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Introduction

In 2012, the ATLAS collaboration reported the discovery of a resonance
compatible with the Higgs boson, as predicted by the Standard Model,
at a mass around 125 GeV.

Results with the full Run1 dataset (25 fb-! at V's = 7 and 8 TeV) on the
properties of the new resonance will be presented here, for the individual

decay channels and their combination.
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Latest/final ATLAS results for Runt

* Mass:
« Measurement of the Higgs boson mass from the H—=yy and H—=ZZ"—= 4¢ channels with the

ATLAS detector at the LHC [Phys.Rev. D90, 052004 (2014)]

e Spin and Parity:
« Combination of the Higgs boson spin and parity analyses of the Higgs boson in the
H- 22> 4¢, H- WW*—>¢vev and H—=yy final states [ATLAS-CONF-2015-008]

e Couplings:
 Measurements of the Higgs boson production and decay rates and couplings using pp
collisions data at \/s = 7 and 8 TeV in the ATLAS experiment [ATLAS-CONF-2015-007]

* Off-Shell Width:
e Determination of the off-shell Higgs boson signal strength in the high-mass ZZand WW final
states with the ATLAS detector [arXiv:1503.01060]

* Total and differential cross section:
 Measurements of the Total and Differential Higgs Boson Production Cross Sections Combining

the H—yy and H—ZZ*— 4¢ Decay Channels at /s = 8 TeV with the ATLAS Detector [arXiv:
1504.05833]
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Mass Results

Manuela Venturi Higgs boson properties with the ATLAS experiment



Mass measurement approach

 Model-independent measurement
 fit the spectra of the reconstructed invariant masses, without assumptions on signal
production and decay yields

« Narrow peak expected in both channels (1.6 - 2 GeV resolution), over a smoothly falling
background

« Final Runi results (25 fb-1 /s = 7+8 TeV) improve with respect to previous publications on
electron and photon calibration, muon momentum scale uncertainty, event categorisation

S RARg | ATAS

EM 2 T TATL AS 1T EXPERIMENT = o, Tracks in

calorimeter x 1 EXPERIMENT \ the Inner
Detector

Primary vertex

Two unconverted photons, m = 126.9 GeV Four electrons, m = 124.6 GeV
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e Selection:

H— yy

Excellent identification and measurement (energy, direction) of photons thanks to the design of
the EM calorimeter

* Two photons in |n| < 2.37
e pr>20GeV (7 TeV data)
e pr1> 25, 35GeV (8 TeV)

« Tight identification criteria (shower
shape), isolation, association with
primary vertex

e Further cuts on the diphoton Er

 Mass window (105,160) GeV

- T T
[ Lt = 45167 fEe 7 Tov ATLAS
[Lt =203 1" (5= 8 Tev

’ -4~ Data

SO weaighted sum

e
=
PN Mass measuremant categornes

e 95k (17k) candidates in 8(7) TeV data, split into ten categories:
e converted/unconverted x pr criteria x n range
e maximising S/B ratio and mass resolution

Signal model: Crystal Ball for the bulk + wide Gaussian for the tails
Background (mostly irreducible SM yy) model: fit to data

Combined fit to the ten categories, in the S+B hypothesis

Mass and signal strength (assuming gluon fusion only) are treated as
parameters of interest

Y waights - imed beg

-—
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H—>ZZ— 4

High S/B ratio in this channel (~2 in the mass window 120 - 130 GeV), despite the low statistics,

and excellent mass resolution

4u (1.6 GeV mass resolution), 4e (2.2 GeV), 2u2e, 2e2u

 Selection:

* Four leptons, quality criteria applied

 Muonsin|n| < 2.7, electrons is |n| < 2.47

e pr> 20,15, 10, 6 (7 if electron) GeV

e |nvariant masses of same-sign pairs must be close to Z mass

e Data-driven estimations for the backgrounds
 BDT discriminant trained against the irreducible ZZ* background,

iInput variables:
« prand eta of 42 system

 Matrix Element discriminant

« Combined fit to (BDT, m(4¢)) in

the mass window (110,140) GeV
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Individual and combined results

