ST

Karlsruhe Institute of Technology

Discovery of the Higgs Boson at the LHC

Roger Wolf, Andrew Gilbert
25. June 2015

INSTITUTE OF EXPERIMENTAL PARTICLE PHYSICS (IEKP) — PHYSICS FACULTY
S— ﬁ—- Iy
—ray

KIT — University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association



I

AR
'*n A

h/‘"‘" ?' BREAKTHROUGH

. L LN *»1. of the YEAR
< e HIGG S

L ﬂii

'tﬂ-d!.

silicon track detector.

il - Physics with top quarks
(-»pairwise & single tOIO)-

* Higgs discovery!

2 Institute of Experimental Particle Physics (IEKP)



The Large Hadron Collider _\X‘(IT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $

Construction time : 14 years

_ Circumference  : 27 km
> : No of dipoles : 1232

s-S00 S B T a Power £ 120 MW
= R Luminosity(8TeV) : 8 nb/sec
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The Large Hadron Collider

Energy radiated off per rotation cycle:

2 4 T
B = |24 e‘c e E<B

67reoc|6 67reop2,y ~ 6megp? mH

SRR )= 280 g W
P(elnp,—o.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 $
Construction time : 14 years

|2 4 _ e?c e E2 B>

s — — ' :
— 6megp? 7 — 6megp? mA | Circumference - 27 km

6megce |6

P(p|mp:1 S 5() N | » No of dipoles 1 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb/sec

P(elnp,—o.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

L A e 1
e — 67reoc|6| 67Teop27 SR 0 e Circumference  : 27 km
P(p|mp:1 S 5() N | » No of dipoles 1 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb/sec

P(elnp,—o.511 Mev) = 450 kW

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERAPDF0.1 (prel.)

B oxp. uncert.

model uncert.

| xg (x0.05)

xS (x 0.05)

I I L
HERA Structure Functions Working Group

Energy density |
500 kJ/m

Tension
200'000 t/m
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The Large Hadron Collider ﬂ(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $
Construction time : 14 years

|2 4 _  €’c v = et S heBi N
— 6meop? | T 6megp? mA | Circumference - 27 km

e 6megce |5

P(p|mp:1 S 5() N No of dipoles 1 1232
Power : 120 MW

Luminosity(8TeV) : 8 nb/sec

P(elnp,—o.511 Mev) = 450 kW

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERAPDF0.1 (prel.)

Bl exp. uncert.

el uncert.

| xg (x0.05)

xS (x 0.05)

| | L
HERA Structure Functions Working Group

Energy density |
500 kJ/m

Tension
200'000 t/m
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Key demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

Z—py 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

— i event from 2012 data with 25 reconstructed vertics

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

p =e-rxXB

ép _ 6B Sr
p  erB D erB
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Key demands on Experiments

AT

Karlsruhe Institute of Technology

Vertex
identification

Electromagnetic

Momentum
determination:

p =e-rxXB

ép _ 6B Sr
p  erB S erB

10

Calorimeter

Hadron
Calorimeter

Energy determination:
* Energy resolution
* Stopping power
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Karlsruhe Institute of Technology

The Large Scale Solution (ATLAS) ﬂ(“.

L3

. N R — = e R Ll romm o
et | 2

= * Length :45m
]l © Diameter : 22 m

* Magnet field (solenoid): 2.6 T
(inside calorimeter)

* Magnet field (toroid): ~4 T
(outside calorimeter)

* Tracker: Si/multi-wire
chambers

« ECAL/HCAL: LAr (varying
granularity)

A | ]

I L a-
Nt & 1

.........

: . R
20-15-10 -5 0 S 10 15 20 N N R g coug fCERI‘f!Maximlrie.n Briiie' .

o —

 — - The LY -7 T
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The Compact Solution (CMS) _\g(“.

