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The Standard Model is not the End of the Story...

= Open questions: ‘ ~

THERE'S A PILE

(DF GRAVITONS BEWWND

L \T. AND WE DoN'T
KNOW WOW TO DEAL

— General relativity 74 “ W TN
— Neutrino oscillations '
— Nature of dark matter and dark energy
— Matter - antimatter asymmetry

U ()
= Theories beyond the Standard Model: “
— Supersymmetry, string theory, M-theory and extra dimensions

WITH THEM YET.

yi

= Experimental search for physics beyond the Standard Model in pp collisions:

1. Direct searches: search for new particles (heavy resonances, SUSY
particles, dark matter ...)

2. Indirect searches: precise measurements of known particles of the SM -
search for deviations from the prediction of the SM
=> Search for anomalous Higgs boson couplings
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The Higgs Boson in the Standard Model
= 2012: discovery of the Higgs boson

E E‘o‘Da‘(a‘ — \(‘yw T ‘AT"LAJS‘ T ‘50(\.—’
= SM prediction: scalar CP-even 325?=§a°':w°“"3§2_‘ o _ggs‘oo
X e [ éc ground Z+jets, \(
particle (J°=0T) 3 of ESinalim o125 N\Y\
%Syst.tlr s\\a
CP-even 15"8”5“0(\' A=4.8fb::
Conjugation scalar QU7 - feV:fLdt=5810
I
Spin: J 0 r
Charge: C +1
Parity: P +1
100 150 200 250
N ot my [GeV]

SM Higgs boson = Spin ot hypotheses preferred by
the Run | data

= But: small admixtures of 0~ state to 0T are still possible (Beyond SM):

|Hasm) = cos(a)|0T) + sin(a)[07)
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Measurement of the Higgs Boson CP Properties

z* -
1. Decay Channel for CP properties measurement: Ho==mmmme
-
zZ
2. Observable to study CP properties: .
L L B B — ]
[ Daa ATLAS
;*- Background ZZ* H_zz*_ 4l
;,! B:fkgjound Z+iets, tt (5= 7Tev, 45 b 7;
E j,,:z. M /s=8Tev, 20.3 ]

cos(el)1
=> Statistics very low: using event rates

3. Approach to account for BSM contributions: effective field theory
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Measurement of Anomalous Couplings
= Effective field theory assumption:
— Physics beyond the SM appears at energy scale A>> E
= Point-like interaction can be assumed
SM CP-even

1 _
ng :{ Ksm COS X [EgszZuZFL + QHWWw:W M]

a a,|Lv
[Ktgg COS X GrggGliv G ]

b

-
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Measurement of Anomalous Couplings
= Effective field theory assumption:
— Physics beyond the SM appears at energy scale A>> E
= Point-like interaction can be assumed
SM CP-even

1 _
Lo :{ Ksm COS OC [EgszZuZFL + gwaW:W M] anomalous (BSM) CP-odd

N-V]

b

a a, v . a ~a
[KHgg COS (X GrggG v G + Kagg SN ¢ gaggGl+ G

1. non-SM coupling to gluons
g 7
KHgg, Ka ----
99 99 %
g Z
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Measurement of Anomalous Couplings

= Effective field theory assumption:
— Physics beyond the SM appears at energy scale A>> E

= Point-like interaction can be assumed
SM CP-even
v 1 i anomalous (BSM) CP-even
Lo ={ Ksm COS X [EgszZuZFL + grwwW W M] anomalous (BSM) CP-odd
1 -
- [Ktgg 05 O GrggGlivy G MY + Kagy Sin 0t gaggGliv G Y]
11 =
N [Ksz 008 0 ZyvZHY + Kazz sin o Zuvzuv}
1 1

A [KHWW Cos (XW+ W e —+ Kaww Sin O(W:x,wiuv] }Xo

2. non-SM coupling to vector bosons

1. non-SM coupling to gluons
7
KHggs KAgg ---- SR Ksm, Kazz, Knzz
0
Z
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Analysis Strategy

= Too low statistics to use the information from angular distributions
= Event rates

= Approach: effective field theory

= Too low statistics to measure all predicted couplings simultaneously
= Test two different models with different assumptions:

1. non-SM coupling to gluons 2. non-SM coupling to vector bosons
7
g
KHgg: KAgg v | e Ksm, Kazz, Khzz
0
g
Z

All other couplings are set to the SM value
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1. Measurement of Hgg Tensor Coupling
= Production and decay rates are dependent on the anomalous couplings:

Production: Dependence:
ggF = Krig ey Ogqr X K2
B A R i g9 Agg
o | |Hozzr a4 L

Oygg —const

Production rate information sensitive to BSM contributions
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1. Measurement of Hgg Tensor Coupling
= Production and decay rates are dependent on the anomalous couplings:
Production: Dependence:
9 = B0 I T 7T T
2 S MadGraphS aMC@NLO at LO Standalone Vs = 13Te\y
K 0 L,
ggF > | 2k

KAgg b

25

20

1!

@

1

1S}

o

Over,ssm= Oyar sii=4-4 PD

06/12/2017

0 05

1
K aggSin(ar)

Production rate information sensitive to BSM contributions
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2. Measurement of the HZZ Tensor Coupling
= Production and decay rates are dependent on the anomalous couplings:

Production: Dependence:
| , Decay:
Khgg 2
9F M e OgeF X Kizz

H— z2Z" — 4/ -

coupling

ot

2 2 2
Ksm» Khzz» Kazz
e

s

4
Over X szz

Production rate information sensitive to BSM contributions
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2. Measurement of the HZZ Tensor Coupling
= Production and decay rates are dependent on the anomalous couplings:

Production: Dependence:
9 3 35 [ L LI s s B I B B LI Y [ B s L T
2 S MadGraph5 aMC@NLO at LO Standalone, \E 13Tevf
ggF Khgg ., O w»f [ogF : 3
Effective § - LJver 1
, coupling e B
20— —
L e XY =
wf- =
o OvranTAAPD N E
ol 731 L 7\ L 71\ L é v e L 1
Kazz C8iN(0)

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
1jet

VBF enriched
> 2 jet, m;>120 GeV

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

VH-leptonic
> 1 additional £

ttH enriched
2 11 jet and 2> 4 njet | | ! ! |

0 20 40 60 80 100

o MvBF M WH B zH [ tH
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Signal Modelling

= Continuous signal model to describe signal expectation in dependence on
BSM couplings (Kagg, K7z, Kazz)

= Predicts number of expected events at every parameter point based on a
discrete set of simulated input samples

S
Output distribution weight Input distribution
= Ninput = = = 'Zout
Nout(Kout) = Zizl Wi(Kout; Ki) : Ni(Ki)
K2
1. Hgg Tensor Coupling: K = (Kygg, Kagg) T

2. HZZ Tensor Coupling: K = (Ksu, Knzz, Kazz)
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Results of the Tensor Coupling Measurement

= Measuring BSM coupling parameter:
Comparison of observed number of events in each category with the one
predicted by signal model

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

Event agF mixed VH- VBF VH- ttH-
Category enriched hadronic enriched leptonic enriched
Signal 26.80 250 1567 +1.33 3.54 +0.51 6.87 +0.81 0.324+0.02 0.394+0.04
zz* 13.70 4= 1.00 4124042 066 +0.16 1.17£0.32 0.05+ 0.01 0.01 4= 0.01
Z+ets, tt 2.23+0.31 0.96 =042  0.02 £ 0.02 0.45+0.04 0.01+£0.00 0.07+0.04
Expected 42.70 4+ 2.70 20.85 4 1.41 4.39 +0.51 8.42 4+ 0.91 0.38 £ 0.02 0.47 4 0.05
Observed | 49 24 3 19 0 0
= Test statistic: ©
L(k
qa=—2In = —2In(A)

L(K)

= L(K): is the maximum of the likelihood
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Results of the Tensor Coupling Measurement

= Measuring BSM coupling parameter:
Comparison of observed number of events in each category with the one
predicted by signal model

