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‘The wealth of high quality data allows detailed studies of
| the properties of the Higgs boson!
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SM Higgs boson production at the LHC
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SM Higgs boson decays
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mu~125 GeV gives access to several decay channels
Gauge bosons: vy, ZZ*, WW*, Zy
Fermions: bb, 11, uu
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H-vyy: Updated MH AnaIyS|s
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e Background directly from data side-bands
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— Photon quality, detector region and prt —
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H—vyy: Fiducial/Differential cross sections
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H—vyy: Fiducial/Differential cross sections
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- Search for associated top-H(—yy) production.

H—yy a swiss army knife for I

Higgs boson studies:

Search for FCNC Higgs boson decays.
See talk by Austin Basye
- Search for additional yy resonances.
See talk by llya Tsukerman

K. Nikolopoulos

ATLAS Higgs boson properties using decays in bosons  Aug 15, 2014

UNIVERSITY©F
BIRMINGHAM 8


https://phonebook.cern.ch/foundpub/Phonebook/index.html?id=PE436966
https://phonebook.cern.ch/foundpub/Phonebook/index.html?id=PE436966

0-2

Higgs BR + Total Uncert
Q

107k

B U

N\

I I I I | I I I | I I I 2
.~
WW =
12
-2
)]
O
18
R
2
/7 |5
V~ ]

4
4

H—-ZZ—4l

Mass Measurement: arXiv:1406.3827 accepted by PRD
Couplings: to be submitted to PRD

. | Differential Cross-Sections: ATLAS-CONF-2014-044
l | l l l l l

/ :
| 4
I [ 1111 I [ LIl y

| | | |
10750700

120

l . .
40 16D MB0 00 rement ATLAS.CONF2014-042
nairec measurement: - - -
M, [GeV] "

K. Nikolopoulos

ATLAS Higgs boson properties using decays in bosons  Aug 1%, 2014 m% B IRMINGHAM 9



H—-ZZ*)—4l: Updated Analysis
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e Requirements on lepton pT, vertexing and mj 120-130 GeV
News merove_d (MVA) elecktron Ldﬁh&vﬁco&;ov\' See Christopher’s talk
New pmprc}ve.ci muon/elecktron calibration! See Cyril's talk
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H—-ZZ™*)—4l: ZZ* suppression
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H—-ZZ*)—4l: Inclusive Results
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Maximum local signifiéance: 8.20 (5.80)@ mn=124.5GeV
| For mn= 125.36GeV

local significance: 8.1c (6.20)
and inclusive rate with respect to SM: 1.5 £ 0.4
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H—ZZ*)—4l: Event Categorization
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H—ZZ™*)—4l: Coupling Results
NEW!]
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H—-ZZ*)—4l: Fiducial/Differential cross sections
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H—-ZZ®*)—4l/[H—yy: mu and 't measurement
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O—I | L1 11 | L1l | 111 L1 | l‘ ' ‘\ I"I | | L1l | 1111 |: 2;_§8_°/<1C__________ ____________________________;
123 1235 124 1245 125 1255 126 1265 127 1275 O_ 1 I I | I I | I | I I I | I I | r
m,, [GeV] 0 1 2 3 4 3 6 7/
Channel Mass measurement [GeV] NEW! | I, [GeV]
H — vy 125.98 + 0.42 (stat) + 0.28 (syst) = 125.98 + 0.50 |
H— Z.Z*—> 4¢ | 124.51 = 0.52 (stat) £ 0.06 (syst) = 124.51 + 0.52 ;:‘H—v>ZZ—>4|
e [H<2.6 (6.2@SM rate) GeV @ 95% CLs
'H—4l/H—yy compatibility: 1.97c H—yy

e Non-relativistic Breit-Wigner ® detector resolution

+ T4<5.0 (6.2@SM rate) GeV @ 95% CLs |

|« fixing rates to SM expectation —1.60

* y systematics as box —1.80
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Off-shell prodw‘:&om of Higgs boson
Pravéd&s hdirect constraink ko Iy

gg—H—Z7Z 2 2

U on-shell . _ Kg,on—shell . KV,on-shell
Go—H—77 HMon-shell = I /FSM

T on-shell, SM HIl g
gg—H"—7Z7

T off-shell 2 )

gg—H*—Z7 — Hoff-shell = Kg,off—shell " Ky off-shell

U off-shell, SM

Implemented with H—ZZ with the following assumptions:
— Backgrounds insensitive to new physics modifying off-shell couplings
— Running of couplings similar for on-shell/off-shell region
— Use inclusive selections [where HO corrections available]
— gg—ZZ K-factors in off-shell region unknown
[ for signal known to NNLO, gg—WW at NLO indicates that K-factors
may be of similar magnitude, see later]

Similar assumptions to the one used for the
coupling studies with the k-factor framework

Indirect 'hH measurement: Introduction

— 1 o = T | I | T | T I I | T | T | T I I =
> = 3
8 - ATLAS Simulation Preliminary \s=8TeV - NEW! |
é 10_2 __ 88 —> ZZ — 2e2u i
= Iy — gg— H* > ZZ (S) 3
£ - [’ N e 99— 2Z (B)
% l A, — - gg—s (H*=) 2Z
S 10° " oo, 7m0 () 2200, =10
:
1045
10°F
10-6.I||.I.||I.|.I.|I|_'—l_
200 400 600 800 1000
m,, [GeV]
-3

;‘ 0_3??1 Ol I T T | T T T I T T T | T T

8 - ATLAS Simulation Preliminary \s=8TeV

é 0'2__gg—>ZZ — 2e2u ]

