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Higgs Boson Physics in ATLAS

ot
Decay observed into OUtIme
particles with same spin e LHC and ATLAS

and electric charge sum =0 : :
RN OramYonsawee © Update since Discovery
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The Large Hadron Collider

. Excellent LHC performance in 2011 and 2012

« Peak |urmnOSItléS:> TXI0 L Er sy =

* High level of pileup: \_ mterac ions+#beam cvrossing
on average in 2012 ’ -

ATLAS Online Luminosity
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Mean Number of Interactions per Crossing

- Steve Meyers 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.”




The ATLAS Experiment

Muon Detectors Tile Calorimeter

E T T T T T T T |
E ATLAS Online Luminosity B
F = 2010ppVs=7TeV e
[ == 2011pp \Vs=7TeV
[ === 2012pp \s=8TeV

o]
[4)]

w
o
|

Liquid Argon Calorimeter

Delivered Luminosity [fb™]
N
[6)]
\
|

yot S} AN oct
Month in Year
120————— T T e e
I ATLAS Online Vs=8TeV

110 Total Efficiency: 93.5%

Recording Efficiency [percent]
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Date in 2012

 Axial magnetic field
(2T) in the central region

Toroid Magnets ~ Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker (momentum measurement)

Diameter 25m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons
Channels working >99%
Fraction of Lumi Recorded 93.5%

« Energy measurement down High resolution silicon
to 1° to the beam line detectors:
- 6 Mio. channels
» Independent muon (80 um x 12 cm)
spectrometer - 100 Mio. channels
(supercond. toroid system) (50 um x 400 um)

space resolution: ~ 15 %m
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Experimental measurements of Standard Model process
esand their theoretical predictions are well under control

The Standard Model at the LHC
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@ Higgs Boson Production

Boson fusion Associated production: TagW, Z, T
~ g \\q'/'/ !
W, Z\“ i q W, Z/”,
_ W TSl <
W, Z, BF q’ \ g
P WH/ ZH \
0 Jets 2 Jets
o= 19.27 pb 1.578 pb 0.7046/0.4153 pb 0.1293 pb
(Vs=8 TeV)
Y W
...and Decay w, y L
H W +H§:\:§%H t
SM Branching Ratio H =X W Y t
M, =125 GeV Y Y
bb 56.9% T 6.2% W o Z. b, Tep
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vy Candidate « Highly granular LAr electromagnetic calorimeter:
cells pointing to the interaction region provides

event direction measurement: robust to pileup and good
isolation to suppress jets faking photons. (15 mm
pointing accuracy in z)

CATLAS

A EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC




SN Search for H > vy

L EXPERIMENT

2 isolated photons P+ > 40, 30 GeV
* Mass m,, of the Higgs boson

reconstructed
Mass resolution: ~1.7 GeV, m, ~120 GeV
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* Reducible huge backgrounds | S ™ -
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q —>mannn y m,., [GeV]
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Result of the ATLAS Search for H - vy

D Establishes the discovery of the new particle in the yy channel alone

Full dataset arXiv:1307.1427 arXiv:1307.1427
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* py Value for consistency of data with background-only:

~ 1013 :7.40 observed (4.30 expected) 7 TeV and 8 TeV
Mass

m, = 126.8 0.2 (stat) £0.7 (syst) GeV
Signal Strength

w:=co/ogy = 1.55 +0.23 (stat) £0.15 (syst) £0.15 (theo)



No Conversion
photon (Central
or yot)
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Categorisation of H - yy Candidate Events to

Separate Production Modes

ptyz_ptyz Enhance VBF using component of

in photon momenta
arXiv:1307.1427

Inclusive

Unconv. central low P,
Unconv. central high P,
Unconv. rest low P
Unconv. rest high th
Conv. central low P,
Conv. central high th
Conv. rest low P,
Conv. rest high th
Conv. transition

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

ET™ significance
One-lepton

ggF mVBF WH BEZH ttH

ATLAS Simulation

High MET o
and

10 20 30 40 50 60 70 80 90 100
signal composition (%)

diphoton pt orthogonal to difference
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Can separate the production
modes: set the stage for

ggH+ttH

Signal Strength
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Events-Fit
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Signal strength
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by Production Mode for H = yy

arXiv:1307.1427

VBF + VH categories

35 VBF and VH categories ATLAS

Data 2012
Background model
- SM Higgs boson m, =126.8 GeV

0
sE-
o
0

10 710 20
arXiv:1307.1427
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H — yy Differential distributions: Dawn of a New Era

Initial state jet radiation used to
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q) [] [ ] [ ]
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S e momnersio-x 3 SO that theoretical uncertainties
o e ==+ XH = VBF + VH + {TH E .
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© LS B ] u (] ]
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ATLAS-CONF-2013-02911 11



H-> ZZ - e*e u™ w Candidate Event

AnAS 7 "l
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Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST




H > ZZ0) > £ i+
% 0.15“\“”\HH L L L B L
S 009 Gimation
F e m,=125GeV
Gaussian fit

5 0.07F

E H—=ZZ*—2u2e/2e2u
0.05C (fs=8TeV)

E m=(124.39 = 0.02) GeV
0.041 5= (1.90+0.02) Gev
0_03; fraction outside = 20: 22%

0.02F

F with Z mass constraint
0.01F

90 100 110 120 130 140

80
arXiv:1307.1427

Signal strength:

4 isolated leptons: Mass of Higgs boson: my, [

Optimize cuts to maximize acceptance ~ &4
e:P;>20,15,10,7 GeV, |n| <2.47
On-shell Z: One pair ~Z mass (m,,)
Off-shell Z: Other pair: 12 <mj, < 115 GeV

Low signal rate, but also low background from

D —

9oyt B |'otlf™ L 20D
q 7/

Z/ continuum,

Po: ~2.7 10" or 6.60 obs. (4.40 exp.)

