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' Higgs boson decay to di-bosons

Bosonic decay channels present quite low branching fractions, but have a clean signature and
are a powerful tool for many Higgs boson properties measurements

H_’V
BR~0.2%
S/B~0.03

i » Good mass resolution
i » Moderate sample size
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' Higgs boson decay to di-bosons

Bosonic decay channels present quite low branching fractions, but have a clean signature and
are a powerful tool for many Higgs boson properties measurements
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Cross section measurements

In Run-2 different Higgs boson cross-section measurements considered:

: : . o XB
Production cross-section: usually expressed as signal strength U=
(0 X B)sm

Simplified template cross-section (STXS)

Exclusive regions of phase space (“bins”) specific to the different production modes.
Different stages with increasing number of production bins

Minimise the dependence on theoretical uncertainties

Fase combination of decay channels

Model independence

Fiducial inclusive and differential cross-section: . o Nige Nigeco:
Fiducial: measured in a fiducial volume: I Lot S
No acceptance correction Measurements largely model-independent
Allows to introduce the theory uncertainty in a second interpretation step
The resulting inclusive cross sections and differential distributions (as p¥, \yH\) can be
used to test the expected SM properties of the Higgs boson and its production
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Channels with fully reconstructed

ATLAS-CONF-201 7-046‘

Higgs boson mass measurement

Higgs boson mass measured in H=+ZZ*—>4¢/H—yy channels

I | | | | I | | | | I | | | | I | | | | I I
Narrow peak over a smooth ATLAS Preliminary
background (s=13TeV,36.1 fb" 1 Total Stat. Syst
Total  Stat. Syst.
-’ | |
| LHC Run 1 e | 125.09 + 0.24 (£ 0.21+ 0.11) GeV
B b T e E— 124.88 + 0.37 ( + 0.37 + 0.05) GeV
ﬁ Hoyy H————4125.11+ 0.42 (+ 0.21% 0.36) GeV
}; | |
'l( . . o | i -
ﬂ systematic uncertainties | Combined I—I—-—I—II 124.98 + 0.28 ( £ 0.19 £ 0.21) GeV
T | - - 1 | 1 1 1 1 | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ]
124 124.5 125 125.5 126 126.5
m,, [GeV]

wmmm» Excellent agreement between the two channels
Amp = 0.23 + 0.42 (stat) + 0.36 (syst) GeV = 0.23 + 0.55 GeV

.
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H _}WW* —) eVIJV ana IySi ATLAS-CONF-201 8-04 Newest results! ‘

Signal: two prompt opposite | Analysis strategy

sign and flavour isolated »Events classified in three Signal Regions (Njets):
leptons with small opening | g
angle and missing transverse | » Njets = 0, Njets = 1 » Njets > 2
energy gluon-gluon fusion (ggF):  Vector Boson Fusion (VBF)
Backgrounds: mr used as discriminant BDT used as discriminant
° - : , , built from jet/lepton kin. quantities
WW, tt,tW, Z/Y* 1T . | my = \/(ng + E’}vzzss)z _ |p'tl"£ +E'rrmss - J P 9
constrained with data ; OO0 B e
' S 1800 ATLAS Preliminary S [ ATLAS Preliminary 0t __ L
control regions | 2 600} HetW"<orsv i 1 AL ST T i
. . . . j '§1400} Vs =13 TeV, 36.1 fb” - v -:et B ww B zy -
eMis-identified leptons in W | 4 1200 jor o= 18TV 381 wea W
; 1000k - Uncertainty == Hygx30 3
+ jets and multijets events: | 0 10°E .
fake tactor methods from Z " T e B
+ jets data _ g ooof o
) i g 200f
*Other diboson (W/Z, ZZ, o} |
of 005 1 15 2 25 3

WYy) from MC

BDT score



' . ATLAS-CONF-2018-004 I’\Iewest results!
H—->WW?*—evuv - Production cross-section

Performed combined maximum 2.0

ikelihood fits of the SR /CR

:

68% CL ATLAS Preliminary

— 9%CL s=13 TeV, 36.1 fb™!
L5 % Best fit
.+_

1 u 1 1 1

|
i

exp.5.20

| ggF: 6.30
| VBF: 1.90

SM

1o /\
0.5 compatibility
with SM \/

0.0 prediction

—0vBE * Buww* LpDb]

| peer = 1210501 (stat) g7 (sys.) = 1215050
| ULVBF = O.62f8:gg(stat.) + 0.22(sys.) :O.62i8:§g |

-5 0 5 10 15 20 25

Cross section results: — Osr " Broww” [Pb]

( TgoF - BHoWW* = 12.61’{:g(stat.)f%:g(sys.) pb = 12.63:? pb

over - Browwe = 0.50°924(stat.) +0.18(sys.) pb = 0.503:33 pb)

k | | Predicted 0. xBR=10.4£0.6 pb and 6.xBR=0.81£0.02 | ‘
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' o . arXiv: 1802 041 46v
H—vyy -Production cross section

Signal yield extracted from simultaneous signal+bkg fit of myy distribution

- ¢ Data ATLAS

600 ....-. Background {s =13 TeV, 36.1 fb™
— —— Signal + Background my, = 125.09 GeV