_g 0.1 — —

© —,

S o= T
01 ' .
-0.2 —

Co —gg— H* - ZZ (S)
_0_3:_ - - gg— (H*>) ZZ (Interference) —|
_0 4:1 | 1 1 | | 1 1 1 | | 1 1 | 1 1 L]
200 400 600 800 1000
m, [GeV]
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H

Indirect 'hH measurement: Analysis

Z7—4]
e Off-peak region [220 GeV, 1TeV]
e Matrix Element Kinematic
Discriminant to separate

gg—H*—>ZZ—4l from qq—ZZ—4l/

- gg—(H*)—ZZ—-4l
e Limit on off-shell rate based on
- fit on MEKD shape

T T T ' T T T T | T T T I | T T T I I I T L

—&— Data
gg+VBF— (H*>) ZZ
qq—22
wz

:_ ATLAS Preliminary

- H — ZZ — 2e2v

25

20

Z(—ee/up)+jets
WW/Top/Z—1t
Other backgrounds

- \s=8TeV: |Ldt=20.3fb"

IIIllllllll

Events / 30 GeV

Events / 30 GeV

All contributions (u . =10)

15

:] Stat.+syst. uncertainties

10~ @& |

IIIIIIlIIIIlIII
IIIlIIlIIIIl

I

m; [GeV]

Events / 30 GeV

25

20

15

10

rT T T TrTTrTT

IIIIIIIII|IIII|IIII|IIII|III

ATLAS Preliminary

H — 77 — 4l

\s=8TeV: |Ldt = 20.3 o

—&— Data
gg+VBF—(H*—) Z2Z

- Background qg— ZZ

- Background Z+jets, tt

= = == All contributions (ucff

o
-~

-shell

IIIIIIII|Il||l||ll||l|||l||[|||II|I

JII_M_JIIL_

m,, [GeV]

T T T I T T T T I T T T T I T T T T I T T T4

—— Data
gg+VBF— (H*-) ZZ

- ATLAS Preliminary

qq—22

- H —> ZZ — 2u2v W2

— Z(—ee/uu)+jets

- \s=8TeV: |Ldt=20.3 10" T .
Other backgrounds

----- All contributions (uo =10)

fi-shell
[:] Stat.+syst. uncertainties

IIII]I]IIIIII

Illlllllllllllllllllll

|

300 400 500 600 700 800 900 10f

event counting

Lrrrrjyrrrryrrroryrrrrprrrryrrrryrrrrrrrry T T T orTT T
I I | I I I | I I

Al
2 50:_ ATLAS Preliminary 1s-8TeV: [Ldt = 20.3 1" -
i2) o a —e— Data i
ch 40‘_ cee 9g+VBF—(H*=) ZZ ]
L|>.| . - Background qg— ZZ i
- - Background Z+jets, tt .
30:_ - -E * === All contributions (n_ _ _=10) _:
201~ ': .
101 ]
-91.5 -4 -3.5-3-25-2-15-1-0.5 0 0.5
ME Discriminant
i —_—
Lol

e ETmiss>150 GeV and 76
GeV<mi<106

e Main backgrounds: qg—ZZ and
WZ/WW, Z+jets and top

e Off-peak region m1zz>350 GeV
e Limit on off-shell rate based on

"ERR
.| — L :;-l-i'.."---r-il ]

400 500 600 700
m; [GeV]
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Indirect 'H measurement: Results

< 1 4 i T T l | L I | l L L [ | L [ | (% I 40 B I l L l L l | L l L | | l L L _ NEW'
— - L]
é - - ~ - ATLAS Preliminary £+ - D
Coqol ATLAS Preliminary | ~ 35[ 2i2v+4i441,, ,, combined ~ L—1*20 -
" 2i2v+4i+4l . ., combined i - " Alternative hypothesis: =" Expected limit (CLs) 1
i J c 30T TSV = — 1 —— Observed limit (CLs) -
1015 =8TeV: |Ldt = 20.3 fo" 7 o OVE e -
- 1 = [ \s=8TeV:/Ldt=2031" -
- === expected with syst. F ) | ~
8 BRREEE expected no syst. -] —l E = E
- — observed ] O 20F <\ 1 B
6 . 1 Lk BY
| ¢ ] Lo L 1
i . i o 15 '
Ao e . F
i . i 10
2 __ . u:."&' __ 5 _:
O L L_L‘T“{'—‘l"l 1 1 I I 1 1 I 1 1 l I 1 1 l 1 1 1 1 O | | 1 1 | I 11 1 : 11 | | 1 1 1 | 11 1 | 1 1 | | :
0 2 4 6 8 10 12 14 06 08 1 12 14 16 1.8 2
SM RB _ _Klgg—272)
'y H = RlggolF=>Z72)

——r— — , —

| Results are expressed as a function of the unknown K-factor for theg baro. rl

| Assuming background K-factors same as for signal:
e [1/l'sm < 4.8 (5.8) at 95% CLs with alternative hypothesis RBy=1, 'i/I'sm=1 and Hon-shel=1.51

|
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Higgs BR + Total Uncert
S S

10

108

_I I I I I I | I I I I I I | I I I | I I I_E
= WW St
- bb LR 12
- \ss _(é
] .. ¢
. /77 |3
7/ =
B uu |
| | | | | | | | | | | | | | | | | | | | |
0 100 120 140 160 180
M, [GeV]

H-WW-—-lvlv

Couplings: Phys. Lett. B726 (2013) 88/ATLAS-CONF-2013-030
Spin/CP: Phys. Lett. B726 (2013) 120

200 yH(—Ww): ATLAS-CONF-2013-075
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H—>WW(*)—>IVIV