> C
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(O] L o
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S 35— B Background Z, 22" Vs=7TeV [Ldt=4.6fb S 103 Obs 2011
> F ' - - - = YV P.... Exp 2011 _ _ -1
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25 - ‘2 20
- M Y 1O EE N T sl 30
2014 3 T L
= 770 . X 25 I . T I [ - Sl | WO A AP - R 24
151 =
C = 50
10f ‘
- = 60
5F »
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my [GeV]

My 26262, [GEV] mH — 1243 +O'6_0_5 (Stat) +0.5-O.3 (SySt) GeV

u=1.43+0.33(stat)£0.17(syst) £0.14(theo)
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Compatlblllty of ZZ and yy Channels and Determination of Mass

2 P amas —— y+2Z" combined ATLAS-CONF-2013-014
8 ) %’ [ le=TTev LA=46 48" —Hew = ATLAS Preliminary
[ =
§ 3.5/ (s=8TeV [Ldt=207 0" — H—=ZZ =4 & 10— Vs=7TeV:[Ldt=46-48 "
[ r Vs =8 TeV: Ldt =207 fo'’
§ C LT X Best fit y - 30
2 3C ‘ —— 68% CL arXiv:1307.1427 :
R 95% CL 8~
2.5
- 6l -2InA(0)
21— L
1.5 T T R T 2
1= L
C ol
0.5
o \ \ \ \ \ \

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

Consistency between the fitted masses: Likelihood for Am = 0 vs best fit
value for Am:

Am =2.3")> (stat)+ 0.6(syst) 2.4c deviation (Agreement: 1.5%)

Agreement goes to 8% if we take rectangular instead of gaussian
shapes for the three principle sources of e/y energy scale uncertainty:
material, pre-sampler energy scale, calibration procedure

m, = 125.5 £ 0.2 (stat) 700, . (syst) GeV
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@A]LAS Run 214680, Event 271333760
LU

EXPERIMENT 17 Nov 2012 07:42:05 CET

H-> WW -2 euwvvjj
VBF Candidate Event

Electron
Muon




&) H2WW Production
Features
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C S - Data %% SM(sys@stat) _|
- ATLAS Preliminary g v wzzzw,

500 \s=8TeV,| Ldt=207fo" [J& [ SingeTop  —
- ) B Z+jets [] WH+iets 4
F H->WW ‘—evuv/uvev + 0 jets Bl H[125GeV] ]

00 " .
soof— H

200

1008

e e e e T e B s

ATLAS-CONF-2013-030 Ag, [rad]

2 High Pt ee,eu,uu not back
to back (as Drell Yan is)

Spin 0 Higgs correlates
spins of leptons: charged
leptons (low A¢ ), two
neutrinos (High MET) tend
to be closely aligned

Modifies dilepton invariant
mass

Analyze vs N
backgrounds, production

1 modes differ

Zly

A

Backgrounds

16



@ Search for H > WW - fv iv Decay

t
=>2Jet
Zly
1Jet
H
ZIy
Ojet

H

WW/Wyltop

Major backgrounds:
(normalization in control regions)
- WW pair production (0 jet)

- tt background (2 jets)

- Z+tjets ( for ee/un pairs)

Jet multiplicity distr. after basic
selection requirements
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-'(Q 22 C I T T T I T T T I T T T I T T T I T T T I ]
c —
g E ATLAS ;¢- Data 2912 ]
20 %% Total sig.+bkg. 3
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165 vy O E
o ’ 0 ww =
14E m E
12 [ single Top —
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10 [ Other vv ]
0. 2 4 6 8 10
x10°
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S -4 Data 2012
g A TLAS %4 Total sig.+bkg.
t \s=8TeV [Ldt=20.7fb" [ SMHiggsboson
m,=125GeV J
H—=WW*—evev/uvuv m =
O« -
O ww 3
[ Single Top =

e e [ oOther vv —
] W+ets 7

N.
arXiv:1307.1427 jets 17



Transverse Mass Distributions™

arXiv:1307.1427 *after cuts on A¢ ,,MET, m
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i - [ Other Vv . & 140 Zi —
@ 2000 Waiet - 5 F — 5 E
- S i - - W 120 B other vv =
C . ] - O]« ]
150F O S'"?le Top — 100 [ single Top =
- B zv ] c ] Weet .
- . 80 Hes -
1001 eu O-jet 3 605 S
50 = 40F ee/uu O-jet 3
- 3 20 =
0 : - ]
50 100 150 200 250 300 0 300
my [GeV] m. [GeV]
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- C X . m,=125GeV ~ — . . = " ]
% 100F- H=>WW"—evuv + 1 jet o ww - £ T H->WW*—evuv + = 2 E igF m,=125GeV
> - CJ g g 8__ ]
L C [ Single Top T o L =1 ] ww _
80F [ other vv . C eM 2 Jet B zv .
C [ W+iets ] 6 [ other vv ]
60_— |z ] O [ single Top ]
B ] - [] Wiets -
40— - C ]
20:_ eu 1'Jet _: ]
O_ = —— = J = | N .
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Clear excess above backgrounds for all Njet 18



