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using WW*(—>evpv)jj final state
with the ATLAS detector
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Outline

* SM predictions for the Higgs boson production and branching ratios

* Highlights from the Higgs discovery by ATLAS

* Run 1 measurements in the HWW final state
e cross-section of ggf and VBF production channels
* spin and CP properties of the Higgs

* Run 2 studies
e cross-section of ggf and VBF production channels (runl and run 2)

e constraints on anomalous Higgs boson couplings

Disclaimer: | will not present an exhaustive overview of numerous experimental results, but rather focus
on selected measurements in the WW?*(->evpuv)jj final state. | will present ATLAS results only.
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The SM predictions for the Higgs boson

Due to the small Higgs boson width, the production and decay can be decoupled.
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CERN Yellow Report 4

The SM predictions for the Higgs boson

Due to the small Higgs boson width, the production and decay can be decoupled.
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Phys.Lett. B716 (2012) 1-29

Higgs boson discovery 2012

* based upon integrated luminosities of
approximately 4.8 fb! collected at Vs = 7 TeV in

||||||||||||||||||||||||||

ZE - ATLAS 2011 - 2012 .

2011 and 5.8 fblat Vs =8 TeV in 2012, R s A S

- 4:_\ —H—iw B

* using Higgs decays into H->ZZ*-> 48, H->yyand & p - IO

H->WW->e - uvev

* Confidence intervals in the (u,my ) plane for
the 3 channels independently



Kinematics of the H2> WW*->evuv decay

* small invariant mass of dilepton system, m,,.

* small angle between two energetic leptons in the plane perpendicular
to the beam, in comparison with leptons originating from non-
resonant WW production processes.

* The m; distribution has a kinematic upper bound at the Higgs boson
mass in contrast to non-resonant WW and top quark production

el sl
my = \/(Eee + ET"°) — |pt,ee + ET°



Physics Letters B 726 (2013) 88-119
Physics Letters B 726 (2013) 120-144

Couplings to bosons and fermions, spin and parity in Run 1

Cross section (pb)
at \/s=8 (7) TeV

Branching ratio
(relative uncertainty)

ggF 19.52 (15.32)

H - WW* — fvly 0.010 (£5%)

VBF 1.58 (1.22) H—yy 2.28 x 1073 (£5%)
WH 0.70 (0.57) H— 77" —> 4¢ 1.25 x 10~ (+5%)
ZH 0.39 (0.31)
ttH 0.13 (0.09)
Total 22.32 (17.51)
ATLAS Total uncertainty
my,=125.5 GeV +1o +2c
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Parameter value
Combined H— yy, ZZ*, WW*

coupling modifications scale factors

Spin/CP properties established using testing of statistical hypotheses:

Table 1

Summary of results for the 0" versus 0~ test in the H — ZZ* channel. The expected po-values for rejecting the 07 and 0~ hypotheses (assuming the alternative hypothesis)
are shown in the second and third columns. The fourth and fifth columns show the observed po-values, while the CLs value for excluding the 0~ hypothesis is given in the
last column.

Channel 0~ assumed 0% assumed Obs. po(JP =0%) 0Obs. po(JP =07) CL(JP =07)
Exp. po(J” =0%) Exp. po(J¥ =07)
i A 1.5.1073 3.7.1073 0.31 0.015 0.022
Table 2

Summary of results for the J” = 0% versus 1 test in the H — ZZ* and H - WW?* channels, as well as their combination. The expected po-values for rejecting the
JP =0% and 1* hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed po-values,
while the CLs values for excluding the 1% hypothesis are given in the last column.

Channel 1+ assumed 0+ assumed Obs. po(JP =0%) Obs. po(JP =1%) CL(JP =1%)
Exp. po(J* =0%) Exp. po(J* =1)
H—Zzz* 4.6-1073 1.6-1073 0.55 1.0.103 2.0+1073
H—> Ww* 011 0.08 0.70 0.02 0.08
Combination 2.7-1073 4.7-107* 0.62 1.2.104 3.0-104
Table 3

Summary of results for the J” =0t versus 1~ test in the H — ZZ* and H - WW?* channels, as well as their combination. The expected po-values for rejecting the
JP =0% and 1~ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed po-values,
while the CLs values for excluding the 1~ hypothesis are given in the last column.