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

Event agF mixed VH- VBF VH- ttH-
Category enriched hadronic enriched leptonic enriched
Signal 26.80 250 1567 +1.33 3.54 +0.51 6.87 +0.81 0.324+0.02 0.394+0.04
zz* 13.70 4= 1.00 4124042 066 +0.16 1.17£0.32 0.05+ 0.01 0.01 4= 0.01
Z+ets, tt 2.23+0.31 0.96 =042  0.02 £ 0.02 045+ 0.04 0.01+£0.00 0.07+0.04
Expected 42.70 4+ 2.70 20.85 4 1.41 4.39 +0.51 8.42 4+ 0.91 0.38 £ 0.02 0.47 4 0.05
Observed | 49 24 3 19 0 0
= Test statistic: ©
L(k
qa=—2In = —2In(A)

L(K)

= L(K): is the maximum of the likelihood

06/12/2017

V. Walbrecht - Study of the Tensor Structure of Higgs Boson Couplings

1114


mailto:walbrech@mpp.mpg.de

Introduction Study of the Tensor Structure of Higgs Boson Couplings Summary

0000000 0000080 o]

Results of the Hgg Tensor Coupling Measurement
= Expected and observed distributions of the test statistic q for fits of Kagg:

S L A B B
=23 ATLAS Preliminary Ksy - COS 0¢=1
£ ¢ . — Observed
N [H-zz~ 4
20|13 TeV. 36.1 fo”! ---- SM expected
[ Kiigg =1, Kgy =1 KHgg * COS =1

H - Observed: \KAMI 0.43
Reglons 15 Expected KME_OOO

excluded
at 95% CL 10

BSM coupling Allowed range at 95% confidence level (CL)
parameter Best fit  expected for SM observed
Kagg 40.43 [-0.47,0.47] [-0.68,0.68]

= Compatlble with the SM prediction within 1.8 standard deviations
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Results of the HZZ Tensor Coupling Measurement
= Expected and observed distributions of the test statistic q for fits of...

. Kazz (Kpzz=0) ... Kpzz (Kazz=0)

P S RN R AR R R B P i s B U B B s
= 30 ATLAS Preliminary 3 Z . [ ATLAS Preliminary ]
a. E H. 7z . 4 Observed E a. SO;H L7704l Observed 7:
o5 13 TeV. 36.1 fo! ---SMexpected ] [ 13TeV,36.1 10" ---SMexpected ; ]
3 ] 25 i
[ Kigg=T/Ksu=1 7 [ Kugg=1 Ksy=1 ]
Regions  20fObserved: &y, =29 ] aof Obsered&,, -2 1
[ Expected: &y, = 0.0 ] [ Expected: Ky, = 0.0 1
excluded (sf E sh N B
at95% CL F 1 i ]
10 3 10[- -
5} \ ) E 5 95% CL
r . ] £ ) A /] swol ]
) P LS A S i B S ot IR AT

=8 -6 -4 -2 0 2 4 8 -6 -4 -2 0 2 4 6

. Kaw . Ky

BSM coupling Allowed range at 95% confidence level (CL)
parameter Bestfit expected for SM observed
Kazz +2.9 [-3.5,3.5] [-5.2,5.2]
Khzz 29 [-2.9,3.2] [0.8,4.5]

=> Compatible with the SM prediction within 1.4 and 2.3 standard deviations
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Summary

= Measurement of the anomalous couplings :

More events observed in each category then expected

Too low statistic to observe a significant deviation from the SM predication

Excluded regions at 95% confidence level:

1. non-SM coupling to gluons 2. non-SM coupling to vector bosons

Kazz <-5.2and Kpzz > 5.2

Kagg <-0.68 and Kagg > (0.68 Kiizz < 0.8 and Kiizz > 45

= Qutlook: Combine event yield and angular distribution information
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Full Categorization

118 GeV < m, < 129 GeV

ttH-like

)

=1 extra leptons
P, <150 GeV

—| m,, < 120 GeV

I: P, <200 GeV

P, > 150 GeV

—| m,, > 120 GeV

P, >200 GeV

| =1Jet |——>l 60GeV<p”,<1ZOGeV‘

[] ggF-enriched
VBF-enriched
VH-enriched
tiH-enriched
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Kgy free

