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Introduction
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with H-ZZ"-4l:
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Discovery of the Higgs boson at the LHC
Study properties to validate the SM “title”
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

H-2ZZ"—-4]:
o XBR ~2.5fb (mH=125.5 GeV)
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oo H-zz" -4

H-Z(I1)Z(I'l"):
2 OS SF isolated lepton (e/u) pairs
[p,(I,1,1.,1,)>20,15,10,7/6 GeV]

2’32

Discriminant: m o 120<m <130 [GeV]
4| 840?DData?O11+2012 ATLAS ; ———
S o ey HoZZal 8 a0 ol anas
S/B: 1 .4 for L%’ E ElBackgroundZ,lZZ' ) \‘:;STZV ILdt;26.7fb'1 ;;,.) E v Data(120<r;:‘<1SOG§V) H—ZZ*—4l E
30C 2acrﬂr:;ndzﬂets’n 70 o \s=7TeV[Ldt=461"
mH=125 GeV, e 605 o is=8TeV]Ldt=2071"
mass resolution: so7 E
1.6 - 2.4 GeV a0t
Background: o
ZZp7 | efs, JHE o £
100 150 200 Iml [Gle\2/]50 m,, [GeV]
Background 4
estimated from control regions and data 32 observed events

15.9 = 2.1 expected [m =125 GeV]

Categories in lepton flavor 11.1 = 1.3 background expected

[4u, 2u2e, 2e2p, 4e]
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https://cds.cern.ch/record/1523699

Mass measurement

For a given m , properties are well defined

ariAS iy 1ot 4]
' . F Vs=7Te :I t=46fb" 4
Resolution improvements: 160 12 atev: Jia-s07

141

L — all systematics

Final State Radiation (FSR) photon 185, R e

correction on leading [ pairs (~4% of 4u events 8-\,

2In A

with 85% purity and 70% efficiency) :’_ 777777777777777777777777777777777777777777777777777777777777777777 E
Z-mass constrained kinematic fit on leading §1és124 """ 21 5156127_
pairs (12 - 19% improvement on resolution) —
Best fit mass: 2 s ATLAS Preliminary -
2 | 15=7TeV: [Lat=46 ' HozZa

124.3 +0.6_0 5(stat) +0.5-0 3(Sy5t) GeV % 4f 13=8TeV: JLat=2071 . 7
53 3:_ ----- vih%zmgsts(e) and A

Signal Strength: 1.7 +0.5-o o for mH=124.3 Gev 2 E '\\\\MSS(H)inlighterCOWUfSE
: 2= ]

[1.5 = 0.4, for mH=125.5 GeV] .

1 e .

Dominant contribution to the systematic | TR
122 123 124 125 126 127 128

uncertainty from theory (up to 20%) and . [GoV]
electron ID/reconstruction (=4%)
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https://cds.cern.ch/record/1523699

Couplings

Disentangle production mechanisms: probe fermion vs vector boson
couplings; ratio probes production only (BR cancels out)

3 production-enriched categories:

VBF-like

two jets [p.>25/30GeV, mjj>350GeV]
with large n separation

1 event [125£5GeV]

VH-like

additional leptons [p_>8GeV]

and ggF-like
the rest
31 events [125+5GeV]

Rates consistent with SM
expectation within 20

N
o
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Ideal channel to study
spin/CP

Complete reconstruction of
the event topology

High S/B ratio

Several discriminants: five
production and decay
angles, m_, m_,

Two approaches:
BDT for each hypothesis

ME corrected for accepta-
nce and pairing (J° MELA)

08/11/13

https://cds.cern.ch/record/1523699

Spin/CP

Compare SM
spin-0* hypothesis
to spin-0;, spin-1*,
spin-2_* (“graviton-
like” model with
minimal couplings).

[115<mH<130 GeV]

3““‘
r ATLAS Prellmmary —Data

0'25* H— ZZ — 4l Signal hypothesis ]
\s=7TeV: [Lat = 4.6 fo” (m, =125 GeV)
0.2 \s= : =20.7 b -
I \sPBTeV JLdt=20.7 b —JE =0"

[ J -MELA o ]
0.15F <y =0

0.05}

|

|

|

|
. ,'- | -
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log(L(H )/L(H))
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=k ata ATLAS Prellmlnary
E 20— 8 Background 22"