500 :_ —— Signal

In(1+S/B) weighted sum  —

Y, weights / GeV

300

Analysis performed with event categorisations that targets H production modes =

1001

— e - — = —
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ATLAS | —yy, m =125.09 GeV w Su tof
| . | - _
: . ggH (0 jet) {— —— e — : f ——
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1 ‘ ; E 1 ; I | I 1T 1 | | L | | L | | | | | | L | | | [ ‘!
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’ . . | B . . - 05 +06 [+06 +0.1 +0.1 ‘
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‘1 E | | un- [
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' arXiv:1802.04146v1
H— vy - Fiducial cross section

°The H — vy signal is extracted using a fit to the myy distribution

>  [ATLAS Heyy Vs =13 TeV, 36.1 1o

g +oae wtune. - systune) — @Sjgnal yields corrected for experimental

T == gg—H default MC + XH § ] o . . 0 o o

S mﬁ% : ziesz.3+XH ] inefficiencies and resolution effects ATAS ) :

D-E W RadISH+NNLOJET + XH T . . . Diphoton fiducia -+-%I§a}1/t,a tSoE L(:KIGV, 36.1;3% unc. 7

Z 1ok Bl = VBFsVistbb 1) Inclusive in produc:tlon | .
- . o.‘ mOde VBF-enhanced v 5 —e—

107} Wmmet=— 2) Separately in fiducial ol S

: | ' phase space enhapncmg o oo

5 the contribution of the o : T B o G o 2

% dlﬁe rent prOdUCtlon ttH-enhanced ﬂ. 95% C.L. = )P(:W:?Bl\éﬁbzi?t;iZH
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i p' [GeV] L1 L1 L1

! 2x10™ 1 2 3456 10 2030 10°
G,y [fb]

Fiducial region Measured cross section SM prediction
Diphoton fiducial =~ 55 + 9 (stat.) + 4 (exp.) + 0.1 (theo.) fb 64 + 2 fb [N°LO + XH] Compatible
VBF-enhanced 3.7 +0.8(stat.) + 0.5 (exp.) £ 0.2 (theo.)fb  2.3+0.1fb  [default MC + XH with SM

Niepton > 1 <139 fb 95% CL 0.57+0.03fb [default MC + XH I
High Emis < 1.00 fb 95% CL 0.30+0.02fb [default MC + XH predictions
tt H-enhanced < 1.27 fb 95% CL 0.55+0.06 fb [default MC + XH
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. . JHEP 03 (2018) 095
H—oZZ*—42 Production cross-section

eHigh resolution on Higgs mass, main background from non-resonant ZZ production, while other

bkg. (Z + jets, top) strongly suppressed by selection

eReconstructed events are classitied into several exclusive categories based on the presence of jets and
additional leptons in the final state

*BDT discriminants are introduced to increase the sensitivity of the cross-section measurements in the

production bins

b
A TLAS % Expected SM

. . . ggF-0) VBF-p .j'LOW = H—=ZZ* — 4] Observed: Stat + Sys ]
ATLAS Simulation I ggF-1j-p/*-Low ] VBF-p’TT-High 13 TeV, 36.1 fb™ o= SM Prediction
VH-Had
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0/ ggF-1j-p!’-Low __+ 80" 12s 170 = 25
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SV INE — —
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.. 0 2 4 6 8 10
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. Bruni SM
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JHEP 10 (2017) 132 ‘

H—oZZ*—4¢ Fiducial and differential cross-section

Invariant mass templates for t
extract Nsig in each bin of a di

Measured |
inclusive fiducial

ne signal and the bkg processes are fit to the ma¢ distribution in data to

terential distribution or for each decay channel

= = Differential distributions are sensitive to
perturbative QCD calculations and
presence of new particles in loops

cross-section in

good agreement
with SM
prediction

(1.30 difference in

mixed channels)
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' ATLAS-CONF-201 7-047‘
Total Higgs boson cross-section: H4£, Hyy combination

Combining H—4{ and H—yy measurements to improve precision on Higgs boson cross-section
* Combmatlon is done in total phase space (more mode\ dependent)

— T T T T T T T T T T T T l

' L L L s ‘
O B -
| 8 ool ATLAS Preliminary o ., my=12500Gev - | Single signal strength fit for all the
| T - x QCD scale uncertainty T | d t d d d
Total cross | AH—yy 0 H—ZZ*—4l _ ] | pro uction and decay moades
b% 80 —_ ¢ Combine(.j data | mm Total uncertalnty (scale ® PDF+a.) _— }“ q« /'<\ 8 T+ T T ] T T T [ T T T [ T T T ] T T 1
| section In i Systematic uncertainty ] ‘ < ATLAS Preliminary Combination B
d sol T - | N 7T Go13Tev, 361" Hesyy
B - | *
goo : 4 6 H—vrandH-—Zz—4 77l _
I A m,, = 125.09 GeV
| agreement  4of * H} . ; sl _
[ P00 . . B
[ — /\ - Z s
W|th the SM - : I T W S _
‘ 20 / — l ‘H 4
1Fi I Vs=7TeV, 451b” ] |
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‘ O Vs =13 TeV, 36.1 fb” 7 1 oL B
7 8 9 10 11 12 13 ‘ S .
I \ Vs [TeV] L L N B2 P B
(I Decay Chan TOtal Cross section (pp — H + X) W 1 T B |4 L |"'r’~.|.. L .‘—."‘I'\' R R R R T R R
‘ | : 1 1.2 1.4 1.6 1.8
ﬂ V5 =7 TeV Vs =8 TeV Vi =13Tev | 1 08 1
‘1 H — vy 35+12 pb 30 5+;i pb 47 9tg é pb I ooooooooooooooooooooooooooooooooooooo -i:(; E)é ....... _;O. .Oé ...... .
— 4 = + ).
| i 27 o g 333 b 573 pb wojiim || 2 IR EO S LD 000 DR S0 90 Zos ()
| Combination h 34 + 10 (stat.) fg (syst.) pb  33. 3+§ g (stat.) +}g (syst.) pb  57. O+g(9) (stat.) *3 4 (syst )pb |
‘ . iy - o
SM predition [5 192 £ 0.9 pb 2452 1100 5562 b Con5|stent with the SM predlctlon (p-value 47%)
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ATLAS-CONF-201 7-047‘
H42, Hyy combined production mode cross-section

