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LHC and ATLAS

Higgs boson studies

=

- Di-boson decays
H->vyy, H>Z2Z*, H-> WW~*
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- Decays into fermions

- Search for rare decays

Higgs boson parameters

Spin / parity
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The Large Hadron Collider

- Steve Myers PLHC 2012:

| "The first two years of LHC operation have produced sensational performance: well beyond
our wildest expectations. The combination of the performance of the LHC machine, the
detectors and the GRID have proven to be a terrific success story in particle physics.”
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Key ingredients to this success story

The accelerator

Delivered Luminosity [fb™]

[ I I I I I I I ]
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World record on instantaneous luminosity
on 22. April 2011: 4.7 1032 cm2 s
(Tevatron record: 4.0 1032 cm=2 s)

2012: regularly above 6 1033 cm-2s-"



The key ingredients to this success story

1. The accelerator

2. The detectors

- Working channels > 99%

- Data recording efficiency ~93-94%
- Data quality

- Speed of data analysis

- Had to cope with high luminosity



The key ingredients to this success story

1. The accelerator 7 | 7TV |
$'F
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2. The detectors 5 F

3. Theory, including advances
in Monte Carlo simulation 100 200 300 400 500

1000
M, [GeV]



« The overwhelming progress in (N)NLO calculations
for signal and background processes

2 ' ATLAS Zhy* (= M)+ets (1=e)
3 10° Ldt=4.61fb" ~&~ Data 2011 (1S = 7 TeV
T 1ot antikjets, R=04 —®— ALPGEN
X 0% > 30 GeV, Iy < 4.4 ; fnggﬁfo
= 10°
2 . i —¥— BLACKHAT + SHERPA
* Improved Monte Carlos simulations Ly —
ALPGEN, MC@NLO, POWHEG, SHERPA, ... =0 —o— g
1 —O%—'_
107 —=
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10-3 | | | | | | _CP% |
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* Central values for the production processes 8 M ’ % }/ ?/ %
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* Theoretical uncertainties s T
* Differential distributions Lo oEoEE s =
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Guidance / benchmark scenarios on coupling measuremeris
Guidance in spin/CP measurements
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Delivered Luminosity [fb™

Summary of LHC and ATLAS performance

asF T I T I — Most Higgs results based ; 180*AT‘LAS(‘)n“ne‘Lum"‘mlty"“*
- ATLAS Online Luminosity | on full dataset g oo B 5= 8TV, Lot =208 ", =207 -
- > 140p 00 Vs=7TeV, [Ldt=5.21b", cu>= 9.1
30 e 2010 pp \'s =7 TeV = 2 ool E
~ == 2011pp Vs=7TeV ] £ . F E
C == 2012 pp \'s =8 TeV . 3 100 1
251 = 3 8o g
- . g 60f E
20F- = € a0 E
- ; 20; £
151 ~ %5 10 15 20 25 30 35 40 45
- N Mean Number of Interactions per Crossing
10 —
- . data taklng efﬂmency / week in 2012
= ] - 120 T
5 — g © ATLAS Online \s=8Tev
r 7] g)_ 110} Total Efficiency: 93.5%
0" - S ook
ya® pot o oct g
. L C
Month in Year 2 %%
§ s
. o C
Excellent LHC performance in 2011 and 2012 70f
6o
; o 11/03  07/05 02/07 27/08 2210 16/12
Peak luminosities >7 1033 cm? s .

Date in 2012

High level of pileup: mean of ~21 interactions / beam crossing in 2012

Excellent performance of the ATLAS experiment: (Data recording efficiency: ~93.5%,
working detector channels >99 % for most sub-detectors, high data quality,
speed of the data analysis)
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Run Number: 189280, Event Number: 1705325

Date: 2011-09-14 02:47:14 CEST
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The ATLAS experiment

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter e SOIenOidaI mag netic fleld
\ | (2T) in the central region
(momentum measurement)

* Independent muon
spectrometer
(supercond. toroid system)

» High resolution silicon

YA ! detectors:
AN - 6 Mio. channels

(80 um x 12 cm)
- 100 Mio. channels

(50 um x 400 pum)
space resolution: ~ 15 um

Toroid Magnets Solencid Magnet SCT Tracker Pixel Detector TRT Tracker

* Liquid argon el. magn.
calorimeter (high granularity,

long. segmentation);
Diameter 25m

Energy measurement down
Barrel toroid length 26 m to 1° to the beam line
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons
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Gtotal [pb]

