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BREAKTHROUGH
of the YEAR

From the editorial:

The top Breakthrough of the Year — the
discovery of the Higgs boson — was an
unusually easy choice, representing
both a triumph of the human intellect
and the culmination of decades of work
by many thousands of physicists and
engineers




Outline

 Lecture I: Introduction and the “easy” decay modes
- LHC running, the data set

- Higgs boson production and decays
- Higgs boson studies in the high resolution channels

H - yy (in some detall, incl. some detector performance issues)
H-> zZz*

Lecture II: The more challenging decay modes
- H > Ww

- Decays into fermions?

Lecture Ill: Higgs boson parameters
- How to measure its properties

- Couplings to fermions and boson
- Spin / parity

Disclaimer: | will try to discuss important analyses and measurements. The coverage is not
complete, i.e. not all results available are presented; Results from both general purpose

experiments, ATLAS and CMS, are shown, but there might still be a bias towards the experiment
| am working on. This bias is not linked to the scientific quality of the results.



Summary of LHC and ATLAS/CMS performance
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» Excellent LHC performance in 2011 and 2012
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* High level of pileup: mean of ~21 interactions / beam crossing in 2012

» Excellent performance of the experiments: (Data recording efficiency: ~93.5% (ATLAS)
high fraction of working detector channels for most sub-detectors, high data quality,

speed of the data analysis)
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Z =2 ut uw with 20 reconstructed pp vertices

p il

Run Number: 189280, Event Number. 1705325
Date; 2011-09-14 02:47:14 CEST
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The Standard Model at the LHC

[ ATLAS Preliminary July 2012
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Standard Model processes at the LHC
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The Brout-Englert-Higgs Mechanism

- Lecture by M. Schmaltz

F. Englert and R. Brout. Phys. Rev. Lett. 13 (1964) 321;
P.W. Higgs, Phys. Lett. 12 (1964) 132, Phys. Rev. Lett. 13 (1964) 508;
G.S. Guralnik, C.R. Hagen, and T.W.B. Kibble. Phys. Rev. Lett. 13 (1964) 585. 8



Constraints on the Higgs boson mass (before LHC)

« my > 114.4 GeV/c? from direct searches at LEP

* my, <156 GeV/c?.or. m, > 177 GeV/c? from direct searches at the Tevatron

80 ] 5 July 2011I
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Indirect constraints from precision measurements (quantum corrections)



Constraints on the Higgs boson mass (Feb. 2012)

February 2012
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Two impressive results (2011/12):

« LHC has ruled out a huge mass range, after only ~2 years of data taking
(only a narrow mass range left open at low mass)

* Impressive precision in my, (and m,) achieved at the Tevatron
(might provide the basis for the ultimate test of the Standard Model)
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Higgs Boson Production
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*) LHC Higgs cross-section working group

- Large theory effort, huge progress in perturbative calculations

during the past 20 years

Gluon fusion

Vector boson
fusion

WH/ZH
associated
production

tt associated
production

- (N)NLO precision (QCD and el. weak) for nearly all production processes



Gluon fusion: :

« Dominant production mode

« Sensitive to heavy particle spectrum ...
(e.g. 4™ generation quarks)
...and the corresponding Yukawa couplings oppH:X)[pbl  Ns=14
(important for coupling measurements, top Yukawa coupling) :

TeV

« Large K-factors (NLO, NNLO corrections)

10
- Difficult to calculate, loop already at leading order
(calculation with infinite top mass is used as an
approximation, however, this seems to be a good
approximation) [ T T T I W T
100 120 140 160 180 200 220 240 260 280 300

- Nicely converging perturbative series; M,; [GeV]
- Spira, Djouadi, Graudenz, Zerwas (1991)

_ : : 0
residual uncertainty estimated to be of order 15%. ¥ Damest (1991)

(variation of renormalization and factorization scales)  Harlander, Kilgore (2002)

- Anastasiou, Melnikov (2002)

« In addition, NNLL re-summation of soft QCD radiation - Ravindran, Smith, van Neerven (2003)

-Catani, De Florian, Grazzini, Nason (2003)

 NLO el.weak corrections available as well Agliett et al. (2004), Actis et al. (2008) 3



. q
Vector boson fusion: J
q C
V L

, ‘._J\‘____H
« Second largest production mode, q |

V
Distinctive signature 4’—‘\(1

(forward jets, little jet activity in the central region)

« Sensitivity to W/Z couplings

« Both NLO QCD and el.weak corrections &[] pp — Hjj + X
have been calculated 10 T T 1 |
(moderate K-factors) QCD, no cuts ------
) ; QCD, cuts /
Approx. NNLO QCD calculation available - L EW, no cuts ya
(Bolzoni et al. 2010) . EW, cuts S
 Effective K-factor depends on 0 ... _____ / -
experimental cuts /!
Example: typical VBF cuts -5 -
P.(jet) > 20 GeV | ‘
n<45MM>4,1,.m,<0 10 | | : : :

100 200 300 400 500 600 700
Ciccolini, Denner, Dittmaier (2008) My [GeV]



Higgs Boson Decays

*)
g5 e & Useful decays at a hadron collider:
S :§
g | - Final states with leptons via WW and ZZ
" 1ot : decays
&
ég’ - vy final states (despite small branching ratio)
= il

102 - 1t final states (more difficult)

- In addition: H - bb decays via
103 | | S associated lepton signatures
100 200 300 400500 ol (VBF, VH or ttH production)

SM predictions (m, = 125.5 GeV):

BR (H> WW) =22.3% BR (H - bb) =56.9%
BRH—>Z2Z) = 2.8% BR(H=>7Tt) = 6.2% 125 GeV is a perfect mass !
BRH-=>vy) = 0.24% BR (H 2>pp) = 0.022%

~89 % of Higgs boson decays
- at 125 GeV: only ~11% of decays not observable (gg, cc) accessible

*) LHC Higgs cross-section working group 14



The important Higgs boson search channels at the LHC

() The bosonic decay channels

t
Important channels: H - yy t ---H
H-> ZZ > ¢ i*F el

H->WW - {viv

- dominated by gluon fusion
- valuable contributions from vector boson fusion —

(i) The fermionic decay channels

Important channels: qgH—>qgTrt
VH,V > |l (I=e,u,v) H > bb

- Associated production essential for bb decays
(suppression against overwhelming backgrounds from

multijet production)
- exploit VBF topology (tag jets, no colour flow in central region)

high-p; topologies

15



Search for the H - yy decay




1N dN/dm,, /0.5 GeV

Result of the ATLAS search for H = vy
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pile-up-robust mass reconstruction

Two photons (isolated) with large transverse
momentum (P; > 40, 30 GeV)

Mass of the Higgs boson can be reconstructed m

Both experiments have a good mass resolution
ATLAS: ~1.7 GeV/c? for m ~120 GeV
Different calorimeters - different y-performance

Challenge: signal-to-background ratio
- irreducible yy background

T g
¥

q

- reducible backgrounds from yj and jj
(several orders of magnitude larger than the
irreducible one, before selections / isolation)

g m—wz

A



How does the expected signal look like ?

