)
INFN
(5o

Observation and first properties measurements
of the Higgs boson candidate in its di-photon
decay with the ATLAS experiment

Marine Kuna
INFN Sezione di Roma

Seminar Roma
July 4, 2013



$/(5+B) Weighted Everts [ 15 Ga¥

Francois Englert & P&t

July 4th: Anniversary of a
Discovery Announcement

4500 fs=7TeV I Ldt=0.02fo" Apr 18,2011

4000

Events / GeV

3500

ATLAS Preliminary
H—yy channel

_+_
g
5]

3000
— Background-only
2500
2000
1500
1000

500

IIII|IIII|IIII|[IIIIIIII|IIII|IIII|IIII|IIII|II

]
3
p

o it ale als ale ale s ale ale ale o)
t t

| IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

200

I

Data - Fit

-200—

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




Why the Higgs ?

Three Generations

» Standard Model of Particle Physics: of etz Famons)
<> 6 quarks, 6 leptons, bosons: strong interaction mees- SRR PSS PSSR
(gluons) and electroweak (photon, Z°, W+, W") || tE

» Gauge bosons Z°, W*, W- have masses (resp. 91 and 80 N RN e

e 14 s
A 1A L

down strange hottom

GeV ) = Electro-Weak Symmetry breaking:

Quarks

<> Solution is introduction of a massive scalar particle
(electric charge & spin = 0): the Higgs Boson v Ve Vi . Ve

electron muon tau
neutrino neutrino | | neutrino

The Higgs boson is the only elementary particle from the
Standard Model that had not been experimentally
observed prior to last year.

0.511 MeV 105.7 MeV 1.777 GeV
-1 e -1 -1
1/2 15 l'l L5 T

electron muon tau

Leptons

+H

» Its search has been one of the motivations
the construction of the Large Hadron
Collider, among an otherwise vast physics
program (search for super-symmetry &
dark matter candidates, CP symmetry
breaking, nature and properties of quark-
gluon plasma...)

Bosons (Forces)



SM Higgs Boson Production at the LHC

associated production with

gluon fusion vector boson fusion associated production X it irs (ttH)
. na- Ir
(88F) (VBF) with W/Z (WH, ZH) Op anti-top pairs
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Branching ratios @125 GeV: bb (57.7%); WW (21.5%); Tt (6.3%); ZZ (2.6%); vy (0.23%)



A veitical direction

The ATLAS Experiment y

Mxyz)_ -~

center of the LHC

por s ¢ : azimuthal angle
n=-In[tan (6/2)]

Hadronic
Calorimeter

Muon
Spectrometer

Average number of interactions per
bunch crossing: from 10 (7 TeV) to 20
(8 TeV)

Instantaneous luminosity up to

7.7 x103cm=2 st

- Many challenges to meet at

. Tracker: pixels + SCT  the trigger and performance level
Toroidal Coils Solenoidal  (precision)+ Transition

Coil iati
Radiation Tracker + 3 Level Trigger System



EM Calorimeter

/Liquid Argon-Lead sampling

calorimeter

<> Accordion geometry for
azimuthal hermeticity

<> High longitudinal and lateral
granularity (175000 cells)

~

ﬂinergy Resolution

Sampling/stochastic term
(statistical variations of the
shower shape)

|
o b /
@@
E \/E

QI’LAS specifications: a = 10%, b = 170 MeV and c =

~

Constant term (non
uniformities, calibration
imperfections)

Noise term
(electronics, pile-up)

0.7% (CMS:a=2.8%,c=0.3%)
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- Upstream material knowledge central problem of the energy reconstruction i
(Monte Carlo coefficients depending on the detector simulation) /




Event selection

Kinematic cuts
py'Y, py%> 40, 30 GeV, n<2.47
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Photon identification efficiency
measured on radiative Z-21ly decays

Di-photon Trigger

EM clusters
E;> 35, 25 GeV
Efficiency >99%

wrt offline - - ' , |
selection 142681 events in 100<M,, (GeV) <160

Photon identification

Shower shape variables: exploit the fine
segmentation of the EM calorimeter

Photon track and calorimetric isolation

AR = J(An)? +(A)
3 p;racks< 2.6 GeV in AR<0.2
2calo energy < 6 GeV in AR<0.4

Corrected for underlying events

2. ~40%

event

Y nin jets




->S/B ~1:50

Background rejection (1)

jj where both jets are mis-identified as a photon due to hard m°®

-

T b DT

reduciblelibackgrounds

vj where the jet is mis-identified as a photon
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Background rejection (2)

» Background composition derived with 4 different data-driven methods
using control regions relaxing the identification or the isolation criteria

» 2D fit of the 15t and 2" photon isolation spectrum
<~ jetisolation pdf: non identified data sample

<> photon pdf: fully identified sample - data-driven background

contamination
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= Invariant mass M, is the discriminating variable for the H->yy analysis



Relative energy scale

Mass Resolution (1)

= 2p p I:COSh(T]1 - 772) - COS(QD1 - @, )] M., overall resolution: 1.7 GeV

X
—_
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180 ATLAS Preliminary

160 Data 2011, Ns=7 TeV, f Idt = 4.6 b

140

Photon energy scale extrapolated from
electrons from Z

~1.2-1.8% additional smearing term in Ocaia=1:76 = 0.01 GieV

Events /1 GeV
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Mass Resolution (2)

M} =2p} pi[cosh(n, —n,) - cos(@, - )]

Vertex determination = Di-photon angle reconstruction

Resolution of angle measurement dominated by
reconstruction of primary vertex z position (IP spread of
~5.6 cm would add ~1.4 GeV in mass resolution)