Channel 1~ assumed 0t assumed Obs. po(JP =0%) Obs. po(JP =17) CL(JP =17)
Exp. po(J* =0%) Exp. po(J¥ =17)

H—Z7Z7* 0.9-1073 3.8.1073 015 0.051 0.060

H—>WW* 0.06 0.02 0.66 0.006 0.017

Combination 1.4-1073 3.6-1074 0.33 1.8-1073 2.7-1073

The data are compatible with the Standard Model JP =0*
guantum numbers for the Higgs boson, whereas all alternative hypotheses
studied: J? =0-, 17, 1-, 2%, are excluded at confidence levels above 97.8%.



Cross-sections measurements In
the HWW final state



QCD versus electroweak Higgs production

8 w q
8 w9

* VBF features energetic in a forward region in
the detector but in opposite directions

* large rapidity separation 4n;
° Iarge mjj

(a) ggF production (b) VBF production ] ] .. ] s ]
e o proce * little hadronic activity in the rapidity region
/ between them — central jet veto (CJV)
In the leading order no color flow between the _ j
forward jets jCentraI jet veto
J

\ /4

* |leptons have intermediate rapidities — outside
lepton veto (OLV) J-

Oyyt...
j sige



Physics Letters B 789 (2019) 508-529

Measurements of gluon—gluon fusion and vector-boson fusion
Higgs boson production cross-sections

x10°
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C K Data Uncertaint .
® 160 ATLAS ; " \\- "y v ] Category Njet, (pr>30 Gev) =0 88F | Niet,(pr>30 cev) =1 ggF Nijet, (pr>30 Gev) > 2 VBF
C * ggF VBF .
L 140L H-WW*—evuv Cmwe [l ww ] Two isolated, different-flavour leptons (£=e, &) with opposite charge
- =~ -1 . ) ] lead sublead
- s =13 TeV, 36.1 fb Wz, [0 Misd - presalasibn pisdsing nclzev> I;B GeV> 15 GeV
r ] 06
129 C v ] piiss > 20 GeV |
100 —
- ] 4 Np_jet, (pr>20 Gev) =0
80 ] Background rejection A¢(Le, EMsS) > /2 max (m%) > 50 GeV
E ] p4¥ > 30 GeV Mer <mz — 25 GeV
60 C ]
- ] H—> WW*—evuv myge <55 GeV central jet veto
40k . — topology Ager <1.8 outside lepton veto
B Discriminant variable mr BDT
: BDT input variables mjj, Ayjj, Mee, Agee, mr, ), Ce, Z[’j mej, pr*
| l I—?—-
4 5 6
Niﬁ

4 )

Events are classified into one of three categories based on the number of jets with pr > 30 GeV

Top, Z/y (and WW) backgrounds estimated from control regions, smaller backgrounds from simulation.

\_ J
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Control regions definitions in the ggf+0/1j and

VBF measurements

CR

Niet, (pr>30 cev) =0 ggF

Niet,(pr>30 cev) = 1 g8F

Niet,(pr>30 Gev) = 2 VBF

ww

55 <my¢ <110 GeV
Ay < 2.6

mye > 80 GeV
myr —mz|>25 GeV

Np_jet,(pr>20 cev) =0

max (m%) > 50 GeV

tt/Wt

Np_jet,20 Gev<pr<30 Gev) >0

Ap(EL, EDSy s 2
pt¢ > 30 Gev
Aggp <2.8

Npjet,(pr>30 Gev) = 1
Np-jet, (20 Gev<pr<30 cev) =0
max (m%) > 50 GeV

Np_jet, (pr>20 Gev) =1

central jet veto

My <myz — 25 GeV

outside lepton veto

Z/y*

Nb-jet,(pr>20 Gev) =0
My < 80 GeV

no psS requirement

Age > 2.8

max (m%) > 50 GeV
My >mz — 25 GeV

central jet veto

outside lepton veto
Imyr —mz| <25 GeV

11



M+ distribution |

oof+0 and ggf+1

A

— in the control regions for WW, top quark and

Z/y*+jets
J combined in the Njet <

1 signal region
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Slgna\ dlscrlmmants in VBF

c
S 2500F A TLAS <+ Data N Uncertalnty
T
ﬂ B . - VBF - HggF
% 2000_H—>WW —evuv, Nijt =2 VBF Clawe Eww
—r _ -1
e T L/
-+ [ Na%
1500

