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Outline Hong @

. * Analysis

Signatures of production & decay

Event selection & backgrounds

B Results

Yields & systematics

Coupling strengths

Bl Extra material

| will not cover some related topics (p30-32): spin (see
T. Doyle, S. Luyckx); high My (see J. Wang); WH, ZH.

More slides (p19-39), tables (p40-50), plots (p51-104)
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Physics context Hong
HWW results part of [1] in July 2013. Hnat at 20 - 30%. (p56-62)
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Higgs decay & production Hong @

H—->WW*—(vlv is clean with large rate, but no mass sensitivity. (p35)

o\o
H->WW* —2eu vevy IS most sensitive;

S o

focus of this talk.

My = 125 [8]
) —ee VeVe + Large DY, so 10-15%
— UL VuVy } gain in Hdhat wrt ep.

o(fb)[8] #ofH #->WW* # —Llvlv After cuts
Mn=125 20.7fb1 BR = 0.21 BR =0.04 This analysis

g [LLLLL

t>-H1 19,5600 | 400,000 | 92,000 3,700 137

g 0200000

Wz
WZ% . n| 1,580 | 33,000 | 6,900 | 280 11
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Physics with Nyet Hong @

Nyet distribution can separate the production mechanism. (p67-68)

_ VBF production Define jet from clusters:

* Pt > 25 in tracking vol.

g _l_‘! ;’J qW_,ZfH__,JJJ Jet-vertex a.ssocnatlon to
00000

suppress pile-up (p103-104)
g fave > 0.5 for Pt <50 GeV

' W,Z
q * Pt > 30 if forward
——— — Psi=Es

! ] Breakdown after all cuts:

- Data2012  Events/ ATLAS
£4 Total sig.+bkg Tunit . \s=8TeV [Ldt=20.7 fo' M # exp. after cuts

. SM Higgs boson 2—12k H—-WW*—evuv

#nggs 97
=125 GeV .
i VSR eu all jets total bkg. = 739 |

8k
Noer =0  WW~75%BF [f] 831

tt

WW 4k E
) €L post-Mr
- Z{Y O Ez' : L a— 4
+ets Nyet after METRe > 25 GeV eH pre-Mr

total w/ ggF = 9.0
IS other v Fig. 27a [1] #VBF = 5.1 A

R———




H—->WW*—- (vlv sighature Hong @

Conserving helicity (spin O + weak decay) gives collinear ¢£. (p70-75)
ve GG e, Low My, (bottom left plot)

Diagram in W+
rest frame of H « Small Adc (bottom right plot)
decay vertex W- . MET (p10)
_ o~ ~ S e L arge
VU< o H J P
-@- Data 2012 Events / Events /
44 Total sig.+bkg. 10 GeV _ A ATLAS ] ATLAS  0.45rad
SM Hiaas b - § Vs =8 TeV det=20.7 5 Vs=8TeV [Ldt=207 |
B SN Higge boson sant oy s | v + 22 8
H™ h by . T
WW VBE | el +2 | e
Wajets ttbar l 1
“WW
] Other vV 0 - 0
Single Top 2 1 .5 3
- Z/Y* 9 1.2
g | ﬁ Aqm after Mf,z<60 Fig. 36¢ [1]
CU 1 -4_ + ........................
] SM sig.+bkg. O s i . . ..... I.. " Higgs peaks to the left.

50 100 150 200 250

Backgrounds sculpted by cuts.
M (GeV) before Mr fit, Fig. 4 [1] A




VBF signature Hong @

WW or ZZ collision has two recoiling well-separated jets. (p89-94)

Diagram tagi g ; * W or Z exchange, so low QCD
in lab W.Z j . :
frame W,Z}"x‘,";r' << E activity between tag jets

D>, \ T —V  Large AYyy & My (bottom plots)

+ . .
tag jet ©"  « No b-jets at 85% eff. operating pt.
—- Data2012  Eyents/ _ \[{‘TLAS . g Events/
%4 Total sig-+bkg. 0.5 units el + 2 jets [t el + 2 | IEEReRY
; H>WW*—evpy + = 2 | .
tf - |
x ——+ 1501 .
E “h 800/ vee |
ww 100f
Single Top 400 (x80)
[ Other vV DY 50%
[ ] W+ets R el T S P
Bl ooFm =125 O i 2 3 4 5% 02 04 06 08 1
[ veF j > j >

m,, = 125 GeV (x50) MY, after Priot < 45 GeV My (TeV) after AYy > 2.8

Fig. 35a [1] Fig. 33c [1]




Run 214680, Event 271333760 0 5Ry

ey + two forward jets Nov. 17, 2012, 07:42:05 CET [1] H1ONg !‘,

VBF-like in JJ & Higgs-like in decay (more dlsplays in p21 23)

AYy =6.6
Electron & Muon

My =15TeV - \
Pr=51GeV § Pr=15 GeV

Mep — 21 GeV 7<

M+t =95 GeV

Y
~ ¥ 'y
s A ecion P as GeV e *.
T, il et : ’
e =y PEI

” "\ PT = 68 GeV

CATLAS
2 EXPERIMENT
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Backgrounds overview

Use data control regions to normalize backgrounds. (p44-47)

Hong

Ouia (PPl 10 102 103 104 105 gl ELCEECNIEL Estimate

<« p12 (24-25)

<« p10 (26-28,
63-66)

<« p13 (29, 76
-80, 89, 90)

<« pl11 (46, 47,
81-82)

<« p13 (29, 76
-80, 89, 90)

I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
W ;‘ff W — Qv Jet fakes ( Data
_____________________________________________________________________________________ g — —
.| Z-w _ Real MET bae
o g
ttbar = |§
............................... ;HH S t = blv Lose b Data
t % +%.2
WW " ATLAS Preliminary Irreducible Large Data
5 H  LHCppVs=7TeV
WZ - + : Theory WZ — (vil Lose ( MC
"""""""""""" (" o Data(L=0.035-4.61
Wi 5 W — (v Lose b Data
__________ b, LHC pp Vs =8 TeV
; 1 mm Theory )
77 + § e Data(L=58-20 ") Irreducible Small MC

VBF H->WW*

Caveat emptor: The plot is for total cross sections, not
for the dilepton final state in the HWW phase space. A



MET selection Hong
Reduce DY. For ee & U, use soft hadronic recoil (p26-28, 63-66).

Adjust MET relative to ( or jet

§ In this cartoon,

. . METRel immune
METRe = MET « sinA¢ if Ap <180° i

= MET else

§ to energy loss /

Ad VE 'z‘ mismeas’t of

for nearest ¢, jet in transv. plane § «— yeT.,

Lo~

§ nearest € or jet.

. Events /' ZTt2ek ATLAS Preliminary ~ CWeM'S/ ATLAS Preliminary
ata 5 GeV . 5 GeV Vs=8TeV, [ Ldt=20.7 fb"
L4 SM (sys @ stat) 10k s s =8 TeV, [ Ldt = 20.7 fb 10K ; s=8TeV, = 20.
H—-WW" —evev/uvuy + 0/1 |

m ww H-WW" —evuviuvev + 0/1 |
- W . .
E e [ en 0+1 jet ee, MW O+1]

mm wzizzwy 100
[] Single Top 10
[ ] W+jets

B H[125 GeV] 1 _ 1 | gy dhf=M]
0 50 100 150 200 0 50 100 150 200
METRe (GeV) after Nyet < 1 METRrel (GeV) after METRel
Fig. 1a [2] Fig. 1b [2]




WW in Nyt < 1 Hong @

Use a data C.R. to normalize & MC to extrapolate to S R. (p45 47)

- Data 2012 % E Can see Mt in the C.R.
44 Total sig.+bkg. @ = 7% syst. on extrapolation i
m, = 125 GeV \s=8TeV [Ldt=207 &
WW H—=WW*—evuv + 0 jets "
i 2 ‘ .
i 00 %100
W+jets $
Slngle Top g § ........................................................................................................................................... 1 OO 200 300
- Zi* m1.2 ; Mt (GeV) in 50 < My < 100
—~ 1
© - w/o Ady cut
gl + Fi 3q1m 1
|:| SM sig.+bkg. R R Ig. a [ ]

50 100 150 200 250
M (GeV) before Mr fit, Fig. 4 [1]

* Define C.R. as 50 < My < 100 Norm = 1.16 + 0.04 (stat.) Oj
_ ; 1.03 £ 0.06 (stat.) 1]

* Define S.R. as My <50 GeV

* Normalize S.R. from C.R. & fit Mt = \/(ET,eHMET)Q— | Prgo + MET]|”




W+jet in Nyet =0, 1, 2, ... Hong @
Use a data C.R. to normalize & di-jet data to extrapolate to S.R.

