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Introduction

* Discovery of the Higgs boson with LHC Run 1 data
one of the major scientific results in recent years

— Observation (>56) in bosonic

channels, signal strength consistent
with SM

— Evidence (>306) for fermionic
decays at each of the two experiments,
dominated by H—1t channel
* CMS H—11: 3.20 (exp. 3.76) m-1256ev
* ATLAS H—1t: 4.506 (exp. 3.40) m-12536Gev
— Statistical combination of ATLAS & CMS:

e LHC H—71: 5.50 (exp. 5.00)
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Introduction

* Discovery of the Higgs boson with LHC Run 1 data
one of the major scientific results in recent years

— Observation (>56) in bosonic

channels, signal strength consistent
with SM

— Evidence (>306) for fermionic
decays at each of the two experiments,
dominated by H—tt channel

e CMS H—1t: 3.20 (CXp. 376) my=125 GeV . |
e ATLAS H—1t:4.50 (eXp. 34(5) m,=125.36 GeV <_| First Part of this talk!

— Statistical combination of ATLAS & CMS:
* LHC H—11: 5.56 (exp. 5.00)
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Introduction

* Is it the Standard Model Higgs boson?

— Deviations from SM: signal of new physics!

* Several characterisation studies already:

— Mass: ATLAS+CMS combination
my=125.09+0.21(stat) £0.11(syst)

— Spin/parity: Data compatible with J*=0*

e Various 0, 2" models excluded at >99.9% CL

— Test CP-violation in H—-Z7Z and WW

— Test CP-violation 1in Vector-Boson
Fusion production

— Differential cross-sections

 Fit to extract limits on Wilson-coeff. in Effective Field Theory framework
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Introduction
* Is it the Standard Model Higgs boson?

— Deviations from SM: signal of new physics!

* Several characterisation studies already:

— Mass: ATLAS+CMS combination
my=125.09+0.21(stat) £0.11(syst)
— Spin/parity: Data compatible with J*=0*
e Various 0, 2" models excluded at >99.9% CL
— Test CP-violation n H—Z77 and WW

— Test CP-violation 1n Vector-Boson Second Part of this talk!
. ) —_—
Fusion production

— Differential cross-sections

 Fit to extract limits on Wilson-coefficients in Effective Field Theory
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ATLAS Evidence for H—1t



The Tau Lepton

jetcone

* m=1.777 GeV

e Short life-time: look for
tau decay products

* Tau Reco typically refers
to reconstruction of
hadronic decays

— Leptonic decays: use same
reconstruction as for
prompt leptons

* Tau-jet: Reconstructed
visible decay products
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Tau-Jet Reconstruction™

Start with a calorimeter jet as seed

— Anti-k, algorithm, distance parameter R=0.4
— p=10 GeV, In|<2.5

Calculate 4-momentum of tau-jet using only
topological clusters within AR<0.2 of cluster

barycenter

Associate tracks (p~>1 GeV) within AR<0.2

*: Slightly simplified...
See EPJC 75 (2015) 303
for full details
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Tau Identification

* Problem: Tau-jets look a lot like QCD jets
— We have a lot of those at the LHC...

— Requiring 1 or 3 tracks reduces contamination, but not nearly enough to
be usable for most analyses

— Need a more powerful discriminator...
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Tau Identification

* Problem: Tau-jets look a lot like QCD jets
* Build variables exploiting QCD/tau-jet differences

— Isolation, Lateral shape, Leading track momentum
fraction, Secondary vertex, Invariant mass, and more...
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Tau Identification

* Problem: Tau-jets look a lot like QCD jets
* Build variables exploiting QCD/tau-jet differences

* Train Boosted Decision Trees
— Separately for 1-prong and 3-prong tau-jets

— Loose/medium/tight working points defined with pT-dependent cut on the
BDT score
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Signal Efficiency
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Train Boosted Decision Trees

Tau Identification

Problem: Tau-jets look a lot like QCD jets
Build variables exploiting QCD/tau-jet differences

Pile-up corrected input variables — ID is pile-up robust
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Tau Identification

* Problem: Tau-jets look a lot like QCD jets

* Build variables exploiting QCD/tau-jet differences

* Train Boosted Decision Trees

* Pile-up corrected input variables — ID is pile-up robust

* Working point used for H—1t analysis yields 55-60% efficiency,
and 1-2% jet misidentification probability
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The H—1t Analysis

Does the boson with M; ~125 GeV decay to t-lepton pairs?

All final states of tau-decays considered
— H—11—21+4v (lep-lep channel; BR=12.4%)
— H—-tt—l+1,,4+3v (lep-had channel; BR=45.6%)
— H—1t—21,,4+2v (had-had channel; BR=42%)

Main backgrounds: Z—11, Fakes (W+Hjets, QCD multyjet), Z—ll,
top

Multivariate analysis, based on Boosted Decision Trees, BDTs

Using all data collected by ATLAS 1n 2012 (8 TeV,
20.3 fb1) and 2011 (7 TeV, 4.5 tb!)
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H—1t — Analysis Concept
* Dataset selected by triggering on

electrons, muons or tau-jets

* Reconstruct and identify physics
objects according to standard
ATLAS procedures

Elias Coniavitis - H—1tt Evidence & VBF CP studies - 15/11/2016

15



H—1t — Analysis Concept

* Split dataset into 3 orthogonal

channels by demanding exactly: Channel siﬁcation

— 2 light leptons (e, n) and
no tau-jet (lep-lep)

— 1 light lepton (e, u) and
1 tau-jet (lep-had)

— No light lepton (e, p) and
2 tau-jets (had-had)

Elias Coniavitis - H—1tt Evidence & VBF CP studies - 15/11/2016
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H—1t — Analysis Concept

Object Selection
Channelsiﬁcation

e Reduce the most "obvious"
backgrounds

— Opposite sign of T decay
products

— b-jet veto
— Cuts against Z—ll
e Also cuts to ensure
orthogonality with HH-WW
selection
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H—1t — Analysis Concept
* Two categories per channel

Channelsiﬁcation
— VBF Category: 2 jets separated in 0

VBF signal fraction: 55-65% Preselection

— Boosted Category: p(H)>100 GeV
ggF signal fraction: 62-67%

Categorizayon

I Channel ] VBEF category selection cuts

At least two jets with p7! > 40 GeV and p? > 30 GeV
An(jlajZ) >2.2

At least two jets with p7! > 50 GeV and p7 > 30 GeV
TiepThad | An(j1,J2) > 3.0

mYs > 40 GeV

At least two jets with pt > 50 GeV and p7* > 30 GeV
ThadThad | PPE > 35 GeV for jets with || > 2.4

An(jlaj2) >20

| Channel | Boosted category selection cuts

TepTlep

TiepTlep | At least one jet with pp> 40 GeV
All Failing the VBF selection
p > 100 GeV
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H—1t — Analysis Concept

» Two categories per channel Object Selection

. . Channelsiﬁcation
— VBF Category: 2 jets separated in 0
VBF signal fraction: 55-65% Preselection

— Boosted Category: p(H)>100 GeV
ggF signal fraction: 62-67%

Categorizay

* Separate BDTs trained in each BDT BDT
category
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H—1t — Analysis Concept