« Complex final state without mass peak S oo ATLAS eommmae 3 [TTTTTTTT T T
« Signature: I + MET 2 b T [lasw  Z oo 2 gof ATLAS % romsema.
~ 700E \s_gTev [Ldt-20.71b" Bl S\ Higgs boson [ \s=7TeV [Ldt=46 & ]
* Observable: S 600 Howw: -V +0/1 jet Mu 1208V 3 " \s=8TeV | Ldt=20.7 b VR = T2 e
> : v+ 01 jets ] ww 1 10 's= =20. i 99F m, = 125 GeV —
' 500 e O 2 [ HoWwoewwv+22) [y ]
m = (B + B2 — (P + Pi)? SR Juw -
300 [ Writs = [ other W i
e Backgrounds: WW, top, W/Z+jets 2001 4 o 11 [ sngeTop
- - W+jets ]
. Categorles mi, di- Iepton flavor, Njet 100;- _ EREEE 778 o -
| For my=125 GeV @ 80 EI ::/?ng;bc:s:ndmt wer 21 / + §
| S 40 3 A2 Y4 ]
Local significance: 3.80 (3. 70) 8 200 T Th 4 1, ]
+ ! 208 v v TTTTSTZ Ts0 100 150 200 250  30C

IJ 1 01 0 31 @mH 125 Gev 7] 60 80 100 120 140 160 180 200 220 240 260

' m. [GeV] my [GeV]
T

Towards more exclusive final states..

Pl ATLASPreliminary VH-VWW- 3 or 4 leptons

Analysis designed to select VH(—WW) R —gf; \s =7 TeV:Ldt = 4.7 fb"
3-lepton final state S [ @i \s = 8 TeVLdt = 20.7 fb”

¢ WH—WWW-lvivlv E C120

e 3 leptons, |2Q|=1, 0 b-tags, mi,MET, A o 10
4-lepton final state 2

e ZH-ZWW-lllvlv @

e 4 leptons, MET, 0 b-tags, my
* Remove overlap with H-WW-—lvlv analysis T
* 95% CL upper limit on ttH production @mn=125 -
GeV: 7.2 (3.6)xSM R . v B T R T R R

m, [GeV]
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Spin/CP studies: Overview

H—ZZ® 540 | H-WW® - twiv | H— ~y
0~ v - -
R % 7 - See talk by:
1~ v v - |Petar Kevin Rados
2% v v
ATLAS ATLAS
H— vy e Data H = vy e Data
\s=8TeV [Ldt=20.7 fo \s=8TeV [Ldt=20.7 fo
v CL, expected v CL, expected
H— 272" - 4l assuming JF=0" H— 272" - 4l assuming JF =0"
\s=7TeV [Ldt=4.61b" \s=7TeV [Ldt=4.61b"
| ) RERE | ) RERE
\s=8TeV [Ldt=20.7 fo \s=8TeV [Ldt=20.7 fo
H —-> WW* — evuv/uvev H —-> WW* — evuv/uvev
\s=8TeV [Ldt=20.7 fb" \s=8TeV [Ldt=20.7 b
—~ 1 = : : : E

_ >99.9% for all fyq
m 0 25 50 75 100

JP=0" JP=1" JP=1 JP-2¢

f2 (%)

wL All studied alternative hypothéses are strongly disfavored with respect to the 0" hypothesis
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Phys. Lett. B732 (2014) 8
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Loop mediated Higgs decay — — S A E
N ategor —_— o 0.22 3
— BR~10-4(125GeV) Tov) = T TR T S 02 ATLAS Simuaton E
— sensitive to new physics 8 g highpn 23 310 324 0.13 38 § 8;12{99—:2:(2;, 2o sy
i , : 8 low pr,low Ap 3.7 1600 1587 0.09 38 2,0 M-125Ge ! E
(additional singlets, compositeness, etc) ;| 1oy i highay 08 60 602 005 41 2 ClaiseTev | oo,
Signature: e*e/ytu-+y 8 ¢ high pr 19 260 270 0.12 39 o FWHM =38 GeV -
: | effici 270, (33%,) ° e low pr.low Ay 29 1300 1304 0.08 42 008 3
— signal efficiency eey (UMY):27% (33%) e low pr.highAy 0.6 430 421 0.03 45 0.06f E
Background 7 1 high pr, 04 40 40 006 39 0045 E
. 7 u low pr 0.6 340 335 0.03 39 0.02 . E
— Z—llyrsr an Z+y continuum (82%) 7 e high;Tt 03 25 21 0.06 3.9 PO s 20 25 130 T35 45
_ Z+jets (17%) 7 e low pr 05 240 234 003 40 My, [GEV]
_ ttbar, WZ (~1%) co_rrectlons. photon vertex, |
: u-collinear FSR and mz constraint
Event Categorles ?‘ 30 A I 1 1 I I I I I‘| 1 | I I I I I 1 1 I I I OIbl I Idl 1 I |
N - _ 1 Vs = — Observe ]
N AnYZ,th T - J Ldt=45fo,1s=7Tev. Expected :
>_) S/B:3]-1I3IO/OI T T ] T T 1 T I 1 T T T I T 1 T T ] T T T - £§ 25.:_ ,[Ldt - 20.3 fb-1 ’ ‘S - 8 Tev - i 10 _:‘
@ i 1 ©” + 26 ,
2 600[ ATLAS 4 & 20 -
c n N .
5 - e Data . % ATLAS -
7 900 -1 = 15 .
)\ "UUR— H—Zy (m =125 GeV, 6, x50) J g .
400~ 4 2 "
300~ - A N
_ - @) 5+
N . o -
200 4 & -
B s) B 1 1 1 1 I 1 1 1 1 I | | | I
: ILdt _ 45 fb-1, \S=7 TeV 5 O L1 T R 111 111
100F 1 - 120 125 130 135 140 145 15(
- [Ldt = 20.3 10", 15=8 TeV .
- . _ my [GeV]
O d==9" I 1 | 1 I'L | I d L I Jd L Lol J L | Jd L L | d L | For mH—125.5 Gev,