Nop, = (Npass+pasle) e Extrapolation assumes
o OK to use di-jet for W+i.

Pass + Extrapolate
Pass / Fail w/ di-jet data * Syst. at 40% on the est.
P

Npass ID by comparing MC (see
NW—I—j = Npass—l—fail ID ) Ne..: N
S.R. \ “HalllD /dijet back-up p24-25).
Events / ATLAS
—¢- Data 2012 10 qu \s=8TeV [Ldt=20.7fb"

%4 Total sig.+bkg. 60
B SM Higgs boson
m, =125 GeV 40

H—WW*—evuy + 0 jets e Check shape & norm.
of the estimate with

[ ] W+iets MC i :
In the same-sign
] wy 20 g
Wz validation region (left).
W =l iy
= Z,:* 50 100 150 200 250

Mr (GeV) after Pr.. > 30, Fig. 28 [1] A




TOp iINNuet =0, 1, 2, ... Hong

Use a data C.R. to normalize & MC to extrapolate to S.R.

Noie
Ny = (NAlljets) : [(N OJ_t ) 'fb-tag]
data All jets / MC

eM Npata— b-tag
Nnon-top after |  MC extrapol. correction
METRe>25 data v. MC

= 32k events =2 - 4% (x5%) =1.02 £0.02

* O-jet estimate uses
Norm 0j =1.07 £0.03 +0.12

stat  syst

e 1-jet & VBF use Np-tag= 1
Norm 1] =1.04 £0.02
Norm VBF=0.59 £ 0.07 + 0.09

stat syst

(see back-up p29)

- = 10 0
0 2 4 6 100 200 300 100 200 300

Nyet after METrel > 25 GeV Mt (GeV) after all cuts & Myt (GeV) after Myy, AYyy, CJV, OLV
Fig. 27a [1] w/o A & Mir, Fig. 30a [1] Fig. 30b [1] A

Events / Events / 20 GeV
) , > )
unit @ 13 for VBF /420
12k ATLAS W), 3007 Wi 115
S \s=8TeV [Ldt=20.7 b ) 2 -
9 1T O |
8kE H—-WW*—evuv % v 200 - Lﬁ 110
sl @ ftbar R, :
4k & + 1100 15
t H t Ao
—_— ]
0 —




Fit Mt after all cuts (p36, 42 cuts; 48-50 cutflow) Hong @

Data — Bkg. shows normalization & shape consistent with My=125.

- Data 201142012 Events / ATLAS . > ATLAS L
22 Total sig.+bkg. 10 GeV Vs=7TeV [Ldt=4.6fb © Vs=7TeV [Ldt=4.6f" ]
\s=8TeV [Ldt=207f" W N Vs=8TeV [Ldt=20.7 o™

VBF m, = 125 GeV
- ggF m, = 125 GeV\

H—-WW*—Ivlv + 0/1 jets ——¢— H-WW'sevuv+=2] 16

N .. for VBF BB

N
o
o

I I R Events /

K ™ ey, ee, UM _
] ww =3 _ ) i
m z 200E- for 0+1 jet fagAYEls .
- ’ — — -2
D Other VV :— m_ ttbar 4 ]
B St Top e SRS ~ 50 = 100 WV\1lso 200 ©
[ ] W+jets 260
“IJ 20 Mt (GeV) after all cuts, Fig. 5b [1]
-@- Bkg. subtracted ®© g ; i
data © 0 - IT' ] 1
)
D SM Higgs boson B
T 'm_=125GeV 60 100\ 140 180 220 ep-only plotted above
Fig. 9 [1] Mt (GeV) after all cuts
\ 7/
Niee=0" Niee =1 Niet 22 After Mt cut in
Observed 831 309 55 range shown in plot.
Signal 100 =21 41+14 109+14 Sum of ep+ee+pp.

Total background 739+39 261 +28 36 +4 Table 9 [1]




Signal strength
Fit Mt on the prev. pg. to extract pnat. (p56-62)

Mhat stat expt syst  theo syst

Total 0.99 + (.21 +0.17 +(0.12
Nyet < 1 0.82 + (0.22 + 0.25
Nyet = 2 1.4 + 0.5 + 0.4

Caveat emptor: The table is using 7 & 8 TeV data at Mn
= 125.5 GeV combining all the production modes.

Signal significance for HWW is 3.80 (3.80)

observed expected

- H—e—i|

0 1 2
Signal strength (u)




Sources of uncertainties Hong @
Largest sources for pnat (ggF & VBF combined). (p43)

% of uhat  Source Category Key words

Statistics V Nexp
% Systematic sources Al

Same +12_9  Signal yield (o * BR) Theory QCD scale, PDF

size 12 WW normalization Theory Modeling <€— Discussed
9 Objects & DY estimation Experimental JES, JER, b-tag
8 Signal acceptance Theory Jet binning
7 MC statistics Experimental -
5 W-+jet fake factor Experimental Di-jet v. W+jet <= Discussed
5 Backgrounds, excluding WW Theory -
4 Integrated luminosity Luminosity -

y.



Signal strength VBF v. ggF Hong
Scan 2-d contour & VBF/ggF ratio = 2.0 + 72 (p99-102)

_____ ATLAS
MVBF+VH | X ‘/g =7 TeV fl_dt =4.6-4.8 fb-1
*B/Bsu .. Vs=8TeV [Ldt=20.7fb"
—_—H = YY
— H— 22" — 4l

— H—- WW* — vlv

—‘_-

+ Standard Model <
X Best fit 0 IRRRREEN |
— 68% CL ‘
-- 95% CL

m,=1255GevV | T TTmmeeeeallllL ’

0 1 2 3
HggF+ttH * B/Bsm

Fig. 7 [1]

R

Signal significance for VBF HWW is 2.50 (1.60)

observed expected ﬂ




Conclusions Hong @

| » Results
See pi14 See p17
> ATLAS = 0 ATLAS

960_—2 (s=7Tev [Ldt= 46fb11 &8 Vs=7TeV det=4.6-4.8_1fb'1
m - Vs=8TeV [Ldt=20.7fbo M g ~ Vs=8TeV [Ldt=20.7fb
| __9 :__ B
_9 40:— GCJ 2 4:
A fu S 2f

O§ 3 [

: Or

60 100 140 180 after cuts

- Outlook (p3s)

Expect improved pnat (ggF driven) with more data &
reduced syst. with better understanding (e.g., W+jet)

Expect better uyvsr since stat. limited & small theory err.

Expect more production modes: WH, ZH at 1-20 A



Hong

Extra slides
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P38 - Outlook
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el + 0 jetin 2010
Higgs like in decay
Adie =0.93
MET =69 GeV
uPt =68 GeV
ePr =21GeV

Ll Electron B

Run 167576, Event 120642801
Oct. 24, 2010, 13:06:00 EDT [5]




A EXPERIMENT

uuuuuuuuu : 189483, Event Number: 90659667
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ep + 0 jet in 2012 passing all cuts [11] Hong

Mt =94 GeV
Ade = 0.29

Run Number: 204026, Event Number: 33133446
Date: 2012-05-28 07:23:47 CEST

Electron

MET

L NS

o L
e

Sy




R4

W+jets event (not related to HWW)  Hong V“

Mt =61 GeV

Here isa W—puv + 3 jets (one jet contains a ) [9]

% ATLAS

EXPERIMENT

Run: 155112 Event: 98844660
Date: 2010-05-16 05:47:06 CEST




W+jet discussion Hong @

W+jet about 103 higher production than SM-WW. Rare, but deadly.