* Two categories per channel

Object Selection

. Channelsiﬁcation
— VBF Category: 2 jets separated in 0

VBF signal fraction: 55-65%

— Boosted Category: p(H)>100 GeV
ggF signal fraction: 62-67%

Preselection

gegorizajon

e Separate BDTs trained in each BDT

BDT

category and each channel

Lep-Lep

— Total of 6 different BDTs

Lep-Had

— Use BDTs trained for 8 TeV also on

Had-Had

7 TeV dataset
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Boosted Decision Trees

* Decision Tree: Sequential cuts split data
into nodes; final nodes (leafs) classify
event as signal or

— Similar to "classic" cuts — but don't throw
away events

— Each split uses variable that at this node
gives best S/B separation when cut on. o> c) (k< g

— Separate training and festing samples
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Boosted Decision Trees

* Decision Tree: Sequential cuts split data
into nodes; final nodes (leafs) classify
event as signal or

— Similar to "classic" cuts — but don't throw
away events

g
— Each split uses variable that at this node Q @ Q @

gives best S/B separation when cut on. (o> < ok =g

— Separate training and testing samples

 Boosted Decision Trees: Combine a whole
"forest" of Decision Trees derived from the
same sample, e.g. using different event weights

— Increases statistical stability — substantial improvement in performance

* Detailed studies of optimal BDT training parameters (Nr trees; min
leaf size...) done, in addition to deciding which variables to use

j>c2 [xl < c2 [xj > c3] [xj < c3]
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H—1t — BDT Input Variables

. . 2 300F+,,, VBF atLas |
6-9 variables used inthe 5 om0
. . . § — 50 x H(125) -
BDTs, exploiting: S 200 moe
. L Il Others ]
— Resonance properties: 10 ke ton
m_, AR_, etc 100
— Event activity: !
scalar & vector p-sum, etc 2 3 4 5 8 7
Anj, )
— Event topology: 8 foier | amas
- 2901, _ TeV, 20.3 fo'! re-fit ]
mT ) p T (T]) /p T(Ty ) etc % L ° sk Fi¢—fDa1ta
1 . @ 2000 ;303 Hetzs)
— VBF topology: m;, 4n, 5 mzo
1501 I Fake © .
+ 7722 Uncert. E

100

1.5

Elias Coniavitis - H—1tt Evidence & VBF CP studies - 15/11/2016

AR(t, 1))

Events / 100 GeV

Events / 20 GeV

gooéwégédvéF‘

800k 's=8TeV. 20.3 fo"
700F
600
500F
400F
300F

—
ATLAS 3

Pre-fit

—e— Data
— 50 x H(125)
Mz« .
I ti+single-top _5
[l Others 3
I Fake ©
772 Uncert.

200 =
100 3
0 500 1000
m; ; [GeV]
1000 T T I T T T I T T T L
[ TiepTiep BOOStE ATLAS
L \s=8TeV,20.3fb" Pre-fit .
8001 —+ Data 7
i — 50 x H(125) |
L Mz«
600 Il (7+single-top |
i I Others i
L [ Fake lepton |
400

200

0 100

(Pre-fit plots)

772 Uncert. —

200 300
P, [GeV]

23



Di-tau Mass Reconstruction

* Reconstructing invariant mass of ditau
system not straightforward, due to the
presence of neutrinos in the tau decay

* Missing Mass Calulator (MMC) to
estimate ditau invariant mass

* Scan over unknown v momenta and
EXmiss and Eymiss

* Calculate m_, at each point, then weigh
it by its probability, according to E ™
resolution and tau decay topology

e Mass estimator defined as the most
probable value of the scan points

— E;™ resolution drives performance of the
method.
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H—tt

* BDT score distributions in the Boosted category (8 TeV)

Lep-Lep
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H—tt

* BDT score distributions in the VBF category (8 TeV)
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H—tt

* Modelling of background processes crucial

Events/0.11

Data / Model

— All major backgrounds either directly estimated from data, or normalized

to data in control regions
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/-1t

Obtained from data-driven "embedding" procedure:
— Select Z—puu events in data

— Replace p with a simulated t

— 1 decayed using TAUOLA; polarization and spin-
correlations taken into account

— Normalization free parameter in the fit
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H—tt

* Modelling of background processes crucial

— All major backgrounds either directly estimated from data, or normalized
to data in control regions
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H—tt

* Modelling of background processes crucial
— All major backgrounds either directly estimated from data, or normalized

Events/0.11

Data / Model

to data in control regions
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Fake backgrounds (e.g. WHjets, QCD multijets):
Obtained though fully data-driven methods

— Lep-lep: Template fit in region of inverted
lepton isolation.

— Lep-had: 1,4 candidates failing ID
requirements, multiplied by process-dependent
Fake Factors binned in p and track multiplicity.
— Had-had: Invert opposite-sign requirement on
two 1,4 candidates. Normalization from the fit.
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H—tt

* Modelling of background processes crucial

— All major backgrounds either directly estimated from data, or normalized
to data in control regions
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Other Backgrounds:

— Top normalized to data in control regions in the
leptonic channels

— Z—Il normalized to data in control region for
lep-lep channel

— Z— Il with lepton misidentified as t,,, candidate:
scale by mis-ID factors obtained in dedicated tag &
probe study

— Diboson & H->WW: from MC
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H—tt

* Modelling of background processes crucial
— All major backgrounds either directly estimated from data, or normalized
to data in control regions
* Signal extracted by fitting BDT shape with signal and background
templates, simultaneously 1n the 6 Signal Regions (SR) + 7 Control
Regions (CR) at each centre-of-mass energy

Z->II CR

VBF SR

Boosted SR

Z->II CR

VBF SR

Boosted SR

Only event yields enter
VBF SR y y
the fit from each CR,
except the Rest, which

Boosted SR is binned in An(t,T).

Had-Had || Lep-Had |j Lep-Lep
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ATLAS Evidence for H—t1t

* Excess of data events over the background prediction
— Excess observed in all three channels

— Expected significance at M;=125.36 GeV: 3.40
— Observed significance at M;=125.36 GeV: 4.5¢

. Cons1stent w1th presence of H1ggs boson at ~125 GeV
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ATLAS Evidence for H—t1t

Measured signal strength:

U=0 ../0q\—=1.4+0.4

E 5|_||||\|\||\|||||||||||\||\||||\||III|"'
T L Hott
L B K Best fit
e > - -1
S0 4l 1s=8Tev, 203 — 95% C.L.
M e -1
ls=7TeV,45f" | 68% C.L.

T

III||_|LIIIIII

o

.......