\ Results on the Search for H > WW - {v Iv Decays
4 Po (125 GeV) =8 10> or 3.80 observed (3.70 expected)

Signal strength: (7 TeV and 8 TeV 125 GeV)
u=0.99 £ 0.21 (stat) £ 0.12 (syst) + 0.19 (theo)

Q_O 103 UL I UL I LI I UL I UL I LI Ij‘l T I UL I TTTTH

= ATLAS ls=7TeV [Ldt=4.61b" s F o LT T T T T
(4] 2 - . . |
S 107 E HoWwwW*—viv Vs=8TeV [Ldt=207 fb" @’ 5[ ATLAS Preliminary M -
— 10 —* Obs =10 m L Vs=7TeVfLdt=4.61fb" + Best fit ]
‘m = . x_ | Vs=8TeV{idt=207 fb' — -2InA(ggf,vbf) <23 7
11 — Exp. m, =125.5 GeV =20 -§|- 4:— ® ° f‘/ ................. L 2 |nA(ggf,vbf)<6_o—:
IE-IS B /'/ ~\\\\ 7
1 0-1 i> 3 — m\\ —
102 - -
i 21" 7
10° : -
10%] LN : g
_5 E e . E
107 o T E
10'6 |||||||||||IIIIIII|IIIII ) | I L L L L I L L L L I | | | | I | | | | I L 1

110 120 130 140 150 160 170 180 190 200 0 05 ] 15 5
m,, [GeV] u_x B/Bgy

arXiv:1307.1427 Based on 2jet vs 0,1 jet:

yer = 1.66 % 0.79
e = 0.82 £ 0.36

ATLAS-CONF-2013-030 19



% Is the New Particle the Higgs Boson ?

 Production rates ?

Couplings to bosons and fermions

« Spin, JP quantum number

20



Signal Strength in Di-
Boson Decay Modes

(full data set)

ATLAS
my = 125.5 GeV

— o(stat)
— o(sys)
— o(theo)

Total uncertainty
+ loonu

H—yy

= 1,553
B -0.28

+0.23
-0.22

+0.17
-0.13

+0.17

-012]

—

H—Z22Z* — 4]

= 1.431040
- -0.35

+0.35
-0.32

+0.20
-0.13

+0.17

-0.10f

H— WW* — Ivlv

+0.31
u=0. 99_O o

+0.20
-0.21

+0.23
-0.19

+0.15
-0.09

Combined
H—yy, ZZ2*, WW*

= 1.33%02
B -0.18

+0.13
-0.14

+0.17
-0.13

+0.12
-0.10

—

—t—

——

0.5

s=7TeV [Ldt=4.6-4.8 fb”

Vs =8TeV [Ldt=20.7 fo"

N 15

2
Signal strength (u)

Data consistent with the
Standard Model Higgs boson:
u=1.33 £ 0.14 (stat) £ 0.15 (syst)

Sensitivity to gluon-fusion (ggF
+ ttH) and (VBF+VH)
production fractions, branching
ratio factors B/Bgy,

-
o

IIIIIIIIIIIIIIIIIIII
ATLAS

=
> L —
a8) L _
5 - ]
% - Vs=7TeV [Ldt=4.6-481" -
- 8 Vs=8TeV [Ldt=207f"
E = _
@ B —H=yy i
> — P
= 6 L —H-2ZzZ" >4l _
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, L _
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W2 H B X Best fit ]
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> woz L ’
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a’ N H 0_ .
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B mH-1255GeV ------------ B
_2 ||0| |
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Evidence for
production via vector
boson fusion

ATLAS -+ "EStat)) Total uncertainty
o(sys
+0.4 : :
H—vy i | =
+0.7 : \ _| ‘ 2 :
4 <\ : [ :
YBEavh _ -1 1+09 -0 SR : : :
MggF ttH + 82 /1 l l 1l
H—-zz*—4 %% |
+2.0 . :
04| M T/
VBF VH +2. 4 : : S
MggF ttH 0 6 +82 \ : : 'l .
+0.8 :
H— WW* — lvly | %8
+2.0
VBF VH _ =92 0+2 2 -07 B
Combined f8:§‘ |
H—=yy, ZZ2*, WW* | 06 :
VBF VH _ o 4+O 7 -0.4 ;
M'ggF tH +0.2
|

-0

\s=7TeV [Ldt=4.6-4.8 b

Vs =8TeV [Ldt=20.7 fb"

/
VBF+VH M99F+ttH

Fit for the ratio wygr.yy / W ggraH
for the individual channel (model
independent)
Results can be combined

« Good agreement with SM
expectation for individual
channels and the combination

< A LR D L L B
= 0 ATLAS E
o Y Vs=7TeV [Ldt=4.6-481" .
3 3 12F % ls=8TeV [Ldt=20.71b" -
10 } m,, = 125.5 GeV {
8 .
3 — Combined H—yy, ZZ*, WW*
; ----SM expected

o .‘ Wy proﬂled
4| S N -
2f ' .
IR DRI S < T
05 O 2 25 3 35
MVBF/ MggF ttH

1.477:} (stat) 7 (syst)

MVBF / MggF+ttH

3.30 evidence for VBF production
22



Couplings to Fermions and Bosons

« Assume single narrow resonance in a zero-width
approximation: o-BR(ii—mH—ff) =g, [/

 All SM couplings fixed given m,. Assume tensor structure
unchanged: Higgs is a CP-even 0 scalar. No BSM particles.