¢ Data ATLAS

“2 SM (sys Js=7TeV, f Ldt=4.7 fb"
B ww ©stal) HwwO—hiv +0 jets

e Cuts sculpt the phase

[+ 60— 3

B Z+ets = space such that HWW
B Wz/Zzz/wy 40— < _ _

[ Single Top - £ & W+jet magnitudes &
[ ] W+jets 20— o ] ]

03 - 1125 Gev) - shapes are identical.

O 1 L L1
o0 100 150 200 250
Mt (GeV) after all cuts, Fig. 2a [10]

* Check W+jets & di-jet in MC difference
In extrapolation is within 40% — syst.
* Nrilip means e fails medium++, but

passes loose iso & IP cut; u passes
Jet [9] Electron [9]  stacoCombined, loose iso & IP cut. A



DY rejectioninee & ppin Nuet =1  Hong @

Look at soft hadronic recoil opposite ££ (add jet to system for Njet=1)

 Compare events with MET like
WW — fvev v. without MET
(Z—1L). See cartoon on right.

* |fit passes our MET selection,

then it is due to soft hadronic
recoil that did not form a jet.

e Use jets P>10 in £45° opposite

£L to define B
Z five - Prj

J

fRecoil:

ﬁT,M’
e Cut on frecoil & estimate Npy
(see next slide)

WW — (viv
or any non-DY

Z — L with soft
hadronic recoil

g s‘s N
X 4
Y Y
g e ATLAS
Q g4l \'s = 8 TeV simulation
= 0ok H—WW*—evev/uvuv
= =2 .
ziy* 0.1 2 =t ee, MU OJ
- diboson, | gle e
top, W+j + = T .- O
L -
-~ SM Higgs | = o =
boson HH\HH\H"mH‘\_‘4‘_7"_\”H\HH\HH\H_‘E‘}\H
My=125 O 0.2 04 0.6 0.8

frecoil after My < 50 GeV, Fig. 26d [1]

A




DY algebra

For Nyet = 1, Npy is fully data-driven using C.R.s.

 C.R.s are used to determine the
non-DY & DY efficiencies in data.

EDY = In Z—{L peak with
nonDY subtraction

€nonby = In SR ey w/ My <50 GeV
* Reject DY by a cut on frecoil
(vertical line; see top right).
» Use algebra to find Npy (see right).

 Largest syst. from epy (~30%) from
low-MET data & low-M¢, DY MC.

* Npy uncertainty ~60% for 0-jet
~80% for 1-jet

Hong @

SR , Reject  Cartoon of the
fRecoil distribution

Ndata,— ( Ndata, ® EnonDY)
after cut no cut

e EDY

EDY — E&nonDY |




DY estimation in VBF

Use Mue v. MET plane in data to extrapolate into S.R.

Low Mee  Z peak
«— <«—>

e 1600

HE : : . Lo :ATLA'S P'reliminary ._

SRt

o vl ~1200
i -'j?l' 800

r ‘-H-“ ﬂt.l i I. - I, —
s (R 400

I:II-I :II.?I II' Ilifr I ' :I
! L | O

Fig. 10 [10]

Hong @

Normalization found by using

Z peak (w/o VBF cuts)

* Npy = Na =Ng* Nc/ Np

e Shown for 1j to illustrate the
method; not used for 1j but
for VBF channel

* Apply M¢-MET small
correlation in MC (3 £ 10)%

stat

VBF modeling evaluated

separately with low MET data
e Uncertainty is 15% on yield

A



ttbar background in VBF Hong @

If extrapolation is dependable, then normalization doesn’t matter

ATLAS Preliminary _
et fla-20rm C.R. requires Np-tag = 1

— O viuvev += 2 j X . .

anilii * S.R. with = 1 forward jet (AYys > 2.8)

Events / _ _
02 * Cannot b-tag outside tracking vol.

 Limited modeling for ISR / FSR

:: x2k

ttbar using MC@NLO

e Difficult to model high Myy; check
that the syst. covers extrapolation

No b-tag No b-tag . . |
Yieas after Nuet, Fig. 32a [2] Good modeling for £¢ etc., so Mt fine

NCR _ A/CR NSR, MC
NSR, est. NSR, MC ~'data other top _ ( NCR _ NCR )
top — “Ttop CR, MC - CR, MC data other
N top N top

———
NFiop CR to SR extrap’n
= 0.59 + 0.07 (stat) = 15% systematic v. multi-leg generators



Higgs spin

For details, see “Higgs spin & couplings in ATLAS,” T. Doyle

ATLAS

e Follow HWW cuts for e O] w/ loosened

cuts on METRel, MT, P00, Moo, Apog —>

* Train separate BDT on the latter 4

variables for J=0+, 1+, 1-, 2+ bosons
» Study test statistic of J=0+ v. others

Exclusion limits
e 1+ at 92% C.L.
e 1-at 98% C.L.

e 2+at 95 -99% C.L.

qq production

99

) Simulation

Hong @

\s=8TeV

Arbitrary linear scale

o

ATLAS

Simulation Vs =8 TeV

' H— WW* — evuv/uvev + 0 jets

| Bkg.

JP=2+,

faq=25%

2 JP=0 ,
% T H— WW:"j"e_:vuv/uvev + 0 jets
> | N I S
I
ey
< : qu=25°/0 :
! PR \ L
% : > 3
Ad (rad), Fig. 16b [13]
ATLAS Preliminary eData Spin0

H— WW*— evuv/uvev

Lk

Signal hypothesis 1o,

P
Vs=8TeV:[Ldt=2071p" ey =0 [J2o

—-08 04 0 04

BDT(0+), Fig. 19a [12]

08 0

.25. .

.50. L

foq (%), Fig. 15¢ [12] A




High My searches Hong @
For high My, see “LHC high mass WW & ZZ,” J. Wang

Analysis 95% CL UL on o - BR (fb)
« HWW cuts w/ mods for 260< Mn <1000

600 1000

MHGeV) Ogb) OVB(fb) gqF sMm | 250 | 34 19
00 goF [Nwa| 230 | 32 | 29
600 31 o vBF | sm | 40 [ 16 | 10
Higgs decay width VBF |NWA| 39 [ 12 | 10
* Mh <400 GeV Breit-Wigner lineshape ATLAS Preliminary
O
* Mn =400 GeV Complex pole scheme = A= WW=evuy, NWA
o : Vs =8 TeV [Ldt=20.7 fb
* Also Narrow Width Approx. I =1 GeV - 100¢ E
C F N ]
. s I S EhaEw
= —— Obs. ggF+VBF
Limits E 10F 7 Exp. ggFaveF
» SM excludes 260 < My < 642 GeV 3 %z;‘;
o - — o, xBR
- NWA excludes 300 < My <1000 GeV & qlu.ir., sl

300 500 700 900
M

(GeV), Fig. 7b [14] A

* 95% CL upper limit set on o * BR (fb)




WH, ZH production in 3¢ & 4 Hong @

New preliminary result in July 2013 [15]

Analysis has leptons with MET Composition of C.R. for 3¢
 Divide into # of same-flavor opposite- WZ C.R.

sign (SFOS) lepton combinations ZE(; 2;2;
* C.R. normalization of backgrounds top Z?LAS mr—
Yields for 3¢ & 41 s=atoufra=aort -9 L)

SFOS All SF

Data Bkg WH Data Bkg ZH

9 27 | 0.9 - - - (VH—(V)WwW

16 12 1.0

8 | 14 | 0.4 2 | 03] o2 o
0 | 08] o2 g
o
Signal significance g
VH HWW [2] Combined 3

Expected 0.70 3.70 3.80

’
Observed 2.00 3.80 4.00 120 140 160 180
Mu (GeV), Fig. 14 [15] é

S — S




ATLAS data Hong
22 fb~1 of data at ~7+1033 peak luminosity with higher pile-up.
Integrated luminosity [7] Pile-up [7]
30— ATLAS Online Luminosity \s=8TeV —
[] LHC Delivered ® |HC Stable Beams | ATLAS Online Luminosity 160 =

Total Integrated Luminosity [fb ]

Delivered Luminosity [fb™|

N
o1

N
o

15

10

20

15

10

Total Delivered: 23.3 i’
Total Recorded: 21.7 fi" "i

) “ "( P
s r
:..