** 4 variables combined in Neural Network (NN) Multi
Layer Perceptron

<H ~ Lvertex  photon Pointing
()}wvtex > A L L L B L L LN NN LIS B
2 & - —*— True vertex ATLAS Simulation -
EpT Sum of squared momentum of tracks g 0.12 —— Maxxp? Preliminary
. . ) - —e— Likelihood .
n associated with each vertex R 0.4F = Calo pointing —>H- E
EPT Scalar sum of momentum e - my=125GeV -
. > o0.08[ s=8TeV -
A@ between the vertex (defined by the vector S - .
sum of the track momenta) and the di-photon = 0.06- —
| system 00af :
Efficiency of finding the primary vertex within o_ogf_ _
0.3 mm of the true one higher than 75% ok e S .

e o ool by by Ly ro i
o ] } } 116 118 120 122 124 126 128 130 132 134
- Negligible vertex uncertainty contribution m,, [GeV]



ggF enriched

Analysis Categories (1)

di-photon selection

A 4

One-lepton

W(— W)H, Z(— I)H

A 4

miss

E; " significance

W(— IV)H, Z(— vv)H

A 4

Low-mass two-jet

W(=)H, Z(—ii)H

v

>

>

High-mass two-jet

VBF

tight

v

loose

9 th-n-conversion

ggF

14 exclusive categories to increase sensitivity,
overall and to specific production processes

Classify events according to:
<> Production mode:
v VH with charged lepton or neutrino tag or
V—jj decays

v VBF with high mass two jet selection (MVA
based)

<> Signal/Background (1-60%) and invariant mass
resolution (1.4-2.5 GeV):

v’ p; of di-photon system
v’ Photon conversion status
v’ Photon impact point in calorimeter



H— yy

W)z

8
ggF enriched

Analysis Categories (2)

14 exclusive categories

di-photon selection

A 4

One-lepton

W(— W)H, Z(— I)H

A 4

miss

E; " significance

W(— IV)H, Z(— vv)H

A 4

Low-mass two-jet

W(=)H, Z(—ii)H

v

High-mass two-jet

VBF

v

9 th-n-conversion

ggF

Inclusive
Unconv. central low P,

Unconv. central high p -
Unconv. rest low Py
Unconwv. rest high P,
Conv. central low p
Conv. central high P
Conv. rest low P,
Conv. rest high P,

Conwv. transition

Loose high-mass two-jet
Tight high-mass two-jet
Low-mass two-jet

ET™ significance
One-lepton

Expected composition of each category:

— [WggF mVBF WH ®ZH mttH
. ATLAS Preliminary (simulation) H— vy
i
I
|
I B
|
I N
|
I B
I
I
|
| |
I |
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Vector Boson Fusion Selection

» Combination of 8 discriminating

Events (normalized to unity)

variables in a Boosted Decision Tree
(BDT) exploiting the VBF topology: 2
forward jets and little hadronic activity
between the 2 jets

BDT trained on VBF signal MIC against vy
MC (sherpa) and yj+jj from data (non
isolated yy sample). Main systematics
gluon fusion + jets

025" ATLAS Preliminary VBF (m =125 GeV) ]
- (s=8TeV, f Ldt =20.7 fb” B 99F (m =125 GeV) - J
020 C vy +yi+iy +ii =
0.15[— -
01
0.05(—

BDT Response

» 2 BDT output categories: loose and tight
determined by maximizing the VBF signal
significance against ggF and non-resonant
backgrounds.

—> Clear separation between the VBF
signal and the other processes



Signal Modelling

» The signal is modelled with a Crystal Ball + Gaussian function which is
parameterised along the Higgs boson mass

N 4

0.12

0.1

0.08

1/N dN/dm,, /0.5 GeV

0.06

0.04

0.02

o5

e—z2/2 if t>-ag,
nep Nep - OCB(M)=0125G6V +AG(M—125G6V)
nCB —Qcpl2 nCB .
— A —t| otherwise O, =k*0
aCB aCB -
t = (mw —Ueg) ! Opp
\s 8 TeV
Category ocp(GeV) Observed Ny Np Ng /Np
——— Unconv. central, low pr¢ 1.50 911 46.6 881 0.05
- ATLAS Simulation o Unconverted cotral Unconv. central, high pr, 49 7.1 44 0.16
C Preliminary high p.. ! Unconv. rest, llow PTt 1.74 4611 97.1 4347 0.02
S SPATPISURINE Unconv. rest, high pry ~ 1.69 292 144 247 0.06
C O Converted rest ] Conv. central, low pt¢ 1.68 722 29.8 687 0.04
C m, = 125 GeV low p,, - Conv. central, high p 1.54 39 46 31 0.15
- Vs=8TeV FNRM=45Gev. Conv. rest, low pr,  2.01 4865  88.0 4657  0.02
- B Conv. rest, high pry 1.87 276 129 266 0.05
ol . Conv. transition 2554  36.1 2499
- 1 Loose High-mass two-jet 1.71 40 4.8 28 0.17
~ g W 7 Tight High-mass two-jet 1.64 24 7.3 13
e g @ e cotat Low-mass two-jet 1.62 21 3.0 21 0.14
110 115 120 125 130 135 140 14¢ E}Fiss significance 1.74 8 1.1 4 0.24
m,, [GeV] One-lepton 1.75 19 2.6 12 0.20
Inclusive 1.77 14025 3555 13280 0.03

ey (M) =M +8, +A (M ~125GeV)