 Add scaling x; of coupling:

w - Y
Hﬁjji kyy=1(SM) E}:ﬁ}i - W g %ﬁ-%
W " K=1(SM)  K=1(SM)
Production O/ (O )M=Kw?® | Oggi/(Oggn )°M=Kq* = Ky*(Kp, ki Myy)
Decay Ty (T )3M=ky2 (IW/((IW b =KY2 = Kyz(kb, Ki, K., KyysMy)
 Example: H—yy 22
g Y

(0 BR)(gg > H—7) = osulee > H) -BRsuH -y - —5—
H




@ Couplings to Fermions and Bosons

« Assume only one scale factor for fermion and vector

couplings: «ky = Ky = Ky Krp = K= Ky = K,

* Sensitivity to relative sign between - o o ol
K and x,, only from interference Hﬁx%ﬁi‘ |
termin H = vy ! Y

< JFarias | TEHSA ERSw ], - -
4_ \s =7 TeV | Ldt = 4.6-4.8 fb! #H — vy O Combined | Data consistent \_Nlth
3F \s=8TeV [Ldt=20.7 1" +sM  xBestFit ]  the SM expectation
2_ * Two-dimensional

b consistency: 12%

O

pa e 68% CL intervals:
; eroic b (076 1*18]

= « Ky :[1.05, 1.22]
06 ¢

A
<

24



Ratio of Couplings to the W and Z bosons

W

* Assume only one scale factor for fermions: kg =k, = K, = K,
» Custodial symmetry requires Ay, := KplK; = 1

. SenS|t|V|ty V|a VBF productlon and H % WW and H =2 ZZ

N ': | | | g
T . D
; 8 ;_ \; ; ;I:x ~{Il:j: ; ;66_74%:-1% ~ H—yy, 227, WW* _;
R 75 - - SM expected E
6F :

i3 3 y,=0.82 £ 0.15
4F i
3 E
2F E
1E ;
> -

A

WZ



@ Constraints on Production and Decay Loops

« Test on contributions from other particles contributing to loop-
induced processes

» Assume nominal couplings for all SM particles x; = 1 and that
the new particles do not contribute to the Higgs boson width

* |Introduce effective scale factors Kq and K,

< o Amas bsM E
o T e Zeswo - Bestfit between 10
18 Combined Hwyy, zzr, W 95% CL E and 2o contours: 2d
o E consistency with SM
1.2 = s 14%
i 1« k,=1.04£0.14
F j; + x,=1.20£0.15

K, 26



= . . /

% Spin and Parity L
/

« |If Standard Model Higgs boson: JP =0*

« Strategy: falsify other hypotheses: (0, 1-, 17, 2-, 2*) specific
effective models *)

« Spin 1: disfavoured by H - yy decays (Landau-Yang
theorem)

* Spin 2: Many parameters, consider graviton-like tensor,
equivalent to a Kaluza-Klein graviton
* Production via gluon fusion and qqg annihilation possible;
« Studies are performed as a function of the qg annihilation
fraction qu (= 4% at LO, however, large uncertainties )
* Minimal coupling to SM particles: 2*_ mode

*)ATLAS results used program in Y. Gao et al, Phys. Rev. D81 (2010) 075022 27



@ JP = 0- versus JP=0*

e Sensitive variables:
- Masses of the two Z's
- Production angle 6*
- Four decay angles
d,, d, 0, and 0,

« Perform multivariate analysis (BDT)
« Compare Data to Log likelihood ratio

Exclude JP=0- (vs. 0*) with 97.8% CL

¢ Data
" [ Background zz*
" [ Background Z+jets, tt

s=7 TeV [Ldt=4.61b" -
Vs=8 TeV [Ldt=20.7 fb"]

Entries /0.2
N
().I T

N
o

___JP=0+

—
($)]
T L

10f

I T T T T I T T T T
ATLAS -
H—ZZ7*—4l

0.5 1

BDT output
-é\ i T L N L I B
= B .
S 0.251- ATLAS —Data
e I Ho2zzr -4l o
@ B . —JF=0
Q - Vs=7TeV [Ldt=4.61fb"
L 0.2+ . e
© - Vs=8TeV [Ldt=20.7fb J =0
£ -
2 0.15F A N
- ;'r | B | |
0.1~ -’ I LR I -
: N
0.05 I N\ I 4
i | \\\ |
07J ﬂ"f.\ [ MLJ L |
-15  -10 5 0 5 10 15
q



JP = 1*-versus JP=0*

Po (07) CL (17) Po (07) CL (1)
Exclusion Exclusion
H->ZZ* 0.55 99.8% 0.15 94%
H-> WW* 0.70 92% 0.66 98.3%

Combination 0.62 99.97% 0.33 99.7%

JP = 2+ versus JP=0"*

ATLAS

H—yy
Vs=8TeV [Ldt=20.7 fb"