’
§ -

Sory My, "’7 Yy, Ao S, Oer Yoy, 20

ATLAS Online Luminosity 2012

Months matching above for a given yr

[ ] ATLAS Recorded Peak Lumi: 7.73 x 10% cm2 5]

(0¢]

1SN

\V)

N o

[-s zwo 0] lII4 4od AysouiwnT sead

_L\

(o)}

\s=8TeV, [Ldt =20.8 fb™
X 120

\'s =7 TeV
ﬁ_dt =5.2fp"

L A I
0 10 20 30
Mean Number of Interactions per Crossing

1

<u>=9.1 20.7

N

“ [1-0/,.ad] Ausouiwn- —

A



ATLAS detector

2.7

2% at 50 GeV
10% at 1 TeV

ore toroids +
based chambers

1.7 Fe/scintillator
In|l < 4.9 Cu/W-LAr
50% @ 3%
JVE

3.2 Pb-LAr accordion
10%E @ 0.7%

la field

Muon
Spectrometer
Hadronic
Calorimeter
*  The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter Bl E
Solenoid magnet f N Sef esose)
ransition ) ” “
Radaton K0 A SATLAS
Tracking € Tracker 3
Pixel/SCT 2 EXPERIMENT

2 Tes
' 05% Pr (GeV) @ 1%

detector

http://atlas.ch a4



Higgs cross sections

Hong @

Fig. from [8]
10°

g At My = 125
X<

- 19.5pb (15%)
T - g
o B l
(@}

1.58pb (3%)

W 0.70pb (4%)
Z 0.39pb (5%)

11100024
(s= 8 TeV zmm £ 0.13pb (5%)
— t
' RTTRS AANT NN NN TR TR S N
100 150 M, [GeV]

10x




Final selection
After MET cuts; see Back-up Tables

Motivation Nyet =0 Nyet = 1

Remove top NBjet = 0

No potential

pathological evts ApooveT >T1/ 2

SCEINOEEDAAN Pr o> 30 GeV | Z — 1T veto

Z — 1T Veto

Mee < 50 GeV
Higgs decay
APpee < 1.8
J=O, W—lv —
Split Mg at 30 for ep
bin in Mt

Mee < 60 GeV

bin in Mt

Hong @

VBF topology
Mys > 500 GeV

AYy>2.8

No central jets

No lep outside
fwd jets’ n-vol

ee+[M cuts

A



Object selection Hong @

Leptons
* Single lepton trig. Pt >24 GeV
 Leading lepton Pr> 25 GeV
* Sub-leading lepton Pt > 15 GeV

e Electrons Inl <2.47 (excl. barrel-endcap gap)

* Muons Inl <2.5

e Tracks Isolation & impact parameter cuts
Jets

e Jets Anti-Kt R = 0.4 (see pb5)

e Central jets in VBF Same as jets, but with Pt > 20

* B-jet tagging Neural Network at 85% eff. operating point
MET

e MET = Eqmiss Calorimeter-based

 METstvr Calo; weight the unassociated clusters by fyvr

* METtk = Pymiss Track-based

y.



Outlook

* ggF HWW measurement starting
to be dominated by systematics.
Improve bkg. syst., e.g., W+jet.
Expect improvements with more
data and better understanding.

 VBF HWW precision at 50%; is
limited by statistics. Theory is 3%
for VBF v. 10% ggF. Tree-level
relation to kw. Expect large
Improvements with more data.

e Rarer productions still to be seen.
WH, ZH at 1-20 now (see p36).

Hong @
ATLAS Preliminary (Simulation)

/s =14 TeV: [Ldt=300 fb' ; [Ldt=3000 fb™

[Ldt=300 fb™" extrapolated from 7+8 TeV
T 1 11 T | [

H—uu '

e — _____ _
T = _____ _
I e _____ _
T - _____ _
I —— e B _____ _
HHoery — _____ _
=== ...... _
T — e ...... _
) T ...... _

e I l I

O 02 04 06 0.8 Au

Fig. 3a [16] z



Acknowledgements Hong @
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Hong

More tables from [1, 2]

e p41-50



List of MC generators [2]

Hong

Table 1: Monte Carlo generators used to model the signal and background processes in which all of
the W and Z decay channels are included in the corresponding product of the cross section (o) and
branching fraction (8B) at /s = 8 TeV. Masses are given in units of GeV. Details are given in the text.

Signal MC generator o-8B(pb)  Background MC generator o -8B (pb)
ggF  Pownka [30]+PyTHia8 [31] 0.44 qq,9q9 —> WW POWHEG+PYTHIAG [32] 5.7
VBF  PowHEG+PyYTHIAS 0.035 qq, gqg —> WW+2j  Sherpa [33] with no O(«;) terms 0.039
VH PyTHIA8 0.13 gg— WW GG2WW 3.1.2 [34,35]+HErwiG [36] 0.16

It

Single top: tW, tb
Single top: tqb
Z/y*, inclusive
Z® — 0 +2j
ZWZ® - 4¢
WZ/Wvy*, mg>1
Wy, my <7

Wy

MC@NLO [37]+HEerwIG
MC@NLO+HErwiIG
AcerMC [38]+PyTHIAG
ALPGEN+HERWIG

Sherpa processes up to O(a;)
PowHEG+PYTHIAS
PowHEG+PYTHIAS

MadGraph [39—41]+PyTHIA6
ALPGEN+HERWIG

240
28
88
16000
1.2

0.73

0.83
11
370




List of cuts [2] Hong

Table 2: Selection listing for 8 TeV data. The criteria specific to eu + pe and ee + uu are noted as such;
otherwise, they apply to both. Pre-selection applies to all Njec modes. The rapidity gap is the y range
spanned by the two leading jets. The my, split is at 30 GeV. The modifications for the 7 TeV analysis
are given in Section 6 and are not listed here. Energies, masses, and momenta are in units of GeV.

Category

]vjet:O ]\"jet:1 ]Vjetzz

Pre-selection

Two isolated leptons (£ = e, i) with opposite charge
Leptons with plTead > 25 and prsrublead > 15

eu + ue: mep> 10

ee + pp: mep > 12, |mee — mz [ > 15

. miss . ymiss . ymiss
Missing transverse ey + ue: ErTmrg’sl >25 ey + ue: EEnrseSl >25 ey + ue: EEliss > 20
momentum and ee + uu: ET,_rel >45 ee + uu: ET’.rel > 45 ee + uu: ET. > 45
hadronic recoil e + [ P g > 45 €€ + [IU: P > 4 ee + s Exigryp >33
ee + UpL: frecoit <0.05  ee + uu: frecoil < 0.2 -
- Nb-jet =0 Nb-jet =0
General selection | Ao mer | > 70/2 - pyi<45
pi>30 eu+pe: Z/y* —trveto ey +ue: Z/y* — vt veto
- - mij; > 500
- - | ijj |>2.8
VBE topology - - No jets (pt > 20) in rapidity gap
- - Require both ¢ in rapidity gap
Mep < 50 Mypp < 50 Mypp < 60
H— WW® — tyty | Adpr| < 1.8 | Ader] < 1.8 | Adpr]| < 1.8
topology eu + pe: split mgy eu + pe: split myy -

Fit mt Fit my Fit mp




Summary of systematics & yield [2]

Table 8: For my = 125 GeV, the leading systematic uncertainties
for the 8 TeV H— WW*— {v{y analysis. All numbers are summed
over lepton flavours. Sources contributing less than 4% are omitted,
and individual entries below 1% are indicated with a ’-’. Relative
signs indicate correlation and anticorrelation (migration) between the
Nijer categories represented by adjacent columns, and a + indicates an
uncorrelated uncertainty. The exception is the jet energy scale and
resolution, which includes multiple sources of uncertainty treated as
correlated across categories but uncorrelated with each other. All rows

are uncorrelated.

