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THE INTERNATIONAL LINEAR COLLIDER (ILC) pUSHOX

e Linear eTe™ collider.
P(€, €)=(-0.8, 0.3), M =125 GeV
400 prerrrre

® Polarized beams. S E
—SM all fth
* Initial stage /s = 250 GeV (considered here). —zn
=300 — WW fusion o
e Upgradable (350 GeV, 500 GeV, 1 TeV). < ; 22 tusion
el gzoo_— e ]
[%2] e v
8100_ e’Et e e
© / ",
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(2)00 250 300 350 400 450 500
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ILC Technical Design Report (2013)
The International Linear Collider : A Global Project : arXiv:1903.01629
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https://linearcollider.org/technical-design-report/
https://arxiv.org/abs/1903.01629

THE INTERNATIONAL LARGE DETECTOR (ILD)

INTRO-
DUCTION

Based on the Particle Flow approach.

Machine background Bunch structure
beam strahlung trains of ~1 ms at 5 Hz
conversions 1train=1312x554ns
o
Py ep— i VERTEX pule
/< tagging impact parameter N 4
H(;g_%s B!?d secondary vertex o
and Top-i resonance masses o i J
LE2E MAIN DAQ
Recoil mass T TRACKER = triggerless
Higgs strahlung Ala/pr) ~ 2. 10° Gev Al1/pr) = 104Gev2 [ | between trains
Yoko/Muon
e/wid
injets
CALO
'AE/E < 30%/VE Gev2 inside coil can
high granularity
Jet separation particle flow HoaL
: ECAL.
re
Vertex

Interim Design Report : arXiv:2003.01116 BeamoAL oKL LumeaL  FTosT
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https://arxiv.org/abs/2003.01116

HIGGSSTRAHLUNG SINTRO.

o Z —»utu,Z —ete :
- IsolatedLeptonTagger :
Lepton pair with same type and opposite charge.
- Final state radiation :
Add photons with cosf, > 0.99.

Golden channels due to recoil mass method,

M2 o =s+M:—2s Ey.

® Higgs :
Event selection that keeps events with all Higgs
decays.
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EVENT SELECTION

Selection only on information from
decay of the primary Z boson.

ILD preliminary
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step
Step 0 : Find a lepton pair.
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EVENT SELECTION SELEOTION

step 1: (Mz > 86.19) & (M < 96.19) step 2: (Mrecoil > 123) & (Mrecon < 130)
= Toael o
8000 af leptonic | H
. . . i semieptoic awof i
Selection only on information from oo = co=tom B o] 0P
. | z H recoil
decay of the primary Z boson. i oo I
2000 : so0f | |
1.0 ILD preliminary o i | i
% % e
0.8 —o— efficiency
—— purity
0.6 —*— eff * pur
0.4
0.2 :
0.0 — - - - : -
0 1 2 3 4 5

step
Step 0 : Find a lepton pair.
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EVENT SELECTION SELEOTION

step 1: (Mz > 86.19) & (M < 96.19) step 2: (Mrecoil > 123) & (Mrecon < 130)
=i N S
R IS o] :
Selection only on information from oo = co=tom B o] 0P
. H z i recoil
decay of the primary Z boson. i oo I
2000 | 500 H H
1.0 ILD preliminary o i | i
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Step 0 : Find a lepton pair.
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EVENT SELECTION

Selection only on information from
decay of the primary Z boson.

ILD preliminary

1.0
0.8 —o— efficiency
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Step 0 : Find a lepton pair.
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EVENT SELECTION

Selection only on information from
decay of the primary Z boson.

ILD preliminary

1.0
0.8 —o— efficiency
—— purity
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step

Step 0 : Find a lepton pair.
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HIGGS-BRS ALL-IN-ONE 1DEA

ILD preliminary

including bkg
H-bb
H-ww
H-gg
H-T1T
H-cc
H-ZZ
H-yy
H-yZ
H-uu
H-inv.