H— ZZ* — 4l
Vs=7TeV [Ldt=461b"
Vs=8TeV [Ldt=20.7 fb"

e Data

Oz10o

H — WW* — evuv/uvev

Vs=8TeV [Ldt=20.7 fb"

Exclude JP=2* (produced via gluon fusion,

fq=0) (vs. 0%) via H - yy decays with
99.3% CL

« Combination of H 2 yy, H > ZZ* and
H -> WW?* channels (complementary
behaviour as function of )

30

.+ Observed exclusion of J* = 2* exceeds

25

50

" 99.9%, independent of f %



Conclusions

A milestone discovery made on July 4" 2012

Signals impressively confirmed with additional data;

discovery phase turned into the measurement
phase

ATLAS data are consistent with the expectations
for the Standard Model Higgs boson

* Production rates and coupling strengths

» Evidence for VBF production

« Evidence for spin-0

Exciting times ahead of us to study the Higgs
boson with higher precision (> 2015) and look for
surprises (deviations? more Higgs bosons?)

More channels covered in Joe Price’s talk:
VH =2>Vbb, H 2tt, VH 2VWWO), H =Zy,
ttH =>ttyy, H =>uu, ZH =>ll+inv

ATLAS

H— yy ® Data

Vs=8TeV fLdt=20.7 o

v CL expected

H—Zzz* -4l
Vs=7TeV [Ldt=461b"
Vs=8TeV fLdt=20.7 b

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

assuming JP=0"*

Ozx10




Higgs Boson Production

Boson Fusion

300 400 1000
M,, [GeV]

200

E, 1
80 100

Experimentally difficult: rare or high background
..and Decay P ) R DR EE

Y t
SM Branchlng RatoH=>X LN %::{_"H %‘%H t
W Y

56.9% Tt 6.2%

‘ Y
WW  223% vy 0.24% o
27 28%  uu 0.022% WkW'“SM)

Characterize Higgs SM computing by ky
(=1 for SM), X=W,Z,b,t,c,T,u,y,9

- 2 Jets
E*“L?I-%IC Higgs cross-section wmynggro»aga g Kg=1(SM) \\q//v/
F ol p { H w, Z
* 10F GF ¢ LI 2N H
I t W, Z./
® g 0Jets N BF
q
Associated production: TagW, Z, T
W, >z /’,, g i

Experimentally
difficult: rare or

high back d
igh backgroun 31



% Composition of the yy Background

> [ T | T T T T | T T T T | T T T | T T T T | T T T T ]
3 N ATLAS Preliminary —e— yy+DY Data ]
~ 2500k Data 2012 —=— yj Data _‘
2] . -1 . -
e "o¢ \s=8 TeV, [Ldt=13.0 fb —— jj Data ]
o N +++++ —}— Stat. uncertainty ]
w 2000 +++ . Total uncertainty ]
- *e v, .

1500F o0 -

C **“ ]

L o ~ ") -

1000~ oany 11OV -

L ”0’ . ® -

B Ll M. S :

o= - ™ . e .““

500 — e “‘I‘l...ll S Y_Jet ~22% ]

m,, [GeV]  ATLAS-CONF-2012-168
* Reducible y-jet and jet-jet background
at the level of 25%

« Background extrapolation below the
excess from sidebands
(4™ order polynomial)

32



Categorisation of H - yy Candidate Events

ATLAS-CONF-2013-012

ATLAS Preliminary

H— vy

VH enriched

VBF enriched

ggF enriched

di-photon selection

v

One-lepton

W(— W)H, Z(— IHH

v

miss

E; " significance

W(— IV)H, Z(— vv)H

v

Low-mass two-jet

W(=)H, Z(— i)H

v

High-mass two-jet

VBF

v

9 th-n-conversion

ggF

arXiv:1307.1427

— ggF MWVBF WH BZH ttH
ATLAS Simulation H—=yy
Inclusive - I
Unconv. central low P : ----------------------------------------------------------- i -I
Unconv. central high P | .
Unconv. rest low P, | -
Unconv. rest high P | .
Conv. central low pT| - I

Conv. central high Py
Conv. rest low P,

Conv. rest high P,
Conv. transition -

Loose high-mass two-jet

Tight high-mass two-jet

Low-mass two-jet . _
ET significance | | |
Oneepion ] ]

0 10 20 30 40 50 60 70 80 90 100
signal composition (%)

Categorisation: to increase overall sensitivity and
sensitivity to different production modes (VBF, VH)

- VH enriched: one-lepton, E;Miss

- VBF enriched (tag-jet configuration, An, m;)

- gluon fusion: 9 categories, exploit different mass
resolution for different detector regions,
yy conversion status and pq 33



H — yy Differential Distributions
8 ATLAS-CONF-2013-029

— 35 _

C ‘ | ‘ ] Al L ‘ | ] ; 12» T T | T T ‘ T T ‘ T T ‘ 1T | LI ‘ T T ]
~. . [ ATLAS Preliminary -4 data syst. unc. . E_ 12;’ ATLAS Preliminary - data syst. unc. 1 & [ ATLAS Preliminary - data syst. unc. ]
& 30; [ ]eg—H NLO+PS (PomrestPve)+XH | © 11E Hoyy, (5=8TeV [[] gg=H NLO+PS (Pownesspis) + XH E 1 [[] ggH NLO+PS (Ponrec+Pr) + XH -