Source Niet=0 Njete=1 Njet22
Theoretical uncertainties on total signal yield (%)
QCD scale for ggF, Nje >0 +13 - -
QCD scale for ggF, Njet > 1 +10 =27 -
QCD scale for ggF, Njet > 2 - -15 +4
QCD scale for ggF, Njet > 3 - - +4
Parton shower and underlying event +3 —-10 +5
QCD scale (acceptance) +4 +4 +3
Experimental uncertainties on total signal yield (%)
Jet energy scale and resolution 5 2 6
Uncertainties on total background yield (%)
WW transfer factors (theory) +1 +2 +4
Jet energy scale and resolution 2 3 7
b-tagging efficiency - +7 +2
Jrecoil efficiency +4 +2 -

Hong

Table 9: For the H— WW*— {v{v analysis of the 8§ TeV data, the
numbers of events observed in the data and expected from signal
(my =125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75my <my <mpy for Njee <1 and mt <1.2mpy for Nje > 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

]Vjet:() ]vjet: 1 ]Vjetzz
Observed 831 309 55
Signal 10021 41+14 109+14
Total background 739 +39 261 +28 36 +4
wWw 551+41 108+40 4.1+£1.5
Other VV 58 +8 27+6 1.9+04
Top-quark 39+5 95+28 54+2.1
Z+ijets 30+ 10 12+6 22+3
W+jets 61 +21 20+5 0.7+0.2

A



Summary of bkg. treatment [2] Hong

Table 3: Background treatment listing. The estimation procedures for various background processes
are given in four categories: normalised using a control region (CR); data-derived estimate (Data);
normalised using the MC (MC); and normalised using the MC, but validated in a control region
(MC + VR). The “(eu + ue)” terms denote that for the ee +uu channel in the same Nj; mode, the
e + e region is used instead, for reasons of purity and/or statistics. The “(merged)” terms indicate
that the fully combined eu + ue + ee + uu control region is used for all channels.

Channel wWw Top Z|v* =11 Zly* =€t W+ijets VV
]vjet =0
eu+ue CR CR CR MC Data MC + VR
ee+uu CR(eu+ue) CR(eu+ue) CR(eu+pue) Data Data MC + VR
]Vjet =1
eu+ue CR CR CR MC Data MC + VR
ee+uu CR(eu+ue) CR(eu+ue) CR(eu+pue) Data Data MC + VR
Nijer =2
eu+ue MC CR (merged) CR MC Data MC

ee+uu MC CR (merged) CR (eu+pue) Data Data MC




Hong

Summary of CR vyields [2]

Table 4: Control region yields for 8 TeV data. The observed (Nops) and expected (Nexp) yields for
the signal (NVgig) and background (Npyg) processes are given. The composition of Ny, 1s given on the
right. For Njet > 2, Niig ooF 18 added to Npke. In general, no normalisation factors are applied with the
following exception: the top and Z/y* — 71 normalisation factors are applied for the corresponding
estimates in the WW CRs. All uncertainties are statistical.

Estimate Nobs Npke Niig Nww Nyy Ny Ny NZ/y* Nw+ jets
wWw
Niet =0 2224 1970+ 17 31+0.7 1383 +9.3 100 +6.8 152 +4.4 107 +4.3 68 +10 160 + 3.6
Nier =1 1897 1893 + 17 1.9+0.3 752 +6.8 88+5.5 717 +£9.5 243 +6.7 37+7.5 56 +2.5
Zly* —> 17
Niet =0 1935 2251 +31 25+0.2 61+1.9 85+1.1 45+0.8 27+0.6 2113+31 61 +3.8
Nier =1 2884  3226+34 7.5+0.3 117 +2.7 22+3.1 570+ 8.4 50+3 2379 +32 88+4.3
Njet =2 212 224 +7 0.6+0.1 13+1 4+1 44 +3 5+1 148 +6 9+1
Top
Nier =1 4926 4781 +26 12+0.5 184 +3.7 43+9.5 3399+20 1049 +13 72 +3.1 35+2.2
Njet =2 126 201 £5 1.6 +0.1 64+04 1.0+0.3 157 +4 26 +2 9+1 03+04




Summary of extrapolation unc. [2] Hong

Table 5: Uncertainties on the extrapolation parameters « for the WW background in the Nj, =0
and =1 channels. Uncertainties due to the QCD scale, PDF, parton shower (PS), underlying event
(UE), and modelling of the NLO gq, gg— WW processes are given. Each source, represented by a
column, is assumed to be uncorrelated, but for a given source the uncertainties are assumed to be fully
correlated among all signal regions with N =0 and = 1. A relative sign between two entries in a
column indicates anti-correlation between those signal regions for that source of uncertainty.

Channel Range (GeV) QCD scale (%) PS,UE (%) PDF (%) Modelling (%)

]Vjet =0
eu+pue 10 <mpr <30 0.9 0.2 1.5 -1.2
eu+ue 30<mg <50 0.9 0.8 1.1 -1.4
ee+puu 12 <mer <50 1.0 0.3 1.1 1.7
]Vjet =1
eu+pue 10 <mgp <30 1.6 0.5 2.0 -5.1
eu+ue 30<my <50 1.5 0.5 1.8 -5.0

ee+uu 12 <mygp <50 1.4 0.6 1.7 -3.1




Summary of background unc. [2] Hong

Table 6: Total relative uncertainties on backgrounds that are normalised using control regions (CR).
The statistical component (Stat.) 1s from the CR yields; the theoretical uncertainties (Theory) are from
the @ extrapolation parameter; the experimental (Expt.) uncertainties are given. The approximate
uncertainties on the normalisation of other processes in the CR (Crosstalk) are given. The WW and
top in Njec = 1 are anti-correlated due to the b-jet selection, so that the uncertainties partially cancel.

Estimate  Stat. (%) Theory (%) Expt. (%) Crosstalk (%) Total (%)

wWWw
Niet =0 2.9 1.6 4.4 5.0 7.4
Niet =1 6 5 4 36 37
Top
Niet =1 2 8 22 16 29

Nie > 2 10 15 29 19 39




Cutflow table for Nyet = 0 [2] Hong

Table 8: Selection table for Nje =0 in 8 TeV data. The observed (Nops) and expected (Nexp) yields for
the signal (Nie) and background (Nyke) processes are shown for the (a) eu + e and (b) ee + uu chan-
nels. The composition of Ny, 1s given on the right. The requirements are imposed sequentially from
top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eu + e channel

Selection Nobs Nokg Nsig Nww Nyy N7 Ny Nz Nw+ jets
Niet =0 9024 9000 +40 172 +2 4900+20 37010 510+10 310+ 10 2440+ 30 470+ 10
| Apeemer 1>7 8100 8120+40 170 +2 484020 360+10 490+10 31010 1690+ 30 440+ 10
pfrf > 30 5497 5490 + 30 156 +2 405020 290+10 450=+10 280+ 10 100+ 10 320+5
mee < 50 1453 1310+ 10 124 +1 960+ 10 1106 69 +3 46 +3 18+7 100 +2
| Apee | < 1.8 1399 1240+ 10 119+1 930+10 107+x6 67+3 44 +3 13+7 88 +2

(b) ee + uu channel

Selection Nobs Nokg Nsig Nww Nyy Nii N; Nzjy Nw+ jets
Niet =0 16446 15600 + 200 104 +1 2440+10 190+5 280+6 175+6 12300 + 160 170+ 10
| Adeemer [>5 13697 12970+140 103+ 1 2430+10 190+5 280+6 174 £6 9740+ 140 160+ 10
p? > 30 5670 5650 +70 9 +1 230010 1705 260+ 6 167 £5 2610+ 70 134 +4
mep < 50 2314 2390 +20 84 +1 760 + 10 64 +3 53+3 42 +3 1410+ 20 62+3
prT“‘rSeS1 > 45 1032 993+ 10 63+1 650+ 10 42 +2 47+3 39+3 200+ 5 19+2
| Adper| < 1.8 1026 983+ 10 63+1 640+ 10 41 +2 46+3 39+3 195+5 18+2

freco <0.05 671 647 +7 4241 520410  30+£2  19+2 2242 49 +3 121




Cutflow table for Nyet = 1 [2]

Hong

Table 9: Selection table for Njec = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eu + pe channel