I Background Z+jets, tt HozZ'541

18 Signal (m 125 GeV) E
160 —0S=0"  \s=7TeV/Ldt= 4610
145 =0

12

10

\s=8TeV IT 20.7 b

A A A A A

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
J-MELA Discriminant

Compatibility with
SM spin-07; spin-0°
and spin-17 states
are excluded at
the 97.8% CL or
higher using CL in

favour of spin-0*



Conclusions

Studies on the properties of the Higgs boson in the H-ZZ"-4|
channel in ATLAS

Mass measurement: limited by statistics and systematics;

more work and data needed
m = 124.3 **° _(stat) **° _(syst) GeV

Couplings: categories enriched in exclusive production
mechanisms; rates within 2o the SM expectation

Spin/Parity: SM spin-0" hypothesis has been compared to
alternative models; the results favour J* = 0*

ATLAS combination on Higg boson properties measurements:
http://arxiv.org/abs/1307.1432  http://arxiv.org/abs/1307.1427
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. Date: 2012-06-10, 13:12:52 CET

Event display

Run Number: 204769
Event Number: 82599793

EtCut>0.4 GeV
_ PtCut>1.0 GeV

rr?“ TT’?ZFG GeV. m, -70 6 GeV
m, —44 7 GeV
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Recorded Luminosity [pb ~%0.1]

LHC and ATLAS performance

Outstanding LHC performance Excellent ATLAS performance

w
a

%A"F'LAlSOInIine‘Lur%ino‘sityl . Data'taklng eff|C|ency 93%

[ == 2011pp\s=7TeV
[ =——2012ppVs=8TeV DAV

w
o
T

Good quality data fraction used
for analysis: 95.8%

N
o
TTTTT

Delivered Luminosity [fb 1]
N
(%]

-
a
TTTTTT

101

: Challenge: harsh pile-up
3?;“ ot W oct : COﬂditiOﬂS

g [trigger, computing, reconstruction
Peak L :7.7x10° cm™2s™! of physics objects]

Inst

A Z-pp event with T s Ry
F ATLAS Online Luminosity 3 " O, 24; S mgl]% gﬁfea-tjjllt) suppression STVF Y 4
~F B V=T fut= 208w =207 25 reconstructed vertices £, 2 1 BRI essonsrie 3
1401~ O Vs=1Tev. [Lat=5210", <u>= 9.1 W ZOiZ E
C a1 \/ X r — L

120 = - © 180 \E=8TeV _+_ =
100 = 16 ILdt=1 71 xﬁﬁ*# 3
80E = 14F- Ojets p 20 GeV - =
60— = e *++* E
40 3 105 = =
20} { 8L T il i
bt AN b0 = P N N T D PR T T
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Mean Number of Interactions per Crossing Npv
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H-Zz7(" - 4] m,_ distribution
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ATLAS Preliminary

Back dzz" .
Ml Backgroun H—zZ") 4]

25— [l Background Z+jets, ff
- [ | Signal (m =125 GeV)

20— %/ Syst.Unc.

Events/2.5 GeV
| L

Vs =7 TeV:[Ldt = 4.6 fb”
\s = 8 TeV:|Ldt = 20.7 fo

15

10

80 100 120 140 160
m,, [GeV]
100<m, <160 GeV
expected total bkg 53.1%+2.2

expected signal (125 GeV) 18.2+2.4
data 83
08/11/13

> 50 .
o v ATLAS Preliminary
i‘ﬁ | e Data
2 40 ul I Background zz"
i B Background Z+jets, it
ol 77 Syst.Unc.
H—zZ" -4l
20 \s =7 TeV:]Ldt = 4.6 it
's = 8 TeV:|Ldt = 20.7 b
10
: bl bk
200 400 600 800
m,, [GeV]
m4l>160 GeV
expected total bkg 344.0£13.8
expected signal (125 GeV) -
data 376
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H-ZzzZ" - 4] yields

4p 2u2e/2e2pu 4e
low mass  high mass  low mass high mass low mass high mass
Vs = 8 TeV integrated luminosity 20.7 fb™!
zz™ 124+0.6 926+67 14709 144+11 54+05 559+45
Z,Zbb, and 17 20+0.6 0.5+0.2 6.1+15 15+04 25+06 06+02
total Background 143 +08 920+x6.6 208+1.7 143+11 79+08 558+44
data 27 93 28 169 13 55
mpy =123 GeV 4.4+ 0.6 54+038 22+04
img =125 GeV 58+0.7 7.0+09 29+04
mp = 127 GeV 6.7+ 0.9 8.4+ 1.2 34+05
Vs = 7TeV integrated luminosity 4.6 fb~!
zz™ 22 +0.1 168+1.2 25+02 266+£20 08+0.1 94+08
Z,Zbb, and 17 02+0.1 005+£002 24+05 06+01 20+05 053+0.1
total Background 2.4 + 0.1 16712 49+06 268+20 28x05 97x0.7
data 8 23 5 23 2 13
mpy =123 GeV 0.7 £ 0.1 0.8 £ 0.1 0.3 +0.1
my =125 GeV 1.0 £ 0.1 1.1 £0.2 0.4 +0.1
mp = 127 GeV 1.0+ 0.2 1.2 +£0.2 0.4 +0.1
08/11/13 Eleni Mountricha (BNL)