What is the signal-to-background situation

18



Result of simulation studies (ATLAS and CMS, ~1998)

H— vy (cont.)

B

Two isolated photons:

%
T
i ATL:,TQI g Pr(y;) > 40 GeV
% e | 100 B P+(y,) > 25 GeV
| § _ In| <2.5
| # so00
& Mass resolution: my = 100 GeV/c?

-

i

-
3T

ATLAS: 1.1 GeV (LAr-Pb)
CMS : 0.6 GeV (crystals)

mn(('-c\’) a) my, (GeV)

Signal / background ~ 4% (Sensitivity in mass range 100 — 140 GeV/c?)
background (dominated by yy events *) can be determined from side bands
important: yy-mass resolution in the calorimeters, y / jet separation

*) detailed simulations indicate that the y-jet and jet-jet background can be suppressed
to the level of 10-20% of the irreducible yy-background

K. Jakobs CTEQ school, Sant Feliu de Guixols, Spain, May 2003

19
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1. Good photon identification ( y/jet separation) p
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ldentifying Photons — Basics of Calorimeter Design

Primary

Not too much or too
} little energy here.

Exactly one photon

—not O (a likely hadron)
or 2 (likely n0)

} Not too wide here.

One photon and not
two nearby ones
(again, a likely n0)

\ | Not too much energy
here.

Indicative of a hadronic
shower: probably a

A schematic of an A GEANT simulation of an L

electromagnetic shower electromagnetic shower

21



ATLAS Calorimetry

LAr electromagnetic 2
end-cap (EMEC) N/ /
N / \ )
LAr electromagnetic - —_—
st W7/ ' Back Cell X
Dk . Middle Cell

Strip Cell

* Liquid argon sampling el.magn. calorimter

- - Electrical signals, high stability
- High granularity and longitudinal segmentation
- Radiation resistant ’
- Good energy resolution

AE - 10%@0.7%@0.2(}6\7

o g E " 22




Structure of the ATLAS el. magn. calorimeter

Towers 1n Sampling 3
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ATLAS Calorimeter in Real Life

A slice of the ATLAS accordion barrel calorimeter, before installation;
It is now in a cryostat and impossible to see.

24



CMS el. magn. Calorimeter

 Lead Tungstate crystals

— Scintillator: energy is converted to
light (much faster than LARG
signal)

— Exceptional energy resolution,
homogeneous calorimeter

Lead Tungsiate crysial SIC-7%

from China

 Focus is to get the best possible
energy resolution
@®0.55% @ « Low noise
L \/E L « However, radiation and temperature
sensitive

AE 27% 0.16GeV

25



CMS el. magn. Calorimeter

Pb/Si Preshowers:
4 Dees
(2/endcap)
4300 Si strips
(~63x1.9 mm?2)

Pointing ~ 3° from vertex

Tapered crystals

Barrel: 36 Supermodules (18 per half-barrel)
61200 Crystals (34 types) — total mass 67.4t
Dimensions: ~ 25x25x230 mm? (25.8 X°)
AnxAe =0.0175x 0.0175

Endcaps: 4 Dees (2 per endcap)

14648 Crystals (1type) — total mass 22.9t
Dimensions: ~ 30 x30x220 mm?3 (24.7 X°)
AnXAgp =0.0175x 0.0175 « 0.05 x 0.05

26



ATLAS photon identification

Graphical representation of shower shape variables used in the ATLAS photon identification:

Variable; and Position _ Shower Shapes

Strips 2nd Had.

LS] & LS .2
Ratios f1, fside R,,*, Rc;, RHad.* Eratio = bSl 1+L“‘ "
Widths Ws 3, Ws tot Wr).2* - }/
ShapeS AE, Epatio * Used in PhotonLoose.
:[AL L':I}l\ 2 L:uln
Ener R ]
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W Laye d
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Stlps ESI
\—//’_\Afl | ‘ ws3 = w,uses3stnpsmn
1 Illll l'll e
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up (2012 data)
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ATLAS photon ident

(i) Data versus Monte Carlo agreement
(i) Photon / jet separation

Photon shower shape variables

ty (2012 data, 20.3 fb't) from Z - eey and Z - ppy events
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ATLAS photon identification efficiency from Z - lly data
-unconverted photons-
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ATLAS photon identification efficiency from Z - lly data
-converted photons-

.0 T T T T T
w 11— o e essssssts s @ssssssns T o T
0.95 % e G s W

o ettt 0 95 — % I PRI

09 e

0.9 —
085 & I ] 0.85|— RE & ]

08— p= —] 08—

_ -1 _ -}
0.75— H det =20.71fb", {s =8 Tev — 075 e det =207, s=8TeV _|
0.7—

Convertedy, n| <0.6 07— $ Convertedy, 0.6 = n| < 1.37 —
0.65(— — 0.651— |

s
06— e Z— lly data 2012 _ 06— § e Z— |y data 2012

0.55— Z— lly simulation ] 0.55— Z— lly simulation ]

I & — 0.5
0.45— ATLAS Prellmlnary — 0.45%

ATLAS Preliminary —

g 0.1~ g
o 005 s
=2 —— _+_ * -2
g O —+— =1 3
2, -005 g, 005 —
=8 oak W 0le K
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
E; [GeV] E! [GeV]
[a)

a T T T T
[ T——

0.95—
09—

0.85— 0.85\— :
08
0.8— —

_ -1 _ ,,s
075~ g f'-d‘ =20.7fb", Vs =8 Tev — 0.75— det =207 10", (s=8Tev _

07 Convertedy, 1.52 = n| < 1.81 T 0.7 g Converted y, 1.81< | <2.37 ]

0.65—
5 0.65— —
06— e Z—Ily data 2012 ] 06l ¢ e Z—»lly data 2012

Z— lly simulation —

O.5Lﬂzm _ 05 %g a
045§ ATLAS  Preliminary ] 0.45(— ATLAS Preliminary —

l l } } } } } I I I I I I I I I I I

0.95—
0.9

il

it e S

0.55[— Z— lly simulation — 0.55

g 0.1 ] g 0.1 —
@
So 005 —— . S 5y 4y - — .
w Py T~ S S *.—.+= S S T — 5 0'0(5) == AR SR NN S
g, 005 ¢ —e— - g, -0 05 —
01k - =
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 : 101520 25 30 35 40 45 50 55 60 65 70 75 80

E! [GeV] E! [GeV]



Di-photon Background

Despite the fact that the background can be determined from sidebands,
It is important to understand

(i) its composition and

(i) how well the Monte Carlo simulation models it.