Karlsruhe Institute of Technology

* Magnet field: 3.8 T (outside
calorimeter)

* Tracker: Si (°7/p = 0.5%for a
10 GeV track)

* ECAL: PbWO,(°F/p = 1% for
a30GeVe/vy, Xo = 28)

* Length :21m

1 » Diameter : 16 m

« Weight :12'500 t
4 L e

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

AT

Karlsruhe Institute of Technology

* Collaborators: O(3'000)
* Institutes: O(200)
| * Countries: O(20)
« A TR

I.'.l mo e

| Worldwide Grid: f

13

* Recorded events: (’)(109)

% * Amount if data: O(10 PB/a)

Tier-2 sites
(about 140)
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Wanted: Higgs Boson (Dead or Alive) ﬂ(".

Karlsruhe Institute of Technology

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

. , . F A
Gluon fusion Vector boson Associated production e
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o
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Wanted: Higgs Boson (Dead or Alive) ﬂ(".

Karlsruhe Institute of Technology

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

. . . Fd!
Gluon fusion Vector boson Associated production
—~ fusion 000000000~ <
g q g e Ll _x_(\_ -,.\_1__‘ l Hﬂ
S 9 \ HoO @ W.Z Wz ~N——
) | HO ) fﬁ
= 9 [ w 3 el
Q x SETTTBUIT
O h q R
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o
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g 7 ! : |
e & : Pp— aah (NN : % 10'2i ! _
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A Long Road of Theory Developments ﬂ(“.

Karlsruhe Institute of Technology

— H
ggNNLO A qq — qqH qq — VH
+ (ovs) « NNLO(a,) « NNLO(av,)
NLO( ) * NLO(«) S
* Precision 15% * Precision 3% Lo
* Precision 4%

tt production
* NNLO+NNLL(cxg)

Single top production

gl NNLO(cv,)

* Precision 4%

W + additional jets
« NNLO(av.)

Z + additional jets
« NNLO(a,)

WW W4 ZZ
* NLO(a,)

* Precision 5%

* Precision 5%

* Precision 10%

‘MmAatt HeLxin
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Example: Top Quark Pair Production

AT

Karlsruhe Institute of Technology

Kleiss/Stirling '88.

Moch/Uwer '09.

Kidonakis '10.

uncertainty
oz [pb) order in ag scale () pdf
158 NLO i

160 NLO o "

164 NNLO(approx) ig ii

163 NNLO(approx) i i
LD ]
s — NLO ]
:IH'I;HH-‘ — — = NNLO approx -
Elﬁijﬂ;% - ‘---.H__§
e ol \

'1'I|_-_" |
x1f2 p X2

17

Scale uncertainty
(NNLO approx) < 5%
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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:

Quench in 100
dipoles.

* 53 damaged
superconducting
magnets.

18

Restart 20. November 2009:

N
o

=
o

== 2010, 7 TeV, 44.2 pb™!
) | == 2011, 7 TeV, 6.1 b '
O\ | == 2012, 8 TeV, 23.3 b '

R} o0
A P74 5

Date (UTC)

* Set free 6t of He.

e 2011, 7TeV 0=68.0mb .
.

S

P
;vhf"°

N 0
W K
Date (UTC)

25

120

115

110
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LHC History (measured in physics measurements) ﬂ(".

Karlsruhe Institute of Technology

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

- QCcDSector  57TeVCMS measurement (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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Rediscovery of the Top Quark ~2010/2011 ﬂ(“.

Karlsruhe Institute of Technology

Lypeg [TT L T 1 T 7T T T T T L L T T 1T T 1T 1]
b 2 t '8_ :)\5 Tal\ratren mmblnétlon‘ L=88 Ihl" ATL.A|S+CM|S P I‘ ! H ‘ Feb 2014
.Je — [® ATLAS dilepton L =07 " reliminary .
c O CMS dilepton L=2.3 " 4
C (=3 Fu atias \sz:ﬂets‘ L=orn'  TOPLHCWG
- (@) D [FO CMS lepton+jets L= 2.3 o -
pp — tt = o # TOPLHCWG combination® L= 1.1 6"
¢ = _ ATLAS dilepton® L= 203 o'