4+ SM prediction

~~~~~~~

my, = 125.36 GeV

rll|I\I\|IJIIlllII|IIII|\II\|III\|IIII|IIJI

-1 0

1

2

3

4

5

6

T
ugg

~

F

ATLAS
m, = 125.36 GeV

—o(statistical)

Total uncertainty

—o(syst. excl. theory)

—o(theory)

ticonp

+0.3
-0.3
+0.3
-02

=TT
-L_l_-l-

"1l

\s=7TeV, 45f"
\s=8TeV, 20.3 o™
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ATLAS
my = 125.36 GeV

ATLAS Combination

— o(stat.)
. G(tsys |nc.)

heory
c(theory)

Total uncertainty
+iconpu

H— vy

_ +0.28
n=1.1 770.26

+0.23
-0.23
+0.16
-0.11
+0.12
-0.08

iH

1

iH

L

H - ZZ*

_ +0.40
n=1 .4670_34

+0.35
-0.31
+0.19
-0.13

0.18
-0.11

[

—
L
—

H > Ww*

B +0.24
=11 870.21

+0.16
-0.16
+0.17
-0.14
0.13
0.09

" ..
R

H— 1t

+0.30
-0.29
+0.29
-0.23
+0.16

0.10

LT T
_LJ_J_

+0.31
-0.30
+0.24
-0.23
+0.09
-0.07

+3.6
-3.6
+0.5
-07
+0.4
-04

+4.3
-42
+1.7

13
+1.1
-03

Combined

_ +0.15
H= 1'1870.14

+0.10
-0.10
+0.11
-0.10
+0.08

0.07

\s=7TeV, 4.5-4.7 b

\s=8TeV,20.3fb"

R S R
| e

1

0 1 2 3

Signal strength (u)

VBF+VH

N W A~ o1 o0 N
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% Standard Model

+ Best fit RS
— 68% CL

-==95% CL

m,, = 125.36 GeV
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ATLAS

Vs=7TeV, 4.5-4.7 "
Vs =8TeV, 20.3 fo

1T

H—> WW*
H— zz*
H— bb
H— vy
H—- 1t

40 1

2

3

4 5

~ L1l

6

f
p‘gg F+ttH
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2In AQL)

ATLAS Combination

Results allow us to probe Higgs boson couplings and their ratios
Use coupling scale factors «; (defined such that k=1 for SM) and
their ratio A;=K;/x;

Assumptions:

— zero-width approx.
— all signals originate from same resonance

* 4_ T T T T T T T T T T T T T T T T T T T T T

— tensor structure as in SM vy T ' ' ' ' A

- ATLAS .

3 E Vs=7TeV,4.547 fo B

307|‘||‘||‘||‘||‘||‘|||||||‘||‘[||V||V||‘||‘||||‘|7 :‘E=8Tev,20.3fb-1 :

- ATLAS [qqhyrh) 1 Aeg = Kelkg 2~ m, = 12536 GeV -

L \s=7TeV,4547f"  .oun SM expected ] - . 1

25 \s=8TeVv, 203" — Observed — Avg = KvlKg " be ]

N .: Kgg = Kq'KglkH C = = _‘!:!

/ OF =

= = -

_ S—— 3

i/ CIH-vy 3

—2F CH—>7z2

- C C_JH->ww* 3

5 " _Nnz . +* Ho 1t _]

- \ /; AN | 3 K sm —68% CL Hobb 1

. N - 4 Bestfit ===95% CL [ Combined

%I\II‘IIII|\W"VII‘IIIIlVII\llll‘lell\lllllll _4_|I||IIIIIIIIIIIIIIIIIIIIIIIII_
=25 -2 -15-1-050 05 1 15 2 25 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

A
i Assume only SM contributions to the total width Ky
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ATLAS+CMS Combination

Production process

Measured significance (o) Expected significance (o)

VBF 5.4 4.6
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
Decay channel
H-1r 5.5 5.0 Observation!
H — bb 2.6 3.7
ATLAS and CMS -8~ ATLAS+CMS < 10:' AL L L L B L L B .._gu_ — 7
LHC Run 1 — ATLAS c of ATLASand CMS  [xe Mgt E - ATLAS and CMS ]
—+CMS o F LHC Runi —— Observed : 2FLHC Run 1 ]
— ; — 1o I sk e SM expected E i |
W' ——— — 120 - . 3
$_ 7F . I —— e8%CL
— . ] T 95% CL ‘ )
u# T 6p E [+ Bestiit
a?-_i 5:_ _: L Y% SMexpected
B i - ] oF .
AW el af [
- af | 1
TT ————— r ] =
3 e of : _
B 1E [ Ocombined [JH-vy
e e 5 o[ bz Orww ]
ey T Iy 82 "06 08 12 14 16 [Oroee O | ] .
Parameter value | A | 0 0.5 1 1.5 f2
lq KV
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Motivation

Baryon asymmetry of the universe
C and CP violation: one of three Sakharov conditions to explain it
SM: CP violation insufficient (from CKM matrix)

Discovery of Higgs boson
— look for CP violation in the Higgs sector

— Observation of CP violation = Physics beyond the SM 1%

H

Test CP invariance in HVV coupling
— In decay: HHWW and H—>ZZ

V
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Motivation

Baryon asymmetry of the universe
C and CP violation: one of three Sakharov conditions to explain it
SM: CP violation insufficient (from CKM matrix)

Discovery of Higgs boson
— look for CP violation in the Higgs sector

— Observation of CP violation = Physics beyond the SM q
q —i
H

Test CP invariance in HVV coupling V 4’3_ o
— In decay: HH-WW and H—ZZ V {
— In VBF production: here q _K
/
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Effective Lagrangian Framework

* Augment SM Lagrangian with CP-violating operators
(mass dim. 6) involving Higgs field and EWK gauge
bosons:

Leg = Lsm + ?\93033 fxwoww + fB Op

* Interactions between Higgs and fermions/gluons assumed
to be as in SM

* Third operator contributes to CP-violating TGCs; already
constrained at LEP — only first two operators considered
in this analysis
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Effective Lagrangian Framework

* Effective Lagrangian after EW symmetry breaking
in the mass basis:

Lot = Lsm + JuaaHA AP + GuazHA W 7R + GrzzHZy 7R + GawwHW W

* Couplings can be parametrised in terms of 2 parameters,
d and dg

éHAA - L(J SiIl2 HW =+ jB COS2 Gw) éHAZ = L sin 29W((i = CiB)
2mW 2mW

~ _ 9 5. 2 7 win ~ _ 9 5

JHZ7Z = 2—(dcos Ow + dp sin” Oy) Juww = —d.
mw mw

(Relations arising from SU(2), wxU(1)y invariance)
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Effective Lagrangian Framework

* Effective Lagrangian after EW symmetry breaking
in the mass basis:

Lot = Lsm + JuaaHA AP + GuazHA W 7R + GrzzHZy 7R + GawwHW W

* Couplings can be parametrised in terms of 2 parameters,
d and dg

~

* Contributions from W™W-, ZZ, vZ, vy fusion not J_ g
= dp

distinguishable experimentally — arbitrary choice
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Effective Lagrangian Framework

* Effective Lagrangian after EW symmetry breaking
in the mass basis:

Lot = Lsm + JuaaHA AP + GuazHA W 7R + GrzzHZy 7R + GawwHW W

* Couplings can be parametrised in terms of 2 parameters,
d and dg

* Contributions from W*W-, ZZ, yZ, vy fusion not i_g
distinguishable experimentally — arbitrary choice 5
* Couplings become: 1 -
P : g : JHAA = GHZZ = EQHWW = 2Ld and  guaz =0
¢ CP-mixing 1s mw

parametrised by single parameter d