.

| | | | | | | | l | | | | | | | | | | | | | | | | | |
. - - ' ATLAS Prelimi
Combined H—4¢f and H—yy for |y(H)| < 2.5 in Higgs boson % ATLAS Proliminary
- * e . H—yy and H—>ZZ*—4l
production categories: ggF, VBF, VH and ttH . T o oy
, , — — — — VBF | ————]
Cross-sections and branching | Uncertainty
. . . Quantity Result SM prediction
fractions expressed as ratios Total Stat. Bxp. Th Measurement el
. . OoorB [fb] 6.6 *12 (+L1 404 102 5.6103 VH | o | |
to cancel contributions from | * " s ( 6 10 | P Stat. uncertainty
o | B /By 125 +2 (f 6 0. 4_-0.2) 18.1 0.2 |
" . 1 2.3 2.2 0.7 : Syst. uncertainty D
cOMMORn systematlc - over/Ter 110771 | 215 83 (T3 8 g 7008 | fiH 3 SM prediction [
uncertainties = Covnloge 11077102 5 (422 ) 4502 | -
O'tzH/o'ggF 1[10—2] 0.7 t(l)(g) — t(l) tg% _|__(). 1.3+0.1 _1| L O| L1 -II L1 2| I R R :|3 N £|l- I R 5
Cross section normalized to SM
. . g - o - TR ATLAS preliminary —
Simplified template cross sections: =  “7"" 'S =13 TeV, 36.1 o ¢ PDaa -
03 . qq—Haqq
- — H et vy and H—=ZZ7—4] p.<200Gev N SM —
° ° ° ° \q ’gl—gl< 66 GJeV my = 125.09 GeV, lyHI <25 4
Exclusive kinematic regions @ 10 = T + ¢ —=
° ° ° ° b'_ : — :
targeting specific production = + o =
. — TN pl <200 GeV + —
modes are defined to reduce 1 it i  VBF-ike G HIY
= Dl T - =
model dependance SEEe _. 09-+H, = 1 =
— o 1o + _ 99—H, 1-jet pH = 200 GeV —
: 1ol 120 = p!' <200 GeV ;qq_}qu :

8 P/ =200 GeV
kS Bruni Simplified template cross section measurements
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H42, Hyy combination - couplings

Cross section results by production mode of the H—=Z7Z*—4]| and

H—yvy combination can be interpreted within the k framework

= Coupling modifi

Kr to probe the

2—2.5

ers kvand o
19gs

couplings with the SM

bosons and fermions

kS. Bruni
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ATLAS-CONF-201 7-047‘

oi—>H—> f)= Kl.zal.SM

L

*  SM prediction

%+ Bestfit

Combined 68% CL
------- Combined 95% CL
-------------- H—vyy 68% CL

------- H—>ZZ*—>4/68% CL _.-=""

ATLAS Preliminary
Vs=13 TeV, 36.1 fb’

H—yy and H—ZZ*—4l

m,, = 125.09 GeV

=

/7 08 0.9

3

1.1

1.2

1.3
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Ky

Measurements
consistent with the SM
predictions within the
experimental
uncertainties
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Probing spin and CP

arXiv:1802.041 46v1‘
ATLAS-CONF-2018-002

Higgs spin/CP properties probed in both H=yy and H—=ZZ+*—4f channels with differential distributions

A ¢jj

azimuthal

angle
between the
two leading
jets

'

Sensitive to
CP

lS. Bruni
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------------------------

Syst. uncertainties
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Conclusions

#Overview of the ATLAS latest results with Higgs boson decaying into vectors
bosons using 36.1 fb™' of Run 2 data

#Precision era for Higgs boson measurements has started
#Results shown in terms of (fiducial) integrated and ditterential cross-sections,
couplings and Higgs boson properties (mass, spin-parity)
#The new results obtained in Run 2 measurements are consistent with the SM
predictions
#Some results are still limited by statistics, but more data is to be analysed!
#lLooking forward to Run 2 full dataset:
=»New ~45 fb! recorded during 2017 data-taking still to be analysed
=More data expected at the end of Run 2!

l. S. Bruni
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' H—-WW?*—evpuv analysis