Standard Model processes at the LHC

10°

10*

o ATLAS Preliminary
= 35pb7 5 5 5
— : . : LHC pp \s =7 TeV
| 35 pb” Theory
= ' O Data (L=0.035-4.6fb™
~ LHC pp Vs =8 TeV
= : : s Theory
E 581! e Data(L=5.8-201fb"
B = . 58fb"
=— 1.0 fb” K B
— : : T :
- 1.0fo" L 13 o™
5 - 20 fb

- 4.6 fo” :
= ; 2107z =
- 4.6 b

w z o8& ot Tww T wz I we T 2z
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o(pp — H+X) [pb]

Higgs Boson Production

10%E | T3,
: Ns=8TeV - :
10 EE
1E E
107 E
10-2 EI_l L I L 1 1 1 L 1 1
80 100 200 300 400 1000
M, [GeV]

*) LHC Higgs cross-section working group
Large theory effort

Gluon fusion

Vector boson
fusion

WH/ZH
associated
production

tt associated
production
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Higgs Boson Decays

*)
5 = 8 Useful decays at a hadron collider:
5 - g
g | |8 - Final states with leptons via WW and ZZ
e : decays
ém y
‘g’ - vy final states (despite small branching ratio)
2 il
10 E - tt final states (more difficult)
1 _ In addition: H > bb decays via
. | | L . associated lepton signatures
100 200 800 400500 o OO (VBF, VH or ttH production)
SM predictions (my = 125.5 GeV):
BR (H> WW) =22.3% BR (H = bb) =56.9%
BR(H>ZZ) = 2.8% BR(H>7tt) = 6.2%

BR(H>vyy) = 0.24%

BR (H 2uu) = 0.022%

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

*) LHC Higgs cross-section working group

13



H - yy VBF candidate event

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

= 80.1 GeV, n = 1.01

i 12 EXPERIMENT

126.9 GeV

Run Number: 204769, Event Number: 24947130

E (jet ) — 121 6 GeV 'Y] = _2 90 Date: 2012-06-10 08:17:12 UTC
TUety : ) :

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

m. = 1.67 TeV




1/N dN/dm,, /0.5 GeV
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Result of the ATLAS search for H = vy

CATLAS

B PERIMENI

[ L [ L [ L [ T T T [ T7
ATLAS Simulation —|
Preliminary

\

=

A
o
o

——

—— 10<u<15
—— 15=u<20

gg—H-—1yy
m, = 125 GeV

Vs =8TeV

—— 20=u

P TR B,

126 128 130 132 134
m,, [GeV]

pile-up-robust mass reconstruction

P IR NN B
116 118 120 122 124

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

Mass of the Higgs boson can be reconstructed m,,

Good mass resolution: ~1.7 GeV for m, ~120 GeV -
LAr el. magn. calorimeter (high granularity)

- Direction measurement in fine-segmented calorimeter

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

s I 1S
q

il

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

q¥F " Ay

15
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Events - Fitted bkg

Result of the ATLAS search for H = vy

Full dataset ATLAS-CONF-2013-012

Selected diphoton sample

° Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

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

100 GeV < Mg 160 GeV:

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

(s=7TeV, f Ldt=4.81b"

(s=8 TeV,det =20.7 1"

100 110 120 130 140 150 160

Background interpolation in the region of the excess (obtained from sidebands)

Reducible y-jet and jet-jet background at the level of 25%

16



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 ] ‘“ — Observed p .
~  8000f Sig+Bkg Fit (m, =126.8 GeV) 1 3 10 0 H—>vy
*g T hegg e Bkg (4th order polynomial) ] - j|1 _____ 1o
2 so00f— ATLAS Preliminary — ;82 Pyt o 20
T ey H—vy . 10 ;__/_‘f/ 30

4000 — —] 10* 40

C p 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 s : - 10 E — — Exp. 2011 f - 60
S a00f- = 10 B 2" 5ps 2012 Data 2012 Vs = 8 TeV
° 300E- = 10
2 200 ' ; 5 10— — Bxp. 2012 f Ldt = 20.7 b 70
Eoowe Tt VLSV R
o I Y AN 10
-E' 100+T + 10-14|||||||||||||||||||||||||||||||||||||
g 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