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Testing CP Invariance

* General principle: Study a CP-odd variable

— Mean#0, asymmetry — CP violation

— CP invariance — Mean=0, no asymmetry

M=Msm+d - Mcpoga mmmp |IM? =||Msml?

+

d-2 Re(MgyMcp-odd)

) 2
d” - IMcp-oddl

 (CP-even terms: affect total cross-section,

do not contribute to CP-violation

* Keeping our test general and model-independent:

— Only use CP-odd observables

— Do not use (CP-even) rate information

Elias Coniavitis - H—1tt Evidence & VBF CP studies - 15/11/2016

Only CP-odd interference term yields CP-violation
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Optimal Observable

VBF Final State: 7 phase-space variables

Optimal Observable (OO): combine |, _ 2 Re(Mgy Mcp-o0dd)
information into single variable IMsml?

° CP-Odd ObS ervabl e With the ME for VBF production being:

M = Mgy +d - Mcpodd

* Highest sensitivity

for small values of d g Z:EQLBATF’Q‘W'&“O“ - _SM(“) _
Calculated using ME code s ot | los -
from HAWK ; ZZZ‘ Jilim :
Input: v :
* Reconstructed Higgs 4-vector °°2‘ R o

* Tagging Jets 4-vectors

Optimal Observable
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Optimal Observable

VBF Final State: 7 phase-space variables

Optimal Observable (OO): combine |, _ 2 Re(Mgy Mcp-o0dd)
information into single variable IMsml?

° CP-Odd ObS ervabl e With the ME for VBF profuction being:
M = Msm +d - Mcpodd

* Highest sensitivity
for small values of d

Calculated using ME code

from HAWK First time OO 1s used 1n
I , the context of VBF
nput: . .
Higgs CP studies

* Reconstructed Higgs 4-vector

* Tagging Jets 4-vectors
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Analysis Strategy

Independent of decay — use H—1t
channel

{s=8TeV, 20.31b"

Events /0.11

— Large VBF sample

— Allows reconstruction of H 4-vector

i) -#‘ﬁ

4 05 0 o511 1

Data / Model

Build on H—1t Evidence analysis

— Use exactly the same background estimation,
VBF category definition, BDT and systematics

— Lep-lep and Lep-had channels; full 8 TeV
dataset from Run 1

Cut on BDT, calculate OO in high-BDT

F— T T T T T T
L TepTiep Signal Region ATLAS ]

L -1 ata | ]
o5/ 15=8TeV, 20310 = VBFH o) ]

Events / bin

I‘eglOn BDT-cut efficiency Signal Bkg
Lep-had 51% 2.1%
Lep-lep 49% 3.6% - Optimal Observable
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Events/ 3

Data/Model

300F
2oo§
100E

1.5
D m =
0.5

Background Modelling

* Data well-described by background predictions

* No asymmetries

2 Uncert.

o:

900;' T T T T T T T T T T T T T |7:
800" erer 21 CR ATLAS ]
. 1 -o—Data .
E ggH/VH
600; mZ- b
= I (t+single-top 1
5005 [ Fake lepton
400F [ Others =

b
s

-15 10 -5 0 5 10

15

Optimal Observable

TiepTiep Z Control Region
(80<m, <100 GeV)

Events/ 3

Data/Model

3005 TiepTiep 10P CR ATLAS
F\s-8TeV, 203 b ~ VerH o ]
250r 9gH/VH .
E mZ- 1t 3
200F B (T+single-top -
[ [ Fake lepton 1
150F I Others ]
F 2 Uncert. ]
100; .
50 ]
o_
TTTr 1T 7T | LI | LI | L | L | T T T
1.5
1 ‘_)'_#4@_‘_ _—— %
0.5 | | | | -+ |
-15  -10 -5 0 5 10 15

Optimal Observable

TiepTiep 1OP Control Region

(require b-jet)
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Events/ 3

Data/Model

500_x T T T T T T T T T T T T T I_,

[ TiopTiep 10W BD T,y CR ATLAS
400:— \s=8TeV, 20.3 fb! : B?EH (8:0) —:
c g9H/VH
_ mZ ]
300/ {7+ single-top
r I Fake lepton 1
L I Others
2001 22 Uncert.
100f
ok
2 ] [
1.5 -
1 S = S S 4+
0.5 11 |\_+|_I 111 | 11 1 1 | | | | II_¢I_I | 1111
-15  -10 -5 0 5 10 15

Optimal Observable

TiepTiep 10W BDT-score
Control Region
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Results

fe 30_| T T T T T I T T T T I T —
o) L TiepTiep Signal Region ATLAS

- - 1 —eData _

) —o— 9gH/VH

Lﬁ mZ- Tt

Bl (i+single-top
[ Fake lepton

B Others
772 Uncert.

20

15

10

I|IIII|IIII|IIII|IIII|IIII

-10 0 10
Optimal Observable

<00>,,.=0.3+0.5

.E [T T | T T T T | T T T T |

o) - TiepThaa SigNAl Region ATLAS
w35 TeV 20.3 fb” —eData _
= \s=8TeV,20.3 — VBF H (d=0)
o) Y ggH/VH

£ 30 7 w2

B ({+single-top

25:_ I Fake © N
E - Others E
20:_ v Uncert. _:
150 =
10E =
5 ]

-10 0 10
Optimal Observable

<00>,,,. =-0.3+ 0.4

* Mean values consistent with zero: No sign of CP violation
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Results

° NO Slgn Of CP V]Olatlon —> %I 2.22— ATLAS —e— Combined (Obs.) —i
. . . . . oF \s=8TeV,20.3 fb” -'#- Expected (d=0, p=1.55) —
Fit OO distribution for various ;g Fioosmaomenase oo 3
r : C g =1.55+0.78 ]
d scenaria, to place limits - Poestf

on CP mixing parameter

-
L-
.......
.o

— Signal strength p=c
free parameter
» d values outside [-0.11,0.05] Y
excluded at 68% C.L. osmE 0 e e
— This 68% C.L. limit is substantially better than the one from the
H—-WW/H—ZZ combined CP analysis
* No 95% C.L. sensitivity currently — but with more decay
channels & Run-2 data, method can be highly competitive

rneas/ GSM

0

Elias Coniavitis - H—1tt Evidence & VBF CP studies - 15/11/2016 50



Signed Ag;
Traditional variable for VBF CP studies
* OO performs substantially better

_I [ T | I T T I I I | I T T | I I I | T ]
— - .
% 0.9F ATLAS ="'~ 00 Expected (d=0, u=1.0) & ot 1
- \s=8TeV,203fb" . : jet
0.8 "7 ag" Expected (8=0, p=1.0) P I O (positive
— 1 | A 3
0.7 %_ . B __; : hemisphere)
0.6 S e E jet 2 : A(Psign —
- T . ] (negative ,
0.5F % K - hemisphere) : )
04 - @
0.3f---+""""" "*~.\'x F = :
- ' ! ¢ TTe---4
0.2F wooof 3 + >
E .\‘-‘ '0, E n - n
0.1 2 !" =
OI: | | | | | | | | I\\:é",, | | | | | | | | | :I
-0.4 -0.2 0 0.2 0.4
d
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H—1t Outlook
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data
— ATLAS tau-reconstruction demonstrated to perform well

— Several Run 2 results from searches involving taus

S

= B0
=

P C ——— T N o o o
5. F arias prinnay e Datazote @z § | ATLASPueiminay  — Oosenac . o Shbrodcen 8AG, -t -1 BRG, 6 1 ATLAS Prelminany.