SR selection

CR selection

. Bruni

Category Nijet =0 | Njet =1 | Niet > 2, VBF
Two isolated, different-flavour, leptons (€ = e, u) with opposite charge
lead sublead
Preselection pr - >22GeV, p; > 15 GeV

EF'S ™K 520 GeV

Mep > 10 GeV

Background rejection

Nb-jet,(p'r>20 GeV) = 0
Ag(et, EX'sS) > /2 | max (m&) >50 GeV |

pst >30 GeV Mer <mz — 25 GeV
H—>WW*— evuy mee <55 GeV Central Jet Veto
topology Adpr<1.8 Outside Lepton Veto
Discriminant Variable mr BDT
BDT input variables mjj, Ayjj, mee, Adee, mr, ), Ce, Zt,j mej, p.tlf’t
CR Niet=0 Njet = 1 Njet 22, VBF
55 <myer <110 GeV mee > 80 GeV
WW Ader <2.6 |mypr — mz| > 25 GeV

b-jet

veto

mé > 50 GeV

Np-jet,(20 Gev<pr<30 Gev) > 0

Np.jet, (pr>30 Gev) = 1
Np._jet, (20 Gev<pr<30 Gev) = 0

Np.jer, (pr>20 Gev) = 1

Top-quark Ad(LE, E%‘iss) > /2 max (m{;) > 50 GeV Central Jet Veto
pit > 30 GeV Mer <mz — 25 GeV
Adpr<2.8 Outside Lepton Veto
no E{’.‘iss' rack requirement Outside Lepton Veto
mee < 80 GeV Central Jet Veto
Z-oTT

Adee > 2.8 I

Np.jer, (pr>20 Gev) = 0




3 H—->WW*—=evuv analysis

Source 20 gor [To] ALVBE [0)]
O ooF O VBF

Data statistics +8 +46

CR statistics +8 +9 _

MC statistics +5 +23 Process Njet =0 SR Niet=1SR  Njee>2 VBF SR

Theoretical uncertainties +8 +21
ooF signal +5 +15 gol 680 =+110 303 + 52 37+13
VBF signal <1 +15 VBF 6.8+ 0.8 300+ 1.9 30+ 16
WW +5 +12 WW 2960 +670 1020 +390  386+59
Top-quark 4 4 VvV 323 + 34 204 + 30 @ 71+14

Experimental uncertainties +9 +8 F/Wt 580 + 128 1400 +180 1234 + 89
lﬁ;::%f;“g > Y Misld 471 x 80 246 x 50 10938
Jet ;; ;;4 Z/‘y* 27 = 10 76 + 22 208 +42
Electron +3 <1 Total 5062 + 67 3200 + 51 2138+47
Misidentified leptons +5 9 Observed 5089 3264 2164

Luminosity +2 +3

TOTAL +17 +59

kS. Bruni 1’




H—yy - Couplings

Table 7: Expected and observed significances of the VBF, VH and top quark associated production mode signal

strengths.

Measurement | Exp. Zy | Obs. Z
MVBE 2.6 o 4.9 o
MVH 140 0.8 0
Mtop 1.8 0 1.0 0

Table 8: Observed and expected upper limits at 95% CL on the signal strengths puyy and pp. The median
expected limits are given for either the case when the true value of the signal strength under study is the SM
value (u; = 1) or zero. The =1 o and +£2 o intervals for the expected upper limit in the case u; = 0 are also

reported.
Measurement | Observed | Exp. Limit | Exp. Limit | +20 | +1lo | —1lo | =20
(ui = 1) (ui =0)
UVH 2.3 2.5 1.5 3.1 2.2 1.1 0.8
Htop 1.7 2.3 1.2 2.6 1.8 | 0.9 | 0.6
 ATLAs | Emogecedu0sto
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VH

top

| {s=13TeV, 36.1fb"
H — yy, m,=125.09 GeV

..... Expected (u=0) + 2 o
..... SM Expecte'd (ui=1)
= Observed

Upper Limits

i
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Uncertainty Group O'ZYSL
Theory (QCD) 0.041
Theory (B(H — vyv)) 0.028
Theory (PDF+ay) 0.021
Theory (UE/PS) 0.026
Luminosity 0.031
Experimental (yield) 0.017
Experimental (migrations) 0.015
Mass resolution 0.029
Mass scale 0.006
Background shape 0.027




' H—yy - Simplified Template Cross Se
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With current data no sensitivity to all the STXS stage-1 31 categories = fit in performed in10 phase

space regions obtained from merging the initial 31

. Bruni

Vs=13 TeV, 36.1 fb’
WogH Wverl wH lizH [ogzH - IlbbH [ tHg | tHwW A TLAS H— vy, mH=1 25.09 GeV
ATLAS Simulation  H —yy, m_ =125.09Gev

tH lep Ofwd

ggH (0 jet) — ——

STXS stage 1

ggH (1 jet, p? <60 GeV)

ttH had BDT2
ttH had BDT3
ttH had BDT4
tH had 4j1b

tH had 4j2b
VH dilep

VH lep HIGH
VH lep LOW
VH MET HIGH
VH MET LOW

ggH (1 jet, 60 = p: <120 GeV) |— e

ggH (1 jet, 120 = p'* <200 GeV) |- o

argest deviation (1.7 o)
from the SM in the ggH,0
jets bin

ggH (= 2 jet) § o

jet BSM

VH had tight

VH had loose

VBF tight, high p¥
VBF loose, high p?”
VBF tight, low p!¥
VBF loose, low p'¥
ggH 2J BSM

ggH 2J HIGH

ggH 2J MED

ggH 2J LOW

ggH 1J BSM

ggH 1J HIGH

ggH 1J MED

ggH 1J LOW

ggH 0J FWD

ggH 0J CEN

qq — Hqq (p'T <200 GeV) |— .

