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Study of sensitivity to
anomalous VVH couplings
at the International Linear Collider



Introduction on VVH couplings

The SM has been successful to describe nature.

Several phenomena can’t be explained only with the SM.
(Dark matter, baryon asymmetry, ... )

Precise verification of a structure

. . THe
of the Higgs sector 1s the next step. HG6S
The Higgs is a tool for verification. ot Coni

The structures and couplings between
the Higgs and vectors VVH (V=Z,y and W)
directly relate to Electro-Weak Symmetry Breaking.

One approach is the Effective Field Theory (EFT) L
WhiCh can assume new Lorentz Structures as anomalies. https://agenda.linearcollider.org/event/7371/contributions/3 7884/
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Anomalous ZZH couplings

The Higgs-straulung
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- “a,”’ : anormalization parameter
(rescales the SM-coupling)

| e
+ “b,” : a different CP-even tensor structure g

affecting momentum and changes angular distribution.

+ “b.” : a CP-violating parameter affecting

. . In the Laboratory frame
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Anomalous ZZH couplings EPS!7alk »
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Consideration on Anomalous WWH couplings

~

1 Ay by ~ A by ~ W
Copn = M2(— —)Z ZrH+ 22y gwg e 2Zy ooy
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+
¢ The Higgs-straulung /

anomalous WWH couplings
using the Higgs decay

@ 250GeV

The origin of VVH is same, EWSB

1 b =y s by =, 3R
Lownt = 2M3 (= + SO)VWWworH + 2O H + SO
e~ H v A A A
\\\ { Production : incoming and outgoing

Decay > both is outgoing
W= N The difference can be

calculated in terms of |M| — back up

When the variation of BR(H—WW) depending on anom-couplings
the variation of I (H—XX) must be considered. — Only shape infolln_a_tion
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Anomalous WWH couplings

The Higgs-straulung
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(rescales the SM-coupling)

: a normalization parameter
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- “b,” : a different CP-even tensor structure
affecting momentum and changes angular distribution.

. b a CP-violating parameter affecting

angular/spin correlations.
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Anomalous WWH couplings
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: a normalization parameter

v

(rescales the SM-coupling)

“b,” : a different CP-even tensor structure
affecting momentum and changes angular distribution.

angular/spin correlations.
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c-tag performance

using H>WW*— cxcx

Events which can find two 2ndary vertices

~ 5 9% of all events

ZH —- vw+WW — cxex  w/ 250 bl

Before c-tag distinction ~ 100
After c-tag distinction
c-tag requirement > 0.75
— 12

for HH-WW*

selection efficiency 12%

Phys. Rev. D 88,013010
— Published 18 July 2013

Measuring anomalous couplings in H = WW*

o |1
= [ using H=WW —>cXxCT
R 08 I - #of 2ndary VTXs
Tt - from c- quark jet
I - from s- quark jet
O0.6F W .
O4r W@ W 7
02rm M ! | 5§90 T ]
O ! ! ! 2 2 x
(CXCX) d 0 | 2 3 4
cut 18 optllee #of 2ndary VTXs
_, back up slides
@) P 1 — T
(cxcX) g Heww —CXXC & #2ndaryVTX—2
A 08- : .romcquark]etofW .
ot .from c- quark jet of W
R AN AU oo -
0Af i e -
c-tag [
selection efficiency 88%  r . B :
OO 1 2 3 4

#of 2ndary VTXs
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Decay processes for WWH

Focus on the Higgs-straulung @ 250GeV 250GeV w/ 250fb-1

ee — ZH — (1). w+WW  (4jets (categorize)

— cxcx  c-tag essential

4999

(2).99 +WW  (lvqq)

fully reconstruction 18 possible

(3).qq + WW (4jets)

huge migration

sensitive info. is almost lost

—————

1. Full standard model backgrounds are taken into account

2. Background suppression is optimized by considering signal-significance



Decay processes for WWH

Focus on the Higgs-straulung @ 250GeV

250GeV w/ 250fb-1

ee — ZH — (1). w+WW  (4jets (categorize)

