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ILC (International Linear Collider)

Damping Rings IR & detectors compressor

TDR (Technical Design Report), 2013
« /s =250-500 GeV > 1 TeV
* Length: 31 km = 50 km

2km

ILC250 (Staging Plan), 2017
. /s =250 GeV
* Length: 20 km

Physics Motivation

o (fb)

| Precise measurement of Higgs

boson and Top quark

Events/sec [for L=10** cm™ sec™]

I New physics search

Ll 1
0 200 400 600 800 1000
Vs (GeV)
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ILD (International Large Detector)

7833

The ILD is composed of

ILD
Yoke/  Vertex detector
Muon
e TPC
<l . ECAL
HCAL
808 ooy ° HCAL

 Yoke / Muon detector

 Forward detectors

ECAL

A

g/
FCAL
Yoke/ Muon HCAL

S
o]
(e]

The reconstruction process uses all aspects of the ILC

23



Signal Reconstruction

Reconstruction process
Algorithm of the kinematical reconstruction
Combination of mu and b-jet

Event selection



Reconstruction Process

Reconstruct all final state particles, bbu~utvv.

1. Selection of u™ and u~

| u~,ut are isolated from other particles

| Extract isolated muons as final state muons

Isolated muon Muon included

in a jet
2. Jet clustering and b-tagging Image of b-jets
| Cluster jet particles corresponding to b, b
| B, D meson moves ~100 um before the decay
| Assess the “b-likeness” from the vertex information [
(such as # of vtx. and distance between IP and vtx.) [ Secondary vtx.
..... P

™~ Interaction Point
25



Reconstruction Process

3.

Kinematical Reconstruction

| v, 7 are not detectable at the ILD detector.

| To recover them, impose the following constraints
- Initial state constraints : Eqga; = 500 GeV, Pyora = 0 GeV

* Mass constraints : m; = 174 GeV,m,,+ = 80.4 GeV

I v of the ISR/Beamstrahlung deteriorates the initial state condition.
Assume the y is along the beam direction (z-axis).

Constraints
Unknowns

ﬁ
= = Etotal» Ptotal:

PV’PV’P'}/’Z:7 .8
Mmeg, Mg, My, +, Myy— .

26



Algorithm of the Kinematical Reconstruction

| Introduce 4 free parameters : 13;, B,

P; can be computed using the initial momentum constraints

Py = —Pyis. —P,—P,  (Pyis. =Py +Ps+P,++P,-)
| Define the likelihood function :
Lo(B,, B, ;) = BW(m,)BW (mz) BW (my,+)BW (my,-) Gaus (Etal)

| To correct the energy resolution of b-jets, add 2 parameters, E;,, Ej, with
the resolution functions to Ly :

L(P,, B, Ey, E) = Lo X Res(Ep, Ef*®3)Res(Ej, EP*)
Define q(ﬁv, B2, Eb,E,;) = —2logL + Const.

(scaled as the minimum of each component (BW (m;), etc) is equal to 0)

27



Combination of u and b-jet

Choice of a combination of u and b-jet

There are two candidates for the combination
| Select one having smaller g, defined as quin

| Fraction of correct combination is ~83%

cos 8, distribution (Rec vs. MC Truth)

O Correct combination; OK'!
O Miss combination: Disagree with the MC truth.
Need to estimate an effect of the miss
combination for the analysis.
t
0,

10°

Left {-0.8, +0.3)
Correct combination, 82.7%
Miss combination, 17.3%

Jat

5 10 15 20 25
q

Qmin distribution (Left polarization)

10

L=

200
180l [T (08, +0.3)
C I Correct combination PR
160— I Miss combination 5
C —— Reconstructed
140 Lo WHIZARD
w2
A R wr P
100—
sof- b
R
eo)— [ ]
o
e T e e L
20/~ e
0:|\1r|
-1 -08 -06 -04 02 0 0.2 04 06 08 1
c0s0,
cos 0, distribution (Left polarization)