17



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—
L3 di-photon selection
~ — WggF mVBF WH ®mZH mttH
Y _ATLAS Preliminary (simulation) H— yy
One-lepton Inclusive |
Unconv. central low p Nl
W(—= W)H, Z(— IH Unconv. central high P, B I B
Unconv. restlow p_ [ [ |‘
. v Unconv. rest high P : I B
ET"*® significance CCOHV- Ce?trT'h'PVr‘]'p - L
VH enriched onv. central high p I N
W(— IW)H, Z(— vv)H Conv. rest low p: — [ |
Conv. rest high P, : I B
v Conwv. transition |~ 1
Low-mass two-jet Loose high-mass two-jet | I
Tight high-mass two-jet |
W(=Ji)H, Z(— ji)H Low-mass two-jet [T ™ I
L ET™* significance || |
~ v _ One-lepton | | [ ]
High_mass tWO'jet | | I | | I 111 1 I | | I 1111 I | | I 1111 I 1111 I | | I L1 1]
VBF enriched 0O 10 20 30 40 50 60 70 80 90 100
VBF signal composition (%)
_ 9 p, m-conversion - VH enriched: one-lepton, E;Mss low-mass di-jets
ggF enriched — T
agF - VBF enriched (tag-jet configuration, An, m;)

- - gluon fusion: 9 categories, exploit different mass
resolution for different detector regions,
vy conversion status and p, 18



%)

Events /1 GeV

Events-Fit

Mass and signal strength for H = vy

VBF + VH categories

35F_ ATLAS Preliminary  VBF and VH categories _§ S
e  Data2012 3 S T S T gy — Total E
30 Background model = MVH - : ' b " 7
P SM Higgs boson m, =126.8 GeV S — Stat. ]
2 ﬁﬂ RIS - —syt
K = u - H—+——t -
° ) 00l +0 g o E H_>YY E
10 {, + | + Sy = : =
$it4 . § (s=7TeV [Ldt=4810" ]
, , + . w — : H-—H —
' ' ' ggH+ttH - : (s=8TeV [Ldt=20.7 o :
S ATLAS Preliminary ]
u — H—=—H 2011-2012 -

. . . . . C 5 m, = 126.8 GeV
100 110 120 130 140 150 160 oo by by by by by 7
m,, [GeV] 0 1 2 3 4 5 6
Signal strength

Mass: m, = 126.8 + 0.2 (stat) £ 0.7 (syst) GeV

Signal strength:  u:=0/0g,, =1.57=0.22(stat)’, % (syst)
(my, = 126.8 GeV) '



H-> ZZ-> e'eu" w candidate event

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST




Search for the H > ZZ0) &> ¢ {*{- decay

* 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_,;, < ms, < 115 GeV

» Mass of the Higgs boson can be reconstructed m,,

Good mass resolution my,;  Formy, = 125 GeV:
4e: ~2.7 (2.4) GeV without (with) Z mass constraint
4u. ~2.0 (1.6) GeV without (with) Z mass constraint

> Ol
& 0.095 ATLAS Preliminary E .
2 0k ohaton E - Low signal rate, but also low background
WO e my= e K 2
007 — Gaussian fit E - Mainly from ZZ continuum
«© E ]
006? H—ZZ*—2u2e/2e2u B

gy

0.05F (/s=8TeV) q 7

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

- In addition from tt and Z+jet production:

(two prompt leptons from W / Z decays and two leptons
from (heavy) quark decays)

0.02F

)

.

F without Z mass constraint ®
0.01 g

8080 100 110 120 130 140
ATLAS-CONF-2013-013  Maz01502, [GEV] 21



4{ invariant 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) 22



Time evolution of the H > ZZ > 41 signal

Y‘]"l'I""II'Y']Y"Y]'l,‘[""l""]
Vs =7TeV det=o.05fb'1 Apr 24, 2011

Events / 5 GeV

ATLAS Preliminary
H—-2Z"' -4l channel

[ Signal (m"=125‘GeV)
I Background 22"

I Background Z+jets, tt
—4— Data

lllllllllllllll

TTTT rTrrryrrryyrryryrrerryrrnreynreTd
MR R R AR LR LR RRRRF
L 00111

E—
—
—
—
—
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—

—
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-
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-
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—

250 300 350 400 450 500
M, [GeV]