Selection Nobs Nykg Niig Nww Nyy Ny Ny Nzjy Nw + jets
Niet =1 9527 9460 +40 97+ 1 166010 270+10 4980+ 30 160020 760+20 195+5
Npjet =0 4320 4240+ 30 85+1 1460+10 220+10 1270+10 460+ 10 670+10 160+4
Z — 1T veto 4138 4020+ 30 84 +1 1420+10 220+10 1220+10 440+10 580+10 155+4
myer < 50 886 830+ 10 63+1 270+4 69+5 216 +£6 80+4 149 +5 46+2
| Adper | < 1.8 728 650+ 10 59+1 250+ 4 60+4 204 +£6 76 +£4 28+3 34+£2
(b) ee + pu channel

Selection Nobs Nokg Nsig Nww Nyy Nii Ny Nz;y Nw+ jets
Nier =1 8354  8120+90 54+1 820+ 10 140+10 2740+20 890+10 3470+80 60+ 10
Npjer =0 5192 4800+ 80 48 £ 1 720+ 10 120+ 10 72010  260+10 2940+70 40+ 10
mee < 50 1773 1540 =20 38+1 195+4 35+2 166 +5 65+3 1060 + 10 202
priss > 45 440 420+ 10 211 148+3 2141 128+5 5243 64 + 4 51408
|Adee|<1.8 430 41010 20+ 1 143+ 3 20+ 1 125+5 51+3 63 +4 45+0.7
Frecoil <02 346 320+ 10 16+1 128 +3 17+1 97+4  44+3 25+2 3.1£0.6




Cutflow table for Nyet = 2 [2]

Hong

Table 10: Selection table for Nj; >2 in 8 TeV data. More details are given in the caption of Table 8.
In this table, the Nj;q ooF 18 included in Npgg; the Ngig vy 18 included in Ngig vBE, but the contributions
are negligible after the VBF-related criteria. The y gap is described in Table 2.

(a) eu + ue channel

Selection Nobs Nokg Nsig VBF Nsig goF Nww Nyy Ny Ny Nzjy Nw + jets
Njet 22 48723 47740 + 80 43 +1 67+1 940+ 10 300 + 20 41800 +70 2370 +20 1800 + 30 440 + 10
Npjet =0 5852 5690 + 30 31+1 49+ 1 690 + 10 200+ 10 2930 + 20 350+ 10 1300 =20 1715
ptTOt <45 4790 4620 + 30 27 +1 41 +1 590+ 10 160+10 2320+ 20 290+ 10 1100 +20 126 +4
Z — 1T Veto 4007 3840 + 30 25+1 38+ 1 540 + 10 140+ 10 2150 +20 260+ 10 600 +20 108 +4
|Ayjj|>2.8 696 680+10 12+0.2 95+0.3 1002 25+3 380+ 10 55+3 95+5 19+2
m;; > 500 198 170 +4 7.5+0.1 29+0.2 34 +1 56+0.6 93+3 11+1 19+2 44+0.7
Nojetsinygap 92 77 +2 6.3+0.1 1.7+0.2 25+ 1 2.8+04 30+2 52+0.8 9+1 3.1+0.6
Both ¢in y gap 78 59+2 6.1 +0.1 1.6 +0.1 19+1 2.1+0.3 22+1 43+0.7 T+1 24+0.5
myep < 60 31 16 +1 55+0.1 1.5+0.1 3.8+04 0.7+0.2 45+0.7 0.7+0.3 44+0.8 1.0+£04
| Aper| < 1.8 23 12+1 5.1+0.1 1.3+0.1 3.5+04 0.6+0.2 3.7+0.7 0.7+0.3 1.9+0.5 0.6+0.3
(b) ee + uu channel
Selection Nobs kag Nsig,VBF Nsig,ggF Nww Nyy Ny Ny NZ/)/* NW+jets
Niet 22 32877 32300+ 100 26 +0.7 40+1 540+ 6 180+10 24540 + 60 1390 + 20 5420 +90 190+ 10
Np.jet =0 65388 6370 + 80 19+0.6 30+1 390+5 130+ 10 1750 +20 200+ 10 3810+ 80 58+4
ptTOt <45 4903 4830+70 17+0.5 24 +1 340+4 92+5 1370+ 10 170+ 10 2790 =70 43+3
[Ayji|>2.8 958 930+ 30 8.1+0.2 6.2+0.3 61 +2 12+1.3 252 +6 35+2 560 + 30 6+1
m;j > 500 298 245 +6 5.5+0.1 2.1+0.2 23+1 41+1.1 62+3 9+1 142 +5 1.4+0.6
Nojetsiny gap 147 119+ 4 47+0.1  1.1+£01  17x1 2.8+1.1 191 4.1+07 74 +3 0.7+0.4
Bothiny gap 108 85+3 45+0.1 09+0.1 12+1 23+1.1 14 +1 3.1+0.6 51+3 0.3+0.3
mep < 60 52 40+2 4.0+0.1 0.8 +0.1 3.2+0.3 1.6+1.1 3.7+0.6 0.8+0.3 30+2
| Agee| < 1.8 42 34+2 3.7+0.1 0.7+0.1 2.8+0.3 1.6+1.1 3.3+0.5 0.7+0.3 25+2

0.1+£0.2
0.1+0.
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More plots from [1, 2]
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Caption

The mll distribution of ep events with Njet
= 0 for the 8 TeV H>WW:x—|vlv
analysis.The events with mll <50 GeV
correspond to the signal region except
that the A¢ll < 1.8 requirement is not ap-
plied here, and the events with 50 GeV <
mil < 100 GeV correspond to the Njet =0
WW control region. The signal is stacked
on top of the background. The hatched
area represents the total uncertainty on
the sum of the signal and background
yields from statistical, experimental, and
theoretical sources. The lower part of the
figure shows the ratio of the data to the
predicted background. For comparison,
the expected ratio of the signal plus
background to the background alone is
also shown.
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Caption

The transverse mass distributions for
events passing the full selection of the
H—->WW:—|vlv analysis summed over all
lep- ton flavours for final states with Njet =
1. The signal is stacked on top of the
background. The hatched area represents
the total uncertainty on the sum of the
signal and background yields from
statistical, experimental, and theoretical
sources. The residuals of the data with
respect to the estimated background are
shown, compared to the expected mT
distribution of a SM Higgs boson.
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Caption

The measured production strengths for a Higgs
boson of mass mH =125.5 GeV, normalised to the SM
expectations, for diboson final states and their
combination. Results are also given for the main
categories of each analysis (described in Sections 4.2,
5.2 and 6.2). The best-fit values are shown by the solid
vertical lines, with the total +10 uncertainty indicated
by the shaded band, and the statistical uncertainty by
the superimposed horizontal error bars. The numbers
in the second column specify the contributions of the
(symmetrised) statistical uncertainty (top), the total
(experimental and theoretical) systematic uncertainty
(middle), and the theory uncertainty (bottom) on the
signal cross section (from QCD scale, PDF, and
branching ratios) alone; for the individual categories
only the statistical uncertainty is given.
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Caption

Likelihood contours for the H—vyy,
H—-ZZ:—4l and H->WW:—Ilvlv channels
in the (nggF+ttH x B/BSM, uVBF+VH x B/
BSM) plane for a Higgs boson mass mH =
125.5 GeV. The branching-ratio scale
factors B/BSM can a priori be different
for the different final states. The sharp
lower edge of the H— ZZ«— 4l contours
is due to the small number of events in
this channel and the requirement of a
positive pdf. The best fits to the data (x)
and the 68% (full) and 95% (dashed) CL
contours are indicated, as well as the SM
expectation (+).
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Caption

VBF results for p0 using 8 TeV data
considering VBF as signal and ggF as part
of the background. Details are given in the
caption of Fig. 10.
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Caption

VBF signal strength parameter p. The
observed (solid black line with shaded

cyan band) and the expected result (solid
red line with dashed band) are shown.