Background Modelling

>
]
> Analytical function that v
<> Minimises the bias (fake signal fitted) 5
L
<> Maximises the expected sensitivity (less
free parameters)
» The systematic uncertainty = largest signal -
(T
component over 110-150 GeV from fit on a B
background only yy/vj/ii/DY cocktail MC sample z
Category Parametrisation Uncertainty [Ney]
Vs=7TeV +/s=8TeV
Inclusive 4th order pol. 7.3 12.0
Unconverted central, low pry  Exp. of 2nd order pol. 2.1 4.6
Unconverted central, high pry  Exponential 0.2 0.8
Unconverted rest, low pry 4th order pol. 2.2 11.4
Unconverted rest, high pry Exponential 0.5 2.0
Converted central, low pry Exp. of 2nd order pol. 1.6 2.4
Converted central, high py Exponential 0.3 0.8
Converted rest, low pry 4th order pol. 4.6 8.0
Converted rest, high pry Exponential 0.5 1.1
Converted transition Exp. of 2nd order pol. 3.2 9.1
Loose high-mass two-jet Exponential 04 1.1
Tight high-mass two-jet Exponential - 0.3
Low-mass two-jet Exponential - 0.6
E%‘iss significance Exponential - 0.1
One-lepton Exponential - 0.3

LI A EOL L R B L R R L R L L L
EM™* significance
o Data 2012
Background model
......... SM Higgs boson m,= 126.8 GeV (MC)

ATLAS Preliminary

H—yy

/

Vs=8 TeV,det =20.7 fb"

~ bhLhonmwh o

o
o

110 120 130 140 150 0
m,, [Ge\}f

For very low statistics categories,
inclusive uncertainty is scaled to
statistics

- The systematics is then treated
as a spurious term in the signal



Systematic Uncertainties Main Sources

>
ﬂlcertainties on § A
the signal yield £
(O]
>

~

Theory: Branching ratio, scale, PDF, cross
section ("12% overall, up to 50% for 2-jets)
Luminosity (1.8-3.6%), Photon identification

Qﬁciency (2.4%), Background model (”3@

>
Myy

(ncertainties on the

signal resolution

More later

>

Events/GeV

Calorimeter energy resolution extrapolation
from Z>ee events (14-23% along

Q’cegories)

Myy

/

/ Uncertainties on the migrations
between categories

Jet energy scale (up to 20%)
Underlying events (up to 13%)
Higgs p;, modelling (up to 10%)
\I\/Iaterial mis-modelling ("4%)

High-mass two-jet

VBF

One-lepton

W(— W)H, Z(— I)H

~N

I

9 pn-n-conversion

ggF

AN

W(— W)H, Z(— vv)H

Er"° significance

¢

Low-mass two-jet

W(= j)H, Z(—

iH /




Results

Invariant mass distribution, overlaid background + signal fit

> 10000— T T T T T —
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Effect of
categories
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160—
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ATLAS Preliminary

+ Data S/B Weighted
——— Sig+Bkg Fit (mH=126.8 GeV)

Bkg (4th order polynomial)
80 weighted with —
60
40

20

.
.
.
.

s=7 TeV, ﬂ_dt=4.8 fio!

Vs=8 TeV, ﬂ_dt=20.7 fb!
—_l

H—yy

150 160
m,, [GeV]

120 130 140

Observed local significance of the excess: 7.4 o

for 4.3 o expected (at M., =126.5 GeV)

Y VY

Best mass fit: 126.8 £ 0.2 (stat) £ 0.7 (syst) GeV
Best fit of signal strength at this mass:

U =0/0q, = 1.57 £ 0.22(stat) *0-24(syst)

Inclusive fiducial cross section of observed

particle: 0,,.BR=56.2+12.5fb



Signal Strength Combination

ATLAS Prelim. |—°®  Tota] uncertainty

_ — o(sys)
» Combination of bosonic decays (Ww, M= 1295 GeV xloonu

27, yy): +o-23 o
YY) H—>yy ~0.22

n=1.33x0.21 +0.17
-0.13

+0.33
w=1.55""|+0.17

» Signal strengths in fermionic decay -012| ; o

modes have large uncertainties, but +os5
) ) H— ZZ* — 4i :
are compatible with SM value of 1 +8.$g

+0.40
w=143_" "|+0.17

» Including H>tt and H>bb results: -oto| T

— +0.20
M= 1.23 +0.18 H— WW* — Iviv -0.21

+0.23
~0.19

+0.31
w=0.99 " |+0.15
“®1-0.09

. +0.13 :
Combined -0.14 =

- Data are consistent with the H—yy, ZZ%, WW* +017
hypothesis of a Standard Model Higgs w = 1_333?; ;0:12 N
boson. -o10p b

\s=7TeV [Ldt=4.6-4.8 fb" 0.5 1 1.5 2

Vs =8 TeV [Ldt = 20.7 fb" Signal strength (u)

— o(theo)

—t—
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MASS DETERMINATION



An Interesting Mass
» A Higgs boson mass around 125 GeV is interesting in 2 ways:

< Theoretically: < Experimentally:

2 2 4 i
V) =p?| o2 4+X| o] Observable |r1 many char.mels,
great potential for couplings
measurement (K., Ky, Ky
(W,2), X, K5 K, K

A<0: meta-stability region

I\I“‘. gluons )
\\ 1t AN

BN

S = Im(¢)

tunnelling probability g 10FT— AT L nrey R

1 1 H —_ - + S = 8TeV 18

proportional to eA, and A is - 7 /\ E

only slightly negative ‘f 1 _ WW — Fvog 4 &

Re(¢) o 2

200¢ Instabili
= 107 E
- P — v =
3 150+t a/s\?‘?.ﬁ»‘p z ZZ — I'Tvwv 1
= S ] ZZ— M
< 7 - 102 :
2 100 Stability Z .
E g‘ i
& = -3 -
= sof g 10 :
0 - i v e Aﬂ — vy ' 10-4 \/ | o T, N

0 50 100 150 200 250

Higgs mass M, in GeV MH [GGV]