120 130 140 150 160

m, [GeV]

170

95% CLs upper limit: 11 (9) x SM
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Summary

Two years after the observation of the Higgs-like boson, it is by now a SM-like Higgs boson!
mn=125.36 £ 0.37 (stat) £ 0.18 GeV
Production rates in yy, ZZ and WW in agreement with SM expectations,
fiducial and differential cross sections appear, data compatible with the 0" hypothesis,
physics reach of LHC extended in the 'y front following fruitful dialogue with theory community

LI LI L I L L L L LI B B | LI LR

— . =TT~~~ T==T=F= =TT = _ ]
§ 41— lATl;lfl‘l_Sv L; . Lb _l ﬁ,omt:;;ed yy+ZZ E m(n 1 4__ +* gM . gTLlZAZS Pril;mlnary ] é 1 4 [Trrprrrprrrroo T T N
© - \s=7TeV |Ldt= ! NG LN 3 ~M - o BestFit A 1< - . -
5O anwlia e e 12 “eswcl . o ATLAS preiiminary width E
% 3 X Bestfit = L L 95%CL Ys=7 TeV ‘[Ldt =4.5 fb - 12' 212v+41+4] combined ]
€ F gy - ATLAS = 10F Vs=8 TeV |Ldt =203 fb™" i onetel 3
& 250 E 2D model ggF 1 {10l 1s=8TeV:JLot=203 10" ]
T o E H— 7y , SDaa £ 8 m,, = 125.36 GeV E i ]
5 s 3 \s=8TeV [Ldt=20.7 fo v CL, expected - - = = expected with syst. .
2 1 .5;— —; H—ZzZ* - 4l 7 asssuming JP=0* 6:_ L ) E 8? ----- expected no syst. "2
. - = Vs =7TeV [Ldi= 46 fb" Biio r F — observed ‘
S 1= . i— \s=8TeV [Ldt=20.7 fb" N 4 7 6 r ]
» 0 55_ : _: H — WW* — evuv/uvev - = i
“F mH ] \s=8TeV [Ldt=207fb" 2r L
N e N N S S T N B - 1F - 4 g M S -
0123 12;3512|4 124‘15 155 1255 126 1265127 1275 e i O - B
m,, [GeV] _V;n 107¢ _2- E ol ]
T AN i — 9., COUlengS | Coh et rH ______ ]
.loton baSe|Ine :TLASS 8Tev -;._ 10 _4| [lO 5[ 111 1 111 1[ 5] 1 1 lél 1 |é|5| 11 lél 1 |élsl 11 1-4 0 l' F-{",:':I“ I I I | l -
L =YV, S= i . . . . (I N I [ I N N SR L1 L1 |
Ny z1| | Lot-208m° = 10| g 0 2 4 6 8 10 12 14
N >2 P e - e ] 10-4:_ uggF+b5H+tfH X SM FH/FSM
- B GfidUCiaI ) b E — 30 LA B S BN B R B I N N B B B NN B S B B NN L L N N N B .
o> e 5| >~ -
Mo 23 | - B XH = VBF+ VH + ttH | 10°F . ™ I Ldt=4.5 fb-1’ \s=7TeV Observed ]
/BF-enhanced o : H;ﬁ;xfgfﬂ, 8 S pl n/C P j,:r P Expected -
- % STWZ + XH . 10 JP_o- 'JP_1+ JP_1 JP_o* = 25 J-Ldt=20.3fb ,\s=8TeV o+ 1o ]
Nigtons 2 1 ——F— &l JetVHeto + XH = = = =“m z T N
I % BLPTW + XH L + 20 _
T — Ea = 20 E
L Ll . N ]
10 2x10" 2 345 10 2080 1% j':l‘ ATLAS ]
Gy [f0] = —
o = 15 -
2o & e ]
Final Run 1 resulks atrea&v out for several H—VVY & 0 -
£ = 1
channels/measurements, remaining o\v\ad.jses S :
5
'L 2 - 7
ko fo llow suil! ‘g - rare decays ]
. . . 0 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 B
Looking ‘fc:ﬂrwo\rci ko x10 wore Higqs bosons in Run II 120 125 130 135 140 145 150

m,, [GeV]
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker

— Multi-purpose detector designed for the harsh LHC environment

— High data-taking efficiency and very good data-quality 120~
ATLAS Online_ \5=8TeV

et

) 110 ¢ Total Efficiency: 93.5% T —

ATLAS p-p run: April-December 2012 - , : .

Inner Tracker Calorimeters Muon Spectrometer Magnets L T T T R S B
Pixel SCT TRT LAr Tile MDT RPC CSC TGC Solenoid Toroid 9oL ]

99.9 994 99.8 gl 99.6 996 998 100. 996 998 S5

80

o ———

Recording Efficiency [percent]

| All good for physics: 95.8%
: . 70

Luminosity weighted relative detector uptime .‘;-". STy data eIivery during 2012 stable beams in pp collisions at
Vs=8 TeV between April 4" and December 6% (in %) — corresponding to 21.6 fb of recorded data.