— {bWﬂ(bW ) o m( 1029 CMS dilepton L= 53 fo”' —
' . b .. ) 8 [a ATLASI ;z‘;l:ﬂjets‘ L=58Mm" 1
— 2 bJEIS + 2 quarkJetS + iy - © et Fo CMS lepton+iets L= 2.8 1" ]
(\ e |§ :‘ Praliminary 250+ 7 :

o @
o |

— =
T 3 10 2001 1
= [ 3
o 2 [ % E
e} 15007 3
— NNLGNNLL (pT) 7 8 ]
on, Fiedler, Mitov, PRL 110 (2013) 252004 T

1 | | ~ IT|2 5 GeV, F’Dr @ u, uncertainties according to FDFT!LHC

2 3 4 5 6 7 8 9
\s [TeV]

! bjet\\\ 2 E CMS Preliminary |
ot / ° L ingle top-quark production
q je

* Single top over top quark

. ¥

s-channel

I HIIIH‘ T IIHWIIHHI‘

o
pair production ~1/10. e 1 _
) Approx. NNLO Kidonakis, PRD 83, 091503 (2011) 3
- ®  CMS, JHEP12(2012) 035 3
. . 8) ry CMS, accepted JHEP arXiv:1403.7366 -
° ] Approx. NNLO Kidonakis, PRD 82, 054018 (2010)
Typ'cal DGLAP/Regge Ilke P 107 = o CMS, Phys.Rev.Lett 110, 022003 (2013) =
. . E A CMS, accepted Phys.Rev.Lett arXiv:1401.2942
hlgh energy behaVIor (—) F Approx. NNLO Kidonakis, PRD 81, 054028 (2010) |
r ¥ CMS, PAS-TOP-13-009 (FC interval) n
1 102 \ | | | 1 | I 1 1 1 ! \
0g(s))- 2 3 4 5 6 7 8 9 10 11 12 13 14

Vs [TeV]
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AT

Karlsruhe Institute of Technology

Rediscovery of the Top Quark ~2010/2011

CMS Preliminary

s\l

T | 1T T 1 | T T 1 | 1 1 1 | 1
pp — tt . O
— an J(bW~—) _ b & CMS 2010, dilepton 175.5 = 4.6 = 4.6 GeV
— 2bjets 4+ 2quarkjets + (v, JHEP 07 (2011) 049, 36 pb" (value = stat = syst)
CMS 2010, lepton+jets ® 173.1+ 2.1+ 2.6 GeV
PAS TOP-10-009, 36 pIJ'1 (value =+ stat + syst)
CMS 2011, dilepton o 1725+ 0.4 + 1.4 GeV
EPJC 72 (2012) 2202, 5.0 fb™' (value = stat = syst)
CMS 2011, lepton+jets - 1735+ 0.4 = 1.0 GeV
JHEP 12 (2012) 105, 5.0 fb' (value = stat + syst)
CMS 2011, all-hadronic - 1735 = 0.7 + 1.2 GeV
arXiv:1307.4617, 3.5 fb"! (value =+ stat + syst)
CMS 2012, lepton+jets . 172.0+ 0.2 = 0.8 GeV
PAS TOP-14-001, 19.7 fb™! (value =+ stat + syst)
CMS combination 172.2+ 0.1+ 0.7 GeV
March 2014 (value = stat + syst)
Tevatron combination 173.2+ 0.6 = 0.8 GeV
Phys. Rev. D86 (2012) 092003 (value =+ stat + syst)
World combination 2014 I 173.3= 0.3 = 0.7 GeV
ATLAS, CDF, CMS, DO (value + stat + syst)
] | I I I | | I N I | | L1 1 1 | [

m, [GeV,

Institute of Experimental Particle Physics (IEKP)
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Search for the Higgs Boson 2011-2012 ﬂ(".

Karlsruhe Institute of Technology

Explanatory figure (not actual data)

T T T T ] T T T T ] T T T T I T T T T ] T T T T l

O'/GSM

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

m— “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 =

Excess The data is higher than the expected background

Deficit The data is lower than the expected background

—_
o

95% CL Limit on 0/0g,,

200 500600
* for us finding the Higgs it was mass of Higgs [GeV]
48 years = 1,513,728,000 sec

—t

o
N
O _
wW
o
o

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

More details in the seminar talks!