— cxcx  c-tag essential

— back up slides

Nsig =12.27  Nsig =418.11
Nbkg =45.53  Nbkg =1663.87

fully reconstruction 18 possible

dqqq Signif= 1.61 Signif=9.16
(2)-qa+ WW (lvaq) Nsig = 1037
Nbkg = 1402

Signif=20.99

(3).qq + WW (4jets)

huge migration

sensitive info. is almost lost

Nsig =906
Nbkg = 13590
Signif=7.53

————

1. Full standard model backgrounds are taken into account

2. Background suppression is optimized by considering signal-significance




Determination of the sensitivity

Our approach for evaluating the sensitivity
to the anomalous couplings 1s based on a combined chi2.

- Shape information - Normalization information

“Generator level” distribution
Calculated do/dX with explicit parameters. ~ Expected #events

\ \ with different models

v [ Now 199 () fi = Noys- 199 (xisa7,b7,b7) - £ 1%
A= Z[ b under discussion
nSM(xl) .

Detector response function
— Transfer to “Detector level” distribution

/

Poisson error on each bin
(SM Bkgs are taken into account)

i=1




Migration effect : example AD
Production plane angle A® on ZH— u"'u"H @250GeV

Distributions are subject (])c> ]
to migration etfects due to ks
- finite detector resolution 2':
- jet clustering, 4
- missing particles

2 Migration is small
Migra g
YL Tis
Decay plane angle AD AD.. Truth (i)
on ZH— qqWW — qq+ lvgq | qq+ 99499
5 3 man 315 tF
N N
0; 0);
%%\2 = wg&l iF.
1A A
| - | T |
b }_.". Relatively large 0-57 aE Huge migration
I B s 2P Oﬂ'o.si s (i)

folded folded



Migration effect

— detector response f

example AD

NRGC( Rec Z f Rec Gen) NGen( Gen)
: C : i det t
For a N-binned distribution, detector reSponse )
an NxN migration matrix is necessary ~ N'°(z1) Z fjo - NF" =" fi5-m - NF
to transfer the “generator” level i
to the “detector” level. ( N_Accept
N = ]\;Gene (Event Acceptance)
Normalized g
to 1 < N{Accept
o= g iorat] -
| fii = NZACCGW (Migration Matrix)
Decay plane angle AD
on ZH— qqWW — qq+ lqu - a9+ 99949
S 3 g 1.5
. .
0); 0);
S 2 7 S 1
=
g Relatively large 03] Huge migration
00 1 2 3 (i) 00 05 1 15(1)

A(I)Jf‘;ded Truth

folded
ACI) 7 Truth 13



Migration effect : example AD

— detector response f

NRGC( Rec Zf Rec Gen) NGen( Gen)

) . ) detector response
For a N-binned distribution, Z g

an NxN migration matrix is necessary ~ N'°(z7) Z fjo - NF" =" fi5-m - NF
to transfer the “generator” level -

to the “detector” level. ( NAccept
N = ]\Zf mo— (Event Acceptance)
Normalized g
to 1 < B Accept
i = Nﬁccep - (Migration Matrix)
clear i
Another example P .
other € p‘;ﬁ w +WW(lvgq) . qq+WW (4jets)
= ' ! ' I ' ' | ’ ! ! =t . 1 ! ' ! | ! ! !
s F oF  oF  oF | oF ~ R ™
B | ‘f_oi "f—ii * & f 9i ® o ¢-Cm “&n ’f;a f 9i
o:a 04+ lei flSi flgi g 0'4:- lei flSl fl8l§
E?(aml?le : . . ,§ 03(t ¢ Relativelylﬁ}f_geg 0 .3:_ Huge migrit;lgn
Situation of the migration : p— T % 7L pop—— *
e.g. Pw distribution = g’ o2l _
0.1:—/{.\;' = '", 2/ /0\«
0 20 40 60

Wmomn |4



Power of the shape for determining anomalous WWH

Only shape information is considered.
@ 250 GeV w/ 250 fb-1 1s assumed.

