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Introduction Measurement of HZZ Tensor Coupling Summary
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= Run | (2011+2012):
— \/s=T7TeV:L=46f! -
~ /s=8TeV: £L=20.7fb~ !

= Run Il (since 2015): = Delivered luminosity:
— /s=13TeV: L~ 351!
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= This study:
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Run | Measurement of the Higgs Boson CP Properties

SM predicts a scalar CP-even particle (J°=07T)

Spin 0" hypotheses preferred by

the Run | data compared to o CP-even
0~ 1:|: or Zi Conjugation scalar
Spin: J 0
= But: Small admixtures of 0~ state to Charge: C 11
0™ are still possible (Beyond SM): Parity: P 41
Hasu) = cos(a)|0F) + sin()[0) S 0"
. CP|Oi> _ :|:|0i> SM Higgs boson

—> CP|Hasm) # =£|Hgsm)
= CP violation

This study: Effective field theory approach to account for BSM contributions
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Measurement of Anomalous Couplings
= Effective field theory assumption: Z
New physics appear at energy scale A much larger
than the interaction energy E << A Xy ---
=> Point-like HZZ interaction can be assumed

= This study: Cut-off energy A=1 TeV Z

1 SM CP-even (Kgu)
v_ il w Iz
Lo _{CO‘K’S’V’ {29"’222%12 + g"’WWW:W_ } anomalous CP-even (Kyzz)

1 - anomalous CP-odd (Kazz)
TaA [Cah’THZZZuuZ“V + sa/<'7AZZZuuZ#V]

11

T 2A

[CQKHWWWZ—VW_HV + SaHAWWW:VW_HU] }XO

g = coupling strength SM

K = coupling parameter

= Assumption: Kyxzz = Kyxww ca = cos (@), sq = sin ()
X = Spin 0 field

VY = 1/2eM PV,
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Measurement of HZZ Tensor Coupling
0000000

Summary
o

Study of the H — ZZ — 4/ Decay Channel

= Signal:

= |rreducible background:

o

q o

Z/y o
ZZ*
o
Z[y

= Reducible background: at least one lepton originates from a jet

= Estimated in dedicated
control data (Z+£/)

Z + jets = Background enriched and
signal depleted
7 = Cross checks in Z+|L data
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Result of the Event Selection

= Run I: (2011+2012) = Run II: (2015+2016) Nexp=32.0 & 3.2
nobs=44
Phys. Rev. D 91, 012006 (2015)I ATLAS-CONF-2016-079
> s A A A A= > ST LR AN L
8 35| ATLAS 4 ome 1| & 38 ATLASPreliminary (&5 5l i . s cev |
Lr). r H - ZZ* = 4| :I Signal (mN:ZLQS GeV p=151) B u‘z 30 iH — sz N 4| if.ets = 7:
N 301 ferrey Jua=asw® I =coouna 2z i % F 13TeV, 14817 v, v 1
) F o B sackground zejers, @ ] = r 1 Uncertainty 1
S 251 I WY systematic uncertiny - Q 25 E B
7 £ ] w § 1
" 20f ] 20F .
150 ] 15F o g
100 E 100 J ]
5 i 50 * .
0 0

80 90 100 110120 130 140 150 160 170 80 90 100 110120 130 140 150 160 170

m, [GeV] m, [GeV]

Re-observation of the Higgs boson with Run 1l
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Measurement of the HZZ Tensor Coupling

= CP-sensitive kinematic discriminants in the decay system :

Eur. Phys. J. C75 (2015) 476

©

1 -
[ Data ATLAS 1
16 ?. Background ZZ* HoZZ*.41
[ B Background Z+jets, tt 3
14 = . (s=7TeV,45fb™ ]
—F=0"sm B

12 (s=8TeV, 20.3 b
..... P=0 q

[y
o

|
S~—
j Entries / 0.25

-1 -0.5 0 0.5 1
cos(®,)

cos(01), cos(02), Information from kinematic

distributions (used in Run-1)
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Measurement of the HZZ Tensor Coupling
= Production and decay rates are dependent on the anomalous couplings

Production: Dependence:
5 Decay:
KHQQ 2
9F e Oggr X Kxzz

H— ZZ* — 4/ -

coupling

4
GVBF X szz

Production rate information sensitive to BSM contributions
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Event Categorisation
= Production mode splitting for the SM Higgs boson
formy =125 GeV:

ggF enriched
0 jet

mixed ||
e ____|il
|

1jet

VBF enriched
> 2 jet, mj>120 GeV

VH-hadronic
> 2 jet, m;<120 GeV

VH-leptonic
> 1 additional £ | | | | ]

20 40 60 80 10

B ogsF MvBF M WH B zH [ tH
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Signal Modelling via Morphing Method

= Continuous signal model to describe signal expectation in dependence on
BSM couplings (Kuzz, Kazz)

= Predicts kinematic distributions and cross-sections at every parameter point
based on a discrete set of simulated input samples

Output distribution weight  Input distribution
i Ninput l
Nout('zout) = ZWi(lzout; Ei) : Ni(zi) K= (KSM, Khzz, KAzz)
i=1

= Challenge: Find the set of input samples which gives the lowest statistical
uncertainty

07/11/2016 V. Walbrecht - Measurement of the Tensor Structure of the Higgs Boson Coupling to Z Bosons 10/14


mailto:walbrech@mpp.mpg.de

Introduction Measurement of HZZ Tensor Coupling Summary

00000 [e]ele]e] Jlele} o]