Fig. 14a [2] Hong

Caption
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Caption

Missing transverse momentum
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Caption

Missing transverse momentum
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Caption

Missing transverse momentum
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Caption

The frecoil distribution for ee/pp events
passing the Njet = 0 selection after the

requirement mll < 50 GeV for simulated
DY, non-DY and signal processes.
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x10° Jet multiplicity for ept events from the 8
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Caption

Distribution of mT in the Njet = 0 same-
charge validation region of the H—
WW:— |vlv analysis for the 8 TeV data,
after the pTIl selection. The W+jets
prediction is from the data-driven
estimate. The hatched area represents the
uncertainty on the signal and background
yields from statistical, experimental, and
theoretical sources. The contributions
from WW, ZZ, tt, and single top are
negligible and omitted from the legend.
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Caption

Distribution of the transverse mass, mT,
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Caption

Distribution of the transverse mass, mT,
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and background yields from statistical,
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Distribution of the transverse mass, mT,

1 40__| o o | I_*I D;ta|201I2 o I__ for events in the H2>WW :—Ivlv signal
B A TLAS 44 Total sig.+bkg. 7| regions in the 8 TeV data. The plot is
120~ \s=8Tev [ Ldt=20.7 b’ Bl SM Higgs boson | shown for the ep channel in Njet = 1 final
C H-WW*—evuy + 1 jet m,=125GeV 7 state. The distributions are shown prior
100~ ] ww | to splitting the samples into two mli
B L] ﬁ_ 7 regions for the ep channel in the Njet =0
[] Single Top
80— B Other W —| and =1 cases. The WW, top-quark, and Z/
B [] Wiets 7 y+ = Il backgrounds predicted by MC
60__ B zZv ~_| simulation are scaled using the
B | normalisation from the corresponding
40__ ~_| control regions described in the text, and
B | the W+jets prediction is from the data-
20__ | driven estimate. The hatched area
= | represents the uncertainty on the signal

30@nd background yields from statistical,
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Distribution of the transverse mass, mT,

90;' /I\7I-LI,4IS| S o | T_? D;ta|291l2 o I_g for faven.ts in the HWWx —|vlv signal
80 44 Total sig.+bkg. —] regions in the 8 TeV data. The plot is
— {s=8TeV f Ldt =20.7 fb™ Il SM Higgs boson I shown for the ee/pp channels in Njet = 1
70 H—>WW*—evev/uvuy + 1 jet m, =125GeV "7 final state. The distributions are shown
60 f_ % :’fVW _f prior to splitting the samples into two
= [ Single Top = mll regions for the e channel in the Njet
S0 m z —] =0and = 1 cases. The WW, top-quark,
402_ [ Other WV J and Z/y« — Il backgrounds predicted by
= [] W+ets 4 MC simulation are scaled using the
30 — normalisation from the corresponding
- - control regions described in the text, and
20 - - the W+jets prediction is from the data-
1 Of_ _f driven estimate. The signal is stacked on
— , 7 top of the background. The hatched area
0 _50 1 OO. o '1 50 500 550 3_06epresents the uncertainty on the signal

and background yields from statistical,
my [GeV] experimental, and theoretical sources.
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Distribution of the transverse mass, mT,
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- ATLAS
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B zv
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[] Single Top

[ ] WHets

250

for events in the H=>WW = —Ivlv signal
regions in the 8 TeV data. The plot is
shown for the ey channel in Njet = 2 final
state. The distributions are shown prior
to splitting the samples into two mll
regions for the ep channel in the Njet =0
and = 1 cases. The WW, top-quark, and Z/
y+ — |l backgrounds predicted by MC
simulation are scaled using the
normalisation from the corresponding
control regions described in the text, and
the W+jets prediction is from the data-
driven estimate. The signal is stacked on

top of the background. For the Njet = 2

306nal state, the signal is plotted separately
for the ggF and VBF production

my [GeV] processes. The hatched area represents

the uncertainty on the signal and
background yields from statistical,
experimental, and theoretical sources.
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Distribution of the transverse mass, mT,
for events in the H=>WW = —Ivlv signal
regions in the 8 TeV data. The plot is
shown for the ee/pp channel in Njet = 2
final state. The distributions are shown
prior to splitting the samples into two
mll regions for the ep channel in the Njet
=0 and = 1 cases. The WW, top-quark,
and Z/y= — Il backgrounds predicted by
MC simulation are scaled using the
normalisation from the corresponding
control regions described in the text, and
the W+jets prediction is from the data-
driven estimate. The signal is stacked on
top of the background. For the Njet = 2

3O(ﬁnal state, the signal is plotted separately

for the ggF and VBF production

my [GeV] processes. The hatched area represents

the uncertainty on the signal and
background yields from statistical,
experimental, and theoretical sources.
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Caption

Distributions of mT in the Njet = 1 top-
quark background control region for the
H— WW:— |vlv analysis of the 8 TeV
data. The MC expectation is normalised to
the data. The hatched area represents
the uncertainty on the signal and
background yields from statistical,
experimental, and theoretical sources.
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Caption

Distributions of mT in the Njet = 2 top-
quark background control region for the
H— WW:— |vlv analysis of the 8 TeV
data. The MC expectation is normalised to
the data. The right-most bin in the Njet = 2
distribution contains events that would lie
beyond the right edge of the figure. The
hatched area represents the uncertainty
on the signal and background yields from
statistical, experimental, and theoretical
sources.
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The mT distribution after the pTtot <45
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Caption

The mll distribution after the pTtot <45
GeV cut in the top CR, defined by the
requirement of one and only one b tagged
jet. pTtot is defined as the total transverse
momentum of all leptons, jets and missing
ET passing the selection. The shaded
area represents the uncertainty on the
signal and background yields from
statistical, experimental, and theoretical
sources.
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Distributions of mT in the Njet = 0 WW
control region in the H—> WWx— Iviv
analysis for the 8 TeV data. The MC
expectation is normalised to the data. The
top-quark and Z — TtT backgrounds are
scaled using the normalisation derived
from the corresponding control regions
described in the text. The hatched area
represents the uncertainty on the signal
and background yields from statistical,
experimental, and theoretical sources.
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Distributions of mT in the Njet =1 WW
control region in the H—> WWx— Iviv
analysis for the 8 TeV data. The MC
expectation is normalised to the data. The
top-quark and Z — TtT backgrounds are
scaled using the normalisation derived
from the corresponding control regions
described in the text. The hatched area
represents the uncertainty on the signal
and background yields from statistical,
experimental, and theoretical sources.
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Distribution of transverse mass, mT, for
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Distribution of transverse mass, mT, for
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50— 44 Total sig.+bkg.  — analysis of the 7 TeV data with Njet=0.
. \s=7TeV f Ldt=4.6f" Jl SM Higgs boson  _| The plot is shown for the ee/pp channel.
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Distribution of transverse mass, mT, for
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B &4 Total sig.+bkg. 7 analysis of the 7 TeV data with Njet = 1.
25_— \s=7 TeV f Ldt=4.6 fb™ B SM Higgs boson —] The plot is shown for the ep channel.
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B - 7| driven estimate. The signal is stacked on
B jﬁg I ~| top of the background. The hatched area

200 250 'Soéepresents the uncertainty on the signal
and background yields from statistical,
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Distribution of transverse mass, mT, for
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using the normalisation from the
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~ A T A ¢
&@f& A]- LAS Run 214680, Event 271333760 A candidate event for HHWW:—evpuv

A EXPERIMENT

17 Nov 2012 ©7:42:05 CET . )
+2 jets produced via VBF. The event

variables are: mjj =1.5 TeV, |Ayjj 1=6.6, mll
=21 GeV, and mT = 95 GeV. For the figure
on the left (starting from the top left going
clockwise): the pT of the electron (thick
green line) is 51 GeV, the pT of the muon
(orange line) is 15 GeV, the pT of the jet
(right cyan cone) is 68 GeV, the Emiss
(thin dotted red line on the left) is 33 GeV,
and the pT of the jet (left cyan cone) is 42
GeV. A view transverse to the beam
direction is given on the right; here the
Emiss is represented as a thick dotted
line.
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Caption

Rapidity distributions of the leading jet.
The distribution is shown at the 2 jets
requirement, the signal is magnified by a
factor 2000 to show the peculiar forward
distribution of jets from the VBF process.
The shaded area represents the
uncertainty on the signal and background
yields from statistical, experimental, and
theoretical sources.
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Caption