ggH + qq — Hqq (BSM-like) (— ‘o

VH (leptonic) |— .

top — -

L
lllllllllllllllilllllllllllllllll

0 01 02 03 04 05 06 07 08 09 1 SM prediction -05 0 05 1 15 2 25
Fraction of Signal Process / Category Measured O X B normalized to SM

All observed cross sections are in agreement with the Standard Model values
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H _>YY - MC arXiv:1802.04146v1

Process Generator Showering PDF set \/EO:- [1p3b JFeV Order of calculation of o
goH Pownec NNLOPS  PytHia8 PDF4LHCI15 48.52 NLO(QCD)+NLO(EW)
VBF PowHEG-Box PytHia8  PDF4LHCI5 3.78 NNLO(QCD)+NLO(EW)
WH PowHEG-Box PytHia8  PDF4LHCI5 1.37 NNLO(QCD)+NLO(EW)
qq’ — ZH PowHEG-Box PytHiA8  PDF4LHCIS 0.76 NNLO(QCD)+NLO(EW)
gg —> ZH PowHEG-Box PytHiA8 PDF4LHCIS 0.12 NLO+NLL(QCD)
ttH MGS_aMC@NLO  PyTHIAS NNPDF3.0 0.51 NLO(QCD)+NLO(EW)
bbH MG5_AMC@NLO  PyTHIAS CT10 0.49 SFES(NNLO)+4FS(NLO)
t-channel tH MG5 AMC@NLO  PyTHIAS CT10 0.07 4FS(LO)
W-associated tH MGS5_aAaMC@NLO HEerwiG++ CT10 0.02 SFS(NLO)

0% SHERPA SHERPA CTI10

Vyy SHERPA SHERPA CTI10

The gluon-gluon fusion part of the SM prediction is constructed from the NNLOPS prediction for ggf normalized
with the N3LO in QCD and NLO EW (“default MC")

The contributions to the Standard Model prediction from the VBF, VH, bb H and tt H production mechanisms are

determined using the particle-level predictions normalized with theoretical calculations and are collectively
referred to as XH.

k. S. Bruni
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H _}YY -EFT arXiv:1802.04146v1

*The strength and tensor structure of the Higgs-boson interactions can be investigated using an effective tield theory

eadditional CP-even and CP-odd interactions that change the event rates and the kinematic properties of the Higgs

boson and associated jet spectra are introduced H - yy, Vs =13TeV, 36.1 fo", m_=125.09 GeV
> B ! | ! ! | ! I
Leog = C_‘gOg + cgwOnw + CHpOHB IUE 0.4 B A TLAS -
+ C4O0q + CuwOnw + énpOns. . Cpg =Cyw _
0.2 - Cup =Chw N

c are dimensionless Wilson coefficients specitying the

R
@

strength of the new CP-even and CP-odd interactions,

S

respectively,

0.2} .
Ojand O'j are dimension-six operators i 68% CL .
95% CL
-0.4 B % Standard Model |
| . | . . | . |
-0.2 -0.1 0 0.1 0.2

kS. Bruni CHVV
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H—vy - Fiducial

Fiducial region definition

Table 16: The expected uncertainties, expressed in percent, in the cross sections measured in the diphoton
fiducial, VBF-enhanced, Njepion > 1, t1H-enhanced, and high E%mss regions. The fit systematic uncertainty
includes the effect of the photon energy scale and resolution, and the impact of the background modeling on
the signal yield. The theoretical modeling uncertainty is defined as the envelope of the signal composition, the
modeling of Higgs boson transverse momentum and rapidity distribution, and the uncertainty of parton shower
and the underlying event (labeled as “UE/PS”) as described in Section 7.4.

arXiv:1802.04146v1

.

Table 14: Summary of the particle-level definitions of the five fiducial integrated regions described in the text.

The photon isolation p

i50,0.2
T

is defined analogously to the reconstructed-level track isolation as the transverse

momentum of the system of charged particles within AR < 0.2 of the photon.