Zoptps

1. Build samples with all Higgs decay modes
(Higgsstrahlung, Z — (ete™, utu)).

Z-ete~

0 5000 10000 15000 20000
expected signal counts
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HIGGS-BRS ALL-IN-ONE 1DEA

Z-utu~ ILD preliminary

H-bb
H-ww
H-gg
H-tT
H-cc
H-ZZ
H-yy
H-yZ
H-up
H-inv.

1. Build samples with all Higgs decay modes
(Higgsstrahlung, Z — (ete™, utu)).

2. Construct categories to separate the decay
modes (& background) as well as possible.

event class

0.0 0.2 0.4 0.6 0.8 1.0
expected signal composition
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HIGGS-BRS ALL-IN-ONE

1. Build samples with all Higgs decay modes
(Higgsstrahlung, Z — (ete™, utu™)).

2. Construct categories to separate the decay
modes (& background) as well as possible.
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event class

Zoptu”

IDEA

ILD preliminary
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H-gg9
H-TtT
H-cc
H-ZZ
H-yy
H-yZ
H-pp
H-inv.
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HIGGS-BRS ALL-IN-ONE

1. Build samples with all Higgs decay modes
(Higgsstrahlung, Z — (ete™, utu™)).

2. Construct categories to separate the decay
modes (& background) as well as possible.
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event class

IDEA

Z-ptu~ ILD preliminary

® including bkg
H-bb
H-Www
H-gg
H-TtT
H-cc
H-ZZ
H-yy
H-yZ
H-up
H-inv.
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expected signal counts



HIGGS-BRS ALL-IN-ONE

1. Build samples with all Higgs decay modes
(Higgsstrahlung, Z — (ete ", utu™)).

2. Construct categories to separate the decay
modes (& background) as well as possible.

3. Fit the Higgs branching ratios to the
observed category counts.

Jonas Kunath — Combined Higgs fit
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IMPLEMENTATION WITHIN ILC

Reconstructed events from /s = 250 GeV MC2020 ILD mass production.

e /s =250 GeV ideal for the Higgsstrahlung process.

- Z —ete” and Z — ptu~ as signal channels.
- > 400k simulated events/Standard Model decay mode.

® Considered backgrounds : Standard model processes
with 2 or 4 fermions in the final state.
® Polarized initial beams :

- 80% left polarized electron beam.
- 30% right polarized positron beam.

® 2000 fb~! integrated luminosity.

Jonas Kunath — Combined Higgs fit

IMPLEMEN-
TATION
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OPTIMIZATION - SETUP

BRs from minimization through MINUIT/iminuit.
e MC2 : Will be replaced by the detector data.

- =

e §$=M-B = f(B), with
- S: The signal counts per category
(S = data — bkg). MC2.
- M : The matrix built from simulated events, as
outlined above. MC1.
- B : The target. Use e.g. the Standard Model
BRs as fit starting values.

® The cost function : Multinomial log-likelihood.
- —lnﬁ = _Ndata Zl Szln (Zj MZJBJ)
- Buozze =1=2 072 Bi-

Jonas Kunath — Combined Higgs fit

FIT

Matrix entries
P(Class|BR) [%]

ILD preliminary

12


https://github.com/scikit-hep/iminuit

OPTIMIZATION - RESULTS FIT
The fitted BR™" reproduces BR™™® within its

ILD preliminary

.. . 60 —
uncertainties. op,,_ .. through uncertainty Fit with
. - 50 4 Expected class counts
pI‘Opagatlon. ) * Toy data counts
140 B Fit start BRs
. °
Correlations ILD preliminary =
H-bb 1 1132 .101 -.016-.019421-.004 -.034 .036 .132 230
z
S
H-ww {.132 -269-.282-.097 ~425 -.009 -.021 .017 .138 S 20 +
s 4
H~gg {.101 -.269 1201 -.006 .001 .010 .041 .136 10
H-7t 4.016-.282 .201 -.010-.044-,008 -.022 .007 -.149 o
*
H-cc 4-.019-.097-.006-.010  -.286 .001 -.003 .028 .066 ot . * ox
20 * * *
Ho2Z --<o44 -.286 ,003 -.053 -,oszﬂ * * *
-1
Hoyy 1-004-.009 .001 -.008 .001 .003 -.010-.000-.003 e bBoARe
15
H-yZ 1-034-.021 .010 -.022-.003-.053-.010  -.004-.011] 5]
g 1.0
Hoy {.036 .017 .041 .007 .028 -,082-.000-.004 030 =
205
©o
Hosinv. {.132 .138 .136-.149.ossH-.oo3-Ao11.oao 00 | I I . I
= T e s mok oo N >N T
88 8 F ¥ NFY OB og isriifriirs
I;::II{II::I T 1Tz T Tz =]
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OPTIMIZATION - VALIDITY CHECK FIT