1000

Events/bin

[-1,0.26] [0.26,0.61] [0.61,0.86] [0.86,1.0]

BDT score
Post-fit BDT score distribution with the signal and the

background modelled contributions in the VBF signal
region.

Post-fit event yields in all signal categories

Events / bin

1200F

T T
TATLAS

T T T T T T 1
—4-Data 1\ Uncertainty

13

1200 i_A TLAS -+- Data \ Uncenalnty —: § _:
" F HWW*seviy, N > 2 VBF EZ;;Z =FVL‘~‘5; B % 1000 :_H—>WW'—>evuv, Njet 2 2 VBF 52}"; =Fv’vg|j; _:
[ Vs=13TeV,36.1 fo" Wz [OMisid § & [ Vs=13TeV, 36.1 " Wz [OMisid ]
800 BV -- Hygex30 ; 800_— BV -- Hygex30 —:
N E eor [T ]
4005— _ 400F N .
2001 — 200 . ]
% 100 200 300 400 500 600 800 1000 1600 . 00_ <
m; [GeV] Ay
(a) (b)
Process Njet =0 ggF Njer =1 ggF Njet >2 VBF
Inclusive BDT: [0.86, 1.0]
Hggr 639+110 285+ 51 42416 6+3
Hygr 7+1 31+2 28+16 16+6
ww 30164203 1053 +206 400 460 11+2
'A% 333+38 208 +32 70+12 3+1
tf/Wt 588 +130 1397 +179 1270480 1442
Mis-Id 447 +77 234449 90+30 6+2
Z]y* 27 +11 76 +24 280140 4+1
Total 5067 £ 80 3296 +61 2170+£50 60+10
Observed 5089 3264 2164 60



Cross-section measurements

e The me_asured cross-section times
branching fraction values are:

Ogof - BH>ww*
= 11.41]%(stat.) " 14 (theo syst.)* 13 (exp syst.) pb
=11.4152 pb
OvBF - BH>ww*
= 0.501923 (stat.) & 0.10(theo syst.) 015 (exp syst.) pb
= 0.501052 pb.

* The values predicted in the SM:
 10.4 + 0.6 pb for ggF and
* 0.81+£0.02 pb for VBF.

* The observed (expected) ggF and VBF
signals have significances of 6.0 (5.3) and
1.8 (2.6) standard deviations, respectively.

Main sources of systematical uncertainties

Source

Aoggr - By ww= [%]

Aover - BH—> ww* [%#]

Data statistics
CR statistics

MC statistics
Theoretical uncertainties
ggF signal
VBF signal
ww
Top-quark
Experimental uncertainties
b-tagging
Modelling of pile-up
Jet
Lepton
Misidentified leptons
Luminosity

TOTAL

10
7

6
10

WO WNU AU O A WU
)

—
oo

46
9

21
19
13




Constraining Higgs boson
properties

arXiv:2109.13808 [hep-ex]

Physics briefing: https://atlas-public.web.cern.ch/updates/briefing/refining-picture-
higgs-boson

15


https://arxiv.org/abs/2109.13808

| Nan UtS h E| Common final state WIW*(= evuv) jj, two Higgs production mechanisms

K ggf category 200004 g \

e CP properties of the top Yukawa coupling and ‘

-- H/A
new particles in the gluon fusion loop probed with:
1D fits to Ky, /Ky, - tano and g B

. . . g -
Zp -flt of CP-even and CP-odd couplings K., and K, , with  glor_ _% (g COS@GE, GHH” 4k sin(@)GE, GoH) H
the mixing angle tana =1

g

* Measurement of signal strength pi.,; CP-even CP-Ody

(VBF category \

e Search for BSM physics in Higgs boson individual couplings to
longitudinally and transversely polarised W and Z bosons

* Fits to a,=guyivi/8uvw and ar=guyryr/8nw and Pseudo
Observables k, and €.