Optimizing the Set of Input Samples for Modelling
ggF production

Input samples in Kaz7-Kyzz plane:

N e B B
xI :. input samples, K., [tos a=1 ]
10F-0  imputsampies, o5 =0 sweawsiswi{ @ Comparing number of expected
L L] i
r CAHVI kSN ] events predicted by signal model
5 - . . .
r ] and obtained from validation
L G_kHVV1_kSMO ]
ol GikAV\/.msikSMl : ° G_kAsz_kSMl b sam p | e
L G_KSM1 G kavvi_ksmo ] .
r 1 = Input sample set with smallest
S 3 _ .
r ° ] statistical uncertainty
L . G_kHVVm6_kSM1 ]
~10]- G_KHVVMG_KAVVG_KSMiL - ® Checking predicted distribution
_15:\‘H‘mH‘\HH\HH\HH\HH\:
=15 -10 -5 0 5 10 15
— KAzz
r'input_6
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Optimizing the Set of Input Samples for Modelling
ggF production

Input samples in Kaz7-Kyzz plane:

N e B B
xI [ @ inputsamples, kg, tos a=1 i
10F-0  imputsampies, o5 =0 sweawsiswi{ @ Comparing number of expected
L L] i
F I ] events predicted by signal model
51— N f H H
r ] and obtained from validation
L G_kHVV1_kSMO ]
Set 8 ol GikAV\/.msikSMl :. G_kAsz_kSMl b Sample
r G_KSM1 G kavvi_ksmo ] .
r 1 = Input sample set with smallest
S . - .
r ° ] statistical uncertainty
L ° G_kHVVm6_kSM1 ]
10 ©_KHVVmS.KAVVimS kst - ® Checking predicted distribution
_15:\‘H‘mH‘\HH\HH\HH\HH\:
=15 -10 -5 0 5 10 15

- Kazz
r'input_6
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Optimizing the Set of Input Samples for Modelling
ggF production

Input samples in Kaz7-Kyzz plane:

N e B B
xI [ @ inputsamples, kg, tos a=1 i
10F-0  imputsampies, o5 =0 sweawsiswi{ @ Comparing number of expected
L L] i
F I ] events predicted by signal model
51— N f H H
r ] and obtained from validation
L G_kHVV1_kSMO ]
Set 10 ol GikAV\/.msikSMl =. G_kAsz_kSMl b Sample
r G_KSM1 G kavvi_ksmo ] .
r 1 = Input sample set with smallest
S 3 - .
r ° ] statistical uncertainty
L ° G_kHVVm6_kSM1 ]
10 ©_KHVVmS.KAvVimS kst - ® Checking predicted distribution
_157\‘H‘mH‘\HH\HH\HH\HH\:
=15 -10 -5 0 5 10 15
- Kazz
r'input_6
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Measurement of HZZ Tensor Coupling
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Summary
o

Optimizing the Set of Input Samples for Modelling
ggF production

o
o

relative statistic uncertainty
4 °
8 i

0.06

0.04

0.0:

S

07/11/2016

Relative statistical uncertainty:

MadGraph5_aMC@NLO, ggF, H — ZZ — 41 [ Morphing set S, 4
[ ) Morphing set s,
{ . Morphing set s,
Morphing set S, —
Morphing set S, |

\s= 13Tev,J'|_ dt=14.78 0"

| T R |
-10 -5 0 5 10
Kyiz70s(a)

= Comparing number of expected
events predicted by signal model
and obtained from validation
sample

= Input sample set with smallest
statistical uncertainty

= Checking predicted distribution
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Optimizing the Set of Input Samples for Modelling
ggF production

Input samples in Kaz7-Kyzz plane:

I L A I
I [ ® inputsamples, kg, Cos a=1 ]
* [ ® inputsamples, Kgy[Cos a=0 ]
10~ swxweawekswr] @ Comparing number of expected

. Va"dat"’”fc"”” 1 events predicted by signal model

51— ] f : H

r ] and obtained from validation

r Validation Point 2 $C-KHVVIksMO 1

o HY ] sample

r G_kSM1  G_kAVV1_kSMO 7

r 1 = Input sample set with smallest
S . - .

r ] statistical uncertainty

C G_KHVVm6_kSM1 ]

r ° i . . . . .
10— G_KHVVmM6_KAVVM6_kSM1 3 u Checklng predlcted distribution
,15:\‘H‘mH‘\HH\HH\HH\HH\:

-15 -10 -5 0 5 10 15

Kazz
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Optimizing the Set of Input Samples for Modelling
ggF production

Input samples in Kaz7-Kpzz plane:  Validation of the input sample set:

P T8 e e o _ 7
7 e " opul samples, Ky os act 1 5 T e e e e
X [ . B ] = [ MadGraph5_aMC@NLO, ggF: H-ZZ -4l (s =13 TeV 3
[ ® inputsamples, kg,tos a=0 il £ 6~ —4— G_KkHVV6_kSML, validation sample —
10? . . . GkaWG’kAWG’kSME é E D G_kHVV6_kSM1, signal model E
[ Validation Point 1 ] § 5; —4— G_kAVVm6_kSML, validation sample 7:
s * J @ L[] c_kavvme kswm, signal model ]
L 4 o 4= —
L ) ] 5 = E
r Validation Point 2 o C-KHVVLksMO ] sE . CP-even 1
o (1] — £ — B
F G_kSM1  G_kAVV1_kSMO B ]
[ ] 25— =
-5 — L ]
. ] £ CP-odd
r G_KHVVm6E_kSM1 ] E ‘ e
5 ° 1 L e T Lo L L
101 6 kvwime_kavvime_ksmit 7 1 -08-06-04-02 0 02 04 06 08 1
L ] cos(8,)
L T T T Good agreement between predic-
T -10 -5 0 5 10 15 . . ) .
Kazz tion and validation point
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Results of the HZZ Tensor coupling measurement