113 1200017 f Late741"  [Wsiets and multiets [ Other = 70[ HA - 1,95 % CLlimits . 31000 = oo 02 .
S Stat. Unc. 5 15=13TeV, <1331 20 1 = | ====- Expected limit (+1 o,,;)
10000~ 1s=13TeV 60 PMSSM scenario 1201532 1" (Ots) £ [ ATLAS8TeV,203/fb
L Z-ww—pr - . 800 | [ LEP limit . ]
8000 3 [ ATLAS Runt, SM Higgs / F f5-=13Tev, 132/ e .
6000 50: bosan coupings {Oa.) 0 600 [ -
C : - C pe ]
4000~ 408 400 - i
2000F 30 L ]
= . 200 [~ _—
20 L i
g 2 ] —_— S DI
- - X N 0
s 19E . E 10 - Tt (X0 400 500 600 700 800 900 1000
E ettt o bt T Trae (EXP) m(t) [GeV]
05 E ) Mo
, , , _ ‘ , , E 200 400 600 800 1000 1200
40 50 60 70 80 80 100 110 120
m, [GeV]

7—TT Heavy MSSM A/H—11 Stop—staus
ATLAS-CONF-2016-085 ATLAS-CONF-2016-048
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data

* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data

* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:

— Test of CP 1n Higgs-fermions coupling using H—tt decays

CP-odd fermion couplings appear at tree level
in many BSM models.

Use 1 transverse spin correlations and angular 020 N, \
§ N :
distributions of t decay products in the Higgs- ¢ N :
0.15 ‘% . /
boson’s rest frame. ~ : N \ N
* = ’ . \
RS . 4 » )'
0.10 ’ RS NG
Example: KAW_ D e s
> PP2>p P +ViVy
For t*—p*—n*nly N 005
\\ 0 1 2 3 4 5 6
2 @cp [rad]
LY U
| ™
55
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data
* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:
— Test of CP 1n Higgs-fermions coupling using H—1t decays

— Test of CP 1n effective gluon-Higgs coupling using ggH+2;
Once sufficiently large dataset available: : |
Can employ similar methodology to that used for VBF ~““-~: -------

studies

Challenge: separate ggH+2j from VBF Higgs events

g6 0
Preliminary studies demonstrated feasibility of such an e

analysis.
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data

* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:
— Test of CP 1n Higgs-fermions coupling using H—1t decays
— Test of CP 1n effective gluon-Higgs coupling using ggH+2;
— Test of CP in Higgs-Vector-boson coupling using VBF

0-14¥‘ LRI L LRI L L L T T T T T
[ ATLAS Simulation i . ]
012 (s _ g Tev i —SM@=0)

F i --d=0.1 1
--d=-06 —

Method has already been demonstrated with Run 1
data

Fraction of events / 0.5
o
I

With increased signal statistics, should become FrL
highly competitive with e.g. H->WW/ZZ decay 5 iR

studies. 0.02F Iy - ; -
Combination of results should allow even higher e e T Sy a8
SenSItIVIty Optimal Observable
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H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data

* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:
— Test of CP 1n Higgs-fermions coupling using H—1t decays
— Test of CP 1n effective gluon-Higgs coupling using ggH+2;
— Test of CP in Higgs-Vector-boson coupling using VBF
— Simplified Template Cross-Sections

Framework for measuring cross sections separated by production mode
and kinematic properties (LHC Higgs WQG)

Allows straightforward use of advanced analysis techniques and
combination of channels

Minimises theory dependence

H—1t can contribute substantially in VBF and high-p(H) regimes!
Elias Coniavitis - H—1t Evidence & VBF CP studies - 15/11/2016 58



H—1tt 1n Run 2

* Work 1s ongoing on SM H—1t analysis with Run 2 data
* With increasing data statistics, many exciting opportunities,
beyond observation and signal-strength measurement:
— Test of CP 1n Higgs-fermions coupling using H—1t decays
— Test of CP 1n effective gluon-Higgs coupling using ggH+2;
— Test of CP in Higgs-Vector-boson coupling using VBF
— Simplified Template Cross-Sections

— Fiducial & Differential Cross-Sections

Least theory-dependent measurement

H—tt: VBF and high-p(H) topologies
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Summary

 ATLAS sees evidence of H—11 decays
— Observed (expected) significance: 4.5 (3.4) ¢
— Signal strength p=0_../0¢=1.4+0.4
* Combination with CMS: Observation (5.50)

Events / bin

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

L Hott
E ATLAS
[ \s=8TeV,20.3fb"

E\s=7TeV,45fb"

* Used H—11 to perform first test of CP-invariance in VBF
— Our method performs substantially better than "traditional"

variable
— d outside [-0.11,0.05] excluded at 68% C.L.

* Many exciting reasons to continue studying H—1t in Run 2!
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Backup Slides

Source: lonelychairsatcern.tumblr.com
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LHC & ATLAS

* Large Hadron Collider

— ~10k superconducting magnets

— p-p collisions, C.M. Energy:
7,8 TeV (Run 1, 2009-13)
13 TeV (Run 2, 2015-now)

— Circ.: 27km, ~100m underground

e ATLAS Detector | n

— One of two all-purpose LHC
detectors

— Diameter: 25m; Length: 45m;
Weight: ~7000 tonnes

— ~5000 scientists, ~180 institutions
frOm 3 8 Countries Muon chambers :olenoid magnet | Transition radiation tracker

R S
\ - \
ile calori
\ ]
: r hadronic end-cap an
) ard calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Semiconductor tracker
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H—1t Trigger & Preselection Cuts

Opposite sign leptons
30<m(1,1)<75 GeV (Same Flavour events)
30<m(1,1)<100 GeV (Dift. Flavour events)
pT(1)+pT(12)>35 GeV

MET>40 GeV and MET};p;5>40 GeV (SF)
MET>20 GeV (DF)
0.1<x1,x2<1
Ae(L1)<2.5

m,;(T, T) <m, -25 GeV
No b-tagged jets

Tri
léigfr Analysis level thresholds [GeV]
Trigger thresholds,
pr [GeV] TlepTlep TepThad Thad Thad
ep: p > 26
. ' ph > 10 Py > 26
Single elect 24 ; : -
ingle electron Pl > 26 er p5 > 20
ee: o
pi > 15
ro> 26
Single muon 24 UT: z; z 20
€1
Di-electron 12/12 ee: pf2 > 15
pi > 15
. pht > 20
Di- 18/8 .
i-muon / o P2 > 10
pr > 15
Elect 12/8 :
ectron+muon / eu P > 10
. pyt > 35
Di-myac 29/20
1-Thad / ™ p.’l-? > 25

Opposite sign (lepton,t)
mp(MET,lepton)<70 GeV
No b-tagged jets

Opposite sign tau-jets
0.8<AR(1,1)<2.8
An(t,7)<1.5

MET>20 GeV