V=W, Z

k * In the Higgs rest frame only HV,V, and HV,V; are present. (following Phys.Rev. D90 (5) (2014) 054023/
(2014),arXiv:1404.5951 ) 16




Methodology

* Signal modifications sensitive to

* Signal signature: two (forward) jets, the distribution of signed Ag;
two different flavor opposite sign between jets in the plane

leptons, no b-quarks perpendicular to the beam axis
* Main backgrounds:
* double and single top,
e Z+2jets,
« WW
e other dibosons

* Signal optimisation: several signal
categories, separately for each

analysis, using BDTs [Agojj = i1 —Pp If N >N, and @ =@;; —P; otherwise]

17



Sighal and control regions

ggF + 2 jets | VBF
Two isolated, different-flavour leptons (£ = e, i) with opposite charge
lead sublead
22 GeV 1 A%
Preselection By SeClGEN, I; T V> iGe
mee > 10 Ge Control region ggF + 2 jets VBF
Niet 22
et Top CR Npjet,(pr>30 Gev) = 1 Npjet,(pr>20 Gev) = 1
Np.jet,pr>20Gev = 0 Imer — mz| < 25 GeV
Mo < 66 GeV Z -1t CR : L
0 ” P, ¢¢ Tequirement is omitted mee < 80 GeV
AR;; > 1.
Background rejection iz ) mee > 90 GeV
Pr.ee > 20 GeV central Jetreto W R mt requirement is omitted -
mee < 90 GeV outside lepton veto
mt < 150 GeV
1 , ) A i A i . , A
BDT input variables ) s mT pT’é_]f Pet ) Mis> AV jj> Mee, MT :ft”
min AR(¢1, j;), min AR(¢2, j;) 2¢Ce, Xig jme,j, PT

In ggf+2j study the selection requirement placed on p;' reduces contributions from the Z + jets background, while
the requirements on m; and m; decrease the top-quark background.

The VBF signal and control regions are the same as in the cross-section measurement. .



Methodology

* To measure properties of the Higgs production vertex the shape of the distribution of AQ;; is used. Additionally, in
selected fits, o - Br(H >WW?¥*) information is employed.

T T T T T T T T T C E T T T T T T T T T T T
é " ATLAS Simulation Interal ] -% ATLAS Simulation Internal
8 | Vs=13TeV, ggF H > WW'> evuv | 8 02 {s=13TeV, VBF H — WW*—> evuv |
£0.15- —CPeven --CPodd -- CP mixed| = - =10,2,=07 --3=103a=13 |
2 " 1An1>3.0 1 g ~a =07,a =10 a =13,a =10 |
[ ro w . —a =1.0,a =1.0(SM) IAnﬂI >5.0 |
ot L.l tN o4
i 0.1 .
0.050,

! \ ‘ ! ! \ ‘ \

0 2 4 6 0 2 4 6
AD Aq)jj

The AQ;;distribution in the ggf and VBF signal regions, for selected signals

* Parameter morphing is used to extrapolate from a small set of BSM coupling benchmarks to a large variety of
coupling scenarios.

* The final results are obtained by applying a maximum likelihood (ML) procedure individually to each coupling
parameter hypothesis, where the background prediction is only affected by changes to nuisance parameters in the

minimization.



Morphing in a nutshell

73.Nucl. Instrum. Meth. A 771 (2015) 39, arXiv:1410.7388 [physics.data-an].