low mass:

high mass:
m, >160 GeV

100<m4l<160 GeV
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H - ZZ" - 4] expectation yields

category g9 — H.qg/gg — ttH qq' — Hqq' qq— W/ZH ZZY

Vs =8TeV
ggF-like 135 0.79 0.65 3204
VBF-like 0.28 0.43 0.01 3.58
VH-like 0.06 : 0.14 0.69
V5 =7TeV
ogF-like 2.20 0.14 0.11 575
VBF-like 0.03 0.06 - 0.44
VH-like 0.01 - 0.03 0.25
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A Toroidal LHC ApparatuS

vertexing,

a(p)/p;:

Precise tracking \ " /

e/rn separation.,

5! Detector characteristics
ﬁn ner DeteCtor Muon Detectors Electromagnetic Calorimeters j @ Width: 4
(In|<2.5, B=2T): B | 2,
v s o . 7 A \ eight:

Sl PlX.eI_S; Sl Str:l pS, / \ Solenoid i _‘ CERN AC - ATLAS V1997
Tra nS|t|0n Radlat|0n g A \.\_\ ¢ Forward Calorimeters — .

= \ 3 nd Cap Tofol .
Tracker. p Trigger:

3-level, rate:
MHz—~400Hz

| T == . - -
== -1 I &) —— .
| g : g i e i, S <
\ e o lile= = = [
X : L T— = = : /
\ 3 = 5|
\ y ' N e =

Iy

kO'Os%pt(Ge__) .. +10

U | trometer
L4 (In]<2.7) :

13

N
} ' \L\ ir-core toroids

/ e O - (average 0.5T) with
EM calorimeter: | / ! , ~'gas-based muon
Pb-LAr Accordion.eare Torbid / Inner Detectar — \ chambers. Muon
e/y trigger, Hadronic calorimeter (|n|<4.9): trigger and
identification and Fe/scintillator Tiles (central), Cu/W-LAr. measurement
m(EE)i/SI‘Eurement. Trigger and measurement of jets and a(p)/py:
Y : missing E_. <10% up to ~1 TeV
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m,: main discriminant;

H-Z2Z™ - 4] resolution

I
— ATLAS Preliminary
I Simulation
e m,=125GeV
—— Gaussian fit

&
g =

H—ZZ*—4p (s = 8 TeV)

m = (124.51+ 0.02) GeV
c = (2.01£ 0.02) GeV
fraction outside + 26: 13%

without Z mass constraint
& o

100 110 120 130 140
m,, [GeV]

80 90

— ATLAS Preliminary ’
L Simulation
e m,=125GeV
—— Gaussian fit

H—ZZ 4y (Vs = 8 TeV)

o = (1.62+0.02) GeV

I
| | | \tl |

[ m=(124.88+ 0.02) GeV

fraction outside + 26: 16%

with Z mass constraint
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imulation
e m,=125GeV
Gaussian fit

H—ZZ*—2u2e/2e2n

(Vs =8TeV)

m = (123.90 + 0.03) GeV
oc = (2.26+ 0.03) GeV
fraction outside + 2c: 19%

without Z mass constraint
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I I l I I I I I T

(N
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®
o

m

RN RN R R PNl ")
ATLAS Preliminary 232“
S

90 100 110 120 130 140

2u2e/2e2u

[GeV]

Frorrrrprrrrp T
- ATLAS Preliminary
- Simulation

e m,=125GeV
Gaussian fit

H—ZZ*—2u2e/2e2u

(Vs =8TeV)

m = (124.39 + 0.02) GeV
6 =(1.90%0.02) GeV
fraction outside £ 20: 22%

with Z mass constraint

T T[T T[T T T[T T [T [TT T [ TITT[TTTT]

80 90

resolution crucial for sensitivity;
dominated by detector resolution

for

low m,

08/11/13

Eleni Mountricha (BNI

>

m

2un2e/2e2

21

b b b b b b b b b

100 110 120 130 140

[GeV]

~ 0.09¢
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0
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0
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3 0.06
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0

channel

4y
2e2u
de

L B L LN B
ATLAS Preliminary
Simulation

e m,=125GeV
—— Gaussian fit

B
®

H—ZZ*—4e (/s = 8 TeV)