Ax2= 72 (2min=0)
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4 S """" %béi#aniét”éfa """""" B 4:_ """""""" """"""""" """""""""" 3"""';'”péféhiétéfé """ B
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3r | A 3 B R R S S
e
£ less stat. w/ 2501
0 :J_I_w e l TR —— ‘ : ,'Z'ii??'?E"."'ff’f"""} I
-3 -2 -1 0 1 2 3
Parameter axis Parameter axis
v +WW w +WW
3d shape information 1d shape information

x( Pw, cosOwf, AD[0~r]) xX(AD[0~7])

e*e —>(ZH)—>qu @ 250GeV
[  H-WW—qqqq
eL0 8pR0.3 f Ldt—250fb
[ < parametera, |

‘ ‘ | - parameter b, -
- - O +parameter by

due to the mlgratlon :

-3 :."ffff:?iff?f.?35‘.:2:'?:??.:“:‘: it :: .. F ::::.::::::: sinied 3
Parameter axis

qq +WW  (4djets )
full hadronic

3d shape information
x( Pw, cosOwf, AD[0~1/27])
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Power of the shape for determining anomalous WWH

Only shape information is considered.
@ 250 GeV w/ 250 fb-1 1s assumed.

AXZ: X2 (X2mln:0) NX 6 _| T T 1 | LI B | LI B | T T 1 | T T 1 :,, T 1 |_
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P S g -
. [ VW S, Ve R —— — &=
| e B B s S R ] ;
0 [ = ] 0

3 2 a1 0 1 2 3
Parameter axis Parameter axis

v +WW qq + WW (lvqq )
( 4jets — qqqq ) categorized

3d shape information

3d shape information x( Pw, cosOwf, AD[0~n])
x( Pw, cosOwf, AD[0~r])



Comparison of the sensitivity to anom-ZZH and -WWH

Only shape information is considered.
@ 250 GeV w/ 250 fb-1 1s assumed.

The other 2 params
_ _ or the 1- parameter space .
Ax2= 32 (¢2min=0) S p P are fixed to 0
leo_lllllllllll 'I""I""I""I- leo-'|""|""|""|""|""|""I
< | ete— u'uH @ 250&eV | <] I —e— parameter a
I - =(-80% +3094 I P ] —o— parameter 13W
ol P(¢" £)=(-80% +3094) f Ldt=250fb : ol = parameter B -
6 . 6 i
I \ A impacton b |
4+ L pa - 4 /
| —parameter a_ o/ :
" —~parameter b / ,,:”?‘ N\
2 F P Z o - 2
- —=parameter b, b/ -
O ;:::::::.:::::::.::::::::::::::.:::::::.::::::::::::::,:::::::.:::::::.::::::::::::::.:::::::ﬁ?g?‘ "'f’:":"fi:::.::::::::::::::.:::::::.:::::::.::::::::::::::.:::::::.::::::::::::::.:::::::.::::::; O a-clelo-t-a-cle-5--d z : i 3 %-;-; 8-8-clo-68 ’:-3"% g : : Z & dolobadalg
-3 -2 -1 0 1 2 3 -3 2 -1 0 1 2 3
Parameter axis Parameter axis
-
ZH— p'wH H—>WW @250GeV w/ 250 fb-1
@250GeV w/ 250 fb-1 w +WW

( 4jets—cxcx ) categorized
( 4jets—qqqq ) categorized
qq + WW(lvqq ) 17



Comparison of the sensitivity to anom-ZZH and -WWH

Only shape information is considered.
@ 250 GeV w/ 250 tb-1 1s assumed.