Yet another morphing strategy — ‘Moment morphing’

Improved strategy for interpolation — moment morphing

Key deficiency of vertical interpolation

is that it doesn’t account well for
shifting distributions

ToulX]Q) = AT (X)+(1-0) Tyign(x)

Alternative strategy is
“moment morphing”

Basic idea is the same, but adjust
mean, r.m.s of Ty,,,(X), Trign(X)
through transformation x>x’
function of a so that mean,

r.m.s. of components T(x’) match
for any a

[ ]
Limitations of piece-wise linear interpolation
* Bin-by-bin interpolation looks spectacularly easy and simple, [ ]
but be aware of its limitations
~ Same example, but with larger ‘mean shift’
12
morphing parameter
0 0.5 1
P A e
5 0.12F ' input template (mapped to m=0) -
a r 2" input template (mapped to m=1) 1
‘s 01 [\  =ee--- Vertical morphing interpolation (at m=0.5) —|
5 + = = = MomentMorph interpolation (at m=0.5) |
'§ 0.081- (accounting only for shifted mean) -
s [ ]
& 0.06[- i __
F ex b i N ]
0.04- [/ oA 3
o P / \ ] @
0.02f )/ Y \ 4
/' ' N\ rd ’ ® -;}L; | ‘I‘ SN =
G0 50 100 150 200 250 300 350 400 @
observable 4

Events / ( 40000 )

Intagral

For a Gaussian probability model with linearly
changing mean and width, moment morphing
of two Gaussian templates is the exact solution

o Sergemda
2

R R B
AU AL LAk el sl L e s

But also works well on ‘difficult’” distributions,
although interpolation strategy still largely
empirical (i.e does not reflect underlying physics principle)

90

ATLAS g ATLAS R 7 S %0 atiAs
80
myq® 570 § S0 m,=690 g m,o= 750
70Em, =140 = m, =140 1 3 40 m, =140
4
- model g 40 model g model Hit "-.
& &

...10’

o 2%
0 1000 1500 2000 2500 3000 3500 000
M effective

M eflective

— Calculation of moments of templates is expensive,
but just needs to be done once, otherwise very fast (just linear algebra)

Multi-dimensional interpolation strategies exist

Moment morphing used for signal interpolation for Run-1 ATLAS CP analysis

slides from Wouter Verkerke 20



Effective Lagrangian Morphing discrete input
— differential distributions
oul(gtaroct) - Z Wi (gtar}:u, gz)Tm(_(/l) (from MC)

7
observable \

SM+BSM couplings

The contribution of each sample T;, is weighted by w; assuming that T~ |M| %

using narrow width approximation L2 ’ 2
(nggs) |M(Q)| = (Z g\O((/\)] ' Z 9x0(g:) | »

XEP,S xed,s

production decay

expanding the operators to a 4t degree polynomial in 5 o
the coupling parameters IM@)|" = Z X; - Pi (9),

Tou(d) = Z(ZA,,P (g)]
i=1

wi(9)

g are couplings in the
production, decay, or
both

= P(9) - AT,
) G depends only on the g’s chosen
the output distribution should be equal to A (P.i (gi) y =1 for the input samples,
the input distribution at the respective input parameters & A-G=1 must be non-singular 21



gof measurement

Four different fits are performed:

* The signal strength parameter W, »;
defined as the ratio of the meastire ere

The ML fits use as an input the distribution of the signal yield to that predicted by the SM.

signed A¢;;, divided into 12 categories: * In order to constrain BSM effects in the
effective Higgs—gluon coupling, tan(a) is
scanned:

* 3 BDTscore intervals: [0.1,0.4, 0.7, 1.0] * The normalisation of the signal process is
* 4 |An;;| intervals: [0.0, 1.0, 2.0, 3.0, =], unconstrained (a shape only fit)

* The signal normalisation is constrained to
the model predictions (a shape and rate fit)

* A simultaneous fit of the coupling-
strength scale factors kgg cos(a) and kgg
sin(a) is performed. This study exploits
both shape and rate information.



Results

* The mixing angle for CP-even and CP-odd
contributions to the effective Higgs— gluon
interaction is determined to be tan(a) = 0.0 +
0.4(stat.) + 0.3(syst.) using both shape and rate
information, shape only fits not yet sensitive.