Event Selection

I Quality cut : Qmin distribution (Left polarization)

Left (-0.8, +0.3)
—— Signal (Correct)
—— Signal (Miss)

WA

bbllvy
100

dmin Means the quality of reconstruction.
Useful to suppress the backgrounds. i

—— other

Criteria are optimized for the significance,

Nsignal

S =

\/N31gnal + Nbackground 1

Fefit P.I]@[Fﬁ@@iﬂﬂ@[m Signal except

No cut 2837 8410633 91478 23312

- =1&N,+ =1 2618 327488 13827 387
b-tag cut 2489 2215 273 4143 2943 363
Quality cut (quin < 11.5) 2396 2103 195 624 258 313

(*) Separate signals into tt and the other process from WHIZARD information
29



Isolated muon finder

— u* fromW”
— u fromW"~
— Other muon's

10*

°'|||||

Energy ratio between u and a cone

R = E, /E one is a quantity to evaluate how isolated the muon is.

(Econe : total energy of particles in the cone)

u from W boson is more isolated than other u

30



Isolated muon finder

Quantities

R = E/,L/Econel Econe,neutrall Econe,charged

'P
1 cone

TMVA

Multi variable analysis tool

104_. =

10% =
102 =

10

— u* from W”
—u fromW’
— Other muon's

JImi.

902 0 02 04 06 08 1 12 14

TMVA output
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Jet clustering

General strategy

Merge a pair of particles whose “Distance” is the smallest until a condition
meets “Criteria”

“Distance”
min[Eiz,Ef](l—cos 6ij)

2
Evis

Durham algorithm : Y;; = 2 , 0;j - angle between P; and P;

. : Rjj 2 2
k. algorithm : d;; = min lpT?'ptﬂ?] ord;g = ptl?,Rl-Zj = (n; — nj) + (¢p; — qu)
n : pseudo rapidity, ¢ azimuthal angle

“Criteria”
«  Number of remaining particles is equal to Ngeq

* The smallest distance is smaller than Dgegq
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Yy — hadrons rejection

b, b are reconstructed from the rest of particles with LCFIPlus

900

800

700

600

500<"1.,

400

300

200

100 50

- IIII|IIII|IIII|IIII|IIFI'IIIII|IIII TTTTITTT

-08 -06 -04 -D2 0 0.2 0.4 0.6 0.8 1 _4Ci

cosB -1 08 -06-04-02 0 02 04 06 08 1
COS By,

0

C0s Bj; distribution

Strongly peaked at very forward region by mistake

Yy — hadrons are emitted along the beam direction
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Yy — hadrons rejection

Eliminate particles close to beam direction rather than other particles
with kt algorithm.

900 E 1 B 350

C [==]
800 f_ ktalgorithm, R =12,N_ =3 §0.8

: 300

F Reconstruction
?00:_ ........ MC

E 250
600[—
500 = . ' 200
400 i -

= 0.2
- CF

= —0.4 g 100
200

B 0.6
100 50

- -0.8

0_ 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

1 -08 -06 -04 -02 0 02 04 06 08 1 W - . 0

cosB -1 08 06-04-02 0 02 04 06 08 1

COS By,

oS ;¢ distribution

Good agreement between Rec and MC
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b-tagging with LCFIPlus

b-tag is TMVA output indicating “b-likeness”
of a jet obtained by the LCFIPlus(*).

* b-tagy,, : the largest b-tag
« b-tag,: the 2" largest b-tag

| Signal has large b-tag,,,,

I Many of bkg. have small b-tag,,,, and
b_taQan

b—tagya, > 0.50rb—tagrng > 0.3

(*) A software package of Marlin for the
multi-jet analysis.

0.8

B Signal
] All bkg.

