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PHYSICAL MOTIVATION

Measuring 0,4 — get access to gy,, in a model-independent way

% gfizz*ghixx * 9tizz
« o,uXB(H - XX) « /v, = 0zuXB(H > ZZ*) o« HZZ[
* Jyzz €an be used as a standard candle to determine gy xx in @ model-independent way
The Higgs width I'y; can also be measured
e Tyxo(ete > ZH, H-> ZZ*)* /oy
Doing a shape analysis on the m,...,;; (next slide) give access to my with great precision (Amy ~ 4 MeV)
Allows to indirectly measure the Higgs self-coupling through NLO correction
* Onpo = Zporo(1 +x,C1)
(€, =C;(y/s) » measuring o,y at /s = 240 GeV and +/s = 365 GeV give better precision on k;
* Will be a complementary measurement to the one made at HL-LHC
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o o o« e, ( + > me+£_
At FCC-ee we do ete™ collisions — initial state known €
— can use the recoil mass method to measure o,y
2 2 2
m12*ecoil — (\/E_Eff) _pff:S_ZEff\/E+mff \/§<
[7)] Flcc\-e\e S”\nu{atl?n | I I \I[§I= I24OIGIe\\/’ 1q8l a.Ib-1
£ 90000 - . \e_
> L — ZH _
L - O ww -
80000 ¢ B 2 - i) :
C B zz - . . .
70000 - I Rare ] Only use kinematic variables from the lepton system to select events
60000 F g ] in a model-independent way (independent of the Higgs decay)
50000: f
400005 f
= ] Analysis separated into 3 channels:
30000; - e Z(»ete )H,Z(-» utu )H - leptonic channel Z(¢*¢7)H
20000 & - « Z(- qq)H — hadronic channel
10000 E ‘é
: | | | | | | | I | | | | | | | | | | | | | | |

40 60 80 100 120 140 160
mrecoil [GeV] 3



LEPTONIC CHANNEL

Will only show plot from Z(— u*u~)H channel at 240 GeV for readability
Will show plots for both channel when possible
365 GeV plots are in the back-up slides for the curious ones
The results will be presented for all channels and both energies



EVENT SELECTION (240 GEV)

Object selection:

* Only consider leptons with p > 20 GeV

* Require at least one isolated lepton (/,..; < 0.25)

* Require at least 2 leptons with opposite charge

If more than 2 leptons OS in the events:

* Exclude pairs with |m,+,- — my| < 3 GeV

Select the pair that minimizes the y*:

o x% =0.6X(Mp+,- —91.2 GeV)? + 0.4X (M oy — 125 GeV)?
Kinematic selection:

* 86 GelV <mu+)- <96 GeV

e 20GeV <pp+p,- <70 GeV

FCC-ee simulation
H—-lnv | S
H-yy
H—-Zy

H->WW*
H—-zz*
Hott

The selection efficiency doesn't depend
on the Higgs decay

Hopu-
H—ss
H—gg

H—cC

H-sbb Avg eff: 74.66 = 0.04 %

Min/max: 0.15/0.24

Average

Vs = 240 GeV, 10.8 ab™*
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Vs = 240 GeV, 10.8 ab™’

FCC-ee simulation
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Vs = 240 GeV, 10.8 ab™

B — H—bb. >SS, o H_\gg i
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 —HoZy inv ]
I~ Avg eff: 74.66 £ 0.04 % ]
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MVA DISCRIMINATION (240 GEV)

*g 105 fcl T e\\e\ ‘\SlmUIatlon TTT TTTT | I\Ij_[I [2\4\.9 gel\lll I1I(I)I8\a\k\)l; .‘g 5ICC-eI[e\ ‘\Slrrlufl?tllolnl TTT TTTT N\I[TI 240 \Ca\e\\ll 10 8IaI. ; Input D ° t.
q>) — 7H - q>) 102 & —H-bb —H-ocC —Hoss —H—gg - Varlables eSCﬂp mon
L ww 4/ uw E o Hopw Hott H-ZZ* —HoWww* ]
10° | BNz : 10 =~ HZ —Hoypy —Hosiny 5
" — iy . i; Bheaiing Leading lepton momentum
10° 10*‘; ; .
/‘F Oreading Leading lepton polar angle
107 /3
102 & N -~ ] -
g 107¢ al e Subleading lepton momentum
107§ E
10 £ . 1 .
- ] 10 | Osubleading Subleading lepton polar angle
_III\‘\III|IIII|I!\\‘IIIIlIIIIl!\\\llllllllll‘\\\l_ 1076;III\\\\\JJ]IlII\\\\\\J]IIlI\\\\\\JIIII\\\;
0 01 02 03 04 05 06 0.7 08 09 0 01 02 03 04 05 06 0.7 08 09 m£+{)— Lepton pa.lr ]nvar]ant mass
BDT score BDT score
Do+ p- Lepton pair momentum
Train a BDT to further discriminate signal from background 0 p+ p- Lepton pair polar angle
» Give individual