Chanel

H — vy 1-2% 0(0.1)
H 377 1-2% o>1) |
H—->WW 20% o) |
H — bb ( |
TN LT

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

AT

Karlsruhe Institute of Technology

25

More details in the seminar talks!

Channel Resolution

H — ~vy 1-2% 0(0.1)
H 3727 1-2% o>1) |
H - WW 20% (

H — bb 10% (0.

H S rr m1“5%

Institute of Experimental Particle Physics (IEKP)



Most Important Decay Channels

AT

Karlsruhe Institute of Technology

26

More details in the seminar talks!

Channel Resolution

H — ~y 1-2% 0(0.1)
H 3747 1-2% o>1) |
H— WW 20% o) ']
H — bb 10% 0(0.1) |
B T \
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Pre-Discovery — February 2012

AT

Karlsruhe Institute of Technology

27

Analysis of full 2011 dataset ~ 5 b’
Hints start to appear...

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

This is high, but must be careful!

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

“global” significance only 1.8c

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

Events /(1 GeV)

T T T T T T
a) All classes combined

3 12
800 CMSVs=7TeVL=48fb" 3
700F —+Data 4 10
600F- - Bkg Model =
E o E
500 " =
E 20 3 6
400F — 2XSM m, =120 GeV 3 ‘q
300F 3 4
200F 5
100F
T, N 1
t T t t t t t
c) Both photons in barrel
i ] 300
200k RI">0.94

250p ¥y
200
150
100

50

AN T

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

I T i
T T T

i,
¢
. .

a t t = 1 t t t =
f_e) One or both photons in endcap _f f) One or both photons in endcap J
3 RT">0.94 3 250

200
4

RT"<0.94 E

S N | — i
© E ‘- i f'! E
S Co N \ H I 3
~ 10%L \“ | |
I \L 30.]

10° g v E

F Combined CMS \s=7TeV,L=481b" ]

r + Pseudo-data ensemble b

1 0'4 | = Dijet-tagged class =

Eif eeeees Other 4 classes 3

1ot A T i AE

110 115 120 125 130 135 140 145 150

m,, (GeV)
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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

e 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 seenin
H — 7.

29

160

CMS V\s=7TeV,L=51f" \s=8TeV,L=5310"
q) 1 I I I | | [ [ I T [ [ I I T [ [ | I T [ I I I T [ [ I I T | I I T T
3 — A
/ ~ ~
T 102 =~ -
o _|
c_cg - ]
4 P, ]
®) 10 = Vea -
N LT T T A\ 4
-6 | ~“ cMsS Vs=7TeV,L=51f" \s=8TeV,L=53fb'
107 ¢ iR % T T e otseed |4
$ c E e | Expected (68%) | 3 T
- * B 107 rf.\\ ------- ExSected ©5%) | Jgz0,
B ‘\ .% £ / Jooo |
10‘8 — | === Combined obs. oo 5 .
- ., D 99.9% A
==== Exp. for SM H T
| =—— H—>yy % =
10 |_|=—H->2Z % 1
1 O — | =H- WW o =
|| m—H 1T e
B H— bb 140 145
10'12 =T T T T 1T T T T T T T Tt T . . o v o r.nH (.Ge.v). ,
110 115 120 125 130 135 140 145

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

Karlsruhe Institute of Technology

—
Q
N

—
Q
N

Local p-value

Z— Combined obs.
====Exp.forSMH |  Teeo,,
— H Yy D
—_— s ZZ .
_—H- WW .
—H 1T .