Channel Mass measurement [GeV] | |
Signal strength = Width (GeV)
H — vy 125.98 £0.42 (stat) 4= 0.28 (syst) = 125.98 & 0.50 (interms of o at 95% C.L.
H — ZZI | 124.51 £ 0.52 (stat) 4= 0.06 (syst) = 124.51 & 0.52 -
Combined | 125.36 4 0.37 (stat) £ 0.18 (syst) = 125.36 + 0.41 129030 oypected 4.2)
Ampy = 1.47 £ 0.67 (stat) + 0.28 (syst) GeV 166 r
—1.47 + 0.72 GeV compatible with 0 in 1.97¢0 (expected 3.9)

L(my , ft,(my) , flae(my) , 8(mpg))

L(mH » ﬂyys ﬁ4f9 é)

Profile likelihood ratio, treating mu(47) and mu(yy) A(my) =
as independent nuisance parameters:
Mass measurement uncorrelated to the signal yield:

< 7_TI’YYY""TYYY‘I’YYYY‘I’YY..I- ' ‘YYYTYYYYTTYTTTTTTY-
KC‘ - ATLAS ‘ —— Combined yy+4/ o 4F
' - 1s=7TeV |Ldt=451fb — Ho Yy ] 1 ! ' ' ' T MRS =
B \s- 8 Tev [Ldl=20.3lb' — H— 77" > 4l . - ATLAS ‘ — gomlf'pedndz
. . 350 1s=7TeV [Ldt=451b H*g. o E
E is=8TeV |Ldt=2031b" o noee ]

Signal yield (o/cg,,(m =125.36 GeV))

123 1235 124 1245 125 125‘5 126 1265 127 1275 !
m,, [GeV] 0

123 123.5 124 1245 125 1255 126 1265 127 127.5
m,, [GeV]
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Combination of signal
strengths and couplings
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The Kappa Framework

Assumptions

Parameters of interest can be /

M, My, k and their ratios A

Manuela Venturi

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties
[arXiv:1307,1347]

All observed signals originate from a single, narrow resonance

e due to the narrow-width approximation, production and decay factorise
The tensor structure is the one predicted by the SM, JPC=0++
Also assuming SM production and decay kinematics

The production/rate decay can vary, according to the signal strength [# = (0 - BR)sy

(O"Igf{)obs

The couplings can also vary, according to

JHii — Ki* Hii

Thus in general:

oc-BR(i— H — f) =

SM TSM .2.2
o; " -I'F" KiKG
SM T T2
I H Y|

Combine all available channels using a simultaneous maximum likelihood fit with the
following test statistic (in the asymptotic approximation):

o) -

A

L(a,0.)

L(é&,0

\Nuisance parameters are the
systematic uncertainties,

correlated among all analyses
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Combined signal strengths

ATLAS Preliminary :Z((zt'?i')'&) Total uncertainty
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fixed — m,=125.36 GeV — o(theory) + fconp
. H- vy o i it
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Y] 553 I W _ .
, * 1 ; P —t—
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0.34 | on | (I - N
H - ww* ' B
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Combined results on couplings

Many interesting results in several different scenarios, just a few examples here
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Spin and Parity Quantum Numbers

Manuela Venturi
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Spin/parity measurement approach

The spin/parity SM assignment, J’=0%, can be tested against alternative models:
fixed-hypothesis test: 27, 0-, 0" with higher-order operators,
CP mixing: mixture of spin-0 states, implying CP violation in the Higgs sector

« Higgs characterization Model from Madgraph5b (effective field theory, cut-off scale A = 1 TeV)
e All bosonic channels used (only ZZ and WW for spin-0 studies)
e in all cases, only the most sensitive categories are used

e Spin=2: Higgs-like graviton-inspired resonance, with universal [gravity-like] and non-universal
couplings to quarks and gluons (in various kg, Kq fractions)