MET between taus in ¢ or
min[A¢(MET,t)]<m/2 Had-Had
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Tau Energy Scale

* Clusters of seeding jet at local calibration (LC) scale

— Accounts for non-compensating nature of ATLAS calorimeter
and depositions outside clusters and in non-sensitive regions

* On top of this, tau-specific correction factor
E, c — E_; derived using MC

T-VI1S
— Account for specific particle content in taus
— Additional small corrections for pile-up, and for poorly
instrumented regions

R

vvvvvvvvv

25 T —T T

£
@ r ATLAS e Inl<03 ]
W gl Simulation, 1-track 0 03<nl<08
= o 08<mli<13 1
§s V4 A 13<hi<16
L e < 1.6<inl<24
0.95 g re 4 :
. w A ]
- e Inl<03 1 Y ok ] . p
0.9~ ATLAS Simulation 0 03<I7l<0.8 = %, . . 7
- 1—track 08<Inl<1.3 r
0.85[ A 13<liyl<16 ] 5 -
* 16<Inl<24 N
_ PR | . a ol Lo L N |
08 250 30 40 12 2x10% 10° 100 200 300 400 500 600 700
E:C [GeV] Eﬂ:f (GeV]
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Tau Energy Scale

* Uncertainty on TES typically <4%. TWO “source Uncertainty [%)
different methods to estimate, giving Response 1225
consistent results g el e

» Single particle response studies (test Nomebsure 0 1o
beam studies, E/p measurements) Shower model 0.0-2.0

Total 1.8-3.9

— Use pseudo-experiments to propagate
single-particle response uncertainties to
reconstructed tau-jet

70007 T T T T T T T T T —

. . . % 6000?— det:zo.sfb' E;—;r_.;,%p _;
— Further uncertainties due to underlying § soook o0 B

Stat. Unc. —

event, detector model, pile-up etc w00,

3000F

* In-situ method using Z—1rt tag-&-probe =
— Template fits (varying TES)
— Measure data/MC shift at percent-level

1-track

Data/Sim.
2@k O

oC -

20 40 60 80 100 120
m, [GeV]
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Tau Identification

 Z—1ttag-&-probe used to measure £ amas
. . . . . * s000ok ] det=20.3 ', s=8Tev |
1dentification efficiency in data ; 2t ]

— Template fit of extended track - H —n

—— {track T |
20000 | | _).....

multiplicity LT et

* Data/MC correction factors A= ]
determlned e Ee e 8Nu?nb1e(r)of1t1ra(1zlfs

— In general consistent with 1.0;

Electrons

10000}

uncertainties (2-6)% for pp > 20 GeV 1§ . je-meo: om0

R E ; 1-track —&— Combination (n-dependeml_

* Measurement cross-checked with § 4 Conten ) -
W—1tv and ttbar: consistent results HEHE ; {
in all channels PR Heald el
f1

| ] ] ]
Barrel Endcap Barrel Endcap Barrel Endcap
Loose Medium Tight
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Tau ID Variables Definitions

Central energy fraction (fcent): Fraction of trans-
verse energy deposited in the region AR < 0.1
with respected to all energy deposited in the region
AR < 0.2 around the Ty.4.vis candidate calculated
by summing the energy deposited in all cells belong-
ing to TopoClusters with a barycentre in this re-
gion, calibrated at the EM energy scale. Biases due
to pile-up contributions are removed using a correc-
tion based on the number of reconstructed primary
vertices in the event.

Leading track momentum fraction (firack): The
transverse momentum of the highest-pr charged
particle in the core region of the 7y,.4.vis candidate,
divided by the transverse energy sum, calibrated at
the EM energy scale, deposited in all cells belonging
to TopoClusters in the core region. A correction
depending on the number of reconstructed primary
vertices in the event is applied to this fraction,
making the resulting variable pile-up independent.

Track radius (Rirack): pr-weighted distance of the
associated tracks to the 7,.q.vis direction, using all
tracks in the core and isolation regions.

Leading track IP significance (Sieadtrack):
Transverse impact parameter of the highest-pr
track in the core region, calculated with respect to
the TV, divided by its estimated uncertainty.

Number of tracks in the isolation region (N2 ):

Number of tracks associated with the Thad-vis in the
region 0.2 < AR < 0.4.

Maximum AR (ARwmax): The maximum AR be-
tween a track associated with the T.4.vis candidate
and the Tyaq.vis direction. Only tracks in the core
region are considered.

Elias Coniavitis - 11/2/2015

Transverse flight path significance (.S’,frﬁght): The
decay length of the secondary vertex (vertex recon-
structed from the tracks associated with the core
region of the Tyaq.vis candidate) in the transverse
plane, calculated with respect to the TV, divided
by its estimated uncertainty. It is defined only for
multi-track m,a4-vis candidates.

Track mass (Myrack): Invariant mass calculated
from the sum of the four-momentum of all tracks
in the core and isolation regions, assuming a pion
mass for each track.

Track-plus-w%-system mass (Mo ¢rack):
Invariant mass of the system composed of the
tracks and 7° mesons in the core region.

Number of 7° mesons (INo): Number of n°
mesons reconstructed in the core region.

Ratio of track-plus-n%-system py (pgo'“mc}‘ /pr):

Ratio of the pr estimated using the track + 7°
information to the calorimeter-only measurement.

From arXiv:1412.7086
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H—7tt Variables in BDT

Variable

TepTlep

VBF
TNepThad ThadThad

TepTlep

Boosted
TlepThad  ThadThad

MMC
My

AR(11,72)

An(jlsj2)

M, ,js

N1 X Njz

Total
pToa

Sum pr

Pt /Pt

E%‘issd) centrality

me)e!jl

My, 4y

Ad(ly, £a)

Sphericity

14
pr

Py

B /p?

mTr

min(A7ne, ¢, jets)

C'r)l T2 (7’21 ) ) Cfn \M2 (7722)

Cm JT12 (778)

Cm T2 (77.7'3 )

CTIl 3712 (77T 1 )

Cni s ()
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Events / 0.05

600
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400

300~

200

100

—4
Cm M2 (n) = exp [m (77 2

IIIII

- TiepThas VBF ATLAS
[ \s=8TeV,20.3 fb"

Pre-fit
—e— Data

—— 50 x H(125)

Bl Z- e

Il (t+single-top

Il Others

[ Faket

777z Uncert.
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H—1t Systematics

Relative signal and background variations [%]