H— bb * 70

T T 1 1 > 1 1
e | I | | | | I | | 1 | I | | | | | | | | | I lo | I I I | | | | | —

: S 110 115 120 125 130 135 140 145
1008 20 2 ie0 1% 140 14‘?@\})50 mH (GeV)
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Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology

Local p-value

¥s=7TeV,L=511b"

(s=8TeV,L=53fb"

local p-value
3

s
N v
102 - \ /\/
-3 |
10 V = Observed
. = Expected for SM Higgs Bos
Y
4 % —— 7TeV Observed
10 S
%, — 8TeV Observed

101
My

I 1 L 1 I I
110 115 120 125 130 135 140 145 150
(GeV)

] CcMs Vs=7TeV,L=511fb"{s=8TeV,L=531b"
£ “ /\;\ / i 1o
10/
R | | A N B e 20
Fe,
1027 el N Y] e
)
30
10°
Observed
==+ Exp. for SM Higgs Boson
4
10 ——— 7 TeV Observed
140
8 TeV Observed

...................................
10110 115 120 125 130 135 140 145G 150

my (GeV)

31

1o

26

3o

40

10°®

10710

zL Combined obs.

==== Exp. for SM H
—_— H oy
—_—H ZZ
—_—H-WW
— H->1t

H— bb

60

. u—

b , 70
f—

12 b
10 110

15 120

125

130

35 140 145

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

Karlsruhe Institute of Technology

CMSH—-WW Ys=7TeV,L=4.9f" \s=8TeV,L=5.11fb"
S B S (A L SR A

= F 3
& 9 —=— Observed E
B 8 S | Expected (68%) B
c :-_. ------ Expected (95%) 7:
S 7 }‘-_‘ ------ Expected for m =125 GeV 3
E o E
1 R\ % ]
5 ° 3 I T
< 3
S 4 E
: | LY
3 E -
2 E —_ 20
1F = E|
Ot | —— i e . i
fio 120 130 140 150 160
m,, (GeV) 36

CMS ¥s=7TeV,L=5.11" {s=8TeV,L=53fb"

R [T, 10
N Vo

10° 3 ) V' — ovservea

E . === Expected for SM Higgs Boson
7 TeV Observed
8TeV Observed

4c

local p-value
3

3o

10°°

56

40

10° Ly I 1 L 1 I I
110 115 120 125 130 135 140 145 150

m,, (GeV) 1 0-8

_~— Combined obs. N
==== Exp. for SM H Treal 66

Vs=7TeV,L=511fb"{s=8TeV,L=531b" A

3 1;{;7_“\ — | = H—> vy R |

S _i T\ 16 ) — H 77 *

g V \\ /4 \\U ------ 21070 | = H:WW B

i \#f """" | | =——Ho 11 ‘S —
30 — L Y —

.
—— Observed 1 2 H .% bb i | | $ | 76
----- Exp. for SM Higgs Boson 1 O | | | | | | | | | | | | | | | | | | | | | | f‘ I | | | | | | | —

AV 11 O 115 120 125 130 1 35 140 145

= 8 TeV Observed

105.H.lu.‘l‘.‘.l.”‘l‘...\.x..l....l....
10 115 120 125 130 135 140 145 150
my, (GeV) H

LR AL B AL AR
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Discovery of a new particle 4" July 2012 ﬂ(“.

Karlsruhe Institute of Technology

MSH—1t  \s=7TeV,L=4.9fb" {s=8TeV,L=5.11b"

R dom (ae e s  BEeITE— .
- L L L 3 F —=— Observed H
& 9 —=— Observed = \g 7E Expected (68%) H
B 8 N Expected (68%) 1 Pt F Expected (95%) H
o _‘_ Expected (95%) | (e} 6; Exp. for SM m, = 125GeV [
o 7B e Expected for m, =125 GeV 1 = F ]
:E El E 5F !
= 6} 4 L_|> F ]
- ] E 4
O 5 3 2 4 3
X E 3 s E P
> 4;_ E o 3F e
[<2] =% | F e ]
3 E -3
E ] 2’. 2
2F E ]
1F . F ]
PRI IR B - t

b
110 120 130 140 150 160

0.‘.‘M.‘.l.H.luuluuluulu“‘
110 115 120 125 130 135 140 145
m,, (GeV)