Toy study : Draw from multinomial (Ngata fixed).
Shown : 2 of the toy fit distributions for multinomial In£ with [0, 1] boundaries.

H-bb ILD preliminary H-yZ ILD preliminary
EECF: Minuit fit on the
expected event counts

40 A 500+ e+ 0.17% SM BR
—— 0.17% EECF Minimum
400 - —— 0.30% o from EECF
30 Minima from 10000 fits
mmm on toy counts
300 A (Multinomial draws)
201
200 A
10 1
100 A
. 0 .
55.0 56.0 57.0 58.0 59.0 60.0 61.0 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
BR [%] BR [%]
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FIT IN A NON-SM SCENARIO

H-bb ILD prelimi H->WW ILD preliminary

20

branching ratio [%]
w
o

10

0
1
20
-1
0 - E
40.0 42.5 45.0 47.5 50.0 52.5 55.0 57.5 25.0 30.0 35.0 40.0 1.5
BR [%] BR [%]

Assume 57.7% — 42.7% BR(H — bb),
21.8% — 36.8% BR(H — WHW~).
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4 Expected class counts
* Toy data counts
W Fit start BRs
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FIT IN A NON-SM SCENARIO

ILD preliminary

Higgs BRs

*  Standard Model
N 15%: H-bb
215% : H-WW

e o o B &
> o ® o N

Relative uncertainty change
o
N

o
S)

H-bb
H->WW 4
H-gg
H-T1T4
H-cc 4
H-ZZ 4
H-yy 4
H-yZ
H-pp
H-inv.

Assume 57.7% — 42.7% BR(H — bb),
21.8% — 36.8% BR(H — WHW~).
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FIT IN A NON-SM SCENARIO

ILD preliminary

Higgs BRs
Standard Model
N 15%: H-bb
215% : H-Ww
BR(H-pup) = 1%

=
o N
»

»
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o
©

Q
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506
v
5
S04
2
® 0.2
&
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Assume 57.7% — 42.7% BR(H — bb),
21.8% — 36.8% BR(H — WHW~).
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POLARIZATION AND BACKGROUND LEVEL

= ~ -
o N IS

I
Y

Relative uncertainty change

ILD preliminary

¢
1 T T T T
= 1 = T = = 1
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Beam polarization
*  Standard Model
- elpR
- eRpL
~ unpolarized

Relative uncertainty change

FIT

ILD preliminary
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0.8
0.6
0.4
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ozy rescaled
*  Standard Model
- X1, no bkg
* * * * * * * * * *
1 T T T I
T I T T T T é
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POLARIZATION AND BACKGROUND LEVEL PIT

ILD preliminary ILD prelimi y
Beam polarization © 141 0z4 rescaled
éﬁ 1.4 » Standard Model 2 + Standard Model
2 - elpR 2129 - x1,no bkg
< 2 - 415
Zz12 - eRpL 2104 x x  x  x  x  x  x  x  * x ‘s
5 - unpolarized £ - .
H £ 081 - x2
510 € € 0561 o
2 % 0.4 x16
o038 8
& & 0.2+
g0 8 B ¥ ON OF R OF oG £ 8 8 E ¥ ON BN O® g
- T L A O
T
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CONCLUSIONS

— More work needed :

- Better categories.
- Exotic Higgs decays.

+ Extraction of major branching ratios
from single analysis.