Data - Background




Time evolution of the H > ZZ > 41 signal

I""I"'I]““]““]“"Il"ll""
Vs =7TeV ILdt=o.05fb“ Apr 24, 2011

Events / 5 GeV

ATLAS Preliminary
H-2Z2"41 channel

[] Signal (mH=125 GeV)
[ ] Background zz"

B Background Z+jets, tf
—4— Data

111111111111111‘

_lllll]]]]]]]]]]]]]lllllllllllllll]
111111

-
—
—

R
—
—
—
-
—
—
—
—
—

1

llilllllllllllllllllllllllllllllllllllllll
v v T T T T T T

!
1

—

200 250 300 350 400 450 _ 500
M, [GeV]

Data - Background




Mass and signal strength for H > ZZ*

ATLAS-CONF-2013-013

< 20:\ T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ \ o1 \ E [T ‘ L ‘ L ‘ \-\ \'\ ‘ L ‘ L L | E 20 - ‘ - ‘ - ‘ — ‘ N ‘ N ‘ R ‘ — ‘ - ‘ B
< qgb ATLAS Preliminary H - zz" —>4| A E S ATLAS Preliminary . L T s ATLAS Preliminary ]
N F Vs=7Tev: fLdt=461b" 1 @ [ (s=7Tev: fLdt=46f" H-2zZ"-a ] @  BestFit H— 22" 4l 1
161 s=8Tev: fLdt=207 10" E S 4 Vs=8TeV: [Ldt=20.7b" b Xe 15l . oiacay  VsTTevfldt=asi’
F B 7 L i L : . _ S
141 all systematics E % L * Bestit ] E L Is=8 TerLdt =07 ]
R ] r ooy i z [ i
12F -~ without MSS(e) and MSS(u) = _57 3L T ng gt a = 10 ]
10: . j n r without MSS(e) and ] L i
) mH 1243 Os(stat) (sys) Gev E : . MSS(u) in lighter colours 1 : :
8; E 2j 7] 5; i
6 = r i i ]
[ ] 1; ; : :
4 : : | oF ]
2? x,' —] L ] : :
j\’”\”’\”i”\”’\”’\ \\:17777\ 777777 - 1;\;L‘ 7\”7\”7\”;”"”\”7\77\777\777‘77;77\777\i 07 ‘ L ‘ — ‘ L ‘ L ‘ — ‘ e ‘ L ‘7 7\ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l
023 124 125 126 127 122 123 124 125 126 127 128 -1-050 05 115 2 25 3 35 4
m, [GeV] m, [GeV] L B/Bg,,

Mass: =124.3"°(stat)" (syst) GeV

-0.5 -0.3

Signal strength: ~
(my = 124.3 GeV) u=17+0.5

25



Determination of the mass, compatibility of channels

ATLAS-CONF-2013-014
-~ 4
Z [ ATLAS Preliminary — Combined
g - Vs=7TeV:[Ldt=46-4.81" — H-—yy
5 3.5f Vs=8TeV:[Ldt=20.7 b — Ho 7 S
> -
[ B X Best fit
> 3 — 68% CL
® o o e 95% CL
2.5F ' '
21—
1.5
i
0.5
0l\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

122 123 124 125 126 127 128 _ 129
m,, [GeV]

m,, =125.5+0.2(stat)"” (syst) GeV

-0.6

ATLAS-CONF-2013-014

g T ATLAS Preliminary
N 10— Vs=7TeV: [Ldt=4.6-4.8 fb!
r Vs=8TeV: fLdt=20.7 fb!
30
Sk
6; / -2InA(0)
e e e N e 20
2k
0

Consistency between the fitted masses
from likelihood value for Am =0
w.r.t. best fit value for Am.

Am=23""(stat) = 0.6 (syst) GeV

7

Probability for disfavoring the Am = 0 hypothesis by more than observed: 1.5% (2.40)
Increases to 8%, by fixing the three principle sources contributing to the e/y energy scale
uncertainty (material, pre-samples energy scale, calibration procedure) to their £1c values

26



<
‘g' / ATLAS Run 214680, Event 271333760

17 Nov 2012 ©7:42:05 CET

1 EXPERIMENT

Major backgrounds:

(normalization in control regions)
WW pair production (0 jet)
tt background (2 jets)
Z+jets ( for ee/un pairs)