2] 1 = | =
 NLO effects lead to a tail in ptH s F . Fa2'k =ky=1 =
for a spin-2 Higgs-like boson when = L , e 2 2% k =05,k =1 ]
jets are present > cut on prH Z107'E gl JF'=2'k =1,k =0 «
to preserve unitarity < - e 3
i b2 P
Choice of QCD couplings 1):]\ cut-off (GeV) i M‘""im.\. ]
Kg = Kg Universal couplings 1072 L e g
o = .ow light-quark fraction 23 3 '3
r.,, ()) | Low ]l;.,h.t qu u'l\ f1 . tion ‘SU() l. : 5 ATLAS : 3
Kq = 2K, Low gluon fraction 300 125 - ‘ - .
- Simulation ys=8TeV ... .
10—3r H—-> WW*, ni=1,ep ':__1
- N T PP T BT

0 50 100 150 200 250 300
P} [GeV]
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Parity: sensitive variables
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Final discriminants

Most sensitive bins of the BDT discriminant after subtracting post-fit background from the data:

T ——— 0 120+
.- . = ATLAS I '.QC: - ATLAS 3
Boosted I.)ec_ls[on tregs S 100E = 8 Tev. 203 fb" Br-o 1§ 100C 58 Tev, 203 1b" Br-o ;
used as discriminants in WW. 80 H—>WW"n =060  — Data-Bkg 80 H—>WW"n=060 - Data-Bkg —
1“” 7 — ! 60;_ 0. VS 0— 60”_ 0 VS 0_ -
| o A 40~ 40}
|2 | :
a) 20— 20;
(a1] | |
0" 0"
Background » 3 -
) | PP PP P SN P ) | SPR P PR PP TP
0 2 - 6 8 10 12 0 2 4 6 8 10 12
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(o. 'Il"!"'!l]l'llI"'[lYll]?l"I'
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BDTO 3 30; s=8TeV,203 1" HoZZ*—4] 1
UCJZS: Kuvw/Kgu=1,Kay=0,0 =72 7
E o R/ K =1+ Ragy = 0, @ = /2
20
ZZ uses the Matrix Element o
method in a tight mass window, F
fed with optimal observables i

-3 -2 -1 0 1 2 3
O,(Kpwy) + OQ(KHVV)
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Fixed-hypothesis results

Combined results for SM 0+ vs a fixed alternative hypothesis:
all non-SM models excluded at > 99% CL

Arbitrary normalization
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2Inki

2Inki

CP-mixing results

30T]l ]TIIT YTIY TIIT TTI]I TITT ]T ‘-2301]' ITIYT YTIT TIIT TTIII T]lT ]T
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sﬂ_’(}onbinod s«BTeV, 203 M’ - 57'—cqmbanea $«B8TeV, 2031 -
[ Expected H - WW* < evuv ] ! Observed H— WW* 5 evuy
20— H = WW* = evuv s=8ToV,203 1" N 20— H — WW* — evuv s =8 ToV, 2031’ N
Expected e OIS RIVOA . .
Ho 22 & e ~ Scanning on possible

15}

components of CP-odd or
CP-even higher-orders mix
with SM (only one at a time).

10f

Same BSM couplings
assumed for ZZ and WW.
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S s e e a4 s s o T N T T T
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Off-Shell width results
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Off-shell width approach

For high masses (mvw > 2my), sensitivity to Physics beyond the SM can be achieved via
off-shell Higgs boson production and interference effects, negligible around 125 GeV.

gg_)H*;)VV . . | 10.': | I 1 I T T | 1 1 l I T | [ T 1 LI
T Sff-shell independent from the total width u: > 2 ) 2
o) - ATLAS Simulation Vs=8TeV
gg—H*—-VV . S - 99— 27 — 2e2 i
O (§) = 2\r .
~v _  off-shell 2 A 2 A = 10°E — a0 H" e
Hoft-shell (5) = GIIH SV o = Kg.ofi-shell(3) * Ky ofi_shet (5) e : {‘h"\ ..... EEQZ(B,Z oo :
off-shell, SM O . — = gg-> (H"—) 2Z -
while the on-shell term depends on Ix: i "x\\:"-.._ §
-t . "re -
5 .
—SH-VV 2 2 1044 '"' ' ~
y - ‘rgg-shen Kg.on-shell * KV.on-shell s i P .
on-shell = = - -
gg—H—-VV SM i ]
T on-shell, SM Pu/Ty s :
10°¢
- Therefore, assuming identical on/off-shell couplings kK, i
the total width 'y can be indirectly constrained T L U /S R B
200 40(2/ 600 800 1000
« Alternatively, assuming this only for VBF but not ggF off-shell (S+B+interference) My [GeV]
and fixing 'k = ['H, sm, the gluon ratio can be constrained:
Ry, = K2 / K2 . .
g.off-shell’ ™ g,on-shell Interference is negative over the whole mass range
g g