* 68% and 95% CL two-dimensional likelihood
contours of the CP-even and CP-odd coupling
parameters

* Measured the signal strength

I“lggF+2j = 05 i O4(Stat) -0.6+0-7 (SYSt)

_I T T T I T T T I T T T I T T T I T I T T T I T T T I T T T I T T T I T T T
- F ]
6—ATLAS Internal —
Z of —E N
= [(=13TeV, H > WW* — evuv, 36.1 fb" xpected - 3
C VEF fi — Observed -
5—_!.& ixed ]
4:— —: 20
3 =
21~ =
1:_ ..................................................................... _: 1o
910 -8 -6 4 -2 0 2 4 6 8 10
tano
d :I I T T T T I T T T T I T T T T I T T T I- I- I: _10
» - ATLAS |Internal * SMprediction] 9
8 TEVs=13TeV, H — WW* — evuv,36.1 fb" * bestfitvalue
. F — 68%CL 1 s
2 0.5:— ol E
v e J -
a O . = /
- 1 °°
~0.5F E
4 415
—15'. .'E 4
-1.5 =3
_oF =B
25 = -
:I I I 1 I 1 I 1 1 I I:
-1 -0.5 0 0.5 1
A Kpgg SIN O
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VBF measurement

Are the Higgs HVV couplings really scalar?

At infinitely large momenta the transverse parts of V bosons correspond to the “proper” gauge bosons,
whereas the longitudinal parts arise from the “eaten” Goldstone bosons.

VBF H> WW as a part of WW scattering

Cross Section (pb)

\A
100 ! L L L

200 400 600 1000 2000 3000
Vsyw (GeV)

PHYS.REV.D 78, 051701(R) (2008)

5000
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WW scattering

* The Higgs mechanism introduces masses of gauge bosons and their longitudinal polarisations

1 Vs
H=—(0,1, +1,0), =
ei ( ! L ) eL 21‘4“

V2

* Asaconsequence W,W, scattering amplitude diverges with center of mass energy

(8,0,0,1)

subtracted by Higgs diagrams if g,=g8y myy (gauge invariance

~ reguirement)
m >-< :

>”’”<
H(]
e Test the SM EW symmetry breaking.

* In the SM there is no distinction between coupling strengths of HV,V, and HV;V; interactions.

* Atinfinitely large momenta the transverse parts of V bosons correspond to the “proper” gauge bosons, whereas
the longitudinal parts arise from the eaten Goldstone bosons.

* HVV couplings are sensitive to new physics in EWSB: extended Higs sectors, Higgs as a composite pseudo-
Goldstone boson (SILH, MCHM), ...
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I\/Iappmg to Pseudo-Observables Eur. Phys. J. C75 (2015) 128, arXiv:1412.6038 [hep-ph]

Signal paraletrised using (a;, at) couplings scale factors is not Lorentz invariant.

Approximate(*) mapping to Pseudo Observables:

4 N
ar =kyv +Ar(q1,q2)evv, ar =«kvy +Ar(q1,q2)evy.
ar — ay,
kyy = ar — AL(q1,92)evy, Evy = A
1(q1,92) — AL(q1, 92)
\_ W,
My 4414 my My~ 41— 9
AL=—r— o Ar=— 2 :
where 2my, my(my, — q7 — q5) 2my, myy

From MG5 simulation the mean values of formfactors for incoming bosons (generator level cuts) are:

m,>

2my

A(ay, 92) =0 and  4+(qy, g3)=2

2

Kw=a, &w=0.5(ar—ay),

In the SM: on-shell coupling k= 1, off-shell coupling &,, =0 .

(*) assuming custodial symmetry, no new physics in the boson—fermion couplings Wff and Zff , and a CP-even Higgs boson with CP-conserving HVV interactions.



VBF measurement

* Object definitions, signal selection and background estimation the
same as in the ggf+VBF analysis.

* Input distribution consists of 4 BDT bins, each containing 10 4¢;; bins

* Simultaneous fit of:

* A@; in 4 BDT bins in the SR
* One bin (normalisation) fit in CRs

* Results from fitsin (a,, a;) and (k\,, &,,) parametrisations, where the
other parameter is fixed or profiled



Results

A NLL

0]

Type

Expected

Observed

at shape-only fit (ap = 1)

1.0 + 0.5(stat.)*93 (syst.)