Another params is free.
Ay2= 52 (¢2min=0) for 3-parameter space Ay2 dist. is projected on to a-b

— 10
[ Y
2r 8
- 7
6
a7z ot 5
4
3
2k ‘
L |
> 0 > ’
bz
ZH— p'wH H—WW @250GeV w/ 250 fb-1
@250GeV w/ 250 tb-1 w +WW

( 4jets—cxcx ) categorized
( 4jets—qqqq ) categorized
qq + WW(lvqq ) 18



Summary

The Higgs boson is the tool to new physics.
The new physics might appear
in the Lorentz structure of the VVH couplings.

THe
The anomalous ZZH couplings has been studied “%N

and the sensitivity are given under the framework ™
of the Effective Field Theory.

The study of the anomalous WWH couplings 1s ongoing,
preliminary results indicate that sensitivity to b
using shape information in H->WW channels would be very useful.

the EFT talk:
Tim Barklow et al.
https://agenda.linearcollider.org/event/7371/contributions/37884/

Evaluation of the combined sensitivity
for anomalous HZZ and HWW couplings are ongoing,
the connection (nz and nw, {z and {w) under discussion.

19
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Thank you for listening
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ZH — vwvH (H->WW — qqqq) @ 250GeV with 2501

Weighted

Cross section of the ZH — vwH (HH-WW)
~16.7

H—-WW-—-qqqq ~ 7.6 *L ~ 1916 events
(H>WW —cxex ~ 1.9 *L ~ 479 events)

‘Weighted

Using several observable except angular observable
Bkgs are suppressed. (scanned to get Ssig)

250
visenergy

selection ~ 20%

Weighted

Before c-tag distinction ~ 430

Categorization

20

30
minpfoinjets

Weighted

Weighted

Weighted

Weighted

Weighted

Weighted

A

‘Weighted

After c-tag distinction
H—-WW —qqqq *L*t ~420

107

H—WW —cxcx *L *& ~12 |
Nsig = 12.27 Nsig = 418.11
Nbkg = 45.53 Nbkg = 1663.87

Signif= 1.61 Signif= 9.16

1
printhrust

:
f

1

- ' 14}

0 05 1 15
Distinction 1: #Cjets==1 for W & W*

4
-
2

1
2 4 6 8

10
-logY34
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 zZ- B Wi

[ zzZWw—lil B sWiv—Iviv
Il sZee—llee B sZvv—livw
H sZsW—lll I ZZ—llgq
I WW—liqq I sWiv—qqlv
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ZZWW—qqqq Bz
Z—qq Z—ee(A)



ZH — vwvH (H->WW — qqqq) @ 250GeV with 2501

A crucial thing is c-tag:

Check the performance after
extracting only WW—cxcx decay events

T L I T L L B [ | A N B
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6000 froo | - 8000 pgam ] ogoio ey g . ; ;
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4000} ) s J S000 e p o ]
2000 R i R . 0 I
: 2000 p 5 o ] g
00 1 2 3 4 00 1 2 3 4 00 1 2 3 4
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N I B C T T 1
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200 |- s - 200 f=-ooeeeeeee o s -
0 i i i i i I. i 0- i i ; i i i i | i
0 1 2 3 4 0 1 2 3 4

#2ndVTX from Cjet of W (#2ndVTX from Cjet==2)

#2ndary VTX

from C of W
in the case #2ndary VTX==

#2ndVTX from Cjet of W*(#2ndVTX from Cjet==2)

#2ndary VTX

from C of W*
in the case #2ndary VTX==

Ctag for W#*

S
=

Decision of c-tag requirement

S
%

04

0.2

efficiency

Efficiency

.
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T T T T T T T T T T
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0 6 0345705 00 02 a3l
o
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0.6

0.8
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ZH — vwvH (H->WW — qqqq) @ 250GeV with 2501