60
26/03 31/05 06/08 1110 17112
Day in 2012
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The LHC Run | dataset

Peak Luminosity [ cm2s ]

Excellent LHC performance during Run | : 2 07x1032 3.65%x1033 7.73x1033cm-2s""

4.8 fb''at 7 TeV and 20.7 fb' at 8 TeV

10— V5 =7 TeV V5 =7 TeV Vs=8Tev ]
— ATLAS
— Online Luminosity

Pile-up exceeding detector design specifications
— Maintain performance through improved algorithms

..“
e

Peak Luminosity [10™ cm2 s7]
»

— Proper modeling of experimental conditions essential af— ” { .
23— t. ‘ @ 0
OW L L . 1 l%l |:|\| ! L "! ! !\ e 3:| d
13 ' ” \\ ) C \\ AL C \\ Ju C
Observat|0n dataset ? " Month ino2010 ? " Month% 201133 " Mont? in 2012

{

Final LHC Run 1 dataset

.rl 30 - | | I | | 3 | | I | | I | | I I ‘ | | | | | :. 180 __l T T1 I LI I L I L I | L I | | L T T |__
2 [ ATLAS \ n = - ATLAS Online Luminosity .
> 25 Preliminary 2012, \s = 8 TeV } 2 160F [ Vs=8TeV, [Ldt=208 ", <u>= 20.7 7
g . LHC Delivered 2elive;ec(ij:. 2;22‘1 E 140 :_ |:| \{g =7 TeV, JLdt =52 fb'1, <u> = 9.1 _:
€ 201 [ ]ATLAS Recorded Physics: 20.3 fb" 8 120 —
_31 - £ - ]
3 . :_ [ Good for Physics | g 100 —
= C ) — u Z
S [ 2011,\s=7TeV ' 3 80 E
D - - .
c 10— Delivered: 5.46 fo" o 60k —
o - Recorded: 5.08 fb 8 ~ .
é - Physics: 4.57 fb” X 40— —]
Sl - Z
N 20— ]
0_ 0:| A R T T T T N T Y 111:
et bt W o et pot W od 0 5 10 15 20 25 30 35 40 45
Month in Year Mean Number of Interactions per Crossing
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H—vyy: Updated my Analysis Categories

Table 1: Summary of the expected number of signal events in the 105-160 GeV mass range ng, the FWHM of mass resolution, o (half of the
smallest range containing 68% of the signal events), number of background events b in the smallest mass window containing 90% of the signal
(Tefion), and the ratio s/b and s/ Vb with s the expected number of signal events in the window containing 90% of signal events, for the H — yy
channel. b is derived from the fit of the data in the 105-160 GeV mass range. The value of mp is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive

sample as well as for each of the categories used in the analysis. (90% signal window)
Category nge ~FWHM [GeV] oo [GeV] bin+oereo s/b[%] s/ Vb
Vs=8 TeV
Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low pry 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pr 7.1 2.81 1.21 26.0 24.6 1.26
Unconv. rest low pry 96.2 3.49 1.53 2624 3.30 1.69
Unconv. rest high pr, 10.4 3.11 1.36 93.9 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pry 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pr 4.5 3.07 1.35 20.9 19.4 0.88
Conv. rest low py 107.2 4.23 1.88 3834 2.52 1.56
Conv. rest high py 11.9 3.71 1.64 144.2 7.44 0.89
Conv. transition 42.1 5.31 241 1977 1.92 0.85
\s=7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low pry 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high pr 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pry 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pry 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pry 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pry 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pry 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pr 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

Signal Model: Crystal-Ball + wide Gaussian
Background Model: exponential (high pTt), second order polynomial (others)

my resolution differences: estimate of effective constant term from Z—ee events and from lower pile-up in 7 TeV
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H—vyy: Updated mn Analysis Systematics

Table 2: Summary of the relative systematic uncertainties (in %) on the H — 7y mass measurement for the different categories described in the
text. The first seven rows give the impact of the photon energy scale systematic uncertainties, grouped into seven classes.

Unconverted Converted
Central Rest Trans. Central Rest Trans.
Class low pr¢  high pr¢  low p1¢  high pry low pr¢  high pr¢  low p1¢  high pry
Z— eT e calibration 0.02 0.03 0.04 0.04 0.11 0.02 0.02 0.05 0.05 0.11
LAr cell non-linearity 0.12 0.19 0.09 0.16 0.39 0.09 0.19 0.06 0.14 0.29
Layer calibration 0.13 0.16 0.11 0.13 0.13 0.07 0.10 0.05 0.07 0.07
ID material 0.06 0.06 0.08 0.08 0.10 0.05 0.05 0.06 0.06 0.06
Other material 0.07 0.08 0.14 0.15 0.35 0.04 0.04 0.07 0.08 0.20
Conversion reconstruction 0.02 0.02 0.03 0.03 0.05 0.03 0.02 0.05 0.04 0.06
Lateral shower shape 0.04 0.04 0.07 0.07 0.06 0.09 0.09 0.18 0.19 0.16
Background modeling 0.10 0.06 0.05 0.11 0.16 0.13 0.06 0.14 0.18 0.20
Vertex measurement 0.03
Total 0.23 0.28 0.24 0.30 0.59 0.21 0.25 0.27 0.33 0.47
Finally, uncertainties on the predicted overall signal yield are estimated as follows [17]. The uncertainty on

the predicted cross-section for Higgs boson production is about 10% for the dominant gluon fusion process. The

uncertainty on the predicted branching ratio to two photons is 5%. The uncertainty from the photon identification

efficiency is derived from studies using several control samples: a sample of radiative Z decays, a sample of Z— e e

events, where the shower shapes of electrons are corrected to resemble the shower shapes of photons, and a sample

of high Et isolated prompt photons. The estimated photon identification uncertainty amounts to 1.0% for the 8 TeV

dataset, after correcting for small residual differences between simulation and data, and 8.4% for the 7 TeV dataset.