Objects Definition

Photons Il < 1.37 or 1.52 < || < 2.37, p=°"#/pX < 0.05

Jets anti-k;, R = 0.4, pr > 30GeV, |y| <4.4

Leptons, £ eor u, pr > 15GeV, |n| < 2.47 for e (excluding 1.37 < |n| < 1.52) and |n| < 2.7 for u

Fiducial region

Definition

Diphoton fiducial
VBF-enhanced

Nlepton 2'1
High E%mss
tt H-enhanced

N, >2, pl > 035m,, =438 GeV, pl* > 0.25m,, = 31.3 GeV
Diphoton fiducial, N; > 2 with pJTet > 25 GeV,

m;; > 400 GeV, |ijj| > 2.8, |A¢y)/,jj| > 2.6

Diphoton fiducial, Ng > 1

Diphoton fiducial, E%‘iss > 80 GeV, pY > 80 GeV

Diphoton fiducial, (N; > 4, Np.jets = 1) or (N; > 3, Npjers = 1, Np > 1)

Source Uncertainty in fiducial cross section
Diphoton VBF-enhanced Nigpon > 1 t7H-enhanced High EM
Fit (stat.) 17% 22% 72% 176% 53%
Fit (syst.) 6% 9% 27% 138% 13%
Photon energy scale & resolution 4.3% 3.5% 3.1% 10% 4.1%
Background modelling 4.2% 7.8% 26.7% 138% 12.2%
Photon efficiency 1.8% 1.8% 1.8% 1.8% 1.9%
Jet energy scale/resolution - 8.9% - 4.5% 6.9%
b-jet flavor tagging - - - 3% -
Lepton selection - - 0.7% 0.2% -
Pileup 1.1% 2.9% 1.3% 2.5% 2.5%
Theoretical modeling 0.1% 4.5% 4.0% 8.1% 31%
Signal composition 0.1% 4.5% 3.1% 8.1% 25%
Higgs boson p? & |yl 0.1% 0.9% 0.2% 0.7% 0.1%
UE/PS - 0.3% 0.7% 1.1% 31%
Luminosity 3.2% 3.2% 3.2% 3.2% 3.2%
Total 18% 26% 77% 224% 63%

kS. Bruni

Uncertainties
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' HZZ STXS

Production bins
Stage 0 Reduced

Stage 1

0-jet

p," <60 GeV

1-jet 60 < p." <120 GeV

p'>120 GeV

= 2-jets

p;/ <200 GeV

Hadronic V decay

Leptonic V decay

Reconstructed event categories

. jet = O
0] - A
p;* <60 GeV
1j-p;*-Low -
60 < p,* <120 GeV N, =1
1/-p;*-Medium - A
p;*'>120 GeV
1j-p;*-High -

p,/ <200 GeV

VBF-enriched-p -Low < m, > 120 GeV
ij > 200 GeV N =2
VBF-enriched-p./-High | =< — A
m, <120 GeV
VH-Had-enriched? |
IVIep 2 5
VH-Lep-enriched - A
ttH
ftH-enriched - A

. T: VH-Had enriched is divided into p,* > 150 GeV
A TL A S  and p,* < 150 GeV sub-categories for tensor

: structure measurment

118 <m, <129 GeV |-
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HZZ Couplings

Reconstructed event category BDT discriminant Input variables

0/ BDTyr p%f, Nag, Dz 7 DZ7*: difference between
1j-p¥-Low BDT;J;;%[-LOW p]T" nis AR(j, 40) the logarithms of the signal
o 1j-p -Med ; | and background
1j-p7 -Med BDT,;p P j» AR(j, 40) |
1j-p* -High _ _ matrix elements squared.
| . 1o g
VBF-enriched-p7.-Low BDTvgF Mmjj, ANjj, Pr s D My AR, (py ) constrained
VBF-enriched-p/.-High - -
VH-Had-enriched BDTv H-Had mjj, Anljj, Py s Py s Maes ARTS 1j1

VH-Lep-enriched - -
ttH-enriched - -

Table 5: Impact of the dominant systematic uncertainties (in percent) on the measured inclusive and the Stage-0
production mode cross sections o - B(H — ZZ*). Signal theory uncertainties include only acceptance effects and
no uncertainty in predicted cross sections.

Experimental uncertainties [%] Theory uncertainties [Y]
Production | Lumi e, |, Jets, flavour Higgs Reducible /" Signal theory
bin pile-up tagging mass backgr. | backgr. PDF QCD scale Shower
Inclusive cross section
4.1 3.1 0.7 0.8 0.9 1.9 0.3 0.8 1.2
Stage-0 production bin cross sections
goF 4.3 3.4 1.1 1.2 1.1 1.8 0.5 1.8 1.4
VBF 2.6 2.1 10 1.3 0.9 22 1.6 11 5.3
VH 3.0 2.7 11 1.6 1.7 59 2.1 12 3.7
ttH 3.6 2.9 19 <0.1 2.4 1.9 3.3 7.9 2.1

kS. Bruni
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HZZ Fiducial and differential XS- MC

ggF ,VBF ,VH: Powheg-Box v2 Monte Carlo with PDFALHC NLO PDF set [58].
e ggF is NNLO in QCD.

*The VBF and VH samples are produced at NLO accuracy in QCD. For VH, the MiNLO method is used to
merge zero- and one-jet events.

e Pythia 8 is used for the H—= ZZ—4| decay as well as for parton showering, hadronization, and multiple
partonic interactions.

ttH: events are simulated at NLO with MadGraph5_aMC@NLO. Herwig++ is used for parton showering and
hadronization,

Alternative prediction for ggF 1: MadGraph5_aMC@NLO v.2.3.3 at NLO accuracy in QCD for zero, one, two
additional jets, merged with the FxFx scheme . Interfaced to Pythia 8 for Higgs boson decay, parton showering,
hadronization and multiple partonic interactions using the A14 parameter set .