=(123.17 £ 0.06) GeV
= (2.73+ 0.05) GeV
fraction outside + 26: 19%

a3

without Z mass constraint

T T T T [T [T T T
b b b b b B b e

80 90 100 110 120 130 140
m,, [GeV]
ATLAS Preliminary
Simulation
° mH=125GeV
—— Gaussian fit

de

H—Z7*—4e (s =8 TeV)

=(123.71+ 0.05) GeV
= (2.40%0.04) GeV
fraction outside + 26: 21%

a3

with Z mass constraint .,

R R N R NN R N RN e R
o b b b b b B b by 114

80 90

100 110 120 130 140
m4e[GeV]

m (Gev) o (Gev)
124.9 1.62

124.4 1.90
123.7 2.40
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normalized

normalized data driven

H-ZzZ™ - 4] background processes

o= n h o mm mm h b e o b R M M R R M e e h R M M R § Mmm M M M M R R e e e 8 e — —

e Data-driven estimation:

v Control regions by

(. ZZ \

v main background
using data or MC
x-checked with data

v irreducible »

NS
ﬁttbar \__; __________________________________________

v leptons from b jets
e Z+heavy flavor jets (Zbb)

v leptons from b jets
o Z+light jets

~ |l+ee
\ v misidentified jets J £

w2 |

08/11/13 Eleni Mountricha (BNL)

VAN

relaxing/inverting selection

v Extrapolate to signal region



H - ZZ™ - 4] reducible background
summary

method estimate at s = 8 TeV  estimate at /s = 7 TeV
4u 4u
m, fit: Z + jets contribution 24+05+0.6 0.22 £ 0.07 £0.027

my» fit: 17 contribution
1t from ep +

0.14 + 0.03 = 0.037
0.10 + 0.05 + 0.004

0.03 +0.01 £0.01°

2e2u

2e2u

m, fit: Z + jets contribution
m2 fit: ¢f contribution
1t from ey + pu

25+05+0.67
0.10 + 0.02 + 0.02F
0.12 + 0.07 + 0.005

0.19 + 0.06 + 0.027
0.03+0.01 +0.01°

2u2e 2u2e

{{ + e*e™ relaxed cuts 52+04+0.5 1.8+03+04
{f + e*e™ inverted cuts 39+£04+06 -

3¢ + { (same-sign) 43+06+0.5 28+04+0.5
sub-leading same sign full analysis events 4 0
4e de

{f + e*e™ relaxed cuts 32+05+04" 1.4+03+04
{f + e*e™ inverted cuts 3.6+0.6+0.6 -

3¢ + £ (same-sign) 42+05+05 25+03+0.5
sub-leading same sign full analysis events 3 2

08/11/13 Eleni Mountricha (BNL)
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H - ZZ" - 4] control plots

Control region:
isolation/IP
requirements
relaxed in the
subleading
dileptons

Data-driven

normalization of
the background
MC expectation

08/11/13
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JLat = 20.7 fo!
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Z+ee |

o b b b b b b b By n 1

60 80 100
m,, [GeV]
[ T T T ‘ T T T ‘ T ]
 eData 7
r [ Signal (m =125 GeV) 1
HZzZ ATLAS Preliminary
- WZ+jets, i wru/e‘e +ete E
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N
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H-ZzzZ™ - 4] systematics
On the measurement of the signal rate

Luminosity [1.8%/3.6% 2011/2012]

Signal cross section [8%/8%/4% QCD scale/PDF gg/PDF qq]l

ZZ" cross section & shape [5%/8%/4% QCD scale/PDF gg/PDF qq]
Reducible background estimation & shape

Electron ID and reconstruction efficiency

[signal: 9.4%/8.7%/2.4 4e/2u2e/2e2u @125 GeV; ZZ"Y: shape]
Muon ID and reconstruction eff [<1%]

On the mass measurement

Electron energy scale and resolution [<0.4%]

Muon momentum scale and resolution [<0.1%]
Categories

VBF: JES <14%; Underlying event <19%; theory <35%

VH: VH-specific cuts <8%; theory <30%

08/11/13 Eleni Mountricha (BNL) 19



H - ZZ" - 4] yields [120-130]