The uncertainty is larger for the 7 TeV dataset because of the stronger correlation of the neural network photon

identification with the photon isolation, and because the neural network identification relies more strongly on the

correlations between the individual shower shape variables, complicating the measurement and introducing larger

uncertainties on the estimate of its performance in data. The uncertainty on the integrated luminosity is 2.8% for the

8 TeV dataset and 1.8% for the 7 TeV dataset [31]. The uncertainties on the isolation cut efficiency and on the trigger

efficiency are less than 1% for both the 7 TeV and 8 TeV datasets. These uncertainties on the overall signal yield also

have a negligible effect on the mass measurement.
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H—vyy: Fiducial Regions yields

Fiducial region | Nyata Nﬁ/}% v i
Baseline 94627 | 403 £45 | 570 = 130
Niggs > 1 34293 | 178755 | 308 £ 79
Nigts > 2 10699 | 63 + 11 141 4 43
Niets > 3 2840 | 1744 | 64422
VBF-enhanced 334 13 &+ 2 24 +£9
Meptons > 1 168 | 3.5+04| —345
EMSS > 80 GeV | 154 | 26+04 | —2+4

Table 1. The total number of events selected in data in each fiducial region, Ngata, the expected
signal yield obtained from the simulation samples discussed in section 4, Nf/i[gc, and the fitted yield
obtained from data, v} '8 The uncertainty on the fitted yield is the total uncertainty on the signal
extraction, including the statistical and systematic uncertainties. The uncertainty on the expected
yields include both the theoretical and experimental systematic uncertainties.
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H—yvyy: Fiducial cross sections
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H—yvyy: Fiducial cross sections

Fiducial region Measured cross section (fb)
Baseline 43.2 + 9.4 (stat.) 752 (syst.) & 1.2 (lumi)
Nigts > 1 21.5 4 5.3 (stat.) 723 (syst.) £ 0.6 (lumi)
Niets > 2 9.2 + 2.8 (stat.) " 15 (syst.) £ 0.3 (lumi)
Niets > 3 4.0 £ 1.3 (stat.) £ 0.7 (syst.) =+ 0.1 (lumi)
VBF-enhanced | 1.68 4+ 0.58 (stat.) ™35 (syst.) + 0.05 (lumi)
Nleptons > 1 < 0.80

Emiss > 80 GeV <0.74

Table 3. Measured cross sections in the baseline, Njets > 1, Njets = 2, Njets > 3 and VBF-enhanced
fiducial regions, and cross-section limits at 95% confidence level in the single-lepton and high- Fiss
fiducial regions. The seven phase space regions are defined in section 3.

Fiducial region | Theoretical prediction (fb) Source
Baseline 30.5+ 3.3 LHC-XS [56] + X H
34.1739 STWZ [98] + XH
27.2758 HRres [102] + XH
Niets > 1 13.8+ 1.7 BLPTW [105] + X H
11.7 39 JetVHeto [106]+ X H
9.3115 MiNvo HJ+ X H
Niets > 2 5.65 + 0.87 BLPTW + X H
3.99 028 MiNLo HJJ+ XH
Niets > 3 0.944+0.15 MinLo HJJ+ X H
VBF-enhanced 0.87 4 0.08 MiNLo HIJ+ XH
Meptons > 1 0.27 + 0.02 XH
Emiss > 80 GeV 0.14 £ 0.01 XH

Table 4. Theoretical predictions for the cross sections in the baseline, Njets > 1, Njets > 2,
Niets > 3, VBF-enhanced, single-lepton and high- X5 fiducial regions. The uncertainties on the
cross-section predictions are discussed in detail in Section 8 and include the effect of scale and
PDF variation as well as the uncertainties on the H — ~v branching ratio and non-perturbative
modelling factors. The seven phase space regions are defined in section 3. The ‘X H’ refers to the
theoretical predictions for VBF, VH and ttH derived using the POWHEG-PYTHIA, and PYTHIAS
event generators discussed in section 4.
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H—vyy: Differential cross sections bins
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H—vyy: Differential cross sections systematics
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The binning of the differential variables is determined using two criteria. First, the
purity of all bins is required to be larger than 60%, where the purity of a given bin is defined
using simulation as the fraction of events at detector level that occupy the same bin at
particle level. Second, the value of s/ Vb in each bin is required to be larger than 1.5, where
s is the expected number of signal events in a diphoton mass window of +4 GeV about the
Higgs boson mass and b is the corresponding number of background events estimated from
the data by linearly extrapolating the number of events observed outside of that window.
In the rare case of the fit to data producing a negative yield in a differential distribution,
the affected bin is merged with a neighbouring bin in order to ensure a positive yield (only
one such case occurs).
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H—yy/H—-ZZ*)—4l: Fiducial region definition

In all cases, there is an effort to keep the fiducial near the analysis signal region. In the H—yy case, isolation is
included in the fiducial region definition, in the H—-ZZ(*)—4I case, it is not included.

the combined my is assumed. in H—yy [higher statistics] the effect of fixed or floating mny was found to have
negligible effect.

The measured fiducial cross section distributions are compared to three ggF theoretical calculations,
PowneG without the adjustments to the pt g spectrum described above, PowHeG interfaced to MiNLO
(Multi-scale improved NLO) [53] and HREs2 (v.2.2) [18,19]. PowneG with MinLo provides predictions
for jet-related variables at NLO for Higgs boson production in association with one jet. The HREs2 pro-
gram computes fixed-order cross sections for ggF SM Higgs boson production up to NNLO. All-order
resummation of soft-gluon effects at small transverse momenta is consistently included up to NNLL,
using dynamic factorization and resummation scales. The program implements top- and bottom-quark
mass dependence up to NLL+NLO. At NNLL+NNLO level only the top-quark contribution is consid-
ered. HREs2 does not perform showering, therefore no QED final state radiation effects are included.
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H—ZZ(*)—4l|: Backgrounds
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H—ZZ®—4l: SR plots
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H—ZZ™)—4l: Yields

| signal | Zzzt) | OtherBKG |Observed) S/B
20 | 3.155032 | 1362008 | 07126012 | 6|15