= Measuring Kazz and Kyzz:
Comparison of observed number of events in each category with the one
predicted by signal model

= 118 GeV<myy<129 GeV (for SM Signal):

Event ggF mixed VH- VBF VH- Total
Category enriched hadronic enriched leptonic
Signal 11.3740.04  6.494+0.03 1.38+£0.02 2.9140.03  0.084+0.01 22.23+0.13
zz* 6.1010.02 1.63+0.01  0.1740.01 0.224-0.01 0.024-0.01 8.1440.04
Z+ets,tt 0.84+0.12 0.4440.07  0.09+£0.01 0.24+0.11 0.01+0.01 1.6240.07
Expected 18.440.4 8.6£0.1 1.640.1 3.440.1 0.17+0.01 32.0+0.5
Observed 21 12 2 9 0 44
= Test statistic: ( )
L(k
a(k) = —2In —= = —2AlIn(L)
L(Kk)

= L(Kk) is the maximum of the likelihood
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Results of the HZZ Tensor Coupling Measurement
= Expected and observed distributions of the test statistic q for fits of ...

Kazz - sin( o) (Kpzz=0) - Kz (Kazz=0)

H1'-1““\“ T T T T} 1 T T T T T T T
g : ATLAS Preliminary _ Observed ;“ g ATLAS Preliminary — Observed
S0 His 2z - 41 iH S0 Ho>2Z >4 iH
B R EL VAT - Expected | ' 13TeV, 148" .. Expected H
o | i e 8- iH
Regions
excluded ]
at 95% CL * %cL 7oA
$B8%CL . 5L TN
%8 6 -4 -2 0 2 4 6
K SiN(@) Kiaw
BSM coupling Allowed range at 95% confidence level (CL)
parameter Bestfit expected for SM observed
Kazz - sin() 5.2 [-6.3,6.5] [-9.7,11.0]
Khzz 4.5 [-6.2,5.1] [0.9,7.5]

=> Compatible with the SM prediction within 1.8 and 2.1 standard deviations
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Summary

= Re-observation of the Higgs boson with Run Il in the H — ZZ* — 4/ decay
channel

= Measurement of the anomalous H to ZZ couplings:
— More events observed in each category than expected

— Allowed regions at 95% confidence level:
9.7 < kpzz - sin(x) <11.0
0.9 S KnHzz S 7.5
— No significant deviation from the SM prediction yet with 14.78 bt
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The Higgs Mechanism in the Standard Model

+
= |agrangian for the scalar Higgs field, ® = (d) ):

CbO
Lscalar = (qu))T(Du(I)) - (HZ(I)TCI) + A(‘I)J“I))2)
=V(P)
= u2<0: non vanishing vacuum expectation value, v = —uQ/?\

= Possible choice of ground state: (®), = \/LE (8)

= Particular choice = breaks gauge symmetry spontaneously

® Invariance under U(1)q still preserved
= Weak bosons acquire mass

= Masses of fermions are obtained by introducing Yukawa interactions
= Resulting particle: Higgs boson

= 2012: Discovery of the Higgs boson with a mass of my = 125 GeV
Phys. Lett. B 716 (2012) 1-29 and Phys. Lett. B 716 (2012) 30-61
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Production and Decay of the Higgs Boson at the LHC

= Production of the SM Higgs boson with a mass of 125 GeV at \/§=13 TeV:

q 9

87.4% 6.8% 4.0% 1.8%
= Decay of the SM Higgs boson:

H—f , |[H=W = | H=yy

/5w

/bW

z° W
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SM Higgs Boson Production Cross Section

I TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT T g
5 l I I I I I I I I IBES
510 E M(H)= 125 GeV =¢
E J2
& F LOEW) 18
— [ H (NSLO co: X 7%
< b s -8
h z
T 10 E
T E 0 EW) E
a [ g (L0 QDT 1
[ pe — EW) 7
D +NLO
B pp = WH (Lo QC )
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Branching Ratios of the SM Higgs Boson

2 1 EL
[ S — 7 g
o C bb E
@ I 8
c tw —— 1f
e o
-l 99 13
210tk F
© T =
o ]
| cC ]
1025 Y4 -
C vy ]
S —
10 £ Zy E
FOHM
qotb 1 Ll M Ll s
120 122 124 126 128 130
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CP-Violation in the 2HDM

= Additional SU(2) doublet
— two neutral scalars (h,H), a pseudoscalar (A), two charged (Hi)

= 2HDM potential:

(%m)+;4@@f+hwwo@wg+M@wa@wq
{)\5 ¢1¢2 + h.c.] + { |:>\6 <¢J{¢1)2 + A7 ((;5;(152)2} ((ﬂ(ﬁz) + h.c.}

—{mdy (#01) + [mis (¢]62) +ho] +mdy (she2) |

V=

| = m\»—t

/_/\_\M

= no CP violation in the Higgs sector and no FCNC if:
X = A7 = m?, = 0 (Z, Symmetry)
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CP-Violation in the 2HDM

= Simplest case of CP violation in the Higgs sector:
X¢ = A7 =0andm3?, #0
Parametrization of the minimum of the potential:

0 0
@51:(\/%‘,1), ¢2:<\/L§v2e"5>

Relation: Im (mfzei5)=lm (/\5e2i5) ViV
rephasing invariance = £ = 0

Mass squared matrix of the neutral sector:

M2, M2, —LimAsv2 sin 3
M? = M3, M3, —3ImA5v? cos 3
—2ImAsvZsin 3 —1imA5v2 cos B M3,

As # 0: three neutral Higgs state mix = CP-violation
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@AT LAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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H — ZZ* — 4/ Event Selection ¢ 14

Higgs-
= 2 pairs opposite electric charge, Signal,
same flavour zz*

= Cut on invariant masses:
— Leading lepton pair:
50 GeV < my, < 106 GeV
— Off-shell Z: Myyresholg < Mas < 115 GeV
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H — ZZ* — 4/ Event Selection

Higgs-
= 2 pairs opposite electric charge, Signal,
same flavour zz*

= Cut on invariant masses:
— Leading lepton pair:
50 GeV < my, < 106 GeV
— Off-shell Z: Myyresholg < Mas < 115 GeV
= Muon (electron) isolation:

— Track-based isolation:
Irack — (> pie*)/p%(EX) < 0.15 (0.15)

w(e)
— Calorimeter-based isolation: y
Ieete) = (22 Ef“*")/pr(Ex) < 0.30 0-20) h
= dg-significance: track
— Muons: |dp/0g,| < 3.0 Primary y
— Electrons: |dg/0g,| < 5.0 Vertex do
! X

1
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Full Event Selection

Tavle: Event selection criteria applied in the H — ZZ* — 4/ analysis [?].

LEPTON REQUIREMENTS

Er > TGeVand [n] < 2.47

Electrons 20 - sin(8) < 5mm
pr > 5GeVand [n| < 2.7
Muons pr > 15GeVand || < 0.1 (CT muons)

zp - sin(0) < 5mm
|do| < 1mm

EVENT SELECTION

Higgs Boson Candidate

Two lepton pairs of same-flavour and opposite-charge

pr > 20, 15, 10 GeV for the three highest-pt leptons

AR(2, él) > 0.10 (0.20) for same- (different-) flavour leptons
mgp > 5 GeV for same-flavour opposite-charge di-lepton pairs
50Gev < m12 < 106 Gev

Minreshold < m12 < 115 GeV

Lepton Isolation

Muon track isolation (AR < 0.3): '2F < 0.15

Muon calorimeter isolation (AR = 0.2): Ic:b < 0.30
Electron track isolation (AR < 0.2): lZaCk < 0.15
Electron calorimeter isolation (AR = 0.2): [ < 0.20
[do/adq | < 3(5) for muons (electrons)

Vertex Selection

X2 /Ngot < 6 for 41 candidates
X2/Ndnf < 9for 2e2pu, 2126, 4e candidates
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Reducible Background
= Estimated using control data enhanced in background and depleted in signal

= Dominant contribution: Z+jets q o
(l+ee final state: z

— photon conversion
— misidentified light flavour jets

<

00 + L final state: .

— semileptonic b/c- decays
(Z+HF jets)

— in-flight 7t/K- decays
(Z+LF jets)

= {t production:
— 00 + pp and £l+ee final states
— non-isolated leptons from
W boson and b-quark decays

9
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= Estimated using control data enhanced in background and depleted in signal

Reducible Background

= Dominant contribution: Z+jets q o
{0 -+ee final state: 7

— photon conversion
— misidentified light flavour jets

<

00 4 uy final state: .

— semileptonic b/c- decays
(Z+HF jets)

— in-flight 7/K decays
(Z+LF jets)

= tt production:
— 00+ e and €0+-ee final states
— non-isolated leptons from

W boson and b-quark decays
g
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Estimation of the Reducible /¢ + L Background

= Evaluation of the contribution in background-enriched control regions
= Built by relaxing or inverting the lepton selection criteria

Control Region:

Z+HF:
invert. |d0/0’d0 |

Signal Iinvert. Iy

Region:

Z+LF:
|do/0q,| v
|d0/0'd0| v invert. |,

4 tt: e

|do/ 05, | X
I X
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Estimation of the Reducible /¢ + L Background

= Evaluation of the contribution in background-enriched control regions
= Built by relaxing or inverting the lepton selection criteria

Control Region:
Fake Factor

Z+HF:
Fup = 15%%1& invert. |d0/0'd0|
Signal (—Iis"&d@-linvert. Iy
Region:
Z+LF:

Fip = lf%u |do/ 0, | v/
|d0/0'd0| v —= _Jinvert. Iy

4 tt: e
[1avs

Fo = St | |do/0gy | X
e |1, X
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Estimation of the Reducible /¢ + L Background

= Evaluation of the contribution in background-enriched control regions

= Built by relaxing or inverting the lepton selection criteria

Signal
Region:

|do/ 04, | v/

I v/

07/11/2016

Fake Factor

e
F . iso&dg
HF = 7__-mo-
¢ 1_€iso&dq
ot
I:LF ‘sou I
l €ISO
pp
Fo— €isoady €02
t — €on

Control Region:

Z+HF:
invert. |d0/0’d0 |

Iinvert. Iy

Z+LF:
do/ 04, | v/

invert. |,

tt: ep+pp
|do/ 0, | X
o X

V. Walbrecht - Measurement of the Tensor Structure of the Higgs Boson Coupling to Z Bosons

= Efficiencies determined in
Monte-Carlo simulation

= Cross checks of single lepton
selection efficiencies in Z+L
data

= ek} from Z+HF also applied

on light flavour jets (due to
low Z+LF statistic)