ATLAS-CONF-2013-030

Search for H > WW - {v {v decay

« Two high p; leptons (e or u)
Leptons from Higgs boson decay
(spin-0 particle) are expected to have
a small angular separation

* Neutrinos: - use transverse mass

« Perform analysis in bins of jet multiplicity

- Different background composition
- Sensitivity to VBF component

Jet multlpI|C|ty dlstr after baS|c selectlon reqwrements

T T 3
+Dt —SM(V ”):

+ Data %= SM( ys @ sta t)
© 000 ATLAS Prellmlnary o B Wiz ATLAS Pre||m|nary v [ wzzwy
L (s=8TeV,fLdt=207f" Ot [ Single Top Vs= 8TerLdt 207" i [ Single Top
18000 © B Z+iots [ Wiets B Zijets [ Wets
H—-WW" ' —evuv/uvev B H[125GeV]

Bl H125Gey] |

eu/ ue ee/un




Transverse mass distributions

ATLAS-CONF-2013-030

B goF [ vBF

> CT 77 I | —
@ - - Data %4 SM (sys @ stat) - > Frr T '. j .' DN RE
S 300 ATLAS Preliminary gy mmwzzzw, 8 29 ATLAS Preliminary ez 3
Z F fs=8Tev[Lat=207" Rt BN ] 2 180 s_gtev fLdt=207m" [t [ sngeTor
9 250 H-WW"—>evuviuvev + 0 jets B zrew B e . > 160 ¢ oo I Zujets L] Waets =
= E wvin ! Wl H(125Gey] @ E H-WW''—evev/iuvuv + 0 jets BB Hi25Gey] ]
o - ; § 140 =
w 200 — 1 E 3
- . . 120 . =
150~ — E 3
C ] 80 =
100~ = 60F- =
: . 40F- =
50 B 20 =
C ] 0 E 7

0 550 300 50 100 150 200 250 300

m; [GeV] m; [GeV]
> 1 40 _I ' ' ' ' I ' ' ' ' I ' I ' ' ' ' I ' ' ' > 9 [ I T T T T I T T T T I T T T T I T T T T I T T T T ]
@ - S -6~ Data %% SM (sys@stat) — C =
S pof ATLAS Preliminary gy g vemam 2 8 oF ATLAS Preliminary 3
— = - Y Single Tc — C 7
< p 1s=8 TiY’f Ldt=2071b E th+jets % w'i?efs T S -E \s=8TeV,[Ldt=20.7 " 3
% 100 H=>WW—evuv/uvev + 1 jet Bl H (125 GeV] _: _g 6§ H—>WW(*)—>evuv/uvev +=22] g
> . o = . -
w ] > C - -6 Data %% SM (sys @ stat)
B w 5F e“” 2 Jet mww [ wzzzwy ]
] - CJ [ single Top ]
—: 4;_ Bl Z+jets [] W+ets _;
E 3 E
. 2F -

300
my [GeV]

Clear excess above backgrounds in all sub-channels (jet multiplicities) 28



Results on the search for H > WW - {v {v decays

ATLAS-CONF-2013-030

3

L B L L L L BN BN LN
ATLAS Preliminary Vs =7 TeViLdt = 4.6 fb”
H-WW" —Nh Vs =8 TeVyLdt=20.7 ft”
O +10

Shallow minimum of p, value at 140 GeV
—— Obs.
_...Ex:. m_ =125 GeV

Po (125 GeV) =8 10° (3.80 observed)
(3.70 expected)

10° 20 130 140 150 160 170 180 190 200
m, [GeV]
b S S L B IO B
" 5~ ATLAS Preliminar + SM - .
g 55 Vs =7 TeV{Ldt =46 fb’ y . zefntAﬁ(t o . S|gna| strength;
g oAt T ieen <so (combination of 7 TeV and 8 TeV data, at 125 GeV)
:2? 3; g \\‘\ é
: | u=1.01%£0.21 (stat) £ 0.12 (syst) + 0.19 (theo)
2r =
£\ > E wer = 1.66 +0.79
O T g =0.82£0.36
0 0.5 1 15
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Couplings to quarks and leptons ?

« Search forH = tt and H = bb decays NG
fL

» Search for the rare H -2 uu decay

30



Search for H - Tt decays

« Hadronic t decays (challenging signature)
Use multivariate technique to separate t decays
from jets from QCD production

-y
(=]
™
.
=l
-
ul

ATLAS Preliminary = BDT

e 2-4 neutrinos in final state, mass reconstruction difficult; ]
+ Likelihood —=

Using “Missing mass calculation” *)

]
.