Uncertainties on Boson Mass for H>yy channel

Energy scale from Upstream material : :
gy ; .p : i Conversion fraction 0.1%
Z - ee (0.3%) simulation (0.3%)
10°
> 200 f‘ LENLENL B DL B NI BB BN LA R L L B B B B T T T - L L B B B e a (%2} 1: LN R N L L Y N I B N B I B ) S B B .| l T T
8 isob. ATLAS Preliminary E X 145 [ Bofore EM calorimeter  ATLAS Simulation § 0.9 > Unconverted photons ATLAS Preliminary 3
- = Data 2011, \'s=7 TeV,det =4.6fb" E £ - [ Before presampler ] T F e~ Converted photons Data 2012, s =8 TeV 3
; 160 —] 2 12— ...... Extra material — % 0.8 E-  —«— Single track conversions J' Ldt=331M" —
c F o,..=1.76+0.01 GeV 3 2 C J o F  —*— Double track conversions : 3
] 140 — datal = S B S 0.7 E =
O 4pq = Opc =1.59 = 0.01 GeV ml<2.47 3 :“3 B E 0.6 f— —f
100 = —Data E g _: 3 05 E_ o et~ . 3
= — Fitresult 3 « 4 © ~E O QO O GG O Qe G O Qe O Qe e Qe 3
80 Oz-eeMC — 4 & 04F =
60F- = 4 8 o35 i
40 E ST S " E
20 = = 015 =
- T SRS EPRSTRS SHEST FS SRS AV . S N R R B B
C}O 75 80 85 90 95 100 105 110 0.5 1 16 2 05 10 15 20 25 30 35

Mg, [GeV] ; : ;
Average interactions per bunch crossing

Pre-sampler energy scale (0.1%)  Relative calibration of 15 5, jinearities of the EM

p )
and 2" sampling 0.2% calorimeter electronics 0.15%

Ao i N

) n=0.8 )

¥ L, W

Bagk layer

Middle layer n=14

PS

- Total uncertainty: 0.55% (0.7 GeV)

Yy mass measurements with different photon energy calibration (n & p; categories),
conversion status and pile-up conditions give consistent results




Signal strength (u)

vy and ZZ Mass Compatibility

» vy and ZZ final states both high resolution and are optimal for mass determination
(ZZ systematics uncertainty determined with J/ =2 Il, Y=>uu and Z-> Il decays)

H->yy: M, = 126.8 + 0.2(stat) + 0.7(sys) GeV g T ATLAS Profiminary
H-> ZZ(*)-> 4l: M= 124.30.6 (stat) *0 (sys) GeV " i e
Combination: My, = 125.5 £ 0.2 (stat) *3-2 (sys) GeV [ %
(CMS: 125.7+0.3(stat.)+0.3(syst.) GeV) 8
4: ATLAS Preliminary —— Combined i
- Vs=7TeV:[Ldt=46-4.8 " — H—yy 6; -2InA(0)
3.5 \/§=8TeV:f|_dt=20.7 fo! — H->7zZ" 5y i /
F X Best fit i
3 — 68% CL ae N 2%
1 95% CL L
250 I
- ol
2 -
- R S N / ”””””””””””” To
1.5} 0-1111011 lléllllilllls
- m,,-my, [GeV]
1* Fitted mass discrepancy:
s Amy=m " —m 4 =2.3+0.6(stat) + 0.6 (syst) GeV
ot Probability for such mass disagreement or higher
122 123 124 125 126 127 128 129 . . .
my, [GeV] using MC pseudo experimentsis 1.5% or 2.4c




Is the observed boson the g
the Standard Model Higgs ?

COUPLINGS AND SPIN
MEASUREMENTS



First look at the couplings

» Production mechanisms associated with either top (ggF+ttH) or gauge bosons (VBF
+VH) couplings: agreement with the Standard Model at the 20 level for yy

E T I LI L UL UL I L I LI I LI I LI I T
, 10F T 7]
Gauge bosons coupling o’ - ATLAS Preliminary 1
a "E - ) (s=7TeV [Ldt=4.6-48f" -
z 8- (s=8TeV [Ldt=207f"
> - ’
| @ é 6 —H=yy _]
HO° = L —H-—>2ZZ7" -4l |
VBF L — H—= WW* = vlv ]
3 T 4— + Standard Model ]
q B X Best fit ]
W,Z - N — 68% CL .
3 2r W se- 95%CL —
= HO O__ ......... __
i VH T my=1255GeV el i
_2 1 I 1111 I | T | I | I | I 111 I 1111 I 1111 I 1111 I 11
0O 05 1 15 2 25 3 35 4
) w x B/Bg
Top coupling ggF+tH .

t

ggF t HO HH @ -
O,




Further Split for H>vyy Couplings

» Further split of VBF and VH production:

<> Improvements wrt to previous analysis thanks to additional VH categories
and VB MVA categories

W,Z l_i_I_._I_H — Total ]
q ' Yoy : :
total expected g — Stat. ]
i 5 .uncertamty — Syst
d VH improved by 27%| .. H———H =
g H—=yy .
g (5=7TeV [Ldt=481"
. H=—H =
q @ Eztfé I:);?riCtEd HogHsttn : /s =8 TeV [Ldt=20.7 o' 7
VBF e Y o ST T ATLAS Preliminary 7
. improved by 32% j 00112012 E
~~aq " l | . m=126.8CeV
1 2 3 4 5 6
" . Signal strength

9

ggF t HO @), o
" O,
9 9

- Signal strength per production process all compatible with each other



H-> yy Spin Analysis Model

Higgs boson candidate observed in the di-photon channel: Landau-Yang theorem
excludes spin 1 hypothesis = only spin-2 hypothesis tested
The most general interaction of a spin-2 particle with gauge boson pair has 10
independent effective couplings constants (g, ;)

<~ Considering available statistics, a J = 2_* graviton-like minimal couplings

model is considered
v The only dependencies are the coupling intensities to the SM fields

(g1=g5=1)