06/12/2017

20— o R e e B e B e
18;ATLASInternal E = [ ATLASInternal 1
E — Observed B = 30— — Observed =
FH—2ZZ" >4 E NTEH—-ZZr -4l E
16;13Te\/, 36.1 b ----SMexpected [ 13TeV, 36.1 fo' ---- SM expected ]
14/ Kygg =1, Koy free — 25;KHgg =1, kgy free 7:
12:,Observed: Rl =1.5, Ky =1.2 ,: 2oiobser\/ed: Ry =22, Kgy=1.2 £
[ Expected: &y, =00, Kgy=1.0 ] [ Expected: Ky, = 0.0, Kgyy = 1.0 ]
10 7 r ]
o 1 151 -
61 = 10 b
L 1 5 95% CL—]
2 . F ]
r E 68% CL
| SN PRIV NSO SAEE 2 of S AT | S i O B 57 i A Wiy
- -6 -4 -2 0 2 4 6 8 -6 - - 0 2 4 6
Kaw Khwv
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2D scans

S2 4T T T T T T T S22 T T T T T
o [ i [ ]
<o ATLAS Interna + BostFit ] « [ ATLASInternal + BostFit E
FH—ZZ" =4 — Observed 95% CL H—Z7Z* — 4l — Observed 95% CL |
2(-13TeV, 36.1 fo”! * SM - 1L 13Tev. 361 i * SM !
1-8:7KHQ§=1YKHW=0 “r+* SM expected 8% GL J EKHgg=1'KAW=0 ---- SM expected 95% CL E
E Observed: [k, | = 1.5, Ry = 1.2 1 161 Observed: &y, = 2.1, gy =12 3
1.6~ Expected: k,,, = 0.0, Kgyy = 1.0 7 [ Expected: &y, = 0.0, Kgy = 1.0 ]
[ 1 1.4 3
14 3 r 1
F | 1.2 —
1.2 - L ]
L ] 1= J

= 7 [ ]
0.8 1 0.8 =
0.6 3 0.6 7
O RN R I B Y R R P R R
-6 -4 -2 0 2 4 6 -6 -4 -2 2 4 6
Kaw Khvv
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2D

IS

N

scans

>

I o e T T T T T
L ] E ]
[ ATLAS Interna + BostFit E RN ATLAS Internal # BostFit E
FH—ZZ* -4l — Observed 95% CL ] FH—ZZ*— 4l — Observed 95% CL
F13Tev, 36.1 fo" * SM - 10[-13TeV, 36.1 fb" * SM -
F g =1, Kau=1 “r+* SM expected 8% GL J F Kgg = 1, ke free “-+* SM expected 95% L J
E Observed: IK,,,| = 0.5, Ry, = 29 1 Observed: IRyl = 0.3, Ry, = 2.1, Ry = 1.7 ]
[~ Expected: &, = 0.0, Ky, = 0.0 - [ Expected: Ky, = 0.0, Ky, = 0.0, Ky = 1.0 -
P U YU SRRSO SR BRI | P IR PRI IR R
-6 -4 -2 0 2 4 6 -6 -4 -2 2 4 6

KAvv KAw
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SM Higgs Boson Production Cross Section

M(H)= 125 GeV

L

cp MO EW

N3LO
pp_ 1

L Lin
LHC HIGGS XS WG 2016

[EnY
o
I
|

[E=y
o \o
- \T
Sl
z \a
s
> \=
Z
“Elz 2
2 \o
Q
Ackle B
2] 1= o
12l =z |+
H\=ElE
G
2z |m
z

o(pp — H+X) [pb

0—1

Iy

1072

6 7 8 9 10 11 12 13 14 15
s [TeV]
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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:

v= 1 (6101) + D2 (¢hez)” +xa (101) (ohe2) + 2 (9]62) (s101)

43 [ (olo2) 4 na] 4 { [ (s101)" + 27 (sh02) 7] (o102) + e |

—{mdy (ol0n) + [m2y (o1@2) + hc| +mdy (o1e2) }

= no CP violation in the Higgs sector and no FCNC if:
Xe = A7 = m?, = 0 (Z, Symmetry)

B/U6
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CP-Violation in the 2HDM

= Simplest case of CP violation in the Higgs sector:
Xs =A; =0andm?, #0
= Parametrization of the minimum of the potential:

0 0
¢1=<\/¢§V1), ¢2:<\/L§vze’5>

= Relation: Im (mfzei§)=lm ()\5e2i5) ViVy
rephasing invariance = £ = 0

= Mass squared matrix of the neutral sector:

M3, M2, —LimAsv? sin B
M? = M3, M3, —3ImA5v? cos 3
—2ImAsv2sin 8 —LimAsv2 cos B M3,

s # 0: three neutral Higgs state mix = CP-violation
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h

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST

06/12/2017


mailto:walbrech@mpp.mpg.de

H — ZZ* — 4/ Event Selection ¢ 14

Higgs-
= 2 pairs opposite electric charge, Signal,
same flavour 7z

= Cut on invariant masses:
— Leading lepton pair:
50 GeV < my, < 106 GeV
— Off-shell Z: Myresholg < Mas < 115 GeV
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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: Myresholg < Mas < 115 GeV

= Muon (electron) isolation:

— Track-based isolation:
i3 = (32 pr)/pt(Ex) < 0.15 (0.15)
— Calorimeter-based isolation: y

I(I:f(ke)) = (3 ESve) /pl(E4) < 0.30 (0.20) »

= dj-significance: track
Primary ¢

— Muons: |dp/0g,| < 3.0
— Electrons: |dg/0g,| < 5.0 Vertex do

! X
1
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Branching Ratios of the SM Higgs Boson

2 1 EE
© E Jo
o [ b 1z
2 T 8
€ tw ¢
~ 1%}
[ 99 13
2107k F
© F =
o L ]
L cC ]
1021 22 -
B vy ]
-3 —
07 zy E
- MM
oAl L L 1 L
120 122 124 126 128 130

M, [GeV]
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pp Collision Data Recorded with the ATLAS Detector

= Number of expected pp collisions:

Nexp=£~0=/dt.§f~0 -

L Ny N2 - frey o [ 2
= Delivered luminosity:
= Run | (2011+2012):
— /s=T7TeV:L=46f"!
— \/s=8TeV: £L=20.7 b ?

45
45 T T T T T T T T T T

40F. ATLAS Online Luminosity 2016
~——2011pp Vs=7TeV

35 — 2012pp (s=8TeV

—2015pp (s=13TeV

w2016 pp VS=13TeV

Delivered Luminosity [fb ]
W
o

cbnle NS i,
—
N

= Run Il (since 2015): 25
- /s=13TeV: L=36.1fb"! 20
15
= This study: 10 .
Run Il pp collision data £=36.1fb=! s 201

2015
Yoo ot M oct
Month in Year
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Production and Decay of the SM Higgs Boson at the LHC

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

i u g b

VH

“ wiz 9

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

/b

Hos /o /) [H= W o | Hoyy

T/b/W-
H--------- Ho=mmmmmme- Ho=-=-- /bW
bW+
66% 7 24% - 0.2%
H—ZzZ" — 4/
0.0124%
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Full Event Selection

Table: 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 |n| < 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(Z, e’) > 0.10 (0.20) for same- (different-) flavour leptons
mgg > 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): /7K < 0.15

Muon calorimeter isolation (AR = 0.2): Ic:m < 0.30
Electron track isolation (AR < 0.2): IZaCk < 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/ngf < 9for 2e2pu, 2126, 4e candidates
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The H — ZZ — 4/ Decay Channel

= Signal: = |rreducible background:

[ q Vas

z o+ Z/y o
o 77*
z - o
Z/y
+ _ o+ o 7 -
f =€ ) u Estimated with Monte Carlo Simulation

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

g ot

S

Data driven estimation
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Results of the Event Selection

® |nvariant mass spectrum after event selection:

= Good agreement between data
and simulation

R —
L P ¢ Data 4
[ ATLAS Preliminary |2 o (m, - 125.09 Gov) |
[ - 2z 1
rH-2Zz" - 4 1H+V, VWV —
[ 13TeV,36.1 0" Z+jets, T 1
L 7 Uncertainty

[}
o

= Observed and expected number
of events in
118 GeV < myy < 129 GeV:

Events/2.5 GeV
[
o

o
o
T

30
Signal 540 44 20
zz* 197 +15 i
Z+ets, tt 39 +05 10

Total Expected 77.0 + 4 W o a0 140 160
Total Observed 95 mf‘ilanstrained [GeV]
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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)