120 < m < 130 GeV

Vs = 8TeV
total signal signal (in window) ZZ™ Z +jets, tf S/B  expected observed
4u  5.8=+0.7 53+0.7 23+0.1 050+0.13 |19 81+0.9 11
2u2e 3.0+04 26+£04 1.2+0.1 1.01+£021 |12 48+0.7 -+
2¢2u 4.0=x0.5 34+£04 1.7+0.1 05101615 56+0.7 6
4e 2904 23+03 1.0+0.1 062+£0.16| 14 39+0.6 6
total 15.7 +2.0 13.7+ 1.8 62+04 262+034| 1.6 225+29 27
Vs = TTeV
4u 1.0x0.1 0.97 £ 0.13 049 +£0.02 005+£002| 1.8 1.5+£0.2 2
2u2e 0.4 +0.1 0.39 £ 0.05 0.21 £0.02 055+0.12 | 0.5 1.0+£0.1 1
2¢2u 0.7 +0.1 0.57 + 0.08 0.33 +0.02 0.04 £0.01 | 1.6 0.9 +0.1 2
de  04+0.1 0.29 + 0.04 0.15+0.01 0.49+0.12 ] 0.5 0.9 +0.1 0
total 2.5+ 04 22+03 1.17 +0.07 112 + 0.17 | 1.0_4.3 £0.5 5
Vs = 8TeV and /s = 7TeV
4u 6.8 +08 6.3 +08 28+0.1 055015119 96+1.0 13
2u2e 3.4 +0.5 30£04 14+0.1 156+033] 1.0 6.0+£08 5
2¢2u 4.7+ 0.6 40=x05 21+£0.1 055+0.17| 1.6 66+0.8 8
4e  33+0.5 26+04 1.2+0.1 1.11+028 | 1.2 48 +0.8 6
total 18.2 +2.4 15.9 + 2.1 74+04 374x093] 16 27.0+34 32

08/11/13
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H-Zzz7 - 4| m,_ distribution in the

final states

L e Data
- [l Background zz"”

e
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Evi nts/2.5 GeV
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H-ZZ"™ - 4] invariant mass
distributions

Y ATLAS Preliminary

: H-zz" a4l
 \s=7TeV:Lot=461"
v \s-g8TeV:Ldt=20.71b"

70 80 90 100

60

m,, [GeV]
% 18_ T | T T T [ T T T I_ % 18_ T T T I T T T T [ T IAITLIAJSI IPI II. I ‘I T T T I ]
O 4F ATLAS Preliminary B S (aF > Preliminary ]
o 16} " ] o 16F H—zz"'—a4l E
N j4F H—ZZ -4l = o b sData is=7TeV:|Ldt= 4.6 fo" ]
2% \s=7Tev:|Ldt= 4610 ] 21 RZZ o BTeV:|Ldt-207 10"
O qof . -1 1 S .~ WZijets, it ]
212p 1s-8 TeV:|Ldt = 20.7 b = 2 12} Signal (m =125 GeV) ]
10 eData = 3
- Wzz ] ]
8 o = E
r WZ+jets, tt ] ]
6 | Signal (m =125 GeV) ] 3
af- = E
2, 1 120 <m,_< 130 GeV ‘:
0" N ]

08/11/13 Eleni Mountricha (BNL)



H - ZZ™ - 4] limits in high mass
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H - ZZ - 4] mass per channel
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Pr%spects for HL-LHC

N
6\\’% Expected number of events for each category [3000 fb™]
00& Category True Origin
\&@ ggF VBF WH ZH 1tH Background
S ttH-like | 3.1+1.0 06+01 06+0.1 1.1+02 30+6  1.6+1.0
&> ZH-like 0.0 00  0.01x001 44+03 13+03 0.06+0.06
® WH-like | 2247  6.6+04  25+2 4403 88+18  13+0.8
\06‘5 VBF-like | 4114  54+6  07+0.1 04+0.1 10+02 42=+15
Qé\ ggF-like | 3380 £650 274 +17 77 5 5343 25+4 2110 +50
X0 . X
o Expected relative uncertainties on the p
Aulu Total  Stat. Expt. syst. Theory
Production mode 300 fb~! The exclusion limits on the
ggF 0.152 0.066  0.053 0.124 non-SM CP-even coupling g
VBF 0.625 0.545  0.233 0.226 _ 72
WH 1074 1.064  0.061  0.085 and CP-odd coupling g,, given
tH 0.535 0.516  0.038 0.120 the SM Hi L . |
Combined 0.125 0.042  0.044 0.108 € 1995 1P0S0NESigha
3000 fb~! —
ooF 0.131 0.025  0.040  0.124 Luminosity | fg,  fg,
VBF 0371 0.187  0.225 0.226 1
WH 0390 0375  0.061 0.085 300 fb 0.15 0.43
ZH 0.532 0.526  0.038 0.073 3000 fb~! | 0.037 0.20
tH 0.224 0.184  0.034 0.120
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