CMS {s=7TeV,L=51" ys=8TeV,L=19-20fb" B 20CMS fs=7TeV,L=5f" {s=8TeV,L=19-20 fb"
210°F VH — bb = (exp.) =-(obs.) c F
> F VH = 17 -v- (exp.) —+ (obs.) < 18 my = 125 GeV
2 1o H — 7t (non-VH) -2- (exp.) -+ (obs.) N E =
T F Combined o (exp.) -e-(obs.) |16~ VH — bb
S ik 380 —Hom
: — Combined
107 12
102% 10
10°E 8-
10-4;_ 6:—
= e 2.
s af=.
107 C standard
- o model
10° = B
EIIIII|||III|I|II|II|I|III|||| I||||II|II| 11 |I|I|III|I||
110 115 120 125 130 135 0 02 04 06 08 1 12 14 16 18
my, (GeV) v
1n=08=+02
o = 3.8(obs) 4.4(exp)
Qmpy ~ 125 GeV Treating contributions from H# — WWW as
background.
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H—pup and H—ee ...\\J(IT

Karlsruhe Institute of Technology

Hop'w 19.7 b (8 TeV
* BR (H—pp): 2.2 x10-4 o oo 19T (BTeY)
Job) - i — 7]
- BR (H—>ee): 5x 10-9 3 0,1-Jet Tight BB Data CMS ]
3 800 Background model ]
. . B r -
* Looking for a small bump on a falling background = Ch SM Higgs bosonx 20
Q o0l —
LIJ - -
e Set Limits: - ]
400 — _
* BR (H—pp) < 0.0016 B ]
* BR (H—ee) < 0.0019 F _-
* Evidence for non-flavour-universality in Higgs to C 1
lepton coupling .
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ttH Production

AT

Karlsruhe Institute of Technology

* Want to measure top quark Yukawa coupling directly...
* Indirect measurement from loops
« m (173 GeV) > m,: no H—tt decay

* Leaves associated-top production
* Small cross section: 130 fb (ggH is ~19 pb)
* Complicated analysis with many channels:
* Production 2x t—bW*"—(bl*"v or bjj)
X Decay H-—vyy, H—bb, H->WW, H-ZZ, H—T11

* Use a multi-variate approach to separate signal

w
= s
M = 28+1.0 @ 125.6 GeV 7 TeV, 5.0-5.1 " Vs =8 TeV, 19.3-19.7 1o I_%'
T i
ttH(125.6) x 30
bb [~ —lb— tt+ If
tt+cc
A ] )
. I it 4 bb
4l — . I Single t
tt+w,z
3l = —— I EWK
v, Bkg.Unc.
Same-Sign 2| — —a— —<+— Data
o
=
Combination — —i— ;g
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Mapping out the Discovery
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significance
channel expected | observed | u = 7/osu
H — vy 5.2 5.7 1.14+0.2
H—Z7 6.7 5.7 0.9+0.3
H—-WW 5.2 4.0 0.8+ 0.2
H — bb 2.1 2.1 1.0£0.5
H—7rr O 3.7 3.2 0.8+ 0.3
H — bb, 77" 4.4 3.8 0.8+ 0.2

Qmpyg ~ 125 GeV

(1) Treating contributions from i — W as

background.

* Clear evidence in all but one of the main decay channels.

* Observation in the high resolution channels (H — vy & H — ZZ).

* Clear evidence for coupling to fermions (H — 77 ).

* No striking surprises in loops (H — 77 ).

Institute of Experimental Particle Physics (IEKP)



Long Shutdown 1 ﬂ(".

Karlsruhe Institute of Technology

o4

The main 2013-14 LHC consolidations

1695 Openings and Complete reconstruc- Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of tion of 1500 of these 10170 13kA splices, consolidated electrical resistance measure- of stainless steel lines
the interconnections splices installing 27 000 shunts insulation systems ments

18 000 electrical Qual- 10170 leak tightness tests 4 quadrupole magnets 15 dipole magnets to be Installation of 612 pres- Consolidation of the
ity Assurance tests to be replaced replaced sure relief devices to 13 KA circuits in the 16

' ' 4 '

Main task of reinforcing and protecting magnet interconnects to enable beam
energy up to 14 TeV

HIDULULE VI CAPCHITTICIIAl Faluvic riysiuvd (1IEnr )



LHC Run 2

AT

Karlsruhe Institute of Technology

Collisions restarted this year on 20" May

at new record-setting 13 TeV energy

begun!

8.1 fb" delivered so far and counting
Process of re-discovering the Higgs has

H-yy: y=0.69%

CMS Preliminary

2.7f0" (13 TeV)
sea T2 Lt LS

- : - prrg
L Hoyy .
1000—m,=125.09 GeV, 1=0.7

5
All categories summed

> -
q) ot
O] ]
; S/(S+B) weighted sum
= $ Data y
Dl — S4B fit sum ]
m B ]
— [ e s iict ot N G B component ]
2S00 [ E3k £
= B 2 o .
O 400+ il
= - 1
D 200l b
@D ]

w L L | i |
1005 ' : " B component subtracted ]
50 % =

50—

100
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H—ZZ: p = 0.86"% .

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-06-30 01:39 UTC

MS Preliminary
T | T T T ‘ T T T |

Events / 4 GeV
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Tomorrow ﬂ(“.

Karlsruhe Institute of Technology

* We have a clear discovery of a new particle at my = 125 GeV.
* Tomorrow morning we will investigate the properties of this particle:

e Exact mass?

Decay width?

Spin and parity?

Compatibility of couplings with SM?

* Remaining questions:

* |s this A Higgs bosons?
* Is this THE Higgs bosons?

* |s there MORE THAN ONE Higgs bosons?

56 Institute of Experimental Particle Physics (IEKP)
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