= Cross check in Z+[L data
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Selection of Z (— ete™, u"u ") + u Events

Z-Candidate after event selection:
= Z-Candidate:

. "™ . . . %)16000; G|
— Lepton identification criteria, 8 F et ]
: : o F oy 2o 4 E
isolation- and dg-cuts A ]
1 2 112000~ B
— pr >20GeV, p7 > 15 GeV F ]
— |m” _ M;DG| <15 GeV 10000; =
8000/~ 3
= Additional muon: 6000 =
. 4000 4
— Exactly one additional F ]
. 2000— —
reconstructed combined muon L E
. 0

with pt' > 5 GeV o145 —

" 1.2 * o & -+
— no cut on dg-significance RS ARATEE e - SYESLAEL A o
. . . . T 0.8} |
— no isolation criteria o |
80 85 90 95 100 105
m,, [GeV]

Shape of the distribution in good agreement
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Investigation of the additional muon

Muons from c/b decays:

07/11/2016

B

Data/MC

oo

T T

—4— Daia
Z+ . s )
137ev, 1478k [

12 14
d, significance

‘dO/Gdo‘ >3.0
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Investigation of the additional muon

Muons from c/b decays:

T T
—4$— Daia
pam . e )
137ev, 1478h" I zvjets ()
[y
k3
w

0’
o 1 ]
L .
2 1-2“- P S o eeeae e
bt |
0.8 t
Sod 1

12 14
d, significance

|d0/0‘d0‘ >3.0

Muons from 7t/K decays:

MS

. ID

D___MS
pr-Balance: % = pr,—DpT>0.1
T

07/11/2016 V. Walbrecht - Measurement of the Tensor Structure of the Higgs Boson Coupling to Z Bosons B/U 13


mailto:walbrech@mpp.mpg.de

Investigation of the additional muon

Muons from c/b decays: Muons from 7U/K decays:

10°

T T
—— paa
P . ziets (4F)
13Tev, 14,780 B ziets ()
[
[k
wz

zm
13Tev, 14.78 16"

Events/0.025 GeV

0 X
1.4 1.2
Q1 . * 3
§ ;.."* "':0 oo~ B T o gl SV g O.Bt
gog i e i . il
0.6, -1 -08 06 04 02 0 02 04 06 08 1
0 2 4 6 8 1 12 14 (P115Pr )Py
d, significance
ID MS
Apr PT —P1
-Balance: =+ = ~T—-1->0.1
|d0/0-d0| >3.0 pT pr plD
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Muons from b/c-decays (Z+HF): |dy /04, |>3.0

Track-based isolation: Calorimeter-based isolation:
> T T T > T T
§10000 o & 8000 —— oaa
0 p2m . e ) 0 Z+p . e )
2 13Tev, 1478 1" R z+jets (L) 8 7000, 1oy, 1a7am* B zviets P
@ 8000 1 [l ) | @
5 | . § 6000 - , Emz
@ we & Cwe
! 5000 !
1 1

< 4000

3000

2000

0’ 0

1A ] 1.4f i ]

% 1_2L ;T*:;“-‘-‘-"‘-‘- R S S _‘_.._*4“-1 % 12- +§.”‘°."’+’“‘“M.**;‘
§og | } 8og- i 1 i

0.6 i | 06— i |

01 02 03 04 05 06 07 08 0’9|uack -04 02 0 0.2 0.4 0.6 0.8 o

= Shapes of the distributions are in agreement
W _ Ny(after cut) __ ntotal _ \MC
€iso = N . (before cut) Ny = Nl»l Nu,(WZ, 77)

07/11/2016 V. Walbrecht - Measurement of the Tensor Structure of the Higgs Boson Coupling to Z Bosons B/U 14


mailto:walbrech@mpp.mpg.de

Apr _ pP—pY®
Muons from 7t/K- decays (Z+LF): o T>0-1
T T
Track-based isolation: Calorimeter-based isolation:
> T T T > E T T =
8 6000 o E & 3500 —— o 3
8 cooor bare i 8 30000 % A
& 4000 : 8w 3 2 2500; E
1 B 2000 —
3000l <—i - E B
1 B 1500 —
2000) ! 3 E B
! ] 1000 =
1000 X = s500F- E
0:
. 14
. Q12
3 1
0.8 S o8
0.} i | ° 0.6
0 01 02 03 04 05 06 07 08 09 1 -0.4 0.2

rack
e

= Low Monte-Carlo statistic, agreement with data

n N . (after cut)

_ __ ptotal __ pgMC
€lso — N . (before cut) N = NH N

M(WZ, ZZ)
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Isolation Efficiencies

1. Comparison of e,*slo in Z+HF jet region:

= Muons from b/c-decays: Simulation:  (16.4+0.3)%
Data: (17.0+0.2) %

= ¢l in data and simulation agree well for muons from b/c- decays

= Relative discrepancy below 4%
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Isolation Efficiencies
1. Comparison of e,‘slo in Z+HF jet region:

= Muons from b/c-decays: Simulation:  (16.4+0.3)%
Data: (17.0 4+ 0.2) %

e,ZLO in data and simulation agree well for muons from b/c- decays

Relative discrepancy below 4%

2. Comparison of eE;Data in Z+LF jet region with eE;MC in Z+HF jet region:
= Muons from 7t/K-decays: Simulation:  (11.6 = 0.9)%
Data: (15.1+0.3)%