Try to measure the yy background first (cross section) and determine its fake
contribution

ATLAS simulation: E{s° for tight
and non-tight y candidates

» 0.08g , —— :

The key variable to separate true y from £ oo (& backgroumd oxracton =
jets is the isolation energy g 0% oG .
: g . o 0.02 =

e.g. calorimeter isolation: £ S E
: q 05 0 5 10 15 20 25
E,'S° = transverse energy measured in . | | -
A A . 2 E ATLAS Simulation =

the calorimeter in a in cone of £ 120005 (b) non-TIGHT normalization =

8000 TIGHT =

6000 = non-TIGHT (scaled) =

AR=(n-n")?+(p-¢")> <0.4 oo

(77 " ) (¢ ¢ ) 05 ﬂjﬂﬂﬂh? 20 25

0 0.16F , , , .

g Oumoun

For isolated photons: require E{s° < 3 GeV 5 ogBE Clsignal =
.§ 88‘612: L..inon-TIGHT subtraction 3

8 002 =

— e e

. E;’ [GeV]
Early ATLAS study: arXiv:1107.0581 31



Identification cut

Di-photon Background (cont.)

Several methods have been used to determine the fractions of true and fake
photons in the selected samples

One example: ABCD-method  (use E{*° and y-quality (tight, non-tight) and estimate
the y-signal contribution)

L'L’ sample, leading candidate

Control Control region

region ) _ NC —cy Nsig
, N5% = Na — | (N — c1N3®) A_ | RPke
Np — c1caN,®

non-TIGHT
0O
O

Signal Control region

TIGHT
>
w

where: ¢, = signal fraction failing the isolation requirement
T (from E;'s° distribution)

EX[GeV]

C, = signal fraction failing the tight selection
A sample, sub-leading candidate (from Monte Carlo S|mU|at|0n)

LA e By
Control Control region

Rbk9 = correction factor for correlations between the
isolation energy and the photon selection

non-TIGHT
Q
)

Identification cut

Signal Control region

TIGHT
>
oy}
°

Extract genuine vy, vj, jj fractions bin-by-bin,
e.g. in the yy mass distribution

ET7[GeV]
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Events / GeV

Events / GeV

Results on di-photon background

900F

T S « The background is dominated by real di-photons
ATLAS Preliminary . 1y,0¥ Data (vj fraction ~25%, jj fraction ~7%)

800 Data 2011 —e— 7] Data ~§
\s=7TeV.[Ldt= 48"  ——|Data -
700 + *+ —4— Stat. uncertainty - L&
t H Tota! uncertainty 3 « The 7 TeV and 8 TeV data look similar, but not
600 B
- +H++i ; identical | o
400 ++P+++§+*+ 3 (have to be handled separately in the combination)
300 f “*'H“#H " 3
200 + ” "***”m +oi * And finally: good agreement between Monte
Pt it £ . .
100 it
v A*”«*w*ﬂm o T ! Carlo simulation and data
P00 10120 93014050 160 ~ l I I |
m,, [GeV] g 800L 2011 Data »
8 700E data-driven composition 3
N EEUE R — E S R vy expected 3
ATLAS Prellmmary —e— yy+DY Data ] S B00p----q----- smeees vj expected =
1200 Data 2012 —— 1] Data 7] t .8 R jj expected 3
H ; \s=8TeV,[Ldi= 59"  ——|jData - 2 2 B DY expected 3
‘H’ Tolai uncertainty : E 5
E 300? ___________ ATLAS Preliminary -
1 200E l J Ldt=209 pb’ %
ik . 100F- -
Mty " - M e SO
1 Yj jj DY
K whete b, ot eattteg s » el
150 160 note: no absolute MC prediction necessary
m,, (GeV]

for Higgs analysis, but useful to extract
functional form of the background 33
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Events - Fitted bkg

Result of the ATLAS search for H = vy

- one of the famous plots-

Full dataset ATLAS-CONF-2013-012
10000— " " T T T T T T L
Selected diphoton sample

o Data 2011+2012
Sig+Bkg Fit (m =126.8 GeV)

--------- Bkg (4th order polynomial)
ATLAS Preliminary
H—=vy

~
-
.
e

s=7TeV, f Ldt=4.8fb"

100 GeV < m,, < 160 GeV:

(s=8TeV, f Ldt =207 fb”

Vs =7 TeV 23 788 events
Vs=8TeV 118 893 events

100 10 120 130 140 150 160
m,, [GeV]

Clear excess seen around m, = 126 GeV

Background obtained from sidebands, interpolation in the region of the excess

This plot, shown in many places, is actually not really used in the analysis.
Both experiments (ATLAS and CMS) split yy sample in categories. 34



Categorisation of H = yy candidate events

ATLAS-CONF-2013-012 Categorisation: to increase overall sensitivity and

sensitivity to different production modes (VBF, VH)
ATLAS Preliminary

H— vy
di-photon selection
— WggF mVBF WH ®mZzH mttH
r v | ATLAS Preliminary (simulation) H— yy
One-lepton Inclusive | ..
Unconv. central low p _, Nl
W(— W)H, Z(— IhH Unconv. central high P, B I B
Unconv. restlow p_ [ || |‘
Unconv. rest high P il [ ]
. "' _ Conv. central low p_ [ i
] E; ™ significance Conv. central high P, — I B
VH enriched — W(— MH, Z(— vw)H Conv. rest low pT: B |
j Conv. resthighp_ [T [
Conv. transition : 1
< : Loose high-mass two-jet |
Low-mass two-jet Tight high-mass two-jet | .
. .. Low-mass two-jet B I
W(= iDH, Z(— iH E™ significance [ -
L One-lepton | | [ ]
" Yy K tht IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
, High-mass two-jet 0O 10 20 30 40 50 60 70 80 90 100
VBF enriched — signal composition (%)
VBF
B - v - VH enriched: one-lepton, E{™ss, low-mass di-jets
-1-conversion . i . .
ggF enriched Pre - VBF enriched (tag-jet configuration, An, m;)
ggF - gluon fusion: 9 categories, exploit different mass

resolution for different detector regions,
vy conversion status and p, 35



What is py, ?

r B
Eaal
|

T thrust axis

— Slightly better separation power than p;.
— It leaves a smoother background that p-.
— Split sample in two P+, bins (high/low), separation at 60 GeV.