IIllIIII|I|II|IIII|IIII|IIII|IlII|IIIl|IIlI|IIII

" 23 T XA -fz -
0 0102 03 04 05 0.6 0.7 0.8 0.

T S P Y

9 1
b-tag -

b-tag value (Left polarization)
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Flow of Reconstruction

All particles (PFOs)

<
-
a

Jet clustering & b-tagging

Pre-selection

Yes ‘

Kinematical Reconstruction

- 2

«I«

pe

Background

2 b-jets & 2 isolated muons & 2 missing neutrinos

= 2 Top quarks
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Kinematical Reconstruction

BW(x;m,T') x

Gaus(x; u, ) < exp [— (x _ M>2]
V20
Detail definition of L, is
Lo(P,, P, ;) = BW(m;; 174,5)BW (mg; 174,5)
- BW (my,+; 80.4,5) BW (my,-; 80.4,5) Gaus(Eytar; 500,0.39)
| Larger value for T than theoretical value is set because of detector effects

| o is caused by the Beam energy spread.
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Energy resolution of b-jet

Estimate the energy resolution of b-jet with the following Res(Ey, E;°%) ;
Res(E), Elgneas.) = (1 = f)CB(AEy; a,n, licp, 0cp) + f * Gaus(AEy; Ugaus) Tgaus)

Divide into 3 regions ; [cos 8| = (0,0.9), (0.9,0.95), (0.95,1)

5000~ 250 »
4500~ [Tcoser=09 ]| - [08<Icose| =095 1601
E [ |—Data C
4000~ 200/— |—— Results of fit 140—
3500 120
3000 180— 100~
25005— C 80—
2000 100— C
E w GU_—
1500 C
= - 40—
1000 50— C
500 £ 2
E o s L e T ko
|=A l T | i L vt i I R W w7 - ..". O i S IR IR PO B ol 1o A
g6 "= s0 40 20 0 20 40 60 80  1C B0 60 40 20 0 20 40 60 80 1C Yoo 80 0 a0 o ] 20 10 60 80 100
E E E E E E

b,meas.” —b,truth b,meas” —b,truth

(a) |cos@| < 0.9 (b) 0.9 < |cosf| < 0.95 (c) 0.95 < | cosb|

b,meas.” —b,truth
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Crystal Ball function

Crystal Ball function consists of a Gaussian core portion and power-law tail.

2052

A.(B_w_—ff)_" z

a

L < —q

CB(r;a,n,z,0) = N - {

B = — —|«|
]
N = !
o(C+ D)
1 2
c = L. exp —ﬁ
o] n—1 2

o - 3w ()
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Results of Reconstruction

Top quark polar angle distribution, cos 8,

250

Definition of 8,

E I Left (-0.8, +0.3) :

- I Right (+0.8, -0.3) cend
200~ | —— Reconstructed perd ¢

i IECEPEEER WHIZARD :
150

- 0
100 _

B e et

50

1 1 1 | 1 1 1 I 1 1 1
0708 06

L v Ly v by v by v v b by Ly
-04 -0D.2 0 0.2 0.4 0.6 0.8 1

cos0,

Considerable migration occurs in the Left polarization case

Some events pass from forward to backward because of the miss
combination of u and b-jet.
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Dependence from the beam polarization

cos 6, distribution (Left polarization) cos 0, distribution (Right polarization)
200 100
180 [Left (08, +03) soF [RiGhi (038, 03)
C I Correct combination eeee ST E I Correct combination Freen
o | B st ol e
o L WHIZARD T — WHIZARD
120 aoi— _______
100; R L 50;— .....
s0F- R 40F-
60:— ......... 302— -----
40— e L e
20; EER R S _--‘ -------- 10 . o e £7 T
Q; I I—O.BI I LO.GI I I—('J.4I I I—{.".2I I I(JI I I(.".2I I I0.4I I I(.".('3I I IO.SI = 1 O—;I I I—O.BI I I—OFGITI—JJ-I I—{."|,2I I IC‘I I I0.2I ‘ I(.".4I I I(.".‘6I I I(J.lﬁI — 1
cos6, cos6,
Left polarization Right polarization
Reconstructed distribution of miss Similar distribution can be
combination is very different from reconstructed even when the miss
the MC truth. combination is selected.
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Dependence from the beam polarization

cos B, = 1 - b-jets are energetic
- Migration effect is strong

cos 8; vs. cos 0}, (Left polarization) cos @; vs. cos 0}, (Right polarization)