Done in Run 1

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

BSM CP-odd

« = CP mixing angle

1
Bosons L§ :{Ca Ksm "59HZZZMZ” +gHWWW;r W_"‘}

1 -
T [Ca Kttyy Gryy Auv AR + S KayyGayy Auv A |

Ca KHZ’ngZ’yZuVA‘uV + Sa KAZ’ygAZ’yZ,u,L/AHV]

5 [

K = HC coupling parameter

1 ~
— — |[caK G%,,G"HY + sqk [chcilald
4 [ o KHggGHgg & o KAgg9Agg © v } g = coupling strength SM or MSSM

11 = A = cut-off energy
- Z X [ca KHZZZ;I,L/ZMV + Sa KAZZZMVZHV} co = cos (a)

11 - sq = sin ()
3% [Co kMWW, W™HY + so K auy Wi, W+ ]

1
— 4 Ca [KHoy ZuOuA™ + KnozZvOuZ"" + Kuow(Wy duW™ " + h.c.)] }XO

Fermions £h = — Z Pt (Co Knrghir + i'sin () Kangarys ) VrXo

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

= CP-sensitive kinematic discriminants in the decay system :

Eur. Phys. J. C75 (2015) 476

WgE T T T T T T T T T
[ Data ATLAS
16 ?. Background Zz* HoZZ*_ 4]
B Background Z+jets, tt
14 P_ o+ [s=7TeV, 451"
—J =0"SM E
12 P o s=8TeV, 20.3 fb
..... P=

=
o

|
S~—
j Entries / 0.25

PN | PRI PN AN IS L AT |

-1 -0.5 0 0.5

1
M1z, M4, c0s(01), cos(02), &, b1, B* _ _ cos(@)
Information from kinematic

distributions (used in Run-1)
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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 = “p(np+1)_nd(“d+1)+<4+ns—1>+(np.ns+ns(ns+l))

2 2 4 2
ng (ng +1 ns (ns + 1 ne (np + 1
'%4‘(%'%4‘ (2 )> p(p2 )
ns (ns + 1)

3+n—1
+ 3 -np~nd+(np+nd)< 3 )
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Relevant couplings in ggF/VBF production in H4¢ channel

Production: ggF,VBF

Decay: H — 4/

b

KHyys KHdzs
KHzzs KHwws KHZ'y,
KHows KH@";

Y

Khgg __
Kagg
Kazz, K KaZy
Azzy NAvyys BNAZ7Y
H ________
KHzz, KHA,/'W KHZ’y,
Z
a KHOz» KHOy
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Signal Modelling via Morphing Method

= Statistical uncertainty of output distribution:

. 2
ATZE = ZW| Kout, N?/‘I?: i (K ) (‘o-i(Ki)—>£ >

Nwc,i(Ki)

Validation sample
oBl OAleB2 P Morphing output set A
§ Morphing output set B
Set of input samples: 0A20A3 3
H + Validation Point 3
oA1,0A2,0A3 2 ¢
S
e B1,eB2,e B3 3 ) - -~
’ ’ g| fixed K =
z
B3
Ksu 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 VBF and VH production

= VBF and VH production have the same coupling structure:

Y

W)z
Khzz, Kazz

------ 7 VH

’
/
7/

Khzz, Kazz /
Ksm

w/z

= VBF and VH production are combined

= Assumption: Kxzz = Kxww, where X = H,A
= Separate model for K77 and Kz
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Set of Input Samples for Modelling VBF and VH production

q q
Input samples in Kazz-Kyzz plane:
M T T T T T T
Khzz OF Kazz  y--2---- H Z Fe inputsamples, g, -1 .
10— O \_KHVV10_ksMO !
ko inputsamples, g, =0 4
VBF o —— ;
” ot [ V_kHVV5_kSM1 ]
q q 5 . i
[ V_kHVV2p5_kSM1 ]
[ . V_KAVV15_ksMQ|
r V_KAwmS_kSM1 V_kSM1  V_KAVV5_KSM1 b
_ o— L] * L] L] L] —
4 8 V_KAVWVM2p5_kSM1  V_KAVV2p5_kSM1 B
L ) |
KHZZ or KAZZ 7 s r V_KHVVmM2p5_kSM1 ]
H -=-===-- K -5 . -
SM - V_kHVVm5_kSM1 -
. a |
2 L |
* L 4
H— zz* — 40 o ol ]
I I P S S N N N
-15 -10 -5 0 5 10 15