m,, (GeV)
° 1 SMS s=7TeV,L=51f5" {s=8TeV,L=53f" __ __
3 & IZaS A 4
310‘;"‘:"'\/\// 10 140
g E ..'. / 20
L1407 ~". \7\/ ]
103 % ‘\".‘V = Observed * ]
wl oy e 150
E * 8TeV Observed 46 | p—
10'5 7\ 1 1 1 “v 1 1 1 1 — p—
110 115 120 125 130 135 140 1‘(135e\})50 8 : .
M { 10° = _~— Combined obs. .. —
==== Exp. for SM H DAL T 6
o 1ECMS Vs=7TeV,L=51fb"fs=8TeV,L=53fb" — H%'Y'Y ’A’ G
O = 7=\ m— - ‘ .
S WA | I o A = el =
3 — Y - | Howw S -
o L | =—H— 11 * —
30 — + —
—— Observed 1 2 H % bb | | ‘$‘ | | 76
..... Exp. for SM Higgs Boson 1 O' =T 1T T 1 T T T 1T T T 1T T 1 T T T T 1 T T T te T T T T 1 T T T +
o % 110 115 120 125 130 135 140 145

105.H.lu.‘l‘.‘.l.”‘l‘...\.x..l....l....
10 115 120 125 130 135 140 145 150
my, (GeV) H

Institute of Experimental Particle Physics (IEKP)

33



Discovery of a new particle 4" July 2012

AT

Karlsruhe Institute of Technology
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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
(Sidney)

 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
(Sidney)

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

* Moriond spring conference
(La Thuille)

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

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

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



Decay Channel

AT

Karlsruhe Institute of Technology

.‘h {1 il
OMS/Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
RUI‘I}Event: 177201 / 625786854

Lumi section: 450

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

-
o

+B) weighted events / GeV

o
(5]

25F

[ T T T T T
CMS 4# Simulation
50|~ Unpublished
8TeV Combined —— Parametric model
| G, = 1.87 GeV
[ FWHM = 3.10 GeV
=zzzzall . Teg 1
101 0 120 130 140
m,, (GeV)
19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
CMS S/(S+B) weighted sum
H- yy
s ¢ Data

S+B fits (weighted sum)
B component

* Tiny signal on huge background.

* Decay via loops: " 3w W

38
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H — ~~v Decay Channel _\g(“.

Karlsruhe Institute of Technology

Status July 2012: Status March 2013: Status Summer 2014

(after complete re-analysis)
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Q@ mpyg ~ 125 GeV
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H — ZZ Decay Channel ﬂ(“.

Karlsruhe Institute of Technology
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* High mass resolution (O(1-2%)). Simple ul‘, | iHI'J||
reconstruction and event selection. LA g II:""E“"""!L g ]
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* 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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Status March 2013:
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Status Summer 2014
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H — WIW Decay Channel ﬂ(".

Karlsruhe Institute of Technology
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H — WW Decay Channel

AT

Karlsruhe Institute of Technology

Status July 2012:
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Q@ mpyg ~ 125 GeV
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95% C.L. Limit on o/oy,,
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Status March 2013:
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Status Summer 2014
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H — bb Decay Channel

XIT

Karlsruhe Institute of Technology
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H — bb Decay Channel

AT

Karlsruhe Institute of Technology

Local p-value

Status July 2012:
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Q@ mpyg ~ 125 GeV

45

Local p-value

Status March 2013:
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Status Summer 2014
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H — 77 Decay Channel ﬂ(".

Karlsruhe Institute of Technology
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H — 77 Decay Channel ﬂ(".

Karlsruhe Institute of Technology

Status July 2012: Status March 2013: Status Summer 2014
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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:
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125 GeV

Local p-value

Status March 2013:
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Status Summer 2014

Local p-value
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Treating contributions from

as background.
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H — 77 Decay Channel

AT

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
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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.