= el agree within 10% between muons from 7UK- and b/c- decays
= (—:,‘;o in Z+HF also applies for light flavour jets
= Discrepancy between data and simulation = systematic uncertainty for the

fake factor
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Results of the Event Selection

= Data and simulation in good

agreement 3 [ . E

= Observed and expected number of % 3"?:; ! E[) 3
events in 118 GeV<my<129 GeV: & ¢ | B v E
20— -

Signal 222 + 2.1 o \ E
zz* 82 +08 N E

Z+jets, tt, WZ 16 +02

0
IR Y 4]
Total Expected 32.0 &+ 3.2 iy Lk .'¢¢T'T.1 AT ML
Total Observed 44 Sl T AT T
B‘O 90 100 110 120 130 140 150 160 170
m, [GeV]

= Deviation from the SM expectation is below 2 standard deviation

= Higgs boson rediscovered with Run I
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Additional Muon

Table: Efficiency of muon selection after the dg significance and isolation cuts for an
additional muon in Z + p events.

Selection applied Data [%)] MC [%]
dp significance 63.54+04 652414
isolation 18.7£0.2 15.8+0.5

dp significance + isolaton  11.8 0.2 10.34+0.3
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CP measurements in the H — ZZ* — 4/ channel

= Effective field theory (EFT) implemented in the so called Higgs
characterisation model (arXiv:1306.6464)

1
Bosons L§ ={C Ksm "*QHZZZ z +gHWWVV+W_”“ .
o 27 H b Done in Run 1

SM CP-even,tree-level
BSM CP-even
BSM CP-odd

« = CP mixing angle

1 -
T [Ca KhyyGryy A AR + sa Kayy Gayy A AR |

5 [Ca KHZ’ngZ'yz,u,uAuV + sa KAZ'ygAZ'yZy,VIZ\HV}

K = HC coupling parameter

1 ~
— — [caK G, GTHY + 54k [chclad
4 [ o KHggGHgg &y o KAgg9Agg & v ] g = coupling strength SM or MSSM

11 = A = cut-off energy
~ 33 [armeZin 2 & sakazZun 2] o = oo

11 _ sq = sin (a)
— EX [Ca KHWWwIVWHV + sa KAWwIVWuV]

1
- 1 [KHony Zv OuA™ + KuozZu OuZH” + Kpow(Wi W™ + h.c.)] }Xo

Fermions £} = — Z Pt (Co Krrgrnr + isin (@) Kargarys ) YrXo

f=t,b, T
= CP violation: Mixture of CP even and CP odd
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Measurement of the HZZ Tensor Coupling

o at LO [pb]
w
o

w
O

Production Rate Information:

\‘\\\\‘\\\\H\\\\!\\\\”\\\\‘\\\\‘
I MadGraph5_: aMC@NLOatLO \s 13TeV

L DggaH 41

- [Jaa-HagH-ai

Oygr su=16.5 pb

4
X Kazz

Oygr su=4-4 Pb

\\\H\HH\H\\f\\\\\\\\\\\\\\\
=2 -10 0 10 30

K a7z Sin(a)
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Event Categorisation

[4 leptons with myp € [118 — 129 GeV}

[Counting jets with prj > 30 GeVJ

> 1 additional| ( O-et ) [ 1-et ) > 2 jets
lepton
Pt > 8 GeV

(m; < 120 GeV] (m; > 120 GeV)

VH-leptonic ggF mixed VH-hadronic VBF
enriched enriched enriched enriched
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BSM Monte Carlo Samples ggF

Sample name Khzz FKazz Ksm  ©0S(Q)  Oggr [PH]
G_kSM1 0 0 1 1 32.910
G_kHVV1_kSMO 1 0 0 1 0.3732
G_kHVV6_kSM1 6 0 1 1 46.494
G_kHVVm6_kSM1 -6 0 1 1 22.436
G_kAVV1_kSMO 0 1 0 1/v/2 00043
G_kAVV6_kSM1 0 6 1 1/V2 84040
G_kAVVm6_kSM1 0 -6 1 1/V/2 83872
G_kHVV6_kAVV6_kSM1 6 6 1 1/V2 11764
G_KHVVm6_kAVVm6_kSM1 —6 —6 1 1/v/2 57936
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BSM Monte Carlo Samples VBF+VH

Sample name Khw  Kaw Ksu ©o0s (@)  overtvy [pb]
V_kSM1 0 0 1 1 4.9392
V_kHVV10_kSMO 10 0 0 1 8.0489
V_KHVV5_kSM1 5 0 1 1 22.073
V_kHVV2p5_kSM1 2.5 0 1 1 7.3994
V_KHVVm5_kSM1 -5 0 1 1 20.501
V_KHVVm2p5_kSM1 —2.5 0 1 1 10.432
V_KkAVV15_kSMO 0 15 0 1/V2 10.320
V_kAVV5_kSM1 0 5 1 1/V2 4.2259
V_kAVV2p5_kSM1 0 25 1 1/V2 1.9750
V_kAVVm5_kSM1 0 -5 1 1/V2 4.2366
V_kAVVm2p5_kSM1 0 —25 1 1/V2 1.9752
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Scale Factor

The scale factor for each bin j is therefor given as

Ng):)‘\)/&]heg,SM (ggF) + Nli)g\)l\;jheg,SM (tEH) + Ng):)a;lheg,SM(bBH)

o (1)
angél,sm (9gF)