Nine gluon-fusion enriched categories

- Main argument: y performance (resolutions,

jet rejection) in different detector regions
Signal-to-background (S/B) varies from
1:6.1 (unconverted, central, high p;,) to
1:72 (converted photons, transition region)

Entries / 5 GeV (normalized to unity)
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o

£ e g
_3; .""M ;
107 [ - +* 3
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E  Preliminary 77 =
= ; 7 -
oSl L L1 7 L
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—
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/) Bkgd. Uncertainty
—}— ggF m =125 Gev
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o,
oo,
.y
‘.,

P, [GeV]
Harder spectrum for Higgs boson
signal (VBF, gluon fusion)

> B T ‘ T TT ‘ T T 1T ‘ T T 1T ‘ L ‘ LI ‘ LI ‘ 1T \7
m I -
O g.1o[ ATLAS Simulation ® Unconverted central
S - Preliminary high P, -
= odF Hosyy FWHM=32GeV ]
£ O Converted rest
2 0.08F m,= 125GeV low p., 7
; [ (s=8TeV FWHM = 4.5 GeV ]
= 0.06F .

0.04F .

0.02F .

905 110 115 120 125 130 135 140 145

m, [GeV]



Mass resolution and S/B in various categories (Vs = 8 TeV)

Table 2: Signal mass resolution (ocp), number of observed events, number of expected signal events
(Ns), number of expected background events (Np) and signal to background ratio (Ns/Npg) in a mass
window around my = 126.5 GeV containing 90% of the expected signal for each of the 14 categories of
the 8 TeV data analysis. The numbers of background events are obtained from the background + signal
fit to the m,, data distribution.

\/s 8 TeV

Category ocp(GeV) Observed Ng Npg Ns /Np
Unconv. central, low pry 1.50 011 46.6 881 0.05
Unconv. central, high ppy 1.40 49 7.1 44 0.16
Unconv. rest, low pry 1.74 4611 97.1 4347 0.02
Unconv. rest, high pry 1.69 292 14.4 247 0.06
Conv. central, low ppy 1.68 722 29.8 687 0.04
Conv. central, high pry 1.54 39 4.6 31 0.15
Conv. rest, low pry 2.01 4865 88.0 4657 0.02
Conv. rest, high pry 1.87 276 12.9 266 0.05
Conv. transition 2.52 2554 36.1 2499 0.01
Loose High-mass two-jet 1.71 40 4.8 28 0.17
Tight High-mass two-jet 1.64 24 7.3 13 0.57
Low-mass two-jet 1.62 21 3.0 21 0.14
ET™ significance 1.74 8 1.1 4 0.24
One-lepton 1.75 19 2.6 12 0.20
Inclusive 1.77 14025 355.5 13280 0.03
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Production fractions in various categories (Vs = 8 TeV)

Table 1: Number of events in the data (Np) and expected number of SM Higgs signal events (Ns) for
my = 126.5 GeV from the H — 7y analysis, for each category in the mass range 100-160 GeV at
v/s = 8 TeV. Numbers for the 7 TeV analysis can be found in Ref. [4]. The statistical uncertainties in Ng
are less than 1%. The fractions of expected signal events from the gg — H, VBE, WH, ZH, ttH processes

are detailed.

Vs 8 TeV

Category Np Ns gg— H|%| VBFE|%| WH|%| ZH|%| ttH |%]
Unconv. central, low pry 10900 | 51.8 93.7 4.0 1.4 0.8 0.2
Unconv. central, high pr 553 7.9 79.3 12.6 4.1 2.5 1.4
Unconv. rest, low pry 41236 | 107.9 03.2 4.0 1.6 1.0 0.1
Unconv. rest, high pry 2558 16.0 78.1 13.3 4.7 2.8 1.1
Conv. central, low pry 7109 | 33.1 93.6 4.0 1.3 0.9 0.2
Conv. central, high pry 363 5.1 78.9 12.6 4.3 2.7 1.5
Conv. rest, low pry 38156 | 97.8 93.2 4.1 1.6 1.0 0.1
Conv. rest, high pry 2360 | 144 77.7 13.0 5.2 3.0 1.1
Conv. transition 14864 | 40.1 90.7 5.5 2.2 1.3 0.2
Loose high-mass two-jet 276 53 45.0 54.1 0.5 0.3 0.1
Tight high-mass two-jet 136 8.1 23.8 76.0 0.1 0.1 0.0
Low-mass two-jet 210 3.3 48.1 3.0 29.7 17.2 1.9
EP significance 49 1.3 4.1 0.5 35.7 47.6 12.1
One-lepton 123 2.9 2.2 0.6 63.2 15.4 18.6
All categories (inclusive) | 118893 | 395.0 88.0 7.3 2.7 1.5 0.5
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Events / 2 GeV

Events - Fit
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Sum of VBF and VH categories (Vs = 8 TeV)

- sensitive to W/Z couplings-

Events/ 1 GeV

Events-Fit
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H - yy VBF candidate event

N~ WATLAS

35> = 017 A EXPERIMENT

126.9 GeV

E+(v4)
E+(v2)
m, =

Run Number: 204769, Event Number: 24947130

E (Jet ) — 121 6 GeV N = _2 90 Date: 2012-06-10 08:17:12 UTC
T 1 . ’ 3

E(jet,) = 82.8 GeV, n = 2.72

m. = 1.67 TeV




Events / 2 GeV

Events - Fitted bkg

The final plots
-or different misleading ways to present results-

i00— 1~~~ T T 1T
Selected diphoton sample

° Data 201142012
Sig+Bkg Fit (mH=1 26.8 GeV)

--------- Bkg (4th order polynomial)
ATLAS Preliminary
H—vy

g
DG
D)

=7TeV, f Ldt=4.8fb"

Vs
Vs=8 TeV,det =20.7 b

8 o
L L R | TT 1 | T T 1 | TT1 |
+
—e
]
+
o]
._
-
-»
_._

100
H + 1 +
'K
—200 1 1 1 1 1
100 110 120 130 140 150 160
m,, [GeV]

« Sum of the 10 (Vs =7 TeV) and 14

(\'s = 8 TeV) mass distributions.

 The fact that different events are worth

more than others is hidden.