Institute of Experimental Particle Physics (IEKP)



Combinationof H > 77 & H — bb ..\X‘(IT

Karlsruhe Institute of Technology

o CMS {s=7TeV,L=5f";ys=8TeV,L=19-20fb" B 20CMS fs=7TeV,L=5fb" (s=8TeV, L =19-20 fo”
735102 _ VH — bb o (exp.) = (obs.) c t
g F VH — 1 - (exp.) - (obs.) < 18F my = 125 GeV
2 o H — 7t (non-VH) -2- (exp.) -+ (obs.) N E =
g Combined o (exp.) = (obs. 16 VH.>.bb
S £ 380 H— 1t
: — Combined
107 12
102% 10
10°L 8-
10‘4;— 61
- )
s 4f~
107 C standard
- o model
10° N
illllllllIII|I|II|II|I|IIII||| I||||II|II| IMI'IIIIIII
110 115 120 125 130 135 0 02 04 06 08 1 12 14 16 18
my, (GeV) o)
1n=0.8+0.2
o = 3.8(obs) 4.4(exp)
Qmpy ~ 125 GeV Treating contributions from H# — WV as
background.
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H—pup and H—ee ...\\J(IT

Karlsruhe Institute of Technology

Hop'w 19.7 fb ™' (8 TeV
* BR (H—pp): 2.2 x10-4 Ry e 4 A M G L)
Job) - i — 7]
- BR (H—>ee): 5x 10-9 3 0,1-Jet Tight BB Data CMS ]
3 800 Background model ]
: . @ B ]
* Looking for a small bump on a falling background = Ch SM Higgs bosonx 20
Q o0l —
LIJ - -
* 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 .
LE =
el
[m]
s 1977 (8 TeV) + 5.0 b (7 TeV) 10 120 130 140 150 160
Ean i B L B B
:i [ —s— Observed limit CMS 1 _QMHI—?&*F'I SN j9-l7ftl>"l(8|Te\{) m,,, [GeV]
B - Median expected limit - S fcms —e— Gbserved it ] o sl 197M07(8Tey)
\é C +16 expected limit ] +$ oa2r e Median expected limit 8 3500 0,1-jet BB —— paia CMS
e 4oF 3 Tor ] e
B F +2 & expected limit E L oqF +10 expected limit - - Background model
= . ] g O B ] = 3000
-'E 30:_ _: EO‘OB:_ +2 ¢ expected limit _: §2500 sM Higgsbosonst
B L E T 1 ™ 2000
S 20f ] 5005 ] o
_ = E o [ ]
o T ] Sooaf h
8 10p 3 I ] 1000
= N ] Boo2[- ] 500
Lo v v v by e by N
120 130 140 150 oLl ! L L 07 : : : : -
120 130 140 150 - 4 *%/NDF = 60.8/48 = 1.27; p-value: 0.101 -
my, [GeV] & 2F E
m,, [GeV] £ o@ e
(=] 2 E
4 —
1 120 130 140 150 160

(@)
N
)

m,. [GeV]



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 [~ —l— tt+If
tt+cc
T = ] B it
, B it s bb
4l = — Il Single t
tt+w,z
3l = —— I EWK
777777, Bkg.Unc.
Same-Sign 2| — —a— —+— Data
o
=
Combination — —i— ;g
PRI RPN EPRVEEN EPRPEPI EPRTEVE SN AP EPUP EPREPE RPN B a
. [T 6 4 2 0 2 4 3 8 10

Best fit o/og,, at m, = 125.6 GeV
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8 8 8 & 8 &

b

Vs=8TeV,L=19.3fb"

CMS ttHbb

Lepton + =6 jets + =4 b-tags

Fit+1c

. —— 1 1 1

Fit +2c

T T ¥ T

0.4 06
BDT output

08 06 04 02 0 02



Mapping out the Discovery

AT

Karlsruhe Institute o f Technolo ay

53

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 H — WW as

background.

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

* Observation in the high resolution channels (H — vy & H — Z 7).

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

* No striking surprises in loops (H — 7).

Institute of Experimental Particle Physics (IEKP)



Sneak Preview for Next Week ﬂ(“.

Karlsruhe Institute of Technology

* We have a clear discovery of a new particle at my = 125 GeV.
* Next week we will check what are the properties of this particle:

e Exact mass?

* Decay width?
* Compatibility of couplings with SM?
* Spin and parity?

* Remaining questions:

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

* |s there MORE THAN ONE Higgs bosons?

54 Institute of Experimental Particle Physics (IEKP)
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Backup & Homework Solutions ..\X‘(IT
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