-
(=]
=

Eut, fdtL=370pb“
. A
l.;‘.

—
b
T

» Major background: Z - Tt decays;
Modelled using data:
“Embedding technique” replace muons in real Z 2 uu
events by simulated taus

X
Ty
-
-
-
1

—
o

Multi Prong
p,>20GeV, Inf <23

Inverse Background Efficiency

A 2 A aal 1 |
107701 02 03 04 05 06 07 08 08

Signal Efficiency
» Signal-to-background ratio improves for

) . 4 4 ATLAS-CONF-2012-160

VBF-topology or high-p; Higgs (“boosted” category) £ 06l e preteiosion ]
g 0_14E ¢~ Z-»1t Embedded i

. e £ a3 4 Z-stc Alpgen MC
« Analysis is split into three sub-channels: £ 0.12p . Emb.syst. 1

0.1F - [Lat=130m"
- H 9 T 9 2\/\’ [VV 0.08- * » ;?;:STQP\:ehminatyﬁ
-H>t 2> tvw hadv 0.06 s g ]
-H->tt > hadv hadwv 0.04f . :
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*) Nucl. Instrum. Methods A654 (2011) 481 -
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Reconstructed mass distributions
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SM Higgs signal (multiplied by factors)
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95% CL Limit on o/o,,

Results on the search for H = tt decays

« Discovery sensitivity for a signal not yet reached

« 2 95% C.L. limits on cross section
(normalized to SM cross sections)

ATLAS-CONF-2012-160
C | H— 1t | | ATllAS Pre‘liminary‘ ’
— —e—Observed CL, [Ldt=4.6f" {s=7TeV
- Expected CL, [Ldt=13.0f0",{s=8TeV ]
— [ J]+20 =
B +10 E

_\ ‘ | | | | | | | | | | | | | | | | | | | | ‘ \:
100 110 120 130 140 150
my [GeV]

my = 125 GeV:

Observed 95% CL: 1.9 ogy
Expected (no Higgs): 1.2 ogy
Fitted signal strength

(all sub-channels):

u=0.7x£0.7

Updated analysis, including the full data sample, expected soon 33



Search for VH production with H - bb decays

el E/p. o e/p, Y
- wl S — WS, -
q Z N e/p q \ W _r v a 7 "u Z(W) T
N b /\\/ b ” n
q- ‘H . _ q- "H q- "y
b ~ - :

Exploit three leptonic vector boson decay modes

—> split analysis in 0, 1, and 2-lepton categories
ATLAS-CONF-2012-161

T I L | T T T T T I T
ATLAS Preliminar:.r —

-
=
o

Require 2 b-tagged jets
(working point for 70% efficiency)

JeiFiterCombii

= JetFilterCombiMc

==eees P30SV

Light jet rejection
)

Major background: W/Z bb, W+jets, tt

—
]
[=]
T ' T
f

— ENO

Signal-to-background ratio improves for
“boosted Higgs boson”,
split analysis in bins of p(V)

—h
=
T

—
=)

tt simulation,~s=7 TeV
C P15 GeV, [n™|<2.5 ~

! ! '} l - | /! L 1 1 1 I L
d3 04 05 06 07 08 09 1
b-jet efficiency

in total: 15 categories (0,1,2 jets x p; bins)
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Reconstructed mass distributions
-8 TeV, L = 13 fb-' (a selection, high p; bins)-

0 lepton 1 lepton

> v VVVI‘V.Y'IYVVI‘II > IIIII|III.|I.II|III|III|II
8 ALI'LAS Preliminary -z 8 ATLAS Preliminary Wz

M wH . EwH
8 def:lJ.O ', is=8TeV Multijot 8 det=13-0 f6', (s =8 TeV Multijet
@ 0 Lepton 2 Jets, E7** > 200 GeV .;‘: 2 1 Lepton 2 Jets, py >200 GeV -
5] ® ="
> > Voo Bz
w H % ------- ] mz

: 2 [ Diboson
Z - g --- Pre Fit
AT AT *Data 2012
80 120 140 60 80 100 120 140 160 180
ms [GeV] my; [GeV]
2 leptons

