Production and electroweak couplings of 3rd
generation quarks at the ILC

Adrian Irles*, on behalf the ILD collaboration

L.INI".I' ERSITE

@ PARlS =
PRESTIGE
Lesldﬁlug.ﬁ.ﬁs unwermte = —=

PAR iEﬂL

[
EPS-HEP 2019, Gent. [ | ’p

13/07/2019 "b

*and S. Bilokin, R. Poeschl and F. Richard (LAL-IN2P3/CNRS),
S. Amjad (UCL), Y. Okugawa and R. Yonamine (Tohoku U.), M. Vos (IFIC — CSIC/UV)




Outline of the talk

» What do we want to measure and why?

» Where? International Linear Collider, ILC250, and the International Large Detector ILD

> b-quark electroweak couplings extracted from differential cross section measurements

» Few words about the t-quark
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Motivation

» Quark (fermion) electroweak couplings can be inferred from cross section and forward backward asymmetry
(AFB) observables.
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The b-quark polar angle is defined as a polar angle of the vector
Pib = Po = Ph
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» These observables have been measured at LEP/SLC at the Z-pole (no access to the y or Z/y interferences)

LABORATOIRE Page 3
L

IIIIIIII




MOtivation | O Full EW 2-loop

£ Z-partial widths at 1-loop
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The International Linear Collider, ILC 250GeV

» It is a Linear Collider Project, to be hosted in Japan.

Integrated Luminosities [fb ]

e Matured technollogy: TDR (accelerator + detectors) since 2013. 4000 ™ Sconario H20.staged-dBs | ]
» e+e- collider with both beams polarized 2000 _ _____ ooy ]
o (30%,80%) respectively at 250GeV T / E
» Stage 250GeV: 2000 g ) /
e 2000fb-1in 10-15 years, wob El / :
e |uminosity shared among different polarization configurations. E / j / /
» Proposed detector concepts: ILD and SiD. Oo 5 10 '15/ 20 25

Damping rings yearS

Positron source

Electron source
Main linac (positron) \

Main linac (electron)

» One of the proposed running scenarios
for a staged ILC starting at 250GeV

: ~20 km :

*GigaZ (running at Z-pole) is a serious option for ILC and the results shown here are the backbone for the
estimation of the physics potential in terms of heavy quarks.
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Measuring heavy quark jets with the ILD

» The goal is to measure the asymmetry basically by measuring the direction and charge of the two final
state jets. How?

» ILC experiments, as the ILD, will provide excellent:
e Beam IP constraint
e Secondary vertex separation and flavour tagging

e Tracking efficiency (>99%)
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Measuring two b-quark jets with the ILD

» Direct measurement of the charge of charged B-hadrons decay products produced by the b-quark
hadronization by measuring the charge of the secondary vertexes.

Process overview

* Hadronization and decay modes of b-quark:

L

b-quark

4
A B-meson 90%

b-baryon 10%

DD-pair 10£10%

b High-multiplicity?
Three vertices?
(15% in generator)

»
c-baryon 9+£3%
D-mesoﬁ 80%

others ~1%

Only the kaon identification (~85% eff and 90% purity) allows to measure the b-
quark charge when it decays in neutral B or D,

Page 7

IIIIIIII




Event Pre-Selection

» Event pre-selection is based in the double b-tagging.
» Additional kinematic cuts are applied to reduce background and QCD effects

e Cut 1: Radiative return removal cut 1(reject events with m(j1j2)<180GeV)
e Cut 2: Radiative return removal cut 2 (reject events with a photon with E>40GeV)
e Cut 3: Against QCD FSR and “fat jets” in ZZ signatures (m(j1)+m(j2)<120 GeV)

Pure left polarization, 250GeV

Signal Backgrounds (BIS) %
bb Lighter qq | Radiative Z ww zzZ HZ Total
Full sample 100.0% 541.0% 14.9% 259.6% 24.6% 2.1% 842.2%
Double btag 73.5% 0.6% 11.0% 0.2% 5.0% 1.1% 18.0%
+Cut 1 70.4% 0.5% 4.5% 0.1% 2.0% 0.5% 7.7%
+Cut 2 63.4% 0.5% 1.6% 0.1% 2.0% 0.5% 4.8%
+Cut 3 62.1% 0.5% 1.5% 0.1% 1.1% 0.2% 3.4%

> 0O(10°) of b-quark pairs (excluding rad. return) are going to be produced by ILC250 !
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Double charge measurements

» Not all b-jets provide b-quark charge information and also mis-measurmenets on the charge lead to
large migrations in the final distribution.