Alternative prediction for ggF 2: HRes v2.3. The HRes program computes fixed-order cross sections for ggF
SM Higgs boson production up to NNLO in QCD and describes the pT,4l distribution at NLO. HRes does not
perform parton showering and QED final-state radiation effects are not included.

Both the MG5_aMC@NLO_FxFx and the HRes predictions are normalized using the LHCXSWG cross section
( N3LO)

kS. Bruni
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HZZ Event selection in fiducial phase space

Table 1: List of event selection requirements which define the fiducial phase space of the cross-section measure-
ment. SFOS lepton pairs are same-flavour opposite-sign lepton pairs.

Leptons and jets
Muons: pt > S GeV, |n| < 2.7
Electrons: pt > 71GeV, || <247
Jets: ptr > 30GeV, |y| < 44

Jet—lepton overlap removal: AR(et, £) > 0.1 (0.2) for muons (electrons)
Lepton selection and pairing

Lepton kinematics: pr > 20,15,10 GeV

Leading pair (m7): SFOS lepton pair with smallest [mz — mg/]

Subleading pair (m134): remaining SFOS lepton pair with smallest |my — my|
Event selection (at most one quadruplet per channel)

Mass requirements: 50 GeV< my < 106 GeV and 12 GeV< m3y < 115 GeV

Lepton separation: AR(L;, €;) > 0.1(0.2) tor same- (difterent-)tlavour leptons

J/ Y veto: m({;, ;) > 5 GeV for all SFOS lepton pairs

Mass window: 115 GeV< myp < 130 GeV

kS. Bruni




HZZ Correction factor N N
i, fit Ci _ 1,I€CO

L X Ci , Ni,part ,K\

Ci is the bin-by-bin correction factor for detector inefficiency and resolution

Oifid =0 XA X B =

Ni,reco is the number of
reconstructed signal events

_I T | 1T 11 | T 1T 1 | 1T 11 | T 1T 1 | 1T 11 | T 1 I— B | | | I .
1.4¢ | _ | | 1.41 _ _ 1 Nipartisthe number of
. ATLAS Simulation C on § . - ATLAS Simulation . on ¢ | , .
B ~ Correction tactor | B ~ Correction tactor | events at the pa rticle level in
12_H — ZZ* — 4| 77 _ ] 12_H — ZZ* — 4| 772 _ — . .
- p ~ Bin purity - - p ~ Bin purity 4 the fiducial phase-space.
- 13TeV, 361107 5, ] - 13 TeV, 36.1 b :
bin purity: fraction of — 1 —  The correction factor is
events in a bin of the - - 4 calculated from simulated
B ] — AR RN RN RN
reconstructed distribution 0.8~ N 0.8~ = Higgs boson samples,
= i i A IIIIAIIIIII, Ny . .
that are found in the same /T — - /////////QQ%%%ééégéé%%%%;f}x}g&g@% assuming SM production
bin at pa rticle |level. 6i \\\\\\\ \\\\\\\§§§§§§§§§§§§§§§§§\Qiiiiiiiii\;&\*ﬁiiiiiiiiiii?@ 0.6 NN \\\\\\\\\\\\\\\ixééééé55fffffg?@ggggggggggggggg%% mode
= \\\\\\\\\\\\\\Q \\\\\\\\\ MHNINEINRSRARNNN S A Y R RARANANANNNN ...
Ry | _ Al NN
B i SAANNNNK Nk
- — 04 - Ao
Slightly reduced bin purity - - - A
due to detector resolution /0.2 N 0.2 - The large uncertainty
effects result in larger bin/ Oj | | | | | | ] 0: ] for Njets 3 is due to
. . . . L1 1 1 I T I T [ 1 1 | L1 1 | I 1 1 1| I |
migration eftects, which is 0 50 100 150 200 250 300 350 0 1 D >3 the experimental jet
enhanced by the presence 0. [GeV] N reconstruction
T, 4l Jets L
of a steep slope. uncertainties and the
(a) (b) variations of the

fractions of Higgs

Figure 6: Bin-by-bin correction factors and bin purities for (a) the transverse momentum of the four leptons pr 4, boson production
and (b) the number of jets Nj.,. The bands show the systematic uncertainties in the correction factors, which are modes
discussed in Section 9. The uncertainties in the bin purity include the detector response and pile-up uncertainties.

. S. Bruni
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HZZ Fiducial and differential XS- Uncertainties

Table 3: Fractional uncertainties for the inclusive fiducial cross section oomp, Obtained by combining all decay
channels, and ranges of systematic uncertainties for the differential observables. The columns e, u, jets represent
the experimental uncertainties in lepton and jet reconstruction and identification. The ZZ" theory uncertainties
include the PDF and scale variations. The model uncertainties are dominated by the production mode composition
variations in the extraction of the correction factors.