SF;(ggF) =

for the ggF production mode and

Nli)c()r\)l\;jheg,SM (VBF) + Nle;’)g\)/\;/heg,SM (WH) + N:);solheg,SM (ZH)
N:/IXGpg,SM (VBF+VHhag) + Nﬁﬂxgél,SM (VHiep)

SF;(VBF + VH) =

)
for the VBF and VH production.
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Signal Modelling via Morphing Method

= Number of input samples T; is dependent on the number of couplings one
wants to model

N = np(np+1)'nd(nd+1)+<4+ns_1>+<np~ns+ns(ns+1))

2 2 4 2
+1 s(ns +1 +1
.”f’(”“zi)_|_<nd,ns_i_n(n2 ))'np(np2 )
s (Ns 1 3 s — 1
+n<n2+).np.nd+(n,,+nd)< o )
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Relevant couplings in ggF/VBF production in H4¢ channel

Production: ggF,VBF

b

Khgg __
Kagg

KH";”‘/ﬂ KH(‘?Zs
KHzzs KHwws KHz,
KHow, KHo~

wiz Kazz, Kaww,

KA”, v KAZ’\/ ’

07/11/2016 V. Walbrecht - Measurement of the Tensor Structure of the Higgs Boson Coupling to Z Bosons

Decay: H — 4/

Kazz, KAﬁ, gl KAZZN

KHzz, KHyy KHzZy,
KHozs KHOy
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Signal Modelling via Morphing Method

= Statistical uncertainty of output distribution:

. 2
ATSE = ZW' Kous K Nﬂ%.('zn) (LKI)—F)

Nwc,i(Ki)

Validation sample
oB1 OAleB2 P Morphing output set A
< Morphing output set B
2
Set of input samples: 0A20A3 3
H + Validation Point 2
oA1,0A2,0A3 2 ¢
5
e B1, e B2,0 B3 g ) e
' ’ £| fixed K
3 \
B3
Ksm e Observable sensitive to anomalous coupling

= Different choice of input samples = different statistical uncertainties
= |n addition, require that predicted value of the observable agrees with
validation value
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Set of Input Samples for Modelling ggF production

.
o
o

expected events
=
o

145

13

L s s sy % R sy s S B B B L
L ] 12 L il
[ MadGraph5_aMC@NLO, ggF, H ~ ZZ — 4l CJMorphing set S, | g I MadGraph5_aMC@NLO, ggF, H - 2Z — 4 ] Morphing setS_
[ 1s=13Tev, [Ldt=1478 0" CIMorphing set S, 18 - ) worphing set s, ]
[ \s=13T¢ _[ = . Morphing setS, g [ 1s=13Tev, [Ldt=1478 1" b ; °

- . 30 Morphing set S
L Morphing set S | 2 L hi 0 |
r Morphing setS_ 1S L Morphing set S | |
L ) L Morphing set S, |
- — 25— -
- ] 20— -
- — 15— -
- — 10— -
L. P P P L1 sl [ P P P L1

125

07/11/2016

N
1)
o

10 10
Kz7Sin(a) Ky,zz[00s(a)
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Set of Input Samples for Modelling ggF production

TS S e e s e B s s e BN L s s e e sy s s
£0.045— . 0.12
8 [ MadGraph5_aMC@NLO, ggF, H — 2Z ~ 41 [TJMorphing sets, 'S
g L A [ IMorphing sets, 1 8 i
S goa \s=13Tev,J'L dt=14.78fb T Morphing set's. 15 ]
L r Morphing setS 1.2 0.1 =
2 n il
kS F 5
70.035[— « 7 r
o L« o
2 r ]
E] E £ 0.08
© 0.03— e
00251 - 008
0.02]— —
r 1 o004
0015 -
F 1 o002
0.01— —
i T L T I

-10 -5 0 5 10
Kz7Sin(a)

10
Ky,zz[00s(a)
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Size of Weights for Modelling ggF production

Table: Range of weight values obtained with a given tested ggF morphing input set
(S6, Ss, S10, S11 and Si2) from a scan in the x4z - sin(«) and kpzz- cos()
parameter space.

Morphing set Weight for values [w™" w"] for
Kazz - sin(a) € [-10,10]  Kpzz - cos(ar) € [—10, 10]
So [~ 40, 640] [~ 10, 160)
Ss [~ 40, 640] [~10, 160]
S1o [—50, 400] [~10, 160]
Si [—40, 640] [—240, 240]
St [—40, 640] [—240, 240]
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Set of Input Samples for Modelling VBF and VH production

= VVBF and VH production have the same coupling structure:

q q q H
/
7/
w/Z ,
Khzz, Kazz KHzz, Kazz /
VBF L VH ’ " Ksm
_y 7 q w/z

= VBF and VH production are combined

= Assumption: Kyxzz = Kxww, where X = H,A
= Separate model for Kaz7 and Kyzz
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Set of Input Samples for Modelling VBF and VH production

q q
Input samples in Kazz-Kpzz plane:
Kizz OF Kpyz WJSSM__ Y N AP AR RSO R AR AR ARRAL AR
10— * B v_kHvV10_ksmo N
F o inputsamples, g =0 - - B
VBF v vaaton sl 1. ]
= " [ V_KHVV5_kSM1 i
q q 5— . —
[ V_kHVV2p5_kSM1 ]
L . V_KAVV15_kSMO|
r V_KAwm5_KSM1 V_KSM1  V_KAVV5_KSM1 b
. o— . * L] L] . —
¢ t V_KAVWM2p5_kSM1  V_KAVV2p5_kSM1 R
L N ]
Khzz OF Kazz 2 o i V_KHWIZ05 kS 1
........ sl B
a KSM . . V_kHV\;mS_kSMl B
z ¢ = 4
H— zZZ* — 4/ o ol ]
I N I T N N P
. -15 -10 -5 0 5 10 15
Production mode n, ng ns N Knez