Cut Table Summary

cut&process wh_cc
raw data 30002
used data 30002
passed data 769
passed/used 2.563
xsection 1.91
xsectiork 479
sucsess: 479
+nisoleptons 478
+allpfos 451
+j2btagsum 419
+visenergy 345
+onwmass 215
+missmass 189
+minpfoinjets 165
+logy23 144
+logy34 111
+printhrust 100
+ctagdummy 12
+hmass 12
Nsig = 12.27

Nbkg = 45.53

Signif= 1.61

Cut Table Summary

cut&process wh_cc
raw data 30002
used data 30002
passed data 5505
passed/used 18.349
xsection 1.91
xsectiork 479
Sucsess: 479
+nisoleptons 478
+allpfos 451
+j2btagsum 419
+visenergy 345
+onwmass 215
+missmass 189
+minpfoinjets 165
+logy23 144
+logy34 111
+printhrust 100
+ctagdummy 88
+hmass 88
Nsig = 418.11

Nbkg = 1663.87
Signif= 9.16

( 4jets—cxcx ) categorized

wh_lcc wh_'4g wH_'ww

90818
90818
45
0.050
5.75
1437
1437
1435
1334
1310
1071
698
614
528
464
366
331

1

1

wh_!lcc
90818
90818
20876
22.987
5.75
1437
1437
1435
1334
1310
1071

614
528

366
331
330
330

138360
138360
1
0.001
9.09
2271
1975
746
179
173

18
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wh_!4q
138360
138360
58
0.042

071
1975
179

173
18

RPRRPRRPNNO®

151710
151710
24
0.016
60.79
1519%
14831
14670
11101
2402
1854
1238
1045
905
39%
182
152

2

2

( 4jets—qqqq ) categorized
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Verification of the Lorentz structures
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Verification of the Lorentz structuyes ..
n the Higgs rest frame
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Verification of the Lorentz structures
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Verification of the Lorentz structures

(14 29

a;’ . a normalization parameter 1 ay

affecting the overall cross section. Lrrg =M? (— + —) Z ZLMH
(rescales the SM-coupling) “\v = AJTH

bZ A A [;Z A
e pv e
+ “b,” : a different CP-even tensor structure ™ 2\ Z WZ H + 2\ WZ H
affecting momentum and
changes angular distribution.

- “b,” : a CP-violating parameter affecting
angular/spin correlations.

ete > ZH - I'TH

e
cos0z : a production angle of the Z. ’
cosOf*: a helicity angle of a Z’s daughter.
AD le bet t duction plane.
an angle between two production plane. Laboratory frame
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Verification of the Lorentz structures
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Verification of the Lorentz structures
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Sensitivity to ZZH couplings 250 GeV vs 500 GeV

Simultaneous fitting is performed
in three-parameter space.

\s=250GeV and JLdt=250fb'! \s=500GeV and /Ldt=500fb’!
1 I I I I I I I I I I “Q“4‘ * 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
I e*e—ZH—>u* wH/e e H/qqH(H—>bb) | : e'e—~ZH—"wH/e’e HiqqH(H—bb)
: ceZZeeHH DY) e i ’ B ete —ZZ—e e H(H—bb)
05+ eL0.8pR0.3 f Ldt‘=‘;50qu """ ] 0.2 eL0.8pR0.3 f Ldt=500fb™"
“N 0 ] CBN 0
|+ SM S | |+ sm
05 X Fit Minimum N\ (", — 02+ X Fit Minimum
- A= N e i - B A=
: ] AX2=4 : .............. - — AX2=4
_1 | I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I ] ..:6.:4._ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-04 -0.2 0 0.2 04 -01 -0.05 0 0.05 0.1
b, b,

The shape distributions quickly change at 500GeV
the correlation between “a,” and “b,” can be disentangled.



Sensitivity to ZZH couplings 250 GeV + 500 GeV

A realistic ILC full operation 1s assumed 7T Barklow and J. Brau et al., “ILC Operating Scenarios”,
B arXiv:1506.07830 [hep-ex]

H20 scenario :

Total luminosities of 2000 f b-! and 4000 f b-! are planned
to be accumulated at Vs =250 and 500 GeV, respectively.