> Ty B
& ATLAS Preliminary Wz
o ILd::w.o ', \s=8TeV Multijet
o Top
a 2 Lepton 243 Jets, 150 < p;, < 200 GeV
5 g
g B

"/ Diboson

"""" -« Pre Fit

-¢-Data 2012

ATLAS-CONF-2012-161
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M5 [GeV]



Events/10 GeV

Results on the search for H - bb decays

combination: data background

400— 'ATLAS Preliminary .WZ-:-ZIZ o
fL dt=13.0 6", (s =8 TeV ]
300F- ) B WH 125Gev
C det=4.7fb , Is=7TeV .ZH 125GeV ]
= 0,1,2 lepton ]
200— -o- Data - Bkgd —
100F + + ;
Of -
-100 + -
I R E I S R SRR

50 100 150 200 250
m 5 [GeV]

Di-boson signal established
(important “calibration” signal)

Significance 4.0c

Wyzeww = 1.09 + 0.20 (stat) + 0.22 (syst)

95% C.L. limit on o/cg,,

ATLAS-CONF-2012-161

ATLAS Preliminary Vs=7TeV, f Ldt=4.7 b
—e— Observed (CLs)

______ Expected (CLs)  'S=8TeV, f Ldt=13.0b"
I +1o VH(bb), combined

[ Jz20

_LIIII|IIII|IIII|IIII|IIII|IIII

—
O_

1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
115 120 125 130
m,, [GeV]

my = 125 GeV:

Observed 95% CL: 1.8 ogy
Expected (no Higgs): 1.9 ogy

uy = -0.4 £ 0.7 (stat) + 0.8 (syst)

Updated analysis, including the full data sample, expected soon



Events / 2 GeV

Data/ SM

107"

Results on the search for H-> uu

____ et Bl __ et Bl
imi -®- Data “~= SM (stat)
ATLAS Preliminary @ 2 = = 2"
\s=8TeV, | Ldt=2071" @ ww O«
. - B wzzzwy @l Z+ets
Hope [ H[125 GeV[]

Ml EPEFEE BFETErS BPEPErE EPET AT BT E S ST ST AT BPErErE BUET AT BUETara
80 100 120 140 160 180 200 220 240 260
mw[GeV]

95% CL Limit on

ATLAS-CONF-2013-010

70T T T T T
E ATLAS Prellmlnar'y ' ' ' ) l :
- Hou*u .
60 *g‘l(aseéved . B
- ---- Bkg. Expecte J B -1 :
50 EB+1o Ldt =20.7 fb =
F D420 \s=8TeV -
40— ~
30F =
20f- =
10F =
0: }'1 !‘!lllf1 f'l !'l!x‘l LA LA }’ll l}'\ ol o !‘l! lf{ e e l'll :
110 115 120 125 130 135 140 145 150
my [GeV]
my = 125 GeV:
Observed 95% CL: 9.8 ogy,

Expected (no Higgs): 8.2 ogy,
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Results on the search for H> Zy, Z-> U

200 + 20

30

ATLAS-CONF-2013-009 ) ‘%W:: <ww~www~ .
--------------------------- w JURTRRN SO t H.
w :-\MMN\N\NW\:- f VW
> L A B R R I v v v
(3 1200 ATLAS Preliminary
2 ook HozpZow Expected BR = 1.54 10-3, decays via loop diagrams;
i ﬁ;mm“ E Measurement / limits can constrain BSM models
n -Z:}{ets ]
600} BT iy RPN ARRRs v v
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)
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o
S
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100 73
C _ _ Sy AN .
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C 8393 events ]
03530 35 40 45 50 55 60
Am [GeV] Observed 95% CL: 18.2 og
Mass difference Am between Expected (no Higgs): 13.5 ogy

my, and my
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Events / 30 GeV

& Search for invisible Higgs boson decays

« Some extensions of the Standard Model allow a Higgs boson to decay to stable or
long-lived particles

q

» Search for excess in ZH associated production

ATLAS-CONF-2013-011

S e e e L S

— L
- 1 O L
[ ATLAS Preliminary {s=8 TeV ® Data f L=130m" 1 < 1 — Observed
40— P mz Wz — N, e Expected ]
C B Top ] L i
30 -+ Signal (SM ZH, m =125 GeV) -] I |
- . 107 E
20 - B - ATLAS Preliminary i
C ] ZH—-ll(inv) |
10— — \s=7TeV, [ Ldt=4.7fb™
- - . 10% £ Vs=8TeV, [ Ldt=13.0fb" E
_I ol . |I| Ll :‘:‘:‘.'.".'F‘F . ‘_ | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 [
0 ~""50 "100 150 200 250 300 B350 400  45( 0 0.2 0.4 0.6 0.8 1
E™° [GeV] BR(H—inv)

Assuming the ZH production rate for
my = 125 GeV:

BR (H = inv.) > 65% can be excluded



Is the new particle the Higgs Boson ?