25i [_] gg—>H+1j NLO+PS (Mo Hi+Pv8) + XH ] § 1i JL o 120 . D gg—H+1j NLO+PS (MNLO HJ+Pva) + XH ] o L D gg—H+1j NLO+PS (MiNLo HJ+PY8) + XH

==+ XH = VBF + VH + {tH . § 0957 - E N 0.8 ==+ XH = VBF + VH + fiH ]
20;—» H—yy, Vs=8TeV i % 0:85— E _8‘= . 6__ H-yy, Vs=8TeV j
150 [Lat=203m" 1 5 07; E T [Lat=203" )
10:_ e 046; J 0.4r N

g 1 08 = i 1

5k 3 ] 0.2 ]

r — 0.4 3 [ 1

O; ----------- 5 L | ] O:'l'ﬂ'F'l"I"‘--J-T-l--J--L---\--1"\' ol e el i
(La ‘ | ‘ ;14 ‘ | g 3» T T T | LI T ‘ T T T T T T ‘ T T T T T T T
£ 3 | 312 :
Z oL | 2 9 Z ! e 2r ——
e 1 t . ©0.8r e 1
| | 06 o) M= L TR ETRTR I RN NS
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0 1 2 >3 0" =0 LR 2' m=2 Particle level [GeV]
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= L e B B B B B = 2:I\I‘I\I‘Il\l\l\l\l\l\l\ll\I‘I\I‘I\I‘I\I:
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Initial state jet radiation § T 1814 e XH = VB i+ T ;
. = 0.2¢ - 2 12F — =
Used tO ConStraIn —g r H—yy, Vs=8TeV A -8 1:, H—yy, Vs =8TeV E
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0.1 E 0.68 8 =
F ] 04F =
i 0.05F = E : ]
Higgs new dawn of ¢ N : | 02E ; E
[ La. ---.%_ E— L ] C Lok reedis | | | | |
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s 4 e 2r —— 1
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Full dataset

4{ Invariant Mass Spectra

> o
© 4o e Data 2011+ 2012
g E I SM Higgs Boson . ll:LLZé§—>4|
2 asf- - o ”?24'3(?;\’2(;? Vs=7TeV fLdt=4.61b"
T BZZKZ:Z::d Zujets, (s=8TeV [Ldt=207 fo
30— 2 Syst.Unc.
25?—
20
15f—
10F
5
o 1
100 150 200 250
m,, [GeV]
Mass range Expected | Background Data
120 — 130 GeV signal
Vs =7 TeV 2.2 2.3 5
Vs = 8 TeV 13.7 8.8 27
m,, > 160 GeV: 376 events observed

Vs =7 +8TeV

348 + 26 expected from

background (mainly ZZ)

arXiv:1307.1427
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Background Estimates

> L ‘ L L L T T ‘ T > TTTTT ‘ TTTTTTTT ‘ L ‘ L ‘ L
(0] r .
S 6o ATLAS 4 & 45- ATLAS oG arXivi1307.1427
¥ oof s=8TeV [Ldt=20.7 o’ S 40f [s=8TeV [Ldt=20.7 b 3
g & 35- 3
L [ e Data2012 _ @ _ -+ Data2012 _
40C  — Zsjets and tt fit 30F  — Z+jets and tt fit E
300 25 wm %gﬂ E
r 50k Z+jets 3
B - Wl
20— 15E wz
10 10t
B o
0 o T
50 50 60 70 80 90 100
m,, [GeV]
> [ T T { T {
q)-l 80 e Data — > C T T T T T T T T T T i
Eg - OSignal (m =125 GeV) _ 1 81 %0 F e g%tr?al (m =125 GeV) E
2160 mzz AT’-/Af Preliminary - 0160  gay " ATLAS Preliminary -
€, [ BZ+Het fwlete ] B -Ao el ]
BI40FmE © fsirrevifla=est'] ol WLdest  wwie'e e 1 ATLAS-CONF-2013-013
w._ Fowz _ e oot STV 78ystUne. (s =7TeV: [Ldt=4.61b" |
120F ,Syst.Unc. s =8TeV: [Ldt =20.7 fb : TR - (5= 8 TeV: fLdt =207 b’

50 100
my, [GeV]

» lIrreducible ZZ* background taken from Monte Carlo simulation
* Reducible Z+jets and tt background: measured using various background-enriched control
regions and transferred to signal region using Monte Carlo simulation 36



Time Evolution of the H > ZZ > 4! Signal

Events / 5 GeV

©
c
3
o
o
X
3]
@
m
.
8
©
(&]

Vs=7TeV

JLdt=o.05ﬂ>'1

Apr 24, 2011

ATLAS Preliminary
H-22" -4l channel

[] Signal (m"=125-GeV)
I Background 22"’

I Background Z+jets, tf
—4— Data

400
M, [GeV]




Time Evolution of the H > ZZ > 4! Signal

Vs =7TeV _[ Ldt=0.05fb"  Apr 24, 2011

Events / 5 GeV

ATLAS Preliminary
H—22"~41 channel

[ Signal (mH=125'GeV)
I Background 22"

I Background Z+ets, tt
—4— Data

©
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®
m
1
o
©
(m]