1

1

==}

«
Q
©0.8

«
Q
©0.8 25

0.8 0.8

0.4 0.4 20

0.2 0.2

0 0 15

-0.2 -0.2
-0.4 -0.4 10

-0.6 -0.6

-0.8 5

-0.8

711 -08 06 -04 02 0 02 04 06 08 1

cos 6, cos 6,

711 -08 06 -04 02 0 02 04 06 08 1

Left polarization Right polarization
Peak at cos; ~ 1 &cos b, =1 Peak at cos6; =~ 1 &cos 0, = —1
= Migration is asymmetry = Migration is symmetry
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Cut table (Right Polarization)

RightjPolarization Signal except

No cut 1261 3751175 46344 10117
Ny-=1&N,+ =1 1170 230260 6987 189
b-tag cut 1097 1046 79 2118 1468 181
Quality cut (g, < 12.5) 1046 976 70 297 132 151

Criteria of ¢t :
|My,+, — 174| < 15 &|Mj,~ — 174| < 15
J. Fuster e al. Eur. Phys. J. C 75, 223 (2015)
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The amplitude of the di-leptonic process

The amplitude of the di-leptonic process is a function of 9 angles.

|M|?(cos 8;, cos By + , Py+,cos Oy~ , pyy—, cos 0+, P+, cos 0;-, p—; F)

Definition of 0’s

¢’s are defined in each XY plane from X-axis

It is difficult to handle the 9-dimention phase space

- Expand the amplitude in the form factors, F
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Matrix element method

| Based on the unbinned likelihood method. The likelihood function is

computed from the amplitude.

- Full kinematics are used = The most sensitive method in principle.

l Fit results are almost consistent
with SM values.

e ~1.5 o biases are observed for
several form factors

/ M??V,ﬁt \
or st
0f A fit
OF () i
O DV fit
5FQZVﬁ1;

Re 5F;A at

Re 5FQZA o

Im c?FgA fit

\Im S F Aﬁt/

/+0.0031 + 0.0130\
—0.0334 £ 0.0231
—0.0314 £ 0.0192
+0.0241 £ 0.0301
—0.0146 £ 0.0366
—0.0650 £ 0.0592
+0.0214 £ 0.0241
—0.0131 £ 0.0415
—0.0086 £ 0.0255

\-+0.0081 = 0.0360/

45



Correlation coefficient for F

(—I—I.OOO —0.141 +0.027 +0.085 40.598 —0.067 —0.026 —-0.018 —-0.006 —0.012\
—0.141 +1.000 +0.093 +0.066 —0.028 +0.606 —0.033 —-0.065 +0.002 +0.012
+0.027 +0.093 +1.000 -0.082 +0.012 +40.034 -0.038 —-0.096 —0.024 -0.013
+0.085 +0.066 —0.082 +1.000 +0.003 +0.033 -0.075 -0.040 +0.005 -—0.027
+0.598 —0.028 +0.012 +0.003 +1.000 —-0.107 +40.037 —0.038 —0.021 +0.019
—0.067 +0.606 +0.034 +0.033 -0.107 +1.000 -0.064 +0.006 +0.013 —0.020
—0.026 —-0.033 —-0.038 —-0.075 +0.037 —-0.064 +1.000 —-0.103 —-0.013 +40.045
—-0.018 —-0.065 —0.096 -0.040 -0.038 +0.006 -—0.103 +1.000 +0.047 +0.004
—0.006 +0.002 -0.024 +0.005 -0.021 +0.013 -0.013 +0.047 +1.000 —-0.074