1 .Bt%'.ﬁ(stat.)’:%g(sy

st.)

ap shape + rate fit (ay = 1) 1.0079,9%(stat.)*0-07 (syst.)  0.90+2-% (stat.)*%-0% (syst.)
at shape + rate fit (ap, = 1) l.OOt%‘.ig(stat. t%'.lzc’f,(syst.) 1.19t%'.%72(stat.)t%'_lli(syst.)
ay, shape + rate fit (at profiled) 1.00t%'.(i%(stat.)t%ﬂ%(syst.) 0.91t%'.ll%(stat.)“:%'ﬂ%(syst.)

at shape + rate fit (ar profiled)

1 .Oj%'.‘g (stat.)j%'ﬁ(syst.)

1.2 + 0.4(stat.)t%'_23(syst.)

[¢)]

L L L L
— ATLAS Internal

- Vs=13 TeV, 36.1 fb™'
- H— WW*— evuv

- Expected
Observed

120

1o

A NLL

L -
6~ ATLAS Internal -

- \Vs=13 TeV, 36.1 fb 3
SEH — WW* — evuv =

- Expected ]
4;””””””07937(73;\7/@ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —20
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2 —

1i ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ».:10'
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Results

Type Expected Observed

gyy shape-only fit (kyy = 1) 0.00t%:%(stat.)t%‘.ll‘;(syst.) 0.14t%'.3é92(stat.)t%‘.llg(syst.)
kyy shape + rate fit (syy =0)  1.00735%(stat.) "0 B (syst.)  0.9175% (stat.) TP (syst.)
gyy shape +rate fit (kyy =1)  0.00%018(stat.)*O08 (syst.)  0.0979-13(stat.)* 900 (syst.)
kyy shape + rate fit (eyy profiled) l.OOi%'_(i%(stat.)t%'_(ig (syst.) 0.91i%'-ll%(stat.)t%'_‘i?,(syst.)
gyy shape + rate fit (kyy profiled) O.OOt%'_2224(stat. _%'_lll,j(syst.) O.13i%'_%%(stat.)t%'ﬂ%(syst.)
- C T T T T T T T ] - R BRI L B
5 &b ATLAS = > 0 ATLAS .
a F Vs=13 TeV, 36.1 fb™" ] < OF s=13 TeV, 36.1 fb™"
S H—> WW* - evuv ] L - H—> WW* - evuv ]
. — Expected ] o — Expected ]

e U —Obsened Ao\l | —Omewed

; ................................................................... _; 1o é_ .................................................................. _; 1o
) 05 1 15 04 02 0 02 04 06 08 1 13
Ky Ew

(a) kyy shape+rate fit with profiled eyy

(b) eyy shape+rate fit with profiled kyy
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Conclusions and outlook

With more data increased sensitivity to Higgs boson processes, new processes
are being explored.

Improving measurements of Higgs boson cross-sections and branching ratios, as
well as constraints on its couplings.

New developments in experimental techniques and statistical analysis

On-going discussions with theorists on comunicating experimental results in the
best way to test theoretical predictions
* constraints on sets of effective field theory operators are underway

. increasir;g role of differential measurements (the framework of simplified template cross-
sections

Combinations of various final states as well as Higgs and electroweak processes
are vital in maximising research potential of the LHC experiments.
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Morphing likelihood ratios

The minimisation condition of a likelihood fit has a form

N N
§(Ty) =argmin-2InP|Ty = >"| > AiiP;(@)|Tini|
g i=1 \ j=1

so that only the polynomials P;(g) need to be recalculated
during the minimisation process, while the non-trivial
guantities stay fixed.

Calculation of moments of input templates expensive,
but done only once in the calculation.

The error propagation of statistical uncertainties to the
output T, occurs only via linear combinations.

* Morphing only requires that any differential
cross section can be expressed as polynomial

in BSM couplings

e Method can be used on any generator that
allows one to vary input couplings

e Works on truth and reco-level distributions

¢ Independent of physics process

e Works on distributions and cross sections

e Implemented in the RooLagrangianMorphing

class in RooFit.