Mass and Signal Strength for H > ZZ*

ATLAS-CONF-2013-013

< 207\ T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T *\ T T ‘ \:4\ \7 ’3‘\ [T ‘ L ‘ L ‘ L ‘ T 1T ‘ L L L — — — —_— - - — —_— — -
£ 4gf ATLAS Preliminary H ~22" -4/ A § = 5[~ ATLAS Preliminary 7] R 20: N A"I'LAS‘*PreI‘iminz;ry "
N F Vs=7Tev: [Ldt=461" e @ [ (s=7TeV: fLdt=46f"  H-2zZ"-a ] @ - X BestFit H— 22"~ 4 1
161 \s=gTev: fLdt=20.7 fb" 1@ 4 (s=8TeV: fldt=207 10" N X, 15 . 528 (s=7Tevfldt=46f"
1aF 41 @& + sosti 1 S T T Vs=8TeVJLdt=20.7 15" -

[ —all systematics ] © L _6:; oL ] z L ]

12[% - without MSS(e) and MSS(y) = 5 sl — pstopey E = e ]

1 0: : E 2 B : ) . without MSS(e) and ] 07 |

A r’ﬁH 1as _*Oo_f(s:at) ::’_:(sys) oV E - MSS(u) in lighter colours 1 : :

8- E 2 . 50 ]

6 = i ] i ]

T N S A - 1 < _ L ]

4; ] o T ] o —

2r - L _ L ]
j\’”\”’\”"”\’”\”’\ .‘\::7777\ 777777 ‘T'\,L‘77\777\777\77\777‘777\777\77\7”\”"”\7”\”7\7 07‘ ‘ S ‘ L ‘ L ‘ L ‘ L ‘ S ‘ ! ‘7 7\ [ ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ I ‘ L1l ‘ L1l ‘ L1l \7
0""923 122 125 126 127 122 123 124 125 126 127 128 -1-050 05 115 2 25 3 35 4

my [GeV] my, [GeV] B e air B/Bom

Mass: my, = 124.3 0.6 (stat) £0.4 (syst) GeV

Signal strength: u=17+0.5
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Couplings to quarks and leptons 7

« Search forH 2> vt and H - bb decays

« Search for the rare H 2 uu decay fR
\ .
y ; >
b’ 1 X
A" (0 i
H i 15
b, T+=lvl+ - H

40



JP = 1%~ versus JP=0* using H-> ZZ" and H > WW" events

« H—> ZZ*% as before: BDT separation based on masses and angles

« H-=> WW* my, A, ... carry information on spin
Combine variables using BDT analysis

2 L L B B B IR 2
S 0.18F ATlLAS | | ‘_Jpz‘(y 4 S gof AT"LAS | ‘_JP=‘0+ E
2 1L Vs-8Tev ILdt=2o.7fb" —f=1 1 9 0 18é Vs=8TeV J-Ldt=20.7fb1 —F=1r
? E Ho WW*s evv/uvey + 0 jets — Data EO16§ H— WW*= evuv/uvev + 0 jets — Data ;
£ 0.14" :
3 0.12? 4
O.1§ ~
0.08? 4
0.06? 4
0.04? ~
0.020 \ =
- &Q\S h_‘ T ‘a
—QIO 5 10 15 20
q
Po (07) CL (17) Po (07) CL (1)
Exclusion Exclusion
H-> Z7* 0.55 99.8% 0.1 94%
H-> WW* 0.70 92% 0.66 98%
Combination 0.62 99.97% 0.33 99.7%




JP = 2* versus JP=0*

Events /0.1

Events /0.1

using H-> vy, H> ZZ, and H > WW" events

H—> ZZ* and H > WW* as before (BDT separation)
H - yy: use decay angle in Higgs boson rest frame
(Collins-Soper angle)
250_||||||||||||||||||||||||||||||||||L IIIIIIIIIIII .'2‘ O_3_IIII|IIII T T 17T LI IIII|||||_
- ATLAS Hoyy —J —0+ Expected: = L |
2oo‘_\E=8Tevadt=2o.7fb" © S=0'Data > - ATLAS —Data 1
g Bkg. syst. uncertainty g 9 025__ H s YY _JP _ O+ __
1505_ + E § - Is=8TeV f[Ldt=207f" - J"=2" -
100: :'_ _: (__U 02 - (fqﬁ = Oo/o) ]
- ] £ N i
501~ _‘:l_‘ - o B ]
E —— ] Pz 015— | ]
! nE z ! |
00402 03 04 05 06 0.7 08 09 1 0.1- § ]
2507""I'"'I""I'"'I""I""l""h"'; """" - nj §§ :
- ATLAS Heyy —J=2 Expectedf - 3 _
2oo;\@=8Tevch|t=2o.7fb'1 ° ::'TtDatat = 0.05 ; i -
150/ (F =0%) ] - §§ ]
- ++ _ O_J L |' L1 \%}‘«FLJ N i
100f- +—T7" = 15 -10 -5 5 10 15
N —4 —— n
s0=t————"| 1 . q
of S — Exclude JP=2* (produced via gluon fusion, f,,= 0)

03 04 05 06 07 08 09

cos 6* dlstrlbutlon in signal region,
after background subtraction

—_

Icos 6%l

(vs. 0*) via H - yy decays with 99.3% CL
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JP = 2* Exclusion as Function of fis

arXiv:1307.1432
« Combination of H - yy, H > ZZ* and H > WW* channels

(complementary behaviour

as function of f) ATLAS
H— yy ® Data
Vs=8TeV [Ldt=20.7 fo
v CL expected
- z H— 2Z* — 4l P+
« Observed exclusion of JP = 2* f527 ToV [t =46 0" :Sft:r:mgd =0
(VerSUS the SM JP =0+) Vs=8TeV [Ldt=207fb" -
exceeds 99.9%, independent of f H — WW* — eviv/uvev