3 weights / GeV

X weights - Bkg

160_' L B | — T T T T T T T ]
140E- ATLAS Preliminary =
i Data S/B Weight _
1208 + ata S eighted =
- —— Sig+Bkg Fit (mH=126.8 GeV) T
100:_ -------- Bkg (4th order polynomial) =
80 —
eo-— =
40F— Vs=7 TeV, [Ldt=4.8 fb™ —
20" {s=8 TeV, [Lat=20.7 16" H—>yy =

ATLAS-CONF-2013-012

100 110 120 130 140 150 160
m,, [GeV]

«  Weighted sum of the 10 (\'s = 7 TeV)

and 14 (\'s = 8 TeV) mass distributions,
according to S/B

« However, it looks like we are plotting

events.
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Result of the ATLAS search for H = vy

Full dataset ATLAS-CONF-2013-012 ATLAS-CONF-2013-012

AL e L o 10°F T T T T T T T
0] B Selected diphoton sample _ - 102 —— Expected po ATLAS Preliminary
N . e  Data2011+2012 3 8 —— Observed p Hes
~  8000f Sig+Bkg Fit (m, =126.8 GeV) 1 o 10 0 vy
*g T hegg e Bkg (4th order polynomial) ] - j|1 _____ 1o
2 so00f— ATLAS Preliminary — ;82 S o 20
T e H—yy . 10 ;__/_‘f/ 30

4000 — —] 10* 40

C » 7 -5
o 877 TV, [Lat =480 = 1o Data 2011 Vs = 7 TeV
000 - . > 10 50
C \@=8TeV,det=20.7fb ] 107 F —— Obs. 2011 PP

o swE : - 10 E — — Exp. 2011 f - 60
S a00f- = 10 B 2" 5ps 2012 Data 2012 Vs = 8 TeV
° 300E- = 10
2 200E ' ; = 107 —— Exp. 2012 det=20.7 b 70
Eoowe Tt VLSV R
o ¢ T ' g T Y .7 3 10
£ 100+ + 10-14|||||||||||||||||||||||||||||||||||||
o -200 , , , , , 110 115 120 125 130 135 140 145 150
L 100 110 120 130 140 150 160

m,, [GeV] my, [GeV]

* p, value for consistency of data with background-only: ~10-"®  (7.40 observed)
for the combined 7 TeV and 8 TeV data; (4.30 expected)
(minimum found at m,, = 126.5 GeV)

« Establishes the discovery of the new particle in the yy channel alone
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Statistical procedure, Higgs boson signal strength

Parameter of interest: signal strength factor p
(acts as scale factor on the total number of events predicted by the Standard Model for a
Higgs boson signal)

ML =0 background-only hypothesis
nu=1 Standard Model Higgs boson signal strength (in addition to background)

Hypothesized values of u are tested with a statistics A() based on the
profile likelihood ratio (= lectures by Kyle Cranmer)
The test statistics is based on likelihood functions

(using signal and background models,

systematic uncertainties are introduced as nuisance parameters with
constraints (e.g. Gaussian))
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Result of the ATLAS search for H = vy

-mass and signal strength-
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Selected diphoton sample

° Data 2011+2012
Sig+Bkg Fit (mH=1 26.8 GeV)
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-+ Best fit
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Mass: my = 126.8 £ 0.2 (stat) £ 0.7 (syst) GeV

Signal strength:  w:=0/0g,=1.57= 0.22(stat) 0% (syst)

-0.18
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Categorisation of H = yy candidate events in CMS

 CMS uses a similar categorization as ATLAS

muon

electron VH

dijet VBF
MET ./gg-fusion

untagged

MC 53 Hgg 125 GeV is«BTeVL« 196 1"

n
o
|
I
@
§

« Untagged events:

- Multivariate di-photon categories
BDT classification -
(di-photon kinematics (except m,.), 10f
di-photon mass resolution, photon ID) !

# of events/0.04
nN
o

—_—
T T 1 1 T1r150

- Cut-based analysis, in categories [
(similar to ATLAS) A

1.0
di-photon BDT

MVA has ~15% better expected sensitivity
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(i) MVA

(ii) cut-

The two results are compatible (within 1.50) after taking correlations into account

0.0
110 115 120 125 130 135 140 145 150

Result of the CMS search for H - vy

CMS\s = 7TcVL 51m Ns=8TeV.L=1961b"

CMS\s= TTeVL 5m'\s =8TeV.L= 1961b’
1" :

based i)

CMS\s 7TeV.L= 51» \s=8TeV.L=1961b’

.

CMS\s=7TeV.L=51f"\s=8TeV.L=1961b’

(':IM'SHW";' nu-:-uu-uuu g 1:.-”'””' T T H A RRREIREEL
B |m|nary Cbserved ok i i
200 Hopy (MVA) B Expoctod (68 3 M ! i -
‘ v = H g o=
[ e Ql0'y W R W B
L © T N L S lg 120
15[ 4 Bl = v :
» 1 10°E ¥ A
L 3 /3
3k Ly 30
10 ' 109 s
E Y Sl gl 3
:“..' ‘.__‘ 3.2 »” "-‘. ]
05 E T e T
g —=v|=eo Eap for SMH [
105 B R L T
= CMS prefiminary (MVA) | .. <. 8 Tev
INETH FETRE FRTRE FEREE PR PR SRR ST e FEETH FETEE FPEEN FIRRS M v s s www s s w R e R R

110 115 120 125 130 135 140 145 150

m, (GeV)

0.0
110 115 120 125 130 135 140 145 150
m, (GeV)

ARRERRE RE e T T TR T T )
- CMS preliminary o= Coserved =]
201" uoyy (ciC) B8 Expoctod (59% § e
L s Expactad (5% 6.10-‘ .........................................
L m 20
150 3
10
L - Z 3G
1.0 107°F .t E
104 E
05 : —toman 3
" ses Eap lor SMH B
105k s a7 A
= CMS preliminary (CIiC)  [.ayz.aTev 3
INTTE FFETE FFRTE FYTES FERRE FETE SRR SR SETTH FETEE FFERE FRRES R v e n s w R s

10 115 120 125 130 135 140 145 150

my, (GeV)

U‘

b CMSPnllmlnary i
Cis=7TeVL=5110"
- 18=8TeV L=1961b"

“G.M

SM
N

-
. U"
LR

|
1
|
'

Best Fit ¢/o.