» The migrations are restored by determining the purity of the charge calculation using double charge

measurements

e Accepted events, N__, with (-,+) compatible charges N _ Np2 1 qu
acc —

e Rejected events, Nrej, non compatible (—,++) charges N. . — 2Npq
rep

pg-equation l=9+q
Incognitas: pg and N.

The pg-equation allows for correcting for migrations (findinf the correct N) and in particular for the last
and ultimate migration (dilution) due to BO oscillations

Final selection after double charge measurements is still very large. ~30%

Va4V 4
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b-quark EW couplings determination

do
m(eLeR — bb) =L,L,(1+cos 0)+L,R,(1—cosB)’
%(GRGL — bb) = L,(1+cos8)’+R R,(1—cosB)’
> L L, , LR, are associated with the production of b, b.; Similar for R L, , R R,.

> At a linear collider with polarized beams and using vertex charge to distinguish b and b, all four of
these functions can be measured independently at a fixed c.m.e.

> Also, traditionally, these helicity terms can rearranged in ‘simpler’ ways, l.e.

fLR/RL(S,A)ZSLR,RL(1+C0526)+ALR,RLCOS6
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b-quark EW couplings determination
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» Long lever arm to extract the relevant quantities (i.e. S,A)

Polarizations (e-, e+) (-80,+30) % | (+80,-30) %
> 2000 fb-1, Selection Eff (%) 30 30
> assuming no new L (fb-1) 900 900
resonances. €S (syst + stat) % 0.095+0.15 | 0.20+0.17
€A (syst + stat) % 0.13+0.15 0.77+0.26
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Interpreting the results in the context of new RS resonances

» Closer look to the helicity amplitudes.
» The origin of new resonances is sustained by RS models.
e Top-philics
Djouadi, Moreau and Richard (hep-ph/0610173)
Yoon and Peskin (arXiv:1811.07877 )
e Predict deviations for all fermion specias
Hosotani et al (Phys.Lett. B775 (2017) 297-302)

LeZLbZ LeZ'LbZ' ,
sTwew

b/

ILC250 SM GigaZ New Resonances

— _ 7

N

10

stat + syst unc. [%)]

107"

1072

107°

ILD Preliminary

=== |.C250, 2000 fb™

- ILC GigaZ

X
SEEK

I LEP1

) 4
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Interpreting the results in the context of new RS resonances

» Closer look to the helicity amplitudes.

505 10 = =
S = =
igin of i i R s. & F ey ]
> The origin of new resonances is sustained by RS models X : ILD Preliminary :
* Top-philics = 1L EE=EILC250, 2000 fb i
Djouadi, Moreau and Richard (hep-ph/0610173) 7} - ILC GigaZ =
0 (arX g LEP1 :
Yoon and Peskin (arXiv:1811.07877 ) © R q
zer= E N - =
e Predict deviations for all fermion specias 10 - B & E = =
Hosotani et al (Phys.Lett. B775 (2017) 297-302) B = = = i
LeLb — b LeZLbZ BW 7 LeZ’LbZ’BWZ, - 5 &= = = .
elb = QeQb+ SUGTRWZ + ) o & B B O~ i
zr 1073 =E = = =
J J / L Ly, LR Rl AR L2

ILC250 SM GigaZ New Resonances

> ILC250 + GigaZ can discover RS signals and distinguish between models that predict Z-Z’ mixing or not.
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t-quark EW couplings determination

» Potential upgrades of ILC250 are: Z-pole, tt-threshold, 500GeV, 1TeV

> For tt: at 500 GeV one works in a theoretically safe domain that is free from threshold effects with particular

sensitivity to axial couplings.

» Tops decay before hadronizing: Analysis based on lepton & b-

quark selection and charge measurement.