2020 4042040 | 1.0050.10 | Os0s0.11 | 8 |15
a0 2772020 | 122008 | 07601 | 8 |14

120-130 GeV

120-130 GeV

e e o T e
Backgrounds
63108 | 2.8£0.1 0.55+0.15

30404 | 1.40.1 1.56+0.33
4.0405 | 2.1+0.1 0.55+0.17
26+04 | 1.2+0.1 1.11+0.28 —
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H—ZZ™)—A4l: ll+pu backgrounds
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H—ZZ*)—4l: ll+ee backgrounds
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H—ZZ*)—4l: Inclusive signal strength
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H—-ZZ*)—4l: BDT Discriminants

BDT discriminant introduced to suppress ZZ* contribution NEW!
e Inputs: Matrix Element-based Kinematic Discriminant, prai, na

BDT discriminant introduced to discriminate between VBF signal and other (mainly ggF) contributions
e Inputs: m;;, An;j, Leading and Sub-leading jet pT, leading jet n

BDT discriminant introduced to discriminate between VH hadronic signal and other (mainly ggF) signals
e Inputs: mj;, Anjj, Leading and Sub-leading jet pT, leading jet n
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H—ZZ*)—4l: Event Categorization
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H—ZZ*)—4l: Coupling Results (ll)
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e statistical uncertainty compatible with expected for given signal level (p-value 16%)

e larger than in the past: a) lower signal, and b) larger resolution (in the past the observed resolution was

better than expected for ideal detector)
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H—-ZZ*)—4l : mn

é _I [ I L I | I L I | I | I | I4Iel I B | [ I < 141 I —— | — I — I —— I — *l [ I —— T
~ 14 ATLAS “w Inew'll = [ ATLAS Preliminary HozZ0 54
' - H—-> ZZ" — 4] o5 i Ql B 1 t
: I . o i N 120 \s=7TeV: [Ldt=461b oLp|
— \s=7TeV: |Ldt=451b uece — u 1 ] e
12p PSS : ", 15 =8TeV: JLdt=20.7 it i \ ya
| \s=8TeV: ILdt =203fb" Dashed without systematics | 1 O N — 4 m - 1238 Os(stat) (sys) GeV ]
1 O - N B ! — 4e mH =126.27, (stat) oa (sys) GeV :
: i 8 — 2e2u M =125.0 09(stat) > (sys) GeV —
8 N i ‘ 2u2e m =1226" 41 (stat) (sys) GeV',"' |
6 6__ ,
Al 26 4 ..................... :';:'.' ............ , ......
2__ 2
N\, 1o
O—'—‘—-'l"' L OT!'IIII':XI ah | "‘ ! A ]
121 123 125 127 129 122 123 124 125 126 127 128
m,, [GeV] m,, [GeV]

| Higgs boson mass measurement using H—ZZ—-4l:
| o OLD : 124.3%9:6 5(stat)*%-5.9 3(syst) GeV

\

o NEW : 124.51 * 0.52(stat)  0.06(syst) GeV

eincreases up to 8%

 H—4l| consistency leads to -0.8c adjustment of e/y energy scale
e shift -350 MeV for H—yy mass

e CMS : mn=125.7 £ 0.3 (stat) * 0.3 (syst) GeV

K. Nikolopoulos ATLAS Higgs boson properties using decays in bosons  Aug 1st, 2014 @"‘ EH{&?&%‘EX@ 48



H—-ZZ®*)—4l/[H—yy: mu and 't measurement

19.7fb" (8 TeV) + 5.1 f6' (7 TeV)

<7_IIIIII|IIII|IIII|IIIIIIIIIlII]ll|l|llll|llll|_ _|10—""['""""[""|' .................. .
= [ ATLAS —— Combined yy+4i : - CMS — Combined
Y A 1s=7TeV [Ldt=4.5fb" —— H- . £ 9of -~ —— H — vy tagged
6 ® 141 - Preliminary
[ 1s=8TeV [Ldt=20.31b H 77 4y . < af M- ZZtagged |
o without systematics C}' : H— vy (‘" Et;: ZZ :
- ; ; : v MoK (99
- : ' m (VBFVH) -
41— —20 6i v _;
3f = °F E
: z 4 :
oF E 3k E
1= —Jto o s
O:l l 111 l l‘ “ l 11 I L1 11 l L 111 I: 1: ;
123 123' 5 125 5 126 126 5 127 127 5 P B I I S N | lll | l 1 1 1 | | l | N T I | l:
m,, [GeV] 23 124 125 1r$16 (Ge\})27
Channel Mass measurement [GeV] H
H —yy 125.98 = 0.42 (stat) + 0.28 (syst) = 125.98 £0.50 | | H_,yv: 124.70 + 0.31(stat) £ 0.15(syst) GeV
H—ZZ"—4¢ | 124.51 + 0.52 (stat) £ 0.06 (syst) = 124.51 + 0.52 ,’ H—ZZ—4l: 125.6 * 0.4(stat) * 0.2(syst) GeV
Combined 125.36 + 0.37 (stat) +£ 0.18 (syst) = 125.36 + 0.41 Combined: 125.03+0-26_, 27(stat)+° A3 4 15(syst) GeV
. individual measurement compatlblllty 1 60

‘ individual measurement compatibility: 1.97c |
| e fixing rates to SM expectation —1.60 |
’ e v systematics as box —1.80

New e/y calibration, improved analyses and reduce systematics
[ previous result: 125.5 + 0.2 (stat)*-5.06 (syst) GeV]
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Indirect 'hH measurement: Systematics

Observed Median expected
RELJ 05 1.0 20| 05 1.0 20

cut-based | 10.8 12.2 149 | 13.6 15.6 19.9
ME-based discriminant analysis | 6.1 7.2 99 | 8.7 10.2 14.0

Table 3: The observed and expected 95% CL upper limits on uog_gher in the cut-based and the ME-based
discriminant analyses in the 4¢ channel, within the range of 0.5 < R%, < 2. The bold numbers correspond
to the limit assuming RZ, = 1. The upper limits are evaluated using the CL, method, with the alternative
hypothesis RZ* = 1 and pofrshen = 1.