S 29 PR ST IR
ns 120 12% 130 135 140 145 1%
m, (GeV)
25¢
3.k usmumlnay B EXT
£ 2 =7 TevL=511"(CIC)
O, s=8TeVL= 1961 (CIC)
C t { !
- 1
(4]
i)

PN SYETY P FUTEE FUTPE FUT P A
ns 120 125 130 138 140 145
. (GeV)”

49



Result of the CMS search for H = yy

-mass and signal strength (MVA analysis)-

CMS Preliminary
-
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-+« Stat Only
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Signal strength:
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Separation of different production processes for H = yy

{s=7TeV L=5.1f0"

CMS Preliminary {s=8TeV L=19.60"'
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H-> ZZ-> eeu"w

QATLAS .- %,
[} EXPERIMENT
http://atlas.ch

ﬂ.ﬁﬂ':" ]

« Clean experimental signature (4 leptons), good S/B
* Mass reconstruction possible, with good resolution

* Very small signal rate (leptonic branching ratios)
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Search for the H > Z2Z) - £+ I*{- decay

8 0.095 ATLAS Preliminary
) - Simulation

e 0.08- . m,, = 125 GeV

S 0_07; —— Gaussian fit

F H—ZZ*—2u2el2e2u
0.05F (/s=8TeV)

F m=(123.90 = 0.03) GeV
0.041 = (2.26 = 0.03) GeV
0_03; fraction outside = 20: 19%

0.02F

)

.

F without Z mass constraint >
0.01+ P2

8000 100 110 120 130 140"
ATLAS-CONF-2013-013  Myzeiez, [GEV]

The “golden mode”™. 4 isolated leptons
e: P;>20,15, 10,7 GeV, |n| <247

w P;>20, 15, 10,6 GeV, |n| <2.7

One pair consistent with Z mass (m,,)
Mass of other pair: m;, < mg, < 115 GeV

Mass of the Higgs boson can be reconstructed m,,

Good mass resolution m;  For m, = 125 GeV:
de: ~2.7 (2.4) GeV without (with) Z mass constraint
4u: ~2.0 (1.6) GeV without (with) Z mass constraint

Low signal rate, but also low background
- Mainly from ZZ continuum

g Z
g Z

- In addition from tt and Z+jet production:

(two prompt leptons from W / Z decays and two leptons
from (heavy) quark decays)
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126 GeV is a low mass for ZZ* decays

- low p; leptons are required
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ATLAS electron performance

Stability of the electron energy scale: (i) With time
(i) As function of average number of interactions
per bunch crossing

%100551 l l l l l = 910024\\\3\ T \;\\\g\\\;“‘g“‘;“‘g“‘;“‘;,
2 1.004F i RMSr0:023% i @ - Wsev-Efpi 8 = : : : =
@ - : : : : . : = Q C i RMS: 0.019%.......... ® W—ev E/p B
- . o, —> = * .
5 1.003~ RMS: 9'9'3'3 ... 2 Z 8. T@S,S S 3 1 00155 RMS: 0.015% O Z—eeinv. mass ]
2 = E R 00| = S S s s S—"—— -3
§ 1.002F = £ g E
£ 1.001F - - D 4 LQ00B [ =
5 2 oo 5 - % :
g = ﬂ+¢%ﬂg:t+% **a E I [ ; M“%& b
0999~ | | [ 0.9995F + -4 e
0.998 E - f
0.997 S E 0.999¢ : : : : : =
0.996E-. Data 2012, Ns-e Tev, [Ldr- 130" E 0.9985/ Dat 2012\s=8 TeV, [Ldt=130f" ]
' c ATLAS Prellmmary ‘ 1 3 £ ATLAS : Preliminary ]
0_995 | ; | 0.998 éx ! 11101 ! 11121 ! 1114-1 ! 11161 ! 11181 ! 12101 ! 12121 ! 12141 ! 12161 ! 1218
26/ 03 25/ 04 25/05 24/06 24/07 23/08 22/09
Date (Day/Month) Average interactions per bunch crossing
oy LS o e B B L L L L B e
S 100f AT;AS Preli;ninary Data 2012 f Ldt=770pb" 3
c = $ ® ¢ ° ¢ 8 g @ 3 Tr . b= .
g esE U B g Stability of the electron identification:
= — A =
o 905—$ ﬁf;ﬁﬁﬁ’iﬁﬁﬁiﬁ? b
9 — — . . 0 .
5 % é e Efficiency versus rec. number of primary vertices
= 80p L L R I A b3
3 75 =
§ 70; e Data Loose Ao Data Medium » Data Tight é
é 655— o MC Loose A MC Medium 5 MC Tight é
60: 11 l 11 1 l 11 1 l 11 | l 11 | l 11 1 l 11 1 l 11 | l 11 | l 11 :
0 2 4 6 8 10 12 14 16 18 20

Number of reconstructed primary vertices 55



Efficiency

CMS electron performance

~ 001 mehnry o l::t?o‘V.YLT“.IG'b"‘
i |
z 0.005 S e :
R 1 Stability of electron scale:
LI R
T o | [0 L. o 4 ~0.2% for p; > 35 GeV
0.0081 |~ L e 3
Fe-1 [* . 1
¢ . ; ; o Z, Ink0B
0.01- 2 v Z,08dnkt 48 .
{ ~o— Z, Ink>1.48 ]
-0.015 I, Injet 48 .
; e « Y (15), Inl<t 48 ]
00255 0 w50 _ 80
ehctmnp‘(GeV)

CMS Preliminary 2012 (s =8TeV.L=196 "

" i oo (ot Do : i, o i oot
0.8 .
i Electron efficiency versus
- number of rec. primary vertices
0.44 —
" Probe in endcap 14'-"'ﬂ<h|ln_mlc?.5 4
0.2 * Data
_. Simulation
I I T T R T R )

# vertices 56



CMS: 4finvariant mass spectrum =

Z - 4% peak :
oidas ic _ CUS preiminary
agreement) > [T ; ' I :
(ODJ 30l s Data s=7Tev-L= 511" - Simulation (NLO)
o b | L] my=126 GeV (s=8TeV:L=196f" |
-~ = 2y, 22 4 m(4L) > 140 GeV:
g L Bl Z+X {1 403 events observed
1 1 390 events expected
> = 7
(48 i |
o Jb } i .
oA :
“ Hah'l !I ﬂi!‘lil |EII- ‘ l 4%L JI L 1 )

/ 100 200 400 800
my, [GeV]