A(X — VV) = A" [2g12)t f*l,uaf*2 Vo 2g(2) MV QXZE f*l,paf*2 W,

q q * * q q * *(2
§2) e t,Bu(f 1,uv +f 2,uv )+g(2) I-Wf 1, a,@f (2)
S
e, (20 + 200 Lot e - o) +00 T et )
(2)4

9uq z x q° .
idoy o8 O 4 g0 et e + L2 (6 (g3) +e;”(qe:>>]

2
+9{ 5 A2 A2

<> H->yy has low sensitivity to parity (more easily determined by H->ZZ)
v" No comparison to CP-odd model



Entries (normalised to unity)

H-> vy Spin Discriminating Variable

» Discriminating variable cos0*, polar angle of photons wrt z0s
the z axis in the Collins-Soper frame (z axis along bisector of

beam direction
) . sinh(ngy, —1y,) 2pT pT

2 mg,y

1+ (o7 mn)

< In principle least sensitive to ISR

gcé

<> shown also to be the most discriminant between spin0

and spin2
e — Background » Compare the dN/dcos6* distribution:
02 — & =2, (100% gg) - J° = 2!, (100% qq) <~ Flat for H>vyy before acceptance &

kinematic cuts
< 71+ 6 cos?0* + cos*0* for gg initiated
spin 2
<> 7 1-cos*0* for qq initiated spin 2
(from Wigner matrices and helicity
formalism)
» Good discrimination for gluon fusion, worse
for gq initial state

0.15

|

0.1

0.05~ ATLAS Preliminary S
[ Data 2012, Vs = 8TerLdt 207 b

11 ‘
0O 01 02 03 04 05 06 07 08 09

lcosO*|

f"ﬂ |

—



Events /0.1

> Fit the data for the 2 hypotheses: SM JP =0*and JP =2
between cosB* and m,,

in the signal region

2500_"".|"D"tl'"'I""I""I""I""I""I""I""_
- Sseo == H—ur
2000‘_ [] Background + | . ]

- 1Background
B 4 —6— . .
1500 b———— - subtraction

- lllustration of fit for ]
o in 0 hypothesi ]
1000: spin 0 hypothesis 1 conditional fit
- ATLAS Jwith different
500; s =8TeV fL dt = 20.7 fb” {spin 0 cosB*
L..u..ul.”.|”..h..u..”|.”.|”..h..u..”,5hape
0 01 02 03 04 05 06 0.7 08 0.9 1
Icos 6%l
» Test statistics is likelihood ratio between SM
and spin 2 " 130(90)
q =
.52(92)
» Spin 2 hypothesis excluded at 99.3% CL if 100%

gluon fusion

Sensitivity maximum at high fraction of ggF,

degraded for higher fractions of qq =2
complementarity with WW channel

Events /0.1

H-> vy Spin Properties

*assuming no correlation

250 _I LI I TTr T I TTr T I TTr T I TTrrr I TTrrr ' TTrrr L IIIIIIIIIIII
- ATLAS Hoyy —J= 0" Expected .
s00f Vs =8 TeV fL dt=207f" ® J'=0"Data 1
C Bkg. syst. uncertainty 7]
150 —
100———1— -
50__ | ]
: — 1 :
OF -&
11 1 1 I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII :
0 0.1 0 2 0. 3 0. 4 0. 5 0. 6 o 7 0. 8 0 9 1
Icos 6%l
-és U_;SVT T T T { T T T T { T T T T { T T T T { T T T T { T T T T
S - ATLAS —Data
2 0.25- H — vy —JP=0+ ]
§ C Vs=8TeV [Lat=207f" P =2 |
T 0.2 (f 5 =0%)
£ - 100% gluon 1
(@] - i
Z 0.15 fusion ,.'I
- )
" p=58. M p=0.3%
0.1~ | :
C | ]
r | .
0.05F . | .
C | ¢ ]
Ok\ n \-‘\'rr-\ ! i S T
-15 -10 -5 10 15




Spin Combination

» Standard Model spin JP=0%is
favoured compared to:

< IP=0-(22)
< JP=1*-(ZZ and WW)
<% IP=2_*(yy, ZZ and WW)

ATLAS Preliminary

H—yy e Data

Vs =8 TeV [Ldt=20.7 b

H = 77* — 4| y CL, exPecte: )
Vs=7TeV [Ldt=4.61b" assumingd” =0
Vs=8TeV [Ldt=20.7 fb” B:1o

H — WW* — evuv/uvev
Vs=8TeV [Ldt=20.7 fb"




PROSPECTS



Detector and Performance Prospects

2013-2015 2018-2019 2021-2023
~25fbl@ 7-8 TeV >50fb!l @ 13-14 TeV > 300 fbl
Ph ~3000 fb!
6x1033cm—2s1 0 1034cm2s1 ?se 2-3x1034cm2s1 I
<u>=20 (50 ns) <u>=27 (25 ns) <u>=55 <u>=140

» Improvement of performance

Main handle for H>vyy systematics reduction: Photon energy scale » Phase ll:
- Extrapolation from Z->e*e electrons to photons replacement of the
v More studies of the upstream material read out electronics
- Direct study of radiative photons Z—>eey et Z=>uuy
+ Multivariate techniques for calibration

» Detector upgrade for higher luminosities:

Level 1 trigger towers
AnxA¢p=0.1x0.1

~

Super-cells
AnxA$p=0.025x0.1 (S1 & S2)
ANxA¢$p=0.1x0.1 (PS & S3)

JomMo} 4123314

—> Keep trigger at low p; for EM objects



Physics Measurements Prospects

2013-2015 2018-2019 2021-2023
~25 fbl @ 7-8 TeV >50fb! @ 13-14 Tev Phase  >300 fb | ~3000 fb-l
6x1033cm2st 1034cm2s1 | 2-3x103*cm2s?