SMTIH =4.12 MeV at my=125.4 GeV
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Events / 30 GeV

High-mass spectra of H—=ZZ WW

H-=//"— H- 7/ H—- WW*— et
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HoZZ -4 —— SM (stat ® syst) 1 f — H SM (stat @ syst) S ¢ Data
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Qe VBE -s(H'—) ZZ - Qg+VBF— (H'—=) 22 . — e «=« Total (u =10) i
1 0 c b — C off-shed .
B Eackground g3 22 g) F ey B o2 H g) 15-¢ [ ag+VBF— (H'-=)WW  _
Background Z+jets. ti T 20 Coi 174 ] w - [ Top Background
- v S Z(—ooefyu'oﬁ(s -1 - (ﬂ—% VJW
C B WW/TopZ—sts - [] Other Backgrounds
1 5 P Omher backgrounds

10!

..... -
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300 400 500 600 700 800 900 1000

900 1000

L 1 l A 1 I
m.. [GeV 500 600 700 800 900
4 [GeV] 2 [GeV] " o
Matrix element : -
Transverse mass to account for  New variable Rs > 450 GeV:

discriminant built with
the topological observables

the presence of neutrinos

Rg = mg{ + (a-m.‘l’f'w)

to reject on-shell
Higgs boson decays
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Combination of on- and off-shell results

M .
Measurement of T’/ rﬁ assSuming kKg = Kg,on-shell = Kg,off-shell and Ky = Kv,on-shell = KV,off-shell

for both ggF and VBF, as in the SM.

There is no prediction for NLO corrections to the gg — VV background at high mass, thus results are given

as a function of RB, in the range (0.5, 2).

RE.105 10 2005 1.0 20

Observed Median expected | Assumption

I—:H/F%M 45 5.5 75 65 8.0 112 Ki,on-shell = Ki,otf-shell

| 1 ' | I L | 1 ] I 1 1 I L |
14— ATLAS

= H-ZZ+WW oft-shell+on-shell
1 2'_'_ Ko co-shet =X g\ ot shot
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T eeees expected with syst.

8._ ----- expected no sysl.
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.
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- NN
g o O
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K(gg—VV)
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Combination of on- and off-shell results

Measurement of Ry = & o/ Ko.onshenn @SSUMING Ky = Ky,on-shell = Kvofishen. TOr VBF only,

while ggF can deviate (different kg on/off shell). Also assuming 'k = 'H (SM).

Like before, results as a function of RB.

Observed Median expected | Assumption
RE.105 1.0 20|05 1.0 20
_ _ SM_

Ry = K ogt-shen/ Konshent | 47 60 86 7.1 9.0 134 | kyonshen = Kvoft-sheit, Tt /Ty =1
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Production Cross Section at Vs = 8 TeV
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Total cross section

Combination of ZZ and yy measurements at 8 TeV, ~30% improvement on individual results.
Common mass of 125.36 GeV assumed.