» Current prospects are based on the analysis of the
semileptonic decay modes. The major uncertainty is still the

statistical one.
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Top Pair Branching Fractions

"alljets" 46%

TtHjets 15%

utjets 15%

etjets 15%

"dileptons” "lepton+jets™

IIIIIIII

Uncertainty

arxiv:1505.06020

[y

= I ILC, Vs=500 GeV, L=500 fb™

Phys.Rev.D71 (2005) 054013

I LHC, Vs=14 TeV, L=3000 fb
Phys.Rev.D73 (2006) 034016

Z Z i) Z
F1 v F 1A F2V F2V
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t-quark EW couplings determination

» We are working on an update of the published analysis with 2000 fb-1.

» The improvements on the measurement of the b-quark charge will soon allow us to take the fully
hadronic decay modes into account.

3 3
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Conclusions & Prospects

> Two fermion final states are an important ingredient to the physics program at the ILC.
> ILC will fully solve the LEP1 effect and the LEP/SLC disagreements.

» Heavy quarks are sensitive to new physics effects, as for example those inspired by RS models

e Heavy quarks are at the cross roads between top-philic models and those that predict deviations
for all fermions species.

» These measurements constitute important benchmarks for detector optimization

e Clean measurement requires double tagging and vertex charge measurement both is possible
with ILD

> Full exploitation of physics potential require adequate experimental setup: polarised beams, reach
in energy (Z-pole to 1 TeV)

» Stay tuned for more results of EW couplings (b, t) for different running scenarios and also for the
second generation of quarks.

Va4V 4
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Back-up slides
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The [LD Concept

Jenny List, talk at LCWS2018

From key requirements from physics:
* p, resolution (total ZH x-section)

a(1/p)=2x10°GeV"' @ 1 x 10°/ (p, sin"6)

~CMS /40

-vertexing (H — bb/cc/TT) 5 ~CMS / 4
o(dy) <5 @ 10/ (p[GeV] sin ) um
- jet energy resolution 3-4% ~ ATLAS /2
(H — invisible)
- hermeticity 6., =5 mrad »
(H — invis, BSM) S AIER Not fully fair comparison -

To key features of the detector:
- low mass tracker:

- high granularity calorimeters
optimised for particle flow

- main device: Time Projection Chamber (dE/dx !)
+ add. silicon: eg VTX: 0.15% rad. length / layer)

since experimental environment
at ILC very different:
much lower backgrounds
much less radiation
much lower collision rate




Tracking at ILD

Table 1. The ILD tracking detectors and their key parameters [2].

geometry

description

single point resolution

Fin = 16 mm
Faye = 60 mm
2 =125 mm

3 double layers
Si-pixel sensors

Org> = 2.8um (layer 1)
Org> = 6.0pum (layer 2)
Org> = 4.0pm (layers 3-6)

Pip = 153 mim
Poue = oS00 mim
2 = 644 mm

2 double layers
Si-strip sensors

On, = 7.0pm
, = £7.0° (angle with z-axis)

r= 1811 mm
z = 2300 mm

1 double layer
Si-strip sensors

Oa, = 7.0pm
, = £7.0° (angle with z-axis)

Zmin = 2430 mm
Zmar = 311 M

2 disks
Si-pixel sensors

ar = 3.0um
oy, = 3.0pum

Zmin = 644 mim
Zmar = 2249 mm

5 disks - double
Si-strip sensors

O = T7.0pm

T

ay = £5.0° (angle with radial direction)

Fin = Jal mm
Fouwr = 1808 mm
z = 2350 mm

MPGD readout
= 220 layers
1 x 6 mm? pads

o2, = (50? + 9007 sin? ¢+
((252/22) x (4T/B)?sinf) (2/cm)) pm?
o2 = (400% + 80% x (z/cm)) pm?

where ¢ and # are the azimuthal

and polar angle of the track direction
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Tracking at ILD

Etrk
—

0.4 o

Figure 5. Tracking Efficiency for tf — 6 jets
at 500 GeV and 1 TeV versus momentum in
the presence of beam background.
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p/GeV

Etrk

n I:,.-:\ I\,. ';IUI\,I %%%&M__
0.98 At
: 1 GeV B
0.96 |- p>1 Ge :
094F -+ 1 TeV .