\—0.012 +0.012 —0.013 —0.027 +0.019 —0.020 +0.045 +0.004 —0.074 +1.000/

« Correlation coefficient between 2" and 2" is about 0.6

e The others are less than 0.15
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Correlation coefficient for F

[+1.000 —0356 —0.140 +0.276] Z0.970 +0.313 —0.049 +0.065 —0.089 ~+0.097\
~0.356 +1.000 +0.173 —0.215| +0.281 —0.971 +0.053 —0.038 +0.113 —0.066
~0.140 +0.173 41.000 —0.273| +0.113 —0.133 +0.038 —0.045 +0.051 —0.009
+0.276 —0.215 —0.273 +1.000| —0.233 40.188 —0.055 +0.037 —0.033 +0.051
—~0.970 +0.281 +0.113 —0.233| +1.000 —0.254| +0.046 —0.063 +0.099 —0.104
+0.313 —0.971 —0.133 +0.188| —0.254 +1.000| —0.047 +0.040 —0.120 +0.085
—0.049 +0.053 +0.038 —0.055 +0.046 —0.047 +1.000 —0.287 -+0.036 —0.036
+0.065 —0.038 —0.045 +0.037 —0.063 +0.040 —0.287 +1.000 —0.059 +0.024
—0.089 +0.113 +0.051 —0.033 +0.009 —0.120 +0.036 —0.059 -+1.000 —0.229
\-+0.097 —0.066 —0.009 +0.051 —0.104 +0.085 —0.036 +0.024 —0.229 +1.000/

3
9

+  Correlation coefficient between F>/ and E//? is about 0.97

e The others are less than 0.36
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Goodness of fit for the MEM

Expectation value of w when the fit
results are assigned should be equal to

mean of reconstructed w distribution

(wi) — Qe (8F5ip))?
<w12<> o <wk)2)/Ndata

X(Z}OF,R(5Ffit) — (

(@) — ﬁkl(5Ffit))2

=2
7 (6Fg,) = — -
GoF, k1 O Ffit ((@2;) — (@11)?)/Naata

Some x&,r have large value (6~10).

- Goodness of fit for the MEM is bad.

off )
ol
of 'ET,J

=7
off,

of IE';V]
of ﬁ;j

=t
o[ReF_]
=7
w[ReF_]
=
wflmF_ |

=z
wflmF_1

s M Mar M Moy My MRer MRegz g iz,

Table of x&.p Xéor (Left polarization)
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Reweighting (Template-like) Technique

SRS 2 Npin (1022 -nfi™ (7)) *
Binned likelihood method : y*(6F) = X,°; ( \/7 )
nli)ata

niSim'(SF) is obtained from the large full simulation

Reweighting technique :
Produce a sample using SM value, then change the weight of events.

=n; " 8(0) (1w)iSF + (@);5F2) +ny e

Template technique : Produce many samples using different parameters
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Overestimate of goodness of fit

We don’'t have enough statistics for the background events for now.

Data . Sim. 2 Data,Sig. Sim.Sig. 2
2 _ VvNpin (T4 -n; " (6F) Npin [ T —-n; (6F)
X2 (8F) = ¥Vt ( i

,n?ata /nPata

Data,Sig.
When n, "' = anP?® (a < 1)

. . . 2 . . . 2
Npi Data,Sig. Sim.,Sig. Npi Data,Sig. Sim.,Sig.
5 n, & IS (SF) 5 n, & S (SF)
i i — i i
i=1 n?ata i—1 \/n!)ata,Sig
i

— 2
= AXsig

min|x§;,| obeys chi-square distribution of n.d. f. = Ny, — Npara

> x?(6F) may be 1/a times larger if backgrounds are included in y2(6F)
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