 Production rates ?

Couplings to bosons and fermions

w+ R
\*\N*- fL

. y 4gme
igmu 2 mw

0
0

0

&

# H

« Spin, JF quantum number
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Signal strength in di-boson decay modes
-including full data set-

ATLAS Prelim. |~ Tota| uncertainty « Data are consistent with the hypothesis

— o(sys) .
my = 125.5 GeV —_ o(theo) + loonu of a Standard Model Higgs boson:

+0.23
I

_013 —

— +0.33 . T :
w=1.55 "¢ +8-1; o » Experimental uncertainties are still too

4035  m large to get excited about “high” yy

H27Z* >4 |-032 ‘ ‘ signal strength

+0.20

-0.13 ‘ ’ : : .
w=1.4399 7. « Signal strengths in fermionic decay

-0.35 ; b ! SR

-010{ | L modes have large uncertainties, but are
+8-§? — compatible with SM value of 1;
H— WW*— Ivlv |~ 023
+ 0.
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w=0.99"""1,015

028\ 509
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H—yy, ZZ*, WW*| ;- M=1231018

~0.13
0.21
w=133""" 1 012

-0.1 :
>™®1_0.10 ;

0.5 1 1.5 2

] Ratios of production cross sections for the
Vs =8 TeV [Ldt=20.7 fb” Slgnal strength (M) various processes (ggF, VBF,..) fixed to SM
values 41
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u=1.33""

If preliminary H 2 vt and H - bb results
b are included:

—t—

—t—

ls=7TeV [Ldt=4.6-4.8fb"



Gluon fusion versus vector-boson fusion

- 1 e = _' —
W, Z5\ gy U\JU) 10¢ T ATLAS Preliminary i
T 0 L Vs=7TeV [Ldt=4.6-48f" -
. T 8~ ls=8TeV [Ldt=2071f" ]
> B i
qg W.Z L L ’ i
..... - —H-—yy _|
/{z '\\ . 3,> 6_ —H-—>Zzz" >4 |
WH/ZH - —H->WW*—> kv
41— + Standard Model |
B x Best fit ]
B — 68% CL i
2 --- 95% CL —
o— T ]
C m,=1255GeV ‘ i
_2 1 | | I I | | | I | | | I I | | | I | | | I I | | | I | | 111 | | I | | 11
0O 05 1 15 2 25 3 35 4
x B/B
MggF+ttH SM
N g ancd l—"t_’_’_‘
3 t
GF ¢ B tt::} -
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Sensitivity to (ggF + ttH) and (VBF+VH) production fractions,
modulo branching ratio factors B/Bgy,
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Evidence for production via vector boson fusion

ATLAS Prelim. |+ o) Tota| yncertaint . :
a(sys) y * Fit for the ratio of wgp.yy / W ggreup fOr the
my = 125.5 GeV o(theo) + 1o + 20 A
— individual channels
H = vy Toal (model independent)
SHN 2
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LVBF+VH:1 4+gg;0'2 SN ) 005008 1 15 2 25 3 55
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3.30 evidence for VBF production 43



Higgs boson couplings

Production and decay involve several couplings

Production: ey
B
W, if l,/—‘\\\
Decays: e.g H = yy (best example) L) o - {:
(Decay widths depends on W and top-coupling, i Y b4 !

destructive interference)

Benchmarks defined by LHC cross section working group (leading-order tree-level
framework):

- Signals observed originate from a single resonance;
(mass assumed here is 125.5 GeV)

- Narrow width approximation: - rates for given channels can be decomposed as:

gi- rf i, f = initial, final state
Iy, I'y = partial, total width
s

- Modifications to coupling strength are considered (coupling scale factors «),
tensor structure of Lagrangian assumed as in Standard Model

oc-B(i—->H- f)=

44