Source TlepTlep TlepTlep TepThad TepThad ThadThad Thad Thad
VBF Boosted VBF Boosted VBF Boosted
S | B S | B S | B S | B S | B S | B
Experimental
Luminosity +2.8 [ 0.1 | £2.8 | £0.1 | £2.8 | 0.1 | 2.8 [ 0.1 | £2.8 | £0.1 | £2.8 [ £0.1
Tau trigger*™ - - - - - - - - Tl <01 | 2% <o
Tau identification - - - ~ | £33 | £1.2 | £33 | +1.8 | £6.6 | £3.8 | £6.6 | £5.1
Lepton ident. and trigger* A A 2t | i £18 | £05 | £18 [ £08 | - = - =
b-tagging +1.3 | 1.6 | £1.6 | £1.6 | <0.1 | £0.2 | £04 | £0.2 | - - ~ -
T energy scalef ~ ~ - — | £24 | £1.3 | £24 | £0.9 | £2.9 | £25 | £2.9 | £2.5
Jet energy scale and resolutiont | *8% | +9.2 | 3T | 3T 0 95 1 410 | £3.9 | £0.4 | 1% | £03 | F31 | 0.2
Eiss soft scale & resolution 0| 90 | 00 #00 | +08 1 402 | £04 | <0.1 | £0.5 | £0.2 | £0.1 | <0.1
Background Model
Modelling of fake backgrounds*t | - |[+1.2| - [ 412 | - [ 426 | - | 26| - | 52| - [ %06
Embeddingt - +33 — 16.0 - | 15| - | +1.2 | - | £22 | - | £33
Z — ¢¢ normalisation™® - + 2.1 = +0.7 - - - = = - = -
Theoretical
Higher-order QCD correctionst | Ta5° | £0.2 | 7138 [ 0.2 | =97 [ +0.2 | 193 | £0.2 | X357 | <01 | 7283 [ < 0.1
UE/PS +18 | <01 |+59|<01| £38 [ <0.1|+29|<0.1| +46 | <0.1 | £38 | <0.1
Generator modelling +23 | <01 | £1.2 | <01 | £2.7 | <0.1 | £13 | <0.1 | £24 | <0.1 | £1.2 | <0.1
EW corrections +1.1 | <01 | £04 | <0.1 | £13 | <0.1 | £04 | <0.1 | £1.1 | <0.1 | £04 | <0.1
PDFt e | £03 | 82 +o02 | Yol +o02| 8% | xo02| 3 | +o02] 82 | +o0a
BR (H — 77) +57| - | 457 | - | 457 | - |£57| - |£57| - |457| -
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H—1t Systematics

Source of Uncertainty

Uncertainty on p

Signal region statistics (data) .27
Jet energy scale + 0.13
Tau energy scale + 0.07
Tau identification + 0.06
Background normalisation + 0.12
Background estimate stat. + 0.10
BR (H — 77) + 0.08
Parton shower/Underlying event + 0.04
PDF + 0.03
‘ Total sys. o83
| Total Ay
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Impact = Ap/o, ,
-1 . 1
Ly T L P
n modelling of JES
BR(H — 1) f f
Normalisation of Z — t,_ : K
lep had ] 7z
f § f
L i
Tau energy scale response ——== |
" } % ;
| s
Flavour response of JES } »—-%—‘ :
S N
Flavour composition of JES ———i\—-
- ———
N
Underlying event e
Normalisationof Z - ©_ < .—%{.—«
had " had ' N g
- 2 ;
R ~ N
Normalisation of t/tt background for : \Q- Z :
boosted category in T, 1, ., channel R
>
Luminosity »—%—‘
‘ A :
I beeeeessessssesnnensssssens
ATLAS —e— Pull
{s=7TeV, 4.5 fb" ] +10 Post-fit Impact on
/s =8TeV, 20.3 fb™ -10 Post-fit Impact on p
L O T T 1 I O ' |

2 -1 0 1 2 3
Pull = (8 - 6,)/A0
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Cut-based Cross-check analysis

* BDT-based analysis cross-checked with a cut-based analysis
(on 8 TeV only)

* Cut-based analysis gives an observed (expected)
significance of 3.26 (2.56)

e (Cut-based “’CBAZI '43+O.55-O.49

— Cut-based result fully compatible with BDT-based analysis:
Ap<o(Ap) for all channels as well as combined results

o ET T T T T T T T T T T T T T T T3 > FTT T L B R
& £ ] T | | N > a0 5
= FATLAS s=8TeV, 203" 7 O} L ATLAS e Data
L % MVA Observe d _ e C ) . —— H(125) (u=1.4)
e 10 = 7 CBA Observed Hotr 2 z - H— 1t Cut-based analysis — .
— [ Y& MVA Expected for m, = 125 GeV 3 2 30 B Others ]
1 CBA Expected for m_ = 125 GeV - [ - I Fakes -
F . 30 ° Lu B 7722 Uncert
10! e {lo 2 201 / ' 1
e = ) B \s=8TeV,20.3f" ]
102¢ e E 1 10:
3 Bo
10°%¢ T E
F J 3
10 E &
E o o
F E ©
10°¢ E =
§ * ] 2
10_6 1 Il Il Il | 1 1 1 1 ‘ Il 1 1 1 | 1 1 Il Il | 1 1 1 1 fm
100 110 120 130 140 150 2
m,, [GeV] miMC [GeV]
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Cut Based Analysis

Channel VBF category selection criteria Channel Boosted category selection criteria
At least two jets with p?rl > 40 GeV and 17‘]1? > 30 GeV Exclude events passing the VBF selection
|An;, j.| > 3.0 TiepTlep | PE > 100 GeV
TepTlep | My, > 400 GeV b-jet veto for jets with pr > 25 GeV
b-jet veto for jets with pp > 25 GeV Exclude events passing the VBF selection
Jet veto: no additional jet with pr > 25 GeV within || < 2.4 ERiss > 20 GeV
At least two jets with pT > 40 GeV and p¥ > 30 GeV TepThad | P > 100 GeV
S8
ET™ > 20 GeV ‘ ‘ Pr(Thaa) > 30 GeV
|An;, j,| > 3.0 and "I(J{) : 71(.7"2) < 9: Mg > 300 GeV b-jet veto for jets with pr > 30 GeV
P = [P + P + By + P + B <30 GeV Exclude events passing the VBF selection
b-jet veto for jets with pr > 30 GeV An(r, 1) < 1.5
TepThad | MUN(17G5,), N(53)) < 7(e); Mryaa) < WAX(751), 7(52) P2 > 100 GeV
VBF tight VBF.loose ThadThad "B osted high p¥ Boosted low p#
"Zhj? > 500 GeV Non tight VBF AR(11,72) < 1.5 and AR(71,m2) > 1.5 or
pr > 100 GeV P > 140 GeV Pl < 140 GeV
PR > 30 GeV
Myis > 40 GeV
At least two jets with pJ} > 50 GeV and p’? > 30 GeV
|An(T,72)| < 1.5
IA‘T]]E ._’izl > 26)and My G > 250 Gez’ ) TiepTlep VBF Boosted
mINT(GG1)s z)) < Mra)s Mira) < WAXT(G,)5 M(z) .
ThadThad "y pp high pH VBF low pX, tight VBF low p¥, loose Total signal 11+4 38=13
AR(71,72) < 1.5 and AR(m,72) > 1.5 or AR(11,72) > 1.5 or Total background 130 £7 3400 = 64
pH > 140 GeV pH < 140 GeV pi < 140 GeV Data 152 3428
mj, 5, (GeV] > (=250 - | mj, ;,[GeV] < (-250 - TlepThad Tight VBF Loose VBF Boosted
IAT’jl-.i2| + 1550) |A7’j1 jzl + 1550) :
: : Signal 88+3 17+6 52 £ 17
Background 52+4 398 =17 4399 £ 73
Data 62 407 4435
VBF high p¥ VBF low p!r{ Boosted
ThadThad tight loose high p¥ low p%'
Signal 5.7+1.9 52+19 | 3.7+1.3 17+6 207
Background 59+4 86 £5 156 £ 7 | 1155 £28 | 2130 =41
Data 65 94 157 1204 2121
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Spin/Parity with Bosonic Channels

* Spin: studies done with H—yy, H-»ZZ and H-WW
— Data compatible with J*=0" (SM) 5 Jamas et magi
— Have excluded specific 0- and 2™ models at >99.9% CL " i
. ;

(with H—>ZZ and H>WW)

(H—ZZ) or BDT (H->WW)

— Regions outside of —0.73 < K ;;,/Kgy < 0.63 and

—2.18 < (K 4yy/Kgyy) * tana < 0.83 intervals

Investigation of tensor structure of HVV vertex