Morphing model prediction is a weighted sum of
templates.

* Need to take care that relevant regions of
parameters do not end up being modeled by low-
statistics samples with large scale factors.

e Choice of input samples is important (in
practice done by trial and error)



Coupling modifiers and dim-6 EFT operators

34

2 \
e - D TD# 4 v F¢
A 2 f or =1+ —=+Fowar - @,
g Fqu T v v
Lyw =— P'o— — |tr [WWW“ ] : V2F .
4 ( 2 CI,L:1+ 2¢+F¢W QI.Q2 ?
T 2 T \_ q1 " 42 )
Eqb = Fyp | o'¢ — > ((Duﬁb) Dufﬁ) -
( )
Mapping between (a; and a) and EFT operators momentum dependent. EFT kinematics can be reproduced fitting a, and
ar (see 1404.5951)
Independent variations in (a, and as) not possible in the dimension-6 set of EFT operators
g J
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Methodology

To measure properties of the Higgs production vertex the shape of the distribution of the azimuthal angle between two
tagging jets AQ;; is used. Additionally, in selected fits, o - Br(H >WW¥*) information is employed.

Parameter morphing is used to extrapolate from a small set of BSM coupling benchmarks to a large variety of coupling

scenarios.

The final results are obtained by applying a maximum likelihood procedure individually to each coupling parameter
hypothesis, where the background prediction is only affected by changes to nuisance parameters in the minimization.

£ MR AR AR AR RARAE RRARE RAARS RARAE KRS MRS RARRN RARAE LA MR
2 [ ATLAS Internal 7 —*— Observed
£ 15 (s=13TeV, 36.1 ' A TotFal unc.
2 [ H->WW ey - I %0
3 i - - I VBF
L ggF +2jets SR _ .
n _| I Other Higgs
10 — W +jets
- I Z + jets
"| I Diboson
] wt
_....I....I....I....I....I....I....I....I....I....I....I....I....I....
B 14F -
o 12: E
Q 2 3
% 1 %‘*///*é‘/(//%ﬁ/{/ﬂ{-/—f‘ﬁ/ ‘y-ﬁxt//)/%/f//z+f/%}///,+€
a] 0.8:— =
066
0 T 2n
AD

I

The weighted AQ®; ; distribution in the ggf and

3 weights / bin

"OC" ATLAS Internal

” Vs=13TeV, 36.1 '
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7 Total unc.
I vsF

I ooF

I Other Higgs
B W + jets
I Z +jets
[ Diboson
CJdwt

1.4F T
1.2F

Data / pred.

0.8
0.6

0

2n
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VBF signal regions, with signal and background yields fixed from the fits.



Main sources of uncertainties in the VBF
Higgs properties analysis

Source Axyy Source Aeyy
Total data statistical uncertainty  0.11 Total data statistical uncertainty  0.14
SR data statistical uncertainty 0.10 SR data statistical uncertainty 0.14
CR data statistical uncertainty 0.019 CR data statistical uncertainty 0.011
MC statistical uncertainty 0.035  MC statistical uncertainty 0.036
Total systematic uncertainty 0.12 Total systematic uncertainty 0.056
Theoretical uncertainty 0.10 Theoretical uncertainty 0.050
Top-quark bkg. 0.072 Top-quark bkg. 0.039
WW bkg. 0.062 WW bkg. 0.036
ggF bkg. 0.033 ggF bkg. 0.013
Z/y* bkg. 0.017 Z|y* bkg. 0.012
VBEF signal 0.019 VBEF signal 0.010
Experimental uncertainty 0.050  Experimental uncertainty 0.024
Jet 0.026 Modelling of pile-up 0.022
b-tagging 0.014 Jet 0.018
Luminosity 0.011 Misidentified leptons 0.010
Misidentified leptons 0.007 b-tagging 0.010
Total 0.17 Total 0.16

(@) kyy fit,eyy =0 ) eyy fit,kyy =1