Kpzz

Productionmode n, ng ng
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
g O;é Ma‘dGrapr‘\S_aM(‘:@NLé), VB::: HA‘ZZ«AL‘ 5= 1‘3 Tev‘ E
c O |
K or K = E —$— V_kaAVvm2p5_ksML, validation sample E
Hzz AZZ  p-m---- H 2 OTE [ v ez s, sgnt mose E
& 06 E
VBF g 050 Ei
g o E
o i 0.4F —
4 7 E ]
0.3 E
0.1 Ei
- E E|
50 55 60 65 70 75 80 8‘5 96 95 100
KHyzz OF Kazz 2 s my,
Hommmmmees Ksm
z . Good agreement between predic-
H— zZ" — 4/ o tion and validation point

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

q q Validation of the input sample set: K77
= 5p T T T T T T T T T 3
=3 4.5F MadGraph5_aMC@NLO, VBF: H-2Z -4, Vs=13Tev 7
E : é —4— V_HvWm2ps_kswi, validation sample E
KHZZ or KAZZ ______ H '§ 3:; l:l V_HVWm2p5_kSM1, signal model é
VBF g 3 3
5 25F E
7 7 2k E
15F E
i E
. 0.5F E
5055 60 65 70 75 80 85 90 95 100
KHyzz OF Kazz 2 s my,
H ==omooe Ksm
z . Good agreement between predic-
H— zZ" — 4/ o tion and validation point

Productionmode n, ng ng
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 > 5T T T T T T
8 [ e Data ATLAS ] 8 [ e Data ATLAS 1
[To) 25?. Background Zz* HozZ*_ 4 1 o [ [ Background zz* Hozz*.4 |
o | [l Background Z+jets, ] " 20 [l Background Z+jets, tt =
8 ;. Pac gfoun Je [s=7TeV,45f" | 8 j. :C ground £me [s=7Tev, 451" |
520r— s =0"sm h E [—F=0sM N
c (s=8TeV, 20.3fb™] c [ (s=8TeV, 20.3b™]
W[ F= ] [T S B
r ] 15f ]

15F 4 , ]

r 1 10F| e ]
10~ 7 r ]
5- 1 % ;
e - 0 ]
50 60 70 80 90 100 110 20 30 40 50 60 70
m,,[GeV] my,[GeV]
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CP sensitive discriminants in the decay system

Eur. Phys. J. C75 (2015) 476

n T g ~ [T

<
g 25[ o Dpata ATLAS 7 T 25 e Data ATLAS
E or ]
g F . Background ZZ* H_ZZ*_ 4] : ; L . Background ZZ* H_ZzZ*_4l ]
-= 2oL [ Background Z+jets, tt ] -2 5[l Background Z+jets, tt n
EZO, !JP—O‘SM (5=7TeV, 45 ] 520 !J”—o* M [5=7Tev, 45" ]
wep o f5=8TeV, 20.3 fo!] woro- fs=8TeV, 20.3 fo']
~~~~~ P= R [ gP= ]
15 b 15- 4
10 . 10 .
SE | el T T . T ey s A M o =

0 0

-1 -0.5 0 0.5

s w

1
cos(8,)
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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(lzout) = Wi(zout; IZ'l) : Tin(zi) K= (KSM7 K|133Mu ceey KESM)
i=1

= Assumption:

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

. xEp,s x€Ed,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(gout; §I) : Tm(@) eg. T=0-BR, T=cosb
i=1

= Ansatz for morphing weights:

2 2
w; = (angsw” + apgssu” + asgsugesm)

= Requirement for calculation of constants:

Wi=1 and Wﬁé,:O if goutzgi

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

(9sm.98sm) SM

2
1 QSMl
Mix \nterference
+1

N N\ Joeremn)
BSM /
-1 9 T
9Bsm

= Morphing function for this specific example:
Tout(gsm, gBsm) = (QSM2 — gsmgssm) Tin(1, 0)+(QBSM2 — gsmgasm) Tin(0, 1)+gsmgssm Tin(1, 1)
N —— [ —— ——

(1,0)

-

(0.1)

\

= =wz =w3
= Set of input samples can be arbitrarily chosen as long as linear system of
equations can be solved
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