Vs=8TeV [Ldt =207 fb"

0 25 50 75 100
f (%)



LAS

EXPERIMENT

Run Number: 189280, Event Number: 1705325
09-14 02:47:14 CEST
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Higgs Boson Decays

*)
5 = =% Useful decays at a hadron collider:
S T 1o
g | - Final states with leptons via WW and Z2Z
o g
1 ~ decays

ém y
S - vy final states (despite small branching ratio)
S

10° = - 7t final states (more difficult)

i - In addition: H = bb decays via
10° associated lepton signatures

100 7200 300 400 500 |\I/|H[IG;\P]00 (VBF, VH or ttH production)

*) LHC Higgs cross-section working group 45



Search for VH Production with H - bb decays

//’elu /,»e/u
— - Z ~ — W\ 7 VI
q N e/p q N v = Z(w)
>’\.,“\E" v‘ﬁ'ﬁo\\h'\' ‘ b >/an¥,\\’/\ ,\\\:\ ) Q>ﬁ ",”Z . \\\\V\'
.... VUVe, . AVAVAVAVATD b
q “H < _ q "H < _q W
b b T~

Exploit three leptonic vector boson decay modes
—> split analysis in 0, 1, and 2-lepton categories

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

Major background: W/Z bb, W+jets, tt
Signal-to-background ratio improves for
“boosted Higgs boson”,

split analysis in bins of p(V)

in total: 15 categories (0,1,2 jets x p; bins)

—
o
S

Light jet rejection

ATLAS-CONF-2012-161

- ATLAS Preliminary

[
e
%
1 04 -
E ',
= e,
E N

—

o

w
Ty T

102§

108 . . , ‘
£ tt simulation,\Ns=7 TeV

[ pf'>15 GeV, <25

LA L L Y L L

— VIV

JetFitterCombNN

JetFitterCombNNc

------ IP3D+SV1

SVo

| | | |

1 1 1 1 L1 1 | 111 111 1 [[lllllll.{.ll
d3 04 05 06 0.7 08 09 1

b-jet efficiency
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Events/20 GeV

Reconstructed Mass Distributions
-8 TeV, L = 13 fb-! (a selection)-

0 lepton
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ATLAS-CONF-2012-161
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)

Events/10 GeV

Results on the Search for H - bb decays

ATLAS-CONF-2012-161

combination: data - background - B
400" ATLAS Preliminary | .wz:lfzz T [ amaserimnay  Ve=7Tev, [Lat=a7i’ ]
- fL dt=13.0 6", |s = 8 TeV N g S T Observed (CLs) Vs=8TeV det: 13.0fp"
300~ .WH 125GeV et C e Expected (CLs) S ]
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my = 125 GeV:

Di-boson signal established

(important “calibration” signal) Observed 95% CL: 1.8 ogy

Expected 1.9 ogy

Wyzeww = 1.09 £ 0.20 (stat) + 0.22 (syst) uy = -0.4 + 0.7 (stat) = 0.8 (syst)

Updated analysis, including the full data sample expected soon 48



Results on the Search for ttH, H—> bb

ATLAS-CONF-2012-135
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Events / 2 GeV

Data/SM

Results on the Search for H-> uu
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Electroweak Symmetry Breaking
-a cornerstone of the Standard Model-

Complex scalar (spin 0) field ¢ with potential:

V()= (¢* )+ Agp* )’

A>0, y?<0:
- vacuum expectation value v =246 GeV

» Coupling proportional to mass of Standard Model particles

o igmy, H 9
* Higgs boson, my<~1TeV woowe owow M Mwow W
L o 1 o) L § gl
I (NP s Lom s .
U] ~Z  Lo____=<¢ -
‘a ) ’ J’JJ }Tﬁ j::zf\/\/\/\;%7 é Y, Z jﬁjﬁ’ ijL
« “Ultraviolet regulator A ) O : L

w, W Wi

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.



Statistical Treatment

All results are based on profile likelihood method

~ u = parameter(s) of interest
Ap) = 240 (1) 0 = nuisance parameters

T L(p,0)
L(f1,0)

Unconditional maximum likelihood estimate
(uw and 6 adjusted to maximise L)

’ Conditional maximum likelihood estimate:
I.(i. A ()Y (aspecific u value (fixed), 8 adjusted to maximise L for this u)

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

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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Pro Categorisation of H > yy Candidate Events, Vs = 8 TeV

Vs 8 TeV

Category ocp(GeV) Observed  Ng Np Ng/Np
Unconv. central, low pry 1.50 911 46.6 881 0.05
Unconv. central, high py 1.40 49 7.1 44 0.16
Unconv. rest, low pry 1.74 4611 97.1 4347 0.02
Unconv. rest, high p 1.69 292 14.4 247 0.06
Conv. central, low pry 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 pr 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
EX™S 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

Signal mass resolution (ogg), signal (Ng) and background (Ng) numbers in a mass window
around my = 126.5 GeV containing 90% of the expected signal events