Rapidity distributions of the subleading
jet. The distribution is shown at the 2 jets
requirement, the signal is magnified by a
factor 2000 to show the peculiar forward
distribution of jets from the VBF process.
The shaded area represents the
uncertainty on the signal and background
yields from statistical, experimental, and
theoretical sources.
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x10° The 1Ayjjl distribution for the
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Caption

The 1Ayjjl distribution for the
H—-WW:—|vlv analysis for ee/pp with
Njet =2, after the b-jet veto and Iptotl
<45 GeV requirements. The top-quark
background is normalised using the
corresponding control region, and Z+jets
is normalised to the data-driven estimate.
The expected VBF signal magnified by a
factor of 50 is also shown. The hatched
area represents the uncertainty on the
signal and background yields from
statistical, experimental, and theoretical
sources.
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The mijj distribution for the H=>WW s —Ivlv
analysis for ey with Njet =2, after the b-
jet veto and Iptoti<45 GeV
requirements. The mijj distribution is
shown after the additional selection |1Ay
jjl > 2.8. The top-quark background is
normalised using the corresponding
control region, and Z+jets is normalised to
the data-driven estimate. The expected
VBF signal magnified by a factor of 50
is also shown. The hatched area
represents the uncertainty on the signal
and background yields from statistical,
experimental, and theoretical sources.
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The mijj distributions for the
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Caption

The mll distributions for the H—> WWx—
lvlv analysis for ep with Njet = 2, after the
outside lepton veto requirement, which
accepts only events with both leptons
between the two tagging jets. The top-
quark background is normalised using the
corresponding control region, and Z+jets
is normalised to the data-driven estimate.
The hatched area represents the
uncertainty on the signal and background
yields from statistical, experimental, and
theoretical sources.
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The mll distributions for the H—> WWx—
lvlv analysis for ee/pp with Njet = 2, after
the outside lepton veto requirement,
which accepts only events with both
leptons between the two tagging jets.
The top-quark background is normalised
using the corresponding control region,
and Z+jets is normalised to the data-
driven estimate. The hatched area
represents the uncertainty on the signal
and background yields from statistical,
experimental, and theoretical sources.
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Caption

The Ag¢ll distributions for the H—= WW«—
lvlv analysis for ep with Njet = 2, after the
outside lepton veto requirement, which
accepts only events with both leptons
between the two tagging jets. For the
A¢ll distribution, the mll < 60 GeV
selection is also made. The top-quark
background is normalised using the
corresponding control region, and Z+jets
is normalised to the data-driven estimate.
The hatched area represents the
uncertainty on the signal and background

- yields from statistical, experimental, and
71 theoretical sources.
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Caption

The Ag¢ll distributions for the H—= WW«—
lvlv analysis for ee/pp with Njet = 2, after
the outside lepton veto requirement,
which accepts only events with both
leptons between the two tagging jets.
For the A¢ll distribution, the mll <60
GeV selection is also made. The top-
quark background is normalised using the
corresponding control region, and Z+jets
is normalised to the data-driven estimate.
The hatched area represents the
uncertainty on the signal and background
yields from statistical, experimental, and
theoretical sources.




Auxiliary Fig. 37 [1] Hong

ATLAS — ot Total uncertainty | Caption

— o(sys)
my = 125.5 GeV — o(theo) + loonu The measured production strengths for a Higgs

+0.23 boson of mass mH =125.5 GeV, normalised to the SM
H—vyy -0.:22 expectations, for diboson final states and their

+0.17 :
-0.13 U combination. The best-fit values are shown by the solid

_ 1 551033 ; L o
=1 +0.17 vertical lines. The total +10 uncertainty is indicated by

-0.28 : N
- 012 .. 1l | the shaded band, with the individual contributions from
+0.35 f

* -0.32 :
H—2z"—4l +0.20 and theoretical) stematic un- certainty (middle), and

the statistical uncertainty (top), the total (experimental

_ 1434040 0.13 the theory uncertainty (bottom) on the signal cross
nw=1. +0.17

035010
+0.20

H— WW* — vy |- 0-21
+0.23
-0.19
+0.31

u=0.99""" 11015

028|509

. +0.13 ;
Combined -0.14 T

H—yy, ZZ* WW* |, '+

- 0.13
0.21
w=1.33""1,012

_0.18_0'10....§,,,,|||||
\s=7TeV [Ldt=4.6-4.8 fb" 0.5 1 1.5 2
Vs =8 TeV fLdt = 20.7 fo” Signal strength (u)

—— section (from QCD scale, PDF, and branching ratios)

shown as superimposed error bars.

——




Auxiliary Fig. 41a [1] Hong

S 4 ATLAS ——— yy+ZZ*+WW* combined Captlon
< B _ _ -1
D B Vs=7TeV f'—dt =4.6-4.8 1fb —— H—=mwy Zoomed-in likelihood contours in the
(e L — — - - *
O 35 @-8TerLdt_20.7fb H— 272"~ 4 (m, mH ) plane for the H = yy, H— ZZ+«—
0 — — H—-=WW"* — [v]
v B v 4] and H= WW=x— Ivlv channels. The
S L
c B JRLLEDR . L P . .
S 3 . % Best fit markers indicate the best-fit estimates in
n = 68% CL each case. Mass scale systematic
- e 95% CL uncertainties are treated as uncorrelated
25— between the H = yy, H— ZZ«— 4l and
B H— WW:— |vlv channels for the
5 - individual contours.
1.9—
[y
0.5
O B | L 11 1 | L 1 1 1 | L 1 1 1 | L 11 1 | L 11 1 | L 1 1 1 | L 1 1 1

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




Auxiliary Fig. 41b [1]

3.5

Signal strength (u)

’
-

.o

-
="

am=-="

L L O P L UL

— H—- WW* — [viv

- ATLAS ——— yy+ZZ*+WW?* combined
— Vs=7TeV [Ldt=4.6-4.8fb" —— H—>yy
_ Vs=8TeV [Ldt=207 fbo™ —— H 77" >4

X Best fit
— 68% CL
------- 95% CL

125

130 135 140 145 150 155
my, [GeV]

Hong
Caption

Zoomed-out likelihood contours in the
(n, mH ) plane for the H = yy, H— ZZ«—
4] and H— WW:— |vlv channels. The
markers indicate the best-fit estimates in
each case. Mass scale systematic
uncertainties are treated as uncorrelated
between the H = yy, H— ZZ+— 4] and
H— WW:x— |vlv channels for the

individual contours.
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Caption

Likelihood curves for the ratio yVBF
+VH/puggF+ttH for the H — vy,
H—-ZZ«—4l and H2>WW :—|vlv channels
and their combination for a Higgs boson
mass mH =125.5 GeV.The branching
ratios (including possible non-SM
contributions) cancel in the ratio uWWBF
+VH/pggF+ttH, hence the measurements
from the four channels can be combined.
The branching ratio dependence is
contained in the signal strength factors
HggF+ttH - BXX/BXX (with XX=yy, ZZ and
SM WW), which are profiled
independently for the three final states.
The dashed curve shows the SM
expectation for the combination. The
horizontal dashed lines indicate the 68%
and 95% confidence levels.
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Caption

The ratio of Z— pp + 1-jet events to all

0_35 I I I I I I I I I I I I I I I I | I I I I | I I I I I . .
S [ ATLAS Preliminary is=8TeV,[Ldt=19.9 ffy' 4 | J Z-HH candidates asafunction of the
-— N ’ ' -| number of reconstructed primary
O - . L :
© 03— . . ) __| vertices in the event with no JVF
Lt - Z— uw: N(1 jet)/N(incl) +L - - requirement. Uncertainties are statistical.
N . i
L N -’— _
i I + + -
0.25__ _.__._ _._—Q—+ + __
0.2 pecadl 1=
| __L - =g —
MRS 24 :
u L = MC a
0.15— e Data I
O 1_| oo b v v b v o b e b by | |_
0 5 10 15 20 25 30

Number of primary vertices




Auxiliary Fig. 16b [2] Hong @

Caption

The ratio of Z— pp + 1-jet events to all
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