— Correlation matrix.
+ Independent of oz and ovv_fusion-

+ Can automatically adapt to BR scenarios
drastically different from SM.

Jonas Kunath — Combined Higgs fit

TABLE — Results of a fit on the expected

———
CONCLUSION

event counts. In percent. ILD preliminary.

SM BR Ostat
H — bb 57.72 0.87
H—->WW 21.76  1.19
H — gg 8.55 0.71
H— 77 6.20 0.59
H — cc 2.72 0.60
H—ZZ 2.62 1.69
H — ~y 0.24 0.15
H—>~Z 0.17 0.30
H — pp 0.03 0.10
H — inv. 0.00 0.46

17



[




EXPECTED COUNTS PER (CATEGORY, BR) PAIR

BACK-UP

Zoputu~ ILD preliminary

event class

H-bb
H-ww
H-g9g9
H-71T
H-cc
H-ZZ
H-yy
H-yZ
H-pp
H-inv.

expected signal composition
Jonas Kunath — Combined Higgs

0.0 0.2 0.4 0.6 0.8 1.0
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BR CORRELATIONS WITH THE CURRENT CATEGORIES

Higher correlations motivate improvements in the category definition. Needed to include
the results in a global fit. Also needed for the last BR :

Bzz+ =1- Z Bi = 0% = Z Z pijoi0;

Correlations

ILD preliminary

H-bb 132 .101 -.016-.
H-WW 4.132 -.269-.282-.

H-gg {.101 -.269 201 -,

H-774-.016-.282 .201

H-cc 4-.019-.097 -.006 -.010

H-yy 4-.004-.009 .001 -.008
H-yZ 1-.034-.021 .010 -.022
H-pp 1.036 .017 .041 .007

H=inv. {.132 .138 .136 -.149

006 .001

-.010-.044-.008

-.286 .001 -.

.001 .003

-.003-.053-.010

.028 -.082-.000 -

.066 .-.003-A

019 -.004 -

097 -.009 -

286 .003 -.

034

021

.010

-.022

003

004

.036 .132
.017 .138
.041 .136
.007 -.149
.028 .066

os2}354

-.010-.

053 -,

-.004-.011

.030

000-.003|

.030
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H-cc

T

g S
T T

Higgs fit

Hoyz

H-pu
H-inv.

iAZZ* VAZZ* GHZZ*

H-ZZ ILD preliminary

4.00 6.00
BR [%]

———
BACK-UP
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COMPARISON WITH GLOBAL COUPLING FITS BACK-UP

ILD preliminary

® |1], [2] use existing analyses and combine § ™
them to extract a combined sensitivity for < 151 - ILC 250 global coupling fit [1]
the Higgs boson couplings. g - SFitter HL-LHC improved [2]
. S 10+ 0.50 =
® |1] scaled to the H-20 ILC250 scenario. ° - -
. . © 0:25 A - "
® This fit is our approach. S5 -,
= -
- A single analysis directly fitting the 5 S - 0'90 R
branching ratios to data. g 0 ——F 5 = - -
- Sofaronly Z —ete™, Z = utpu~. $§ ;:"1: §§ %?T%é
- Only statistical uncertainty. TlTTITzxTzx i

[1] J. Tian, K. Fujii Measurement of Higgs boson couplings at the International Linear Collider.
[2] SFitter Measuring Higgs Couplings at a Linear Collider.
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https://www.sciencedirect.com/science/article/pii/S2405601415006161
https://inspirehep.net/literature/1209590

HIGGSSTRAHLUNG . 2o itum 7o e BACK-UP

Golden channels due to recoil mass method,
MrQecoil =5+ M% - 2\/§ : EZ'

o 7 5ty

Event tagging on the 7 is complicated.
- Large 7 decay opening angle (low E-).
- Divers environment from the Higgs decay.
LAV V7
— Significant WW-fusion contribution in vvH.
— Cannot tag event on v.

+ Only Higgs boson (and beam overlay) in event.
+ 6x higher cross section.

® 7 —qq:

+ Hightest cross section.
— Hard to identify the traces from the Z decay

without making assumptions on the Higgs decay.
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