kS. Bruni

Observable Stat Systematic Dominant systematic components [ %]

unc. [%] unc. [%] e u jets ZZ* theo Model Z+jets+ ¢ Lumi
0 comb 14 7 3 3 < 0.5 2 0.8 0.8 4
do / dpT s 30-150 3—11 1-4 -3  <0.5 <7 <6 1-6 3-5
do / dprt.ae (0] 31-52 10-18 2-5 1-4 3-16 3-8 1 2-3 3-5
do /dpt4e (13 35-15 6—30 1-4 1-3 2-29 1-4 1-11 1-2 3-5
do /dpt.4c (2] 3041 S5-21 1-3 1-3 2—-19 1-5 1-7 1-2 3-5
do / d|y4| 29-120 53-8 2-4 23  <0.5 1-2 <1 1 3-5
do / d|cos 67| 31-100 53-8 24 2-3 <0.5 1-2 <2 1-4 3-5
do / dmsq 26-53 4-13 2-5 -5 <0.5 1-6 <1 1-3 3-5
d’o [ dmydmsy 21-40 4-12 24 14 <0.5 1-6 <1 1-4 3-5
do / dNjets 22-44 6-31 1-4 1-3 4-22 24 1-22 1-2 3-5
dor / dpi® 3053 5-18 -4  1-3  3-16 2-3 1-8 1-2 3-5
do [/ dAg;; 29-43 9-17 1-3 1-3 8—14 34 1-7 1 3-5
do / dmy; 23-100 9-27 1-4 1-4 8—24 3-8 1-7 <3 3-5




H—ZZ - EFT

In order to study the tensor structure of the Higgs boson

couplings to SM gauge bosons, interactions of the Higgs

boson with these SM particles are described in terms of the

effective Lagrangian of the Higgs characterization model

1 _
Ly :{KSM [EgHZZZuZM + gaww W, W ”]

r—

a a, v a Ha,uv

[KHZZZWZ“V + tan aKAZZZWZ“"]

D — B = B =
> — > =

KHVYV CP-even (scalar)
KAV'V CP-odd (pseudo-scalar)

BSM interaction with vector bosons
and the

KAgg CP-odd BSM interaction with gluons,
respectively

k S. Bruni

[KHWWwJVW_MV + tan CL’KAWWw:l_VW_MV] }X()

_l I I I I |

- ATLAS

- H—= 27" — 4
o0l 13 TeV, 36.1 fo!

-2In (M)

- Kpgg =1, Kgy =1
~ Observed: Ik, | = 0.43

15~ Expected: k,,, = 0.00

10

— Observed

---- SM expected

- ATLAS

- H— 27" — 4]
- 13 TeV, 36.1 fb™

B KHgg=1’KSM=-I

~ Observed: k,,, = 2.9
- Expected: x,,,, = 0.0

.
p4 @
l | | 1 1 | I 1 1 | t.I."I'-.I J Laalasd®® | |1

— Observed

---- SM expected ;

6 -4 -2

0 2 4
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Hvv

20l ATLAS

- H—= 27" —= 4l
- 13 TeV, 36.1 b

o0 Observed: Ik, | = 2.9
Expected: K, = 0.0

—
o
III|IIII|IIII|III

— Observed

---- SM expected
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H4¢2, Hyy combination - differential distributions

Yields measured in the H—=yy and H—=ZZ+*—4f decay channels, which are combined accounting for

_ : : : : Sig
detector efticiencies, resolution, acceptances and branching fractions. N,
O; = —
H . . . L B(A;)C;

Pt Sensitive to perturbative QCD calculations e
; - _ — - | | | | _ Acceptance factors :|
| - ATLAS Preliminary | °>% >4 = S ol ATLAS Preliminary , comsmed - 50% H — vy

f— H— 2z H %1 Ty b Hoyy —f = - H-ZZ,H %1 v * ...... : NT_ggs (@N°LO) + XH -
- | 13 TeV, 3611 . HRes + XH = T o 13TeV,36.11b SCETIlib + MCFM8 + XH ~ —] 412% H = 27+ — 4%
- == NNLOPS (@N’LO) + XH = © N soo0000 XH = VBF+WH+ZH+tH+bbH - E——
= +  RadISH + XH _ © B .
— Hoooit XH = VBF+WH+ZH+ttH+bbH T 40— — ..
|55 | = - - ‘yH‘ Sensitive to
16| = 30— L] —
0.8 ;_r ...... 1 = g 1 + """" '-'- g | - B the Pa rton
0.6 ! + = 20" R * - “distribution
04:_ A *(. _: 10: ............ c f t.
LT R )
= . . = é/%/%//é//Ifé%/%/%/TZ’ZWW%IW/75575%’//7/;7/////?/”/”/;;;;—; Measurements
1.6 — 1.6[ = . . .
S 14b * — S 14b — dominated by statistical
9 14 :* _______ * _______ Lo + _____ L + ______ T +: 9 14 :* ___________ + ________ _ + _______ * ___________ + __________ *: uncertainties (20% -
8 08 - 8 08 - 30%)
— 0.6 — — 0.6 _
0.4F 0.4

0 10 20 30 45 60 80 120 200 350 0.3 0.6 0.9 1.0 1.6 2.5
pl[GeV] | 1]

ks. Bruni Other: Niets: pJTl : probe the theoretical modelling of high-transverse momentum QCD radiation 32‘
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H42, Hyy combination - uncertainties

Source Up Down
Theoretical
agsgl\g (perturbative) —-0.045 +0.044
PDFs +0.018
Branching fractions +0.014
as -0.011  +0.012
Experimental
Luminosity —0.037 +0.038
Energy resolution (e,y) +0.021 -0.019
Pileup +0.014  —-0.015
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