VBF+VH 0o 0 2 5
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Set of Input Samples for Modelling VBF and VH production

a a Validation of the input sample set: Kaz»
= O T T T T
% 0.8 MadGraphs_aMC@NLO, VBF: H-2Z -4, Vs=13Tev 3
= E —4— V_kavvm2ps_ksm1, validation sample E|
Khzz OF Kazz  3-SM_. i 5 07T st =
8 06 e
1] E |
VBF 8 os- E
. . © oab E
q q E E|
0.3F E
0.2 e
0.1 - Ei
o E e o T T T L 3
50 55 60 65 70 75 80 85 90 95 100
Ksz or Kazz# o m,
"""" Ksm
z - Good agreement between predic-
H—ZZ" — 4/ o tion and validation point

Production mode n, ng nNg
VBF+VH 0 0 2 5
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Set of Input Samples for Modelling VBF and VH production

a a Validation of the input sample set: K77
B, oF Vadoupns amconio, ver: i .2z 4 oo Tev |
K K E '4; —4— V_HVVm2ps_ksm, vaidation sample E
Hzz OF Kazz  §--2---- H g 357 [ vervuimaps ko, g moce 7
VBF g 3 E
5 25F e
7 7 25 E
15E E
1= E
0.5 E
& = e AT E|
50 55 60 65 70 75 80 85 90 95 100
Ksz or Kazz# o m,
"""" Ksm
z - Good agreement between predic-
H—ZZ" — 4/ o tion and validation point

Production mode n, ng nNg
VBF+VH 0 0 2 5
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CP sensitive discriminants in the decay system

Eur. Phys. J. C75 (2015) 476

S e > QEETTTTT T T T T
8 [ e Data ATLAS ] 8 [ e Data ATLAS 7
25/ [l Background zz* E - [l Background zz* ]
f :=Backgroundz . H_oZZ*_4] 1 2207 =Backgn:iundZ . HoZZ*_.4] i
7 ackground Z+jets, tt q 0 cUr ackground Z+jets, tt 7]
N [s=7TeV,45f™" ] 2 r o s=7TeV, 451" ]
520r— s =0"sm b E [—F=0sM ]
c (s=8TeV, 20.3fb™] c [ Vs=8TeV, 20.3 fb™]
W pe-gf=0 ] Wogl =0 i
[ ] 15f ]
151 . ¥ ]

L ] 10; rrrrr ]
10r 7 [ ]
5 7 501 ¢ .

0
50 60 70 80 90 100 110 20 30 40 50 60
m,,[GeV] my,[GeV]

~
o
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CP sensitive discriminants in the decay system

Eur. Phys. J. C75 (2015) 476

n T g ~ [T

<
g 25[ o Data ATLAS 7 T 25 e Data ATLAS -+
E &or ]
5 F . Background ZZ* H_ZZ*_4]| . ; [ . Background ZZ* H_ZZ*_4l ]
-= 2oL [ Background Z+jets, tt ] -2 5, Il Background Z+jets, tt N
= 20¢ !JP o' sm (5=7TeV, 45 ] 520 !Jp_'y M V5=7Tev, 451" ]
wor - fs=8TeV, 20.3 "] T - fs=8TeV,20.3 "]
..... F=0 ] [Pz ]
15 b 15 4
10 . 10F .
Bl | g T e . e M e

0

3
¢
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Signal Modelling via Morphing Method

= Continuous signal model to describe signal expectation in dependence on
BSM couplings

= Predicts kinematic distributions and cross-sections at every parameter point

Output distribution weight Input distribution
l Ninput l i
Tout('zout) = Wi(lzout; lz1) : Tin(zi) K= (KSM7 K1BSM, ceey KgSM)
i=1

= Assumption:

T(R) o IM(R)* = <Z Kacf)(K‘X)> : (Z KQO(Ka)>

. xXeEp,s aed,s
p: production

d: decay production decay

s: shared in both

= Challenge: Find the set of input samples which gives the lowest statistical
uncertainty
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Morphing: Calculation of weights functions

Ninpul
Tout(aout) = Z Wi(.aout; §I) : Tm(@) eg. T=0-BR, T=cosb
i=1

= Ansatz for morphing weights:

2 2
w; = (aj1gsu” + apgssv” + azgswIssu)

= Requirement for calculation of constants:

W,‘=1 and VVHé,:O if aoutzgi

= Linear system of equations, solveable through matrix inversion
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Morphing: Specific example

(9sm.98sm) SM

(1.0 | \_
Mix
an |\~
BSM
on| S

2
-1 QSMl
\nterference
+1 9sm - 9Bsm %
/

2
gBSMT

= Morphing function for this specific example:
Tout(gsm, 9BSM) = (QSM2 — gsmgasm) Tin(1, 0)+(QBSM2 — gsmgesm) Tin(0, 1)+gsmgssm Tin(1, 1)
—— — — —_——— ———

=w1 =ws =w3

= Set of input samples can be arbitrarily chosen as long as linear system of
equations can be solved
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