— Matrix Element-based discriminating variables

2Inkh

excluded at 95% CL

Tested Hypothesis P =1 P —p Dobe P Obs. CLg (%)
0 2.5-1072 4.7-107% 085 7.1-107° 4.7-1072
0~ 1.8-1073 1.3-107* 088 <3.1-107° <2.6-1072
2 (kg = Ky) 4.3-1073 29-107%  0.61 4.3-107° 1.1-1072
27 (kg = 0; pr < 300GeV) <31-107° <3.1-107° 052 <31-100° <65-107°
2% (k, = 0; pr < 125GeV) 3.4-1073 39-107% 071 43.107° 1.5-1072
2T (kg = 2K4; pr < 300GeV) <3.1-107° <3.1-107° 028 <3.1-107° <43-107°
2% (ky = 2K,; pr < 125GeV)  7.8.1073 1.2-107% 080 7.3-107° 3.7-1072
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30T T T T
| ATLAS H—2ZZ* — 4]
r Vs=7TeV, 45"
25 Observed Vs=8TeV,20.3 1"
_ Expected: H—>WW* > evuy
20 signal strength fitto data 5 _ g oy, 203 15"

Expected: SM
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Signal Reweighting

* No full-simulation MC samples for d #0  § os-mwmwmmeoce - ansssimian.
— reweight SM samples s B
e MEs from HAWK 2.0 L .

o

5

R
R

+
g
¢
T
: [
ottt HlllllHI|1II|HI“H|HIMIIIH

o

« Approximation for NLO reweighting: e
Use appropriate ME at LO for 2—2+H or T
2—3+H process, taking into account e
ingoing and outgoing parton flavours S o s ek

— Reweighting has been validated at NLO _ ;i gd " ;r*"* *ﬁ;z
using MG5 aMC@NLO ; ZZZ?I* N 3*: 3

* Small difference 1n closure test applied w0 :

as systematic uncertainty i(fé%%gf“*“ir++++++*+M*H++€:
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(Optimal Observable)

<00>vs BDT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

)| @ -
0sb ?TI;AS B Background § 2'55 :?Tl,'CAS B Background
e lep “lep ~ - - lep *had ~
C c _ VBF H (d=0 (o] 2 . VBF H (d=0
06 \s=8Tev,203fy! T VBFHEO 2 % \s-8Tev,203f' T VBFHEO
0.4F- O 1.5
- < -
0.2 E 1
s Lyuge) IPpuyuuuoy puempnyny: sy LS o =
0_ ] C o5k
-0.2_— —_ -
0.4F = o N i
-0.6 — -0.5
-0.8:_I 11 | 11 1 I 1 11 | 11 1 I | | 11 1 I 111 | 11 | I 1 11 | 1 1 I_: -1:_
-1 -08 06 -04 02 0 02 04 06 0.8 1 -1 -0.5 0 0.5 1
B DTscore B DTscore
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Bkg Modelling

FT I T T T T
200¢ Top CR

o s 0; TooThag ATLAS
2 F Vs = fo! -e—Data ]
S 160f 's=8TeV.203 — VBF H (3=0)
> {40F 99H/VH :
1N c mmZ- et 3
120F B {7+single-top
o I Fak =
1005 [ ] O?heer;
80F 222 Uncert. E
60F
40
20}
oF
- T T T T T T T | T T T T | L | T T T T T T T
g 15
= 1 : _+_—‘m—-o-#m’
8 o5l 1 b
8 ) L1 I—rﬂ_l L1 | | L1 1 1 | L1 1| | | | 1 I_I+I_
-15 -10 -5 0 5 10 15
Optimal Observable

Semileptonic Channel:
Top CR (invert b-veto)
Low-BDT CR
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‘_I T I T T T T I T T T T I T I_‘
® 1600; TepThag LOWBDT,p CR  ATLAS ]
w — —
214005 g 7ev, 20310  VeeH o) ]
2 1200} ggH/VH
L a mZ- 1t

1000;_ B (T+single-top

o I Fake © =

800: I Others
600F 7z Uncert. -
400p .
200¢
ok
E LN L | L | T T UL L | T 17T
é 1 51 -
YO ——O—— 8 W
S o5 :
= 0.
(]

-15 10 -5 0 5 10

15
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Events / (n/3)

* Traditional variable for VBF CP studies

Signed Ag;

* OO performs substantially better

T ——
[ TiepTiep Signal Region ATLAS
r . —e—Data q
25 1s=8TeV,20.3 fb" — VBFH (@=0) T
F ggH/VH
L B Z- ]
20~ B T+single-top |
L I Fake lepton
I Others
15C 722 Uncert.
[ Y G
L
= ’
5
0
0 2
Signed A(j,)

Events / (n/3)

Hankele et al,
Phys. Rev. D74 (2006) 095001

_I = T | T T T T T T | T T T | T T T | T i
- 1 __ _
% 6 C ATLAS T A¢:*" Combined (Obs.) .
e \s=8TeV, 20.3fb" E
e --e- A¢;i9" Expected (d=0, 1=2.02) -
40_ I ! | ! ! ! [ - ]
" TepThag Signal Region ATLAS 1.2 _e-" "~ —
35-1s=8TeV,20.3 fb" :?,Z‘EH(;,:O) - Co-- " '\. 7
F ggH/VH ] 1 - ' 1
30'_ [ Z_—> 1T - ~ ° -d
F B (f+single-top ] B ' ’ |
£ I Fak | y 1
250 = Others = 0.8 e ]
E Uncert. E C ' ]
200 ; 0.6 -

15 T
s ZL 0.4 ]
10 - 1
5 0.2 -
0 I: 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 :I

-2 2 0
. . -0.4 -0.2 0.2 0.4
Signed A¢(J1,12)

d
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All figures from arXiv:1602.04516
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EFT 1n more detail

* Augment SM Lagrangian by SU(2); yxU(1)y invariant
CP-violating dim-6 operators involving Higgs field and
EWK gauge bosons

3 JBB A, Jww B .
Lef = Lsm + A2 OBB + A2 OWW N FOB
with Osp = O BWB”® Oy = O W, WO 05 = (D@ B D,

= 0y + g’ B, +ig= “W“ V (V:B,W“)

~ 1 !
V,uv = ie,uva'Vpo- Bﬂv + W#y =iZ B,uv +13 O.awa

Third operator contributes to CP-violating TGCs; already constrained at LEP
— only first two considered in this analysis
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EFT 1in more detail

* After EW symmetry breaking in mass basis (W™, Z, photon A, Higgs
boson):

Lot = Lsm + GuaaHA W AP + GrazHA W 7R + GrzzHZ 7R + GrwwHW W

TWO o g %~ .2 ~ 2 ~ g . 7 3
independent JHAA = m(d sin” Oy + dB COoS HW) gJHAZ = m S1n 29W(d — dB)
parameters: _ g~ . N g -~
gHZZ = 2—(d cos’ Oy +dgsin®Oy)  Grww = —d.
my mwy
Given by Wilson coefficients and A m2 m2
J:——Wf~ dg = ——% tan’ @ I
Contributions from W"W-, ZZ, g7, gg fusion not distinguishable experimentally J du
—> arbitrary choice — 7B
- Grias = Orizz = ~Gmww = ~2—d and  Graz =0
Coupings become: 9JHAA = YHZZ = SYHWW = 5 an JHAZ =
2 2mW
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Optimal Observable

* In principle highest sensitivity for maximum likelihood (ML) fit to
multidimensional phase-space

N VBF H 6+1 phase space observables
(b_((bla"')(bn) ( P P )

* Requires many simulated events for binned ML fit, and other practical
problems

. A Ngata * Same sensitivity in
do(®) = dog+n-dor+ 1" - doy L= 1} doi fit to 1-dim.
Ny optimal observable
log L= ) _ log (doo +7-doy 47 doy) distributions
=1 ffa Oi+n-0, 0
d|0gﬁ_NdZata doi +1n-02 ~ 1+n-01+72-0p doi
dn _i:1 doo +n-doy +n? - dos O = —
doo
=0
 Neglecting squared term in ME (or assuming d small): O do
2 —_— —
O — d0 nonsm -~ 2 §R(~/\/l_>l4';'/\/] M cPodd) doo
dosy (Msm|?
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Optimal Observable — Some
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