» Determination of the Higgs couplings

Ky (bosons) : £10% +3-6%
K (fermions) : £25% +2-4%
2 FH_>X Ko Ko, Ky(W,2), K, K, K, K
Kx = M +tcl)-?iggbs sglf-coupli;g TR 420-50% +5-25%
H—X

AT ATLAS Proiminary | LiH— 4l SiH—iv 1 o0 . -

- s=7Tevflat=4648%"  EH vy ECombined ew physics through evidence of couplings
3F (s=8TeVLdt=20.7 o + SM x BestFit deviation from Standard Model
25_ 3 - Coupling to other scalars (Minimal Super-

- ] Symmetric Models)

1;_ 1 - Decays to non observed final states (invisible
O E channels)
= 4 - Loops in production diagrams modified by

5 E presence of new virtual particles

-2

I'I 111 I L1 11 I |||||||||||||||| I ||||| - Boson nOt an elementary parﬁCIe
06 0.7 0809 1 14 12 13 14 15 16




Conclusions

ATLAS Preliminary Total uncertainty
» With the present uncertainties, ATLAS data are my = 125.5 GeV + 15 + 2G5
consistent with the expectations for the Standard ‘ ‘ \%
Model Higgs boson Ky| | \ /
< Production rates and coupling strengths, ]'l"vo‘f'{i': A o B "
evidence for VBF production Ke| ‘ |
<> Other spins tested (0, 1*, 1-, 2* ) disfavoured R R | S
compared to SM 0* Model: | |
My Kyy My
1 ‘ ‘ ‘ ‘ ‘ - \\ ‘ 10
» The di-photon channel, with clear signature, high  |Model: | | \
.. . . Mz Mz Myz| | \ /
background rejection and high mass resolution N KzYz ; ; .
FZ’ N % 19
contributed greatly to this achievement ———
< Significant signal significance (7.40) which Kq | | |
excludes spin-1 hypothesis (Landau Yang) !l’;oge': N
) ‘\{ H
< Signal strengths compatible for various Higgs K, :
boson production modes (VH, VBF, ggF+ttH) N R R IZAT,
. . : - . -1 0 1
<> st-z graviton-like minimal coupling model B =7 ToV fLot = 4648 0" Parameter value
disfavoured compared to SM 0* Vs =8TeV [Ldt = 20.7 fb”" Combined H — vy, ZZ*, WW*

K ermi K .
)LFV = M,’ sz =— =1 |f custodial symmetry

KVectorBoson Z



Thank you for your attention !
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Delivered Luminosity [fb™]

» Pile-up is a challenge: above designed

» Instantaneous luminosity up to

Pile up

value (50 ns bunch crossing)

7.7 x 1033cm=2s71

» =90% of delivered collisions used in the Z=2uu with 25 reconstructed interaction
analyses vertices
I L L ] = 8O0 T I
35" ATLAS Online Luminosity 4 S = ATLAS Online Luminosity .
30 - 2010 pp Vs =7 TeV - ﬁ_ 1605_ O Vs=8TeV, ﬁ_dt =20.8fb", <u>= 20.7_5
- ;gl;pp \\E:Qe:// 2012 L |Z 140 [0 Vs=7TeV, [Ldt=521" <= 9.1 =
- — S = e - ~ n
25F i 23fb™ |8 420 : -
- j g 100E- | Experimental 3
205— Today = 805— | designvalue
15 Discover - % 605— : —E
- Y 2011 |g  °%F . -
10F 6fbt |T 40F l =
5 1 20F : -
E 2010 0:I A BRI B || plv v by I Ll |:
oL L1 0.05 b 0 5 10 15 20 25 30 35 40 45
Joft ! AN oct Mean Number of Interactions per Crossing

Month in Year

- Many challenges to meet at the trigger and performance level



ATLAS Preliminary

my = 125.5 GeV

ATLAS Prelim.

—~ o(stat)

Total uncertainty

o(sys)
my = 125.5 GeV +
H 5(theo) + loon w
H— vy +0.23 :
+0.15 : ——
_ +0.33 :
__________________ 4= 0015 | |
Low p_ w= ‘I.Gtg:i +0.3 ‘ |——|I
High p_ W= 1.7ig:2 +0.5 l ; I
Ziethigh T RPN Y R
mass (vBF) "7 1005|206 | |
VH categories 1 =1.3""%.0.9 ’ |
H — ZZ* — 4| +0.33
_ 1 437040 x0.17 A
__________________ M s |20.14 | |
VBF+VH-like A6+ 16 ;
categories "= 120909 N
Other _ +0.43 : :
categories m=1.45 . |£0.35 ' ! i
H— WW*— iy |02 |
_ 0.6g0%1 [021 b—— ;
=199 528 ]20.12 i
0+1 jet w=082%1.020 .__;. |
2jet VBF  n=14""|.05 - |
Comb. H—yy, ZZ*, Ww*[*0-14
_ 1 3302 +0.15 o
W= 12018 120.11 ; |

ls=7TeV [Ldt=4.6-4.8 b

s =8 TeV [Ldt =20.7 fo’

s =7TeV [Ldt=4.6-4.8 fb’

s =8TeV [Ldt=20.7 fo

. 0

VUITIVIIGU 1177 YV, &4, VVVV

3
Signal strength (u)



Statistical Treatment

» Profile likelihood ratio based test statistic

oD o e
L(u,0)
AMu)=4q, =1 0 =
LD Y
L(0,6(0))

> py: probability of the background fluctuating
beyond the observation in the data at a
particular m,

po=pra= [ FO

qu,obs
» To be translated into number of

standard deviations from the
background-only hypothesis or
significance Z= ®7Y(1 - p,), where ©!
is the standard Gaussian quantile

Distribution of A for .,

and ug hypothesis

q,u,obs
Us,g (U=1) 1

L. (=0
L‘M/

p-values

\

(XRIRIF I I

More signal like )L(M) = qM

Po
1.3x 103

Discovery 2.9 x 107

Evidence

YA
30

50

» For mass measurement, both m, and n

are free parameters:

Alw) = A(u,my,)



Categorisation

Both s 2 unconverted: >=1 converted:
oth unconverted:
n(y2) 4 n(v2) 4
« Central
At least one convertec 1.3 Good
» Central 0.75 0.75 Poor
 Transition - R
* Rest 0.75 n(yl) 0.75 1.31.75 n(yl)
-~ AL DAL EL N L L B L L
% 1 vY+Yj Background 4:
= 3
je) /| Bkgd. Uncertainty ]
T 107", ‘ E
N ; e . + ggF m =125 GeV §
g e, ™eel.. —— VBF+VH+ttH m =125 GeV
5 10‘25 ...., ..”0 E_.
= 2 7% T, E
& 10°k Uty
E " ., " + 4
P =py"-pr*? = - \s=7TeV oz ?""*"”’m , %
2 10*E ATLAS Simulaon 4%, % 1*"
Variable py, is strongly correlated with diphoton & F Preliminary X % Y tt
th g y p pT i | L | 2‘ .2 ./4/2 " % L

H : Sl 1y L L L A
but ha_s better c_iete_ctor !'esolutlon and retains a 10 50 100 150 200 250 300
monotically falling invariant mass for background P, [GeV]

o



Vector Boson Fusion selection

» Boosted Decision Tree (BDT):
<> Combines of 8 discriminating
variables exploiting the VBF

topology: 2 forward jets and little
hadronic activity between the 2

jets B EXPERIMENT
VBF'H2yyevent |

- Invariant mass of the two leading jets M

— Their pseudorapidity 771 and 772

— Their pseudorapidity separation Anj;

— DTt of the diphoton system

— Azimuthal angle difference between the diphoton and the dijet systems A¢,,.;;

— Diphoton system pseudorapidity in the frame of the tagging jet pseudorapidity

*x _ njitn;2
nm = Nyy 2

YJ
— Minimal AR between one of the photons and one of the two leading jets ARmin




Events / 1 GeV

Events-Fit

VBF and VH categories

— i ' N N I ' N ! N I ' N N ' I ' ' ! N I ' ' ' ! | ' ' ' ' —
35— ATLAS Preliminary  VBF and VH categories =
= ° Data 2012 3
30 Background model =
=l 0 ssesseeas SM Higgs bosonm_=126.8 GeV = -
25 H H =
20 ai ﬁ H=yy =
a ’ 3
15 & + E
0E- § ¢ i =
= &
5 -1 + + ki
= \/§=8TerLdt=20.7fb $
10E
sk
0
-5
-10

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



Systematics comparison

H—YY mass systematic uncertainties

4] mass measurement
dominated by the 4 channel

Absolute energy scale fromZ-ee 0.3%
Uncertainties on upstream material simulation 0.3% Muon momentum scale 0.2%
Pre-sampler energy scale 0.1% Electron energy scale (4e) 0.4%
Non-linearity of EM calo electronics 0.15% Low Ey electrons 0.1%

Conversion fraction 0.1%

Relative calibration of first and second sampling 0.2% Possible local detector biases checked
event by event
Lateral leakage corrections 0.1%

+other smaller effects

Total systematic error is 0.55% (0.7 GeV)

ID and MS measurements also checked
separately




Yield Systematics

Systematic uncertainties Value(%) Constraint
Luminosity +3.6
Trigger +0.5

Photon Identification +2.4 Log-normal
Isolation +1.0
Photon Energy Scale +0.25

Branching ratio +5.9% — +2.1% (mg = 110 - 150 GeV) Asymmetric

Log-normal

Scale ggF: f;g VBF: “_“8'% WH: fg% Asymmetric

ZH: *1 ttH: fg:g Log-normal

PDF+c; ggF: *15 VBF:*28  WH: +3.5 Asymmetric

ZH: £3.6 ttH: +7.8 Log-normal

Theory cross section on ggF  Tight high-mass two-jet: +48 Log-normal

Loose high-mass two-jet:  +28
Low-mass two-jet:  +30




Systematic uncertainties Category Value(%) Constraint

Underlying Event Tight high-mass two-jet ggF: +8.8 VBF: 2.0 VH, ttH: +8.8 Log-normal
Loose high-mass two-jet  ggF: +12.8 VBF: £33 VH, ttH: £12.8
Low-mass two-jet ggF: £12 VBF: 39  VH, ttH: £12

Jet Energy Scale Low p1y ggF: -0.1 VBE: -1.0 Others: —0.1 Gaussian IVI Ig ra tl O n
High p1y gegF: 0.7 VBEF: -1.3 Others: +0.4

Tight high-mass two-jet geF: +11.8 VBEF: +6.7  Others: +20.2 Sy St e m a ti C S

Loose high-mass two-jet  ggF: +10.7 VBE: +4.0 Others: +5.7

Low-mass two-jet ggF: +4.7 VBE: +2.6 Others: 1.4
E%‘i“signiﬁcance gegF: 0.0 VBF: 0.0 Others: 0.0
one-lepton geF: 0.0 VBF: 0.0 Others: -0.1
Jet Energy Resolution Low p1y gegF: 0.0 VBF: 0.2 Others: 0.0 Gaussian
High pny ggF: -0.2 VBF: 0.2 Others: 0.6

Tight high-mass two-jet gegF: 3.8 VBEF: -1.3 Others: 7.0
Loose high-mass two-jet gegF: 3.4 VBE: -0.7 Others: 1.2
Low-mass two-jet gegF: 0.5 VBF: 3.4 Others: —-1.3
EMisssignificance ggF: 0.0 VBEF: 0.0 Others: 0.0
one-lepton ggF: 0.9 VBE: -0.5 Others: -0.1

n* modelling Tight high-mass two-jet: +7.6 Gaussian
Loose high-mass two-jet: +6.2