H > ZZ signal

121.5 < m(42) > 130.5 GeV: Reducible tt and Zbb, Z+jets background,

S+B: 28 events expected data driven estimates

25 events observed 57



ATLAS: 4finvariant mass spectra

> C
®60— ° Dat32011+2012 ATLAS Preliminar Q_O 5 IIII‘IIII‘IITW TWWI‘IIII‘III.I‘TWII
(% B [ ] Background Z, ZZ* Y (_Cg 10 - %?S 228115 ATLAS(«)Prellmlnary
5 503_ Bl Background Z+jets, ti H—ZZ*—4l S 10%F — Ops 2011 H— zZ"— 4l 1
i - [ 1.7 Signal (m,=124.3 GeV) _ oﬁ‘; Combination Vs=7 TeV:[Ldt =4.6 fb
- 7 Syst.Unc. 10§ - Exp Combination  s=8 TeV:[Ldt =20.7 fi
40~ s=7TeV [Ldt=4.61" 107B == N\ 1o
¥ ls=8TeV [Ldt=20.7fb" 20
B 10° T 30
30 ;
E 10_5 =S | WY | R £ PP X 40
20:_ 10_7 = ‘ 50
1of 107 460
10"
0 e SR 70
100 150 200 250 10718 : i
m, [GeV] 110 120 130 140 150 160 170 180
my, [GeV]
Mass range Expected | Background Data
120 — 130 GeV | signal « maximum deviation at 124.3 GeV
Vs = 7 TeV 29 23 5 po value: ~2.710" (6.60 obs.)
4.40 exp.
Vs=8TeV | 137 | 88 | 27 ( P)
« Independent discovery-level
m,, > 160 GeV: 376 events observed P _ Y
348 + 26 expected from observation

Vs =7+8TeV background (mainly ZZ) 58



Background estimates

ATLAS-CONF-2013-013

> L { T T T T { T T T T { T T T T { T T T T { T

- H e~y N FrTTTT { T T T { T T T { T T T { T T T { T 13
8 60 ATLAS Prellmlnal’y an - (%5 45; ATLAS Preliminary é
S [ os= : - 3 : 2e2u 1
2 5ok (s=8Tev: [Lot =207 b ] S 40- (s=8TeV: [Ldt=20.7 fb" =
e " 5 a5 E
w 40i * Da.ta T _] Lﬁ : e Data ] H .

Fo tzf-:llttats and tt fit 30; — Z+jets and tt fit = control region:

so. ZZ 25~ g ifit 4 - isolation requirements not
W Z+jets ] . .
200 mmg ] applied to the two sub-leading

20

L LA L A R

wz

15 muons
10 10¢ - one muon fails impact
= 5k
0 parameter cut
7777777777777777777777777777 0 N S S (o s s ) S W
50 60 70 80 90 100 50 60 70 80 90 100
m,, [GeV] m,, [GeV]
> \ 1
0180 e Data - > [T ! I ]
g - OSignal (mH=125 GeV) P ] 81 80 F o g%tr?al (m =125 GeV) E
960 mzz ATLAS Preliminary  — ©160 g " ATLAS Preliminary |
S1a0| mEHets eTe ] - wrulete rete Y
O W _ . _ A ] c F BZ+jets, B
Ll>J g {;VZ VVE 7 TeV:det 4.6 fb E 91 40 - %Syst.Unc. Vs=7 TeV:det =46fb" 1
120, Syt Unc. s=8TeV: [Ldt=20.7 fb g T - {5 =8 TeV: fLat = 20.7 b
100~ =
801 .
0

100 0
50 100
My, [GeV] m, [GeV]

» Irreducible ZZ* background taken from Monte Carlo simulation (NLO)
* Reducible Z+jets and tt background: measured using various background-enriched control
regions and transferred to signal region using Monte Carlo simulation
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Time evolution of the H > ZZ > 41 signal
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Time evolution of the H > ZZ > 41 signal

I""I"'I]""]""]""]""]""
Ys=7TeV ILdt=o.05fb“ Apr 24, 2011
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CMS: use additional information on decay kinematics,
MELA discriminant

PRD81,075022(2010) Matrix Element Likelihood Analysis:

uses kinematic inputs for

signal to background discrimination
{m,,m,,0,,6,,6*,®,0.}

B {1 " Pbkg(ml,m2,91,92,@,9*,‘1)1|m4e)]—
Pﬁig(mlamgaelag% (I)? 9*1®1|m4€)

CMS Predminary 2012 V357 TOV, LaS.05 R ol YoV, LaS 20" CMS Pretminary 2012 Ye=7 TeV. L=S.0S " (58 ToV.L=5 261" CMS Praliminary 2012 Vo=7 TeV. L=5.06 1", Y2=8 TeV. L5261 "
‘2\0'1:"'f' ot BBT1¥ | H 7.2 Bl BASSE Rl | | IRE
‘€0.09} 1
5009 g\ H(125 GeV)
£0.08 77 :
Bo. 077 a9 ,“
N é’
c_éso 06
::50 05 :
004
003
002 /
0.01
01 -0.8-0.6-0.4-0.2 0 0204060'8%1 QFae i - : : 0 4 :
20 30 50 60 -1 080604020 0.2 0.4 0.6 0.8 1

cos 6" m,, [GeV] c9s4,



contours
signal expectation

contours
background expect.

2D analysis using {m,,, MELA=K_}

Kp

Kp

CMS preliminary Vs=7TeV,L=5.1fb" {s=8TeV,L=19.6 b

1
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. |
00 110 120 130 140 150 160 170 180

m,, (GeV)

CMS Preliminary Ns=7TeV,L=5.1fb" ;Ns=8TeV,L=19.6fb"
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CMS: further refinement via jet categorization

(i) Jet-category: require two jets with E; > 30 GeV
(enhanced VBF fraction (~20%))

(i) Untagged:

Events / 3.0 GeV

16

14

12

10

CMS preliminary Vs=7TeV,L=5.1fb" {s=8TeV,L=19.6fb"
FTT 1T

- [ z+x
C |:| ggH+ttH (126 GeV)
B B car+VH (126 Gev)

110 120

130

untagged

IIII|III|III|III|III|III|III|I—|-

140 150 160
m,, (GeV)

Events / 3.0 GeV

all other events (VBF fraction ~5%)

CMS preliminary Vs=7TeV,L=51f0" {s=8TeV,L=19.6fb"

110 120

7 rl. L I L I L I L I L I 1T l_t
- jet-category * Daa ]
Gl |:| 7z,zy ]
- [ zx ]
S - [ ggH+ttH (126 Gev) -
C . qqH+VH (126 GeV) ]
4ar .
3 :— ) —

130

140 150 160
my, (GeV)

CMS
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CMS: further refinement via additional discriminants
-to separate production modes-

- VBF-discriminant: V= o |Ang| + f m;