Source of systematic uncertainties 95% CL on Uof-shell
QCD scale for gg — ZZ 9.5
QCD scale for the g9 — (H* —)ZZ interference 9.2
QCD scale for qqg — ZZ 8.8
PDF for pp — ZZ 8.7
EW for gqg — ZZ 8.7
Luminosity 8.8
electron efficiency 8.7
u efficiency 8.7
All systematic 10.2
No systematic 8.7

Table 4: The expected 95% CL upper limit on uyg.shenn 1n the ME-based discriminant analysis in the 4£
channel, with a ranked listing of each systematic uncertainty individually, comparing with no system-
atic uncertainty or all systematic uncertainties. The upper limits are evaluated using the C Ly method,
assuming RZ,=1.
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Indirect 'hH measurement: Systematics

Observed Median expected
RE.J 05 1.0 20/05 10 20

2{2y cut-based | 10.4 11.3 12.8 | 8.6 9.9 12.9

Table 5: The observed and expected 95% CL upper limit on pog-ghen 1n the 2£2v channel, within the range
of 0.5 < Rg* < 2. The bold numbers correspond to the limit assuming RZ, = 1. The upper limits are
evaluated using the CL, method, with the alternative hypothesis RZ, = 1 and uog.shen = 1.

Source of systematic uncertainties 95% CL on pof—ghell
QCD scale for gg — ZZ 7.9
QCD scale for the gg — (H* —)ZZ interference 7.7
QCD scale for gg — ZZ 7.6
PDF for pp —» ZZ 7.2
EW for gqg — ZZ 7.1
Parton showering 7.1
Z BG systematic 7.4
Luminosity 7.3
Electron energy scale 7.1
Electron ID efficiency 7.1
Muon reconstruction efficiency 7.1
Jet energy scale 7.1
Sum of remaining systematic uncertainties 7.1
All systematic 9.9
No systematic 7.1

Table 6: The expected 95% CL upper limit on pog.shenn in the 2£2v channel, with a ranked listing of
each systematic uncertainty individually, and comparing to including no systematic uncertainty or all
systematic uncertainties. The upper limits are evaluated using the CL, method, assuming R%,=1.
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Indirect 'hH measurement: Systematics

Events normalised to unit area / 8 GeV
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" ATLAS Simulation Preliminary

== PoOWHeg+Pythia gg—H—->2ZZ m =380 GeV
¢ gg2VV+Pythia (power shower including ME)
— gg2VV+Pythia (power shower without ME)
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Indirect 'H measurement: Results

Source of systematic uncertainties 95% CL on uof—shell
QCD scale for gg — ZZ 6.7
QCD scale for the gg — (H* —)ZZ interference 6.7
QCD scale for gg — ZZ 6.4
Z BG systematic 6.2
Luminosity 6.2
PDF for pp — ZZ 6.1
Sum of remaining systematic uncertainties 6.2
No systematic 6.0
All systematic 7.9

Table 8: The expected 95% CL upper limit on pegshen in the combination of the 4¢ and 2£2v channels,
with a ranked listing of each systematic uncertainty individually, compared with no systematic uncer-
tainty or all systematic uncertainties. The upper limits are evaluated using the CL; method assuming
Rg*=1. Only the sources of systematic uncertainty that increase the limit by one significant digit are
shown.

Observed Median expected | Alternative hypothesis
RE.10O5 10 2005 10 20

Hofishel | 56 6.7 9066 7.9 10.7 | RE. =1, ofishenn = |
Ty/TSM 141 48 60(50 58 72| RE =1,Ty/IT5M = 1, tion-shen = 1.51
/T3 |48 57 77|70 85 120 | Ry = L Ty/T3M =1, pron-shen = 1

Table 7: The observed and expected 95% CL upper limit on pog.ghen and I'gy/ I“?{M within the range of
0.5 < RZ. < 2, combining the ZZ — 4¢ and ZZ — 22y channels. The bold numbers correspond to the
limit assuming R, = 1. The upper limits are evaluated using the CL, method, including all systematic
uncertainties, with the alternative hypothesis as indicated in the last column. The two measurements
of I'y/ FISLIM differ only in the choice of the alternative hypothesis. In particular, pon_gher 1S treated as an
auxiliary measurement in both cases in the fit and hence takes a value close to the observed value of

Mon-shell ~ L.5.
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H—ZZ 4l SplnlCP
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H—-WW-—lvlv: Spin

BDT,e 4

- Restricted to “different flavour” (eu) events and no jets S
- Rate analysis already exploits spin-0 nature of SM Higgs boson J

- Relax spin-sensitive requirements, while keeping background under control
- m, A@i pTi, mT sensitive to spin

__ p— —

| Two BDT classifiers are used:

|

. - BDTo+: SM Higgs signal against the sum of all backgrounds
| - BDTyp: JP signal against the sum of all backgrounds
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Indirect 'H measurement: Results
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Assumlng background K-factors same as for signal:
e [n/T'sm < 4.8 (5.8) at 95% CLs with alternative hypothesis RBu-=1, i/'sm=1 and [on-shei=1.51
o Mi/T'sm < 5. 7 (8.5) at 95% CLs with alternative hypotheS|S RBw-=1, FH/FSM 1 and pon- sheu—1 OO
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