Dijet angular modelling Tight high-mass two-jet: +12.1 Gaussian
Loose high-mass two-jet: +8.5

Higgs pr Low pr¢ +1.3 Gaussian
High pr: -10.2
Tight high-mass two-jet: —10.4
Loose high-mass two-jet: —8.5
Low-mass two-jet: —=12.5
ETsignificance: —2.0
one-lepton : —4.0

Material Mismodelling Unconv: =4.0 Conv: +3.5 Gaussian

JVF Loose High-mass two-jet gegF: -1.2 VBEF: -0.3 Others: —-1.2 Gaussian
Low-mass two-jet ggF: =23 VBEF: -2.4 Others: -2.3

Emiss EMssignificance ggF: +66.4  VBF: +30.7 VH,ttH: +12  Gaussian

e reco and identification one-lepton: < 1 Gaussian

e Escale and resolution one-lepton: < 1 Gaussian

u reco, ID resolution one-lepton: < 1 Gaussian

U spectrometer resolution one-lepton: 0 Gaussian




We want the
cases u tested>u
to be signal like
instead of
populating the 2

The intensity of
higgs signal
cannot be
negative so we
set utestedto 0
when negative
values are probed

Profile likelihood statistic test :

q,=-2In

9

“gmuTilda” used in Higgs analysis :

L(u,6)
L({1,6)

"one-sided" definition :

_ —21nL(lf’9A) =y
=) L(i1,0)

0

u>u

—21In L(lf’q)
L(u,0)
= < O

_21n L(M’H) ~

L(0,6(0))

O<ii<u
u=u

~ u<0

%[0 + x?(ny,=1)]
(asymptotic hypothesis )

n

\

< qM
More signal like

Distribution of q in
Ws,g hypothesis

g(data)

p-value
ps+b

p-value of 0.05 <->95% CL W



CLs

CLs is used to be less sensitive to the background fluctuations than CLs+b
Evaluates the probability to have data compatible with the signal hypothesis,
knowing the background

_ Psip _ 1- CLS+B 1-CLg ,
ps = = CL,=1-p,=1-
1-p, CL, CL,
L(u=0,0
CLb is the test for the background only hypothesis : u=0: —-21n (u —= )
L(u,0)
d,os(data)
B-only
UgsS+B (u=0)

v 5%
AN RS ST

< ~

More signal like qu95




SPIN



Wigner’s functions

3/2%3/2

j j j 3
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; —m,— = cosf d = Ccos — di{ = ———
e mm T 3232 1]|+2 +2 0,0 1/2,1/2 2 L1
7/2 -
x3fe L i - B =l ajg= -
[2+372]  1|+5/245/2 TRy AT T /2,-1/ 2 ’ V2
+ —_
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Summary of Analysis Setup (1)

» 1Dx1D fit stands for fit of m., and cosO*
» Selection:
< pry/m,,>0.35, pr,/m, >0.25

<> m,, in [105;160] - raised lower bound from 100 to 105 to avoid trigger turn
on effects from relative p; cuts

» Signal models :

¢ m, pdf: from MC, common to spin 0 and spin 2

o cos0* pdf: switch from 20 to 10 bins to be presented in this talk

Signal Spin 2 Signal Spin 0
(for the moment 100% gg) .
from JHU 2* MC after py,, reweighting from PowhegPythia (ggH,VBF) +
Pythia (VH,ttH) after applying the
= systematic: difference with non- interference correction (for ggH)

reweighted MC sample, treated as
Gaussian-constrained nuisance
parameter

= systematic from interference,
preliminary results to be presented in
this talk



Summary of Analysis Setup (2)

—~ m, fitin the 3 regions

= m,, x cosB* fit in the signal region » Background model:
A Lower Signal Higher » Mass fit performed with an analytical
Sideband Region Sideband function passing spurious signal
m m. x cosO* m requirements (Bernstein 5)
" w > CosO* pdfs done with HistFactory

» Ny and u are obtained from the same
fit (no sidebands pre-fit to determine

\ the bkg in the signal region)

122 130 m,, [GeV]
cos0* pdf: several possibilities

Taking directly the mass
sidebands



Systematics

» Spin-0 CosO* signal modelling (from MC) :

< Interference between the signal gg > H = yy and the non-resonant
background gg = yy

< (photon identification efficiencies in different pseudorapidity and the
systematic uncertainty on the photon energy scale are negligible)

< (transverse momentum NNLL+NLO)

N

» Spin-2 CosB* signal modelling (from MC, reweighted the leading-order prediction
of the pT spectrum generated by parton shower in JHU to the Standard Model
prediction from POWHEG (SM))

<> conservative systematic uncertainty, taken as the full magnitude of the
correction

<> No interference considered because model dependant

» CosB* background modelling (normalised distribution of | cos 6%| when summing
the events in both mass sidebands) :

<> Limited statistics in the sidebands

<> small remaining correlations between myy and | cos 8%/, observed in high

Sumiin statistics MC samples
quadrature,

uncorrelated
between bins



m,, [GeV]

MW/COSG* correlations

ATLAS  ys=8 TeV f Ldt=20.7 b

160

150

140

130

120

110

0 010203040506 070809 1
Icos 671

Entries / 0.25

L L L L L L L L N L LB L L LB LB

ATLAS
x2Indf=15.9/21
s=8 TeV (CL=0.775)

f Ldt=207fb'

1O
a
1
AR
1
w
. F
L
I-
—
o
—
N

Ratio to sidebands

—+— Background model from sidebands (Alternative analysis)

ATLAS Preliminary

Data 2012, Vs = 8 TeV, f Ldt =207 fb"

- Total uncertainty (Nominal analysis)

- Statistical uncertainty (Nominal analysis)
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