0.92} ]

0.9'...|...|...|...|...'
0 0.2 04 06 0.8 1
cos(@)|

Figure 6. Tracking Efficiency for ¢t — 6
jets at 500 GeV and 1 TeV versus |cos(f)| for
particles with p > 1GeV in the presence of
beam background
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Process overview

» The goal is to measure the asymmetry basically by measuring the direction of the two final state
jets and their charge. How?

. Example
Process overview K- @
U 3
* Hadronization and decay modes of b-quark: “‘“m“w“. o
1\
_ ‘ m‘-“_‘“!““ w 5 <
B T 1,"“‘“mul\iung\\“\“““ — ~ %
P PTLLLLLLL ] P
b-quark T D' o)
q ", 3 ( ' X
(44,,, - e \
) ", W= —
- 1 “% ” =
- B-meson 90% n,
“, /

b-baryon 10%

>

D D-pair 10£10%

- 0, . .. \
c-baryon 9£3% * High-multiplicity? "l s
D-meson 80% Three vertices?
(15% in generator) U v :

others ~1%

Secondary vertex

Bilokin'S.
- ECFA LC Workshop 04/06/16
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Double charge measurements

> Final selection after double charge
measurements is still very large.

e ~30%

BORATOITRE
DEL ACCELERATEUR

purity

0.9

0.85

0.8

0.75

%—‘*ﬁ’%TL Jr .. +++ ------ +++ ++ ______ E

4',
ST

0.7 :— —F}— Category 1 (Vix-Vix, 12.8%) —
s Category 2 (K-K, 5.1%) _
0.65 :— ———— category 3 (Vtx-K in diff. jets, 4.1%) —:
- Category 4 (Vix-K in the same jet, 7.6%) ]
0.6— —
g ILD E
- Prellmlnary i

_| 111 | I | 1111 | | | [ | | | | | ‘ I | I | 111 N

0'50 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
|cos6, |
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Double tagging

» Important systematic error is associated to the knowledge of
tagging efficiency €,

» Can be derived from data if tagging is independent in two
hemispheres, i.e. if

€double
Cq =

2
€q

~ 1

o If Cq # 1 — Hemisphere correlations — systematic error

» For example:
e LEP (large beam spot): C -1 =3% — AR =0.2%
e SLC (smaller beam spot): C -1 <1% — AR =0.07%
e ILC (tiny beam spot): Expect C -1=0 — AR =0

to be verified however

*.

<.
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b-asymmetry measurement

» The goal is to measure the asymmetry basically by measuring the direction of the two final state jets
and their charge. How?

» We have two methods to identify b-jet charge:

e With the charge of the b-quark, calculated as a sum of
the charges of secondary and tertiary vertex

— we call this method the Bc method (or vtx
method)

e With the charge of Kmesons, from B-decays, in

- Ternary _
‘ -~ vertex secondary and tertiary vertexes
Secondary ;gvtiggl)l this method the Kc method (or kaon

vertex

Primary vertex

Va4
Page 24




b-quark EW couplings determination

» For 2000 fb-1, the measurements are already systematics limited.

o 10 =
Polarisations P P’ -80% +30% +80% -30% o - 5L :
Efficiency % 30 30 g - == -!LD Selminany i
— = _ E B= ILC250, 2ab

Luminosity fb 900 900 % 1 = LEP =
Cross section fb 3342 1012 o - ]
Background(S) % 1.5 5 g - 1
Syst for S % L+eff+Pol+back | 0.1+0.1+0.0+0.0 | 0.1+0.1+0.08+0.05 16"t E
S stat+syst % 0.095+0.15 0.20+0.17 N E N .
Syst for A % L+eff+Pol+back | 0.1+0.1+0.0+0.0 | 0.1+0.1+0.2+0.1 5 __ __
A stat+syst % 0.13+0.15 0.77+0.26 10° ¢

. . 1 0—3 .............