Opp—H = 33.0 = 5.3(stat) = 1.6(sys) pb

THEO-EXP compatibility:
e p-value = 5.5% for LHC-XS

e 9% for ADDFGHLM Same trend as a function of Nijets >1:
exp > theo:
o | .
& : ATLAS \S:BTOV, 20.3 'b‘ pp_’H. m" 125.4 Gev 3‘ rrro oot g T -
T 50? X Hoyy L HZ7* 4l X G + Oy G, =3.01%0.1pb a ATLAS pp— + B NNLOPS+PY8 + XH
T . - XH = VBF + VH + ttH + bbH = # MGS5 aMC@NLO+PY8 + XH
& ¢ comb.data syst. unc. = VER e Ve © {02+ ¢ data totunc. o systounc. L o oo o |
© 45¢ jm] ?(iglic::::?:t:iizewpm )  15=8TeV, 203" F W STWZ4XH ‘
. ot .
I ' | anti-k, R =o.4,p’;‘ >30Gev T B BLPTW + XM i
40_'_ | R XH = VBF + VH + ttH + bbH .
g e -
351 10...-__+__ £ iy e—j—
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.4 Tl
30f S— ] | + ' .,JI
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25 — 5 1] T
I x [ : X ‘
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Differential cross sections

* Measured as a function of the Higgs pr and |y|, and of leading jet pr.
* Comparison to NNLO computations.
* Need more data to study the shapes and verity the observed deviations.
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g : + e XH = VBE 4 VH + 1H + 00H B 35 -+-dava\ounc syst. unc. wene XH = VBE + VH + 1TH + 00H B JotvHeto + XH
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Conclusions

The final results for the measurement of the Higgs boson properties, with the full Run1 dataset (25 fb-1 at
sgrt(s)=7 and 8 TeV) collected and analysed by the ATLAS collaboration, have been presented.

All the aspects of the Higgs boson physics have been explored, finding no significant deviation from the
Standard Model expectations. Looking forward to Run2 results at 13 TeV, coming up later this year!

Combination of channels Results
Mass VY, LZ 125.36 = 0.41 GeV
. e 2+ universal
Spin VY, WW e 2+ pon-universal
Parity WW, ZZ : g;hexcluded
+ K JK_, tan() in (-2.2, 0.8) at 95% CL
CP-mixing WW, 2/ 2K
e K/Msu in (0.7, 0.6) at 95% CL
Cross section (8 TeV) VY, LZ Opp
Off-shell width WW. ZZ MH
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Outlook to Run2

Much more on RunZ2 prospects in Pierre Savard’s plenary talk on Thursday

Run2 Higgs analyses will be dominated by systematic uncertainties

— +=5.5pbtotal Runf
Opp—H = 33.0 = 5.3(stat) + 1.6(sys) pb —

\ +2.3 pb total Run2

(stats x10)

from LHC Higgs XS WG

LNC MIGGS XS WG 2012

o(8TeV) [0(13TeV)| ratio
gg—H 19.3 43.9 2.3
VBF .58 3.75 2.4
WH 0.70 .38 2.0 P «
ZH 0.42 0.87 2.1 I ]
ttH 0.13 0.51 3.9 1900 750 200 250 300

M,, [GeV]
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Back up
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HWW analysis strategy

| A
| N spin-two,
(a]
)
spin-zero
Background
>
BDTO
A
e
| O
| =
|
m
Background

BDTO

Boosted Decision trees used as discriminants:

 BDTO: train SM signal vs background
« BDT2: train ALT signal vs background
* Both BDTO and BDT2 use as input: m(¢0), A¢* p5 m

« Combine (BDTO, BDT2) and fit the 1d projection

« BDTO: train SM signal vs background (as for spin)
 BDTcp: train SM signal vs ALT signal:
« BSM CP-odd: mye, Adee, Egeyy and Apr

 BSM CP-even: mye, Adyr, p,(l( and E}ll_liss
i (
Ere = py =05pp +0SER™  Apr=|py = py

Training performed for the pure CP hypothesis only,
no retraining for the various CP fractions
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CP violation in the Higgs sector

|

L(‘)/ — {CQ’KSM[EQHZZ Z,uZ'u + Grww WJW_“] ............... > SM

i % ALY
| CaKuyy9Hyy A,WAM + SaKayy9ayy A,WA'u ]

S~

[ %4 )%
| CaKuzyGHzy Z/JVA'u + SaKazy9azy Z,uvA'u ]

i a ,~a,uv a ~a,uv
| CaKrggYHgy Gqu ot SaKaggYagg G,qu a ]

NOY LTSN NS N QS Y U N |

KAWW X tgQx:

kHWW: Higher order CP-even CP violation

in the Higgs sector
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