- P, boost: P(4f) / my,

CMS preliminary Vs=7TeV,L=5.1fb" ys=8TeV,L=19.6fb" CMS preliminary Vs=7TeV,L=5.11f" {s=8TeV,L=19.6fb"
w 7_L\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\J_ (’) \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
p— [ - — -
5 | - 5

o ® Dat — B ® Dat
> r ata ] > 10 | ata |
L 67 |:|zz,2y 7 an - |:|zz,z«,

- - : - -

Sh [] ggH+tH (126 Gev) - [] ggHstH (126 Gev)
B . qaH+VH (126 GeV) ] . qqH+VH (126 GeV)
4 - —] -

R T el
0 02040608 1 121416 1.8 2 0 02040608 1 12141618 2

Vp p,/my,
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CMS H - ZZ significance

1 rprrryrrr rryrrr .o rrr o7 rr~ o p rr 11 [ T T T 1T
g 1 0—1 7N A 7 N2 :
CU '2 “\ ‘\\ V4
> 1 O 3 \‘ \\
1 - LAY
& 10 N
—_— -4 %
] 10 5 *ge
Q10 )
O A6 ) N
- 1 O e“e “““. 50
107 E‘ ' i =
1 0-8 I‘-::. "‘“ Observed m,, - ‘
1 0'9 '-:3 E 5 Observed m,, K
-10 W[\ | —— Observedm, K, p/m,orV,
1 O 11 ‘ ------ Expected
1 O !, ‘. H i .
-12 Ve \ i o
10 v, 1 CMS Preliminary
103 boL HeZZ—a
10714 Voo e=7TevL=511"
-15 Vs=8TeV, |_=19.6fb"1_5 -
'16II|IIII|IIII‘}“'III“‘.IlIIII|III.:I.:|IIII|IIII
10

110 120 130 140 150 160 170 180
my, [GeV]

Expected | Observed
3D (my, K, Voorprmy) 7.20 6.7GC
2D (my, K) 6.96 6.6 6
1D(m,) 5.6 ¢ 4.7 G

at 125.8 GeV (minimum of local p value)

« Stand-alone discovery in the H > ZZ — 41 channel

« Additional discriminants improve sensitivity, as expected
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Mass and signal strength for H 2> ZZ*

SO a4 N W & 00 O N 00 ©
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1 1
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u=0.9 03 0.2
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Mass and signal strength for H > ZZ*

ATLAS-CONF-2013-013

LAS Preliminary H—zz" - 4
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End of Lecture |
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Backup Slides
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WH / ZH associated production: N S

* Weak at the LHC,
Relatively stronger at the Tevatron

 Allows for a Higgs-decay-independent trigger
W-2lv, 2>l

« Sensitivity to W/Z couplings

 Moderate K-factors 135 e
(NLO corrections) R 1R S 7S — ,
_:]/ -~ .5‘2
Il 25 ......... RIS \‘L() 7
Both NLO QCD and el.weak TR S
corrections available 1_1'5 QCD+EW _
1.1 -
1.05 0 -
1
T _ 0.95 -
Brein, Djouadi, Harlander, (2003) 09

PRI S AN TR S TR NN S T R B SRR
Han, Willenbrock (1990) 80 100 120 140 160 180 200
Ciccolini, Dittmaier, Kramer (2003) M, [GeV]



ttH associated production: >

 Weak and difficult at the LHC 33% 67%

 Sensitivity to top-Yukawa coupling

1400 . —————r—

« Moderate K-factors i o(pp — fH + X) [fb]

(NLO corrections) R, N
[ s = 14 ]

NLO QCD corrections available,
scale uncertainty drastically reduced

scale: gy =m, + m,/2

LHC: K~1.2
Tevatron: K~ 0.8 02 05 1

ro
w

Beenakker, Dittmaier, Kramer, Plimper, Spira, Zerwas (2001)
Dawson, Reina, Wackeroth, Orr, Jackson (2001, 2003)
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A yyevent in ATLAS

 Photons are obvious, even

with pile-up
£ — Note that low p; tracks
*\~ ATLAS are suppresse%Tin the
EXPERIMENT display

| han har e, SO0

* One can see how the EM
showers can be used to
point back to the primary
vertex

« Three photon regions:
central, endcap, transition

— The transition region is
difficult




The Conversion in More Detall

&"ATLAS

-lEXPERIMENT

Run Numbe 191190, Event Numbe 1944

Date: 2011-10-16 16:11:14 CEST

The tracks from y - e+e- are clear and The shape of the EM cluster in the
distinct. Red hits are high threshold TRT hits calorimeter is consistent with two electrons
and confirm that these are in fact electrons. very near each other.
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ATLAS photon identification

Shower shape variables used in the ATLAS photon identification (loose, tight):

Category Description Name | Loose Tight
Acceptance Inl < 2.37, 1.37 < || < 1.52 excluded - v
Hadronic leakage Ratio of Er in the first sampling of the hadronic Rpag, v v
calorimeter to Er of the EM cluster (used over the
range || < 0.8 and |p| > 1.37)
Ratio of E7 in all the hadronic calorimeter to Er of Rpaqg v v
the EM cluster (used over the range 0.8 < || < 1.37)
EM Middle layer Ratio in ;7 of cell energies in 3 X 7 versus 7 x 7 cells R, v v
Lateral width of the shower w2 v v
Ratio in ¢ of cell energies in 3x3 and 3x7 cells Ry v
EM Strip layer Shower width for three strips around maximum strip ~ w;3 v
Total lateral shower width Wstot v
Fraction of energy outside core of three central strips  Fiside v
but within seven strips
Difference between the energy associated with the AE v
second maximum in the strip layer, and the energy re-
constructed in the strip with the minimal value found
between the first and second maxima
Ratio of the energy difference associated with the Epyo v
largest and second largest energy deposits over the
sum of these energies




Measured inclusive y spectrum from Z = lly events, 2012 data
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Statistical treatment

All results are based on profile likelihood method

T ~ U = parameter(s) of interest
A(p) = (“’A@ (AM)) © = nuisance parameters
L(f,0)
L(,&, é) Unconditional maximum likelihood estimate

(u and 6 adjusted to maximise L)

L(M,é (1)) Conditional maximum likelihood estimate:
(a specific u value (fixed), 6 adjusted to maximise L for this )

-2 In A(n) follows a 2 distribution with n d.o.f. (M1 )

Nuisance parameters 6 are constraint by probability density functions
(Gaussian constraints, log-normal distributions, Poisson,...
also explored: “rectangular” pdfs for some specific systematic uncertainties)
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