» The LEP1 anomalies measured in RZ and LZ (~3c away of SM) m V2 AZ L2 R>
will be completely confirmed or discarded
» These results are obtained assuming no new resonances. If so, > EW b-quark form

assuming, improved measurements at Z-pole, ILC250GeV will
have access to Z’ of ~20TeV.

m£ Irles, A. | 13" July 2019
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LeZLbZ LeZ'LbZ'
BWZ + Z ————BWZ'

LelLb = b+ ————
€ Qed +52wc2w - s2wcw

ILC250 SM

New resonances

GigaZ

Couplings to Z°

I _ 71 {4 fir" i + ar frr* fr }
cos Ow
SM: Z AR F4'Y ~(3)

Left Right Left Right | Left = Right Left Right
Ve —0.183 0 0 0 0 0
ve| 05 0 -0.183 0 0 0 0 0
Vy -0.183 0 0 0 0 0
e 0.099 @ 0916 0 =1.261 | 0.155 =1.665
po | —0.2688 02312 | 0.099 | 0.860 0 —1.193 | 0.155 —1.563
T 0.099 0.814 0 —1.136 | 0.155 —1.479
u -0.127 —0.600 0 0.828 | —0.103 1.090
e | 03458 —0.1541| —0.130 —0.555 0 0.773 | —-0.103 = 1.009
t 0.494 —0.372 | 0.985 @ 0.549 0.404 0.678
d 0.155 = 0.300 0 =0414| 0.052 —=0.545
s | =0.4229 0.0771 0.155 0.277 0 =0.387 | 0.052 =0.504
b —0.610 0186 [0.984 —-0274 | —-0.202 —0.339

Figure 9: Predictions of the Z' couplings from the Hosotani et al. model [12].
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Number of sigmas expected in RS

Djouadi
Peskin 4
Hosotani
Peskin 5
RbZ LbZ ReRb Relb Lelb LeRb
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What about lighter quarks ? c-quark

» We started to explore the c-tagging capabilities following first principles and exploiting the tools developped for the b-
bbar analysis

» C-tagging (and anti uds and b tagging) seems feasible in jet per jet basis. 2500
24000 — L : —cquark
C 12000— r
22000 = — c-quark r — c-quark 2000 — bequark
20000 — i
—b-quark B —b-quark
a0l b-quar 10000: b-quar : -
000" — uds-quark ol — uds-quark - Work in progress
14000 — r F '
: . . [ et with
2 - Work in progress [ J :
:Exzz— o prog 1000} highest b-
: Work in progress i . tag
8000 — 4000\ -
6000 —
4000 2000
2000F i
e e R N AOINT TN Nievscrot ST
N sec. vertex per jet (>0) N sec. tracks per jet (N-vtx=0) 0 0102 03 04 05 06 07 08 09 1

btag

» Studies just started and show the potential of reaching ~>20% efficiency of selection using double tagged
events

e Similar efficiency than SLC but they were using only single tagged events.!

=
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LCFIPlus C-tagging

q) 1 - T T T T T T ‘ T T T T T T T T I}
Lo - 0 e E — C A
2 | Preliminary 3 z [ Freliminary
) d & 5 = in'...
Ho' L ~ W =) *°
3 ° o'k L Lt . 2
@ @ F 0o® m"
C B
C o
> IDR i / -
1072 "
S - = >IDR
Y 4 -
C .
1072 o — i -.
3 ¢ bkg. (I5) = F e
= o cbkg. (s5) . a3l e
B uds bkg. (I5) 10 ;- e b bkg. (I5)
0 uds b:kg. (s5) Ce o b bkg. (s5)
107 . M ; .l = uds bkg. (I5)
0 0.2 04 06 08 1 " O uds bkg. (s5
Btag rate 10—4 J L1 L1 L1 [ | |§l (\ )I
0 0.2 04 06 08 1
Ctag rate

> R. Yonamine’s slides, ILD benchmarking days 2019.
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b-quark EW couplings determination

» The Zbb vertex can be interpreted as a function of the F form factors, which enter in the S & A fit parameters

V

vq

m,

iy 2 ¥ ‘G- ¥
T27 =ely, (F,7 +y B2 )+ —2(Fy +ysF7)]

m£ Irles, A. | 13" July 2019
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