New physics scale A is assumed to be 1 TeV.

A table showing sensitivity to ZZH b . | |
at 250 + 500 GeV. For the parameter “a” (SM-like couplings)

precision is a; few %.

1o bounds az bZ bZ
ZH For new tensor structures
with shape  total - +0.0080  40.0070 precision of less than 1% or better
ZH is possible to achieve.

with shape+o total =£0.0307 40.0074  +£0.0070

/ H+7 Z-fusion

with shape  total i +0.0079  +0.0067 Precision on b,

' ' lar info.
Z I+ 77 -fusion is decided by angular i

with shape+o total =£0.0218 40.0058  +0.0067
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Sensitivities to the a, b and bt with only the Higgsstrahlung

Nominal energies and luminosities

Vs=250GeV and JLdt=250fb"!

TABLE V. The sensitivity to the anomalous ZZ H coupling;
at /s =250 GeV assuming the benchmark integrated lumi
nosity of 250 fb~* with both beam polarizations. The value:
correspond to one sigma bounds. The words, with shape anc
+o, in the table indicate that the only shape information i
used for the evaluation, and the shape information togethe:
with the cross section information are used.

az bz by
ZH e et - +0.110  +0.051
with shape epel - +0.129  +0.061
ZH e ey, +0.309 +0.109 +0.051
with shape+o epef +0.356 40.125  40.061

correlation matrix (w/ shape+c PR))

1 —0.9917

1

0.0064
—0.0051

1

Js=500GeV and JLdt=500fb"!

TABLE VI. The sensitivity to the anomalous ZZ H couplings
at v/s =500 GeV assuming the benchmark integrated lumi-
nosity of 500 fb~! with both beam polarizations. The values
correspond to one sigma bounds. The words in the table,
with shape and +o, indicate that the only shape informa-
tion is used, and the shape information together with the
cross section information are used for the evaluation of the

sensitivity.
ay by Z;Z
ZH e; e}, - +0.0199  +0.0183
with shape epe} - +0.0215  +0.0198
ZH e el +0.116 +£0.0201  £0.0183
with shape+o epef 40.130 +£0.0217  £0.0198

correlation matrix (w/ shape+c PR))

1

—0.848
1

0.0136
—0.0124

1
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Angular Asymmetry : 500GeV
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Kinematical distribution with the ZZ-fusion : 250GeV
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Kinematical distribution with the ZZ-fusion : 500GeV
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Examples : Reconstructed angular distribution & Migration matrix

ZH — puH @ 250GeV ZH — qqH(H—bb) @ 250GeV

Reconstructed distribution of A® vs cos0z binned in 10x10

Sig distribution Sig distribution

Matrix
element
[0~1]

Lepton channel is very clean signature.
Hadron channel has relatively large migration.
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Sensitivity to ZZH couplings

Contours showing sensitivities with three parameter space.
250fb-! and 500fb-" are assumed as the integrated luminosity for 250 and 500GeV.
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bt can be evaluated through :
only shape information @ 250 and 500GeV @ 5OOGeV_the shape Q!J'Ckly changes
Correlation a and b is strong the correlation can be disentangled.

because o info. is much stronger than that of the shape 67



Power of each process for the anomalous couplings
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FIG. 25. A plot shows the sensitivity to the anomalous ZZH couplings. Fitting is performed with simultaneous fitting in
three free parameter space, and each contour showing impact of each channel are projected into the az-bz parameter space.
The integrated luminosity is assumed to be 250 fb~! with left-handed polarization er eE.
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FIG. 26. A plot shows the sensitivity to the anomalous ZZH couplings. Fitting is performed with simultaneous fitting in
three free parameter space, and each contour showing impact of each channel are projected into the az-bz parameter space.
The integrated luminosity is assumed to be 500 fb~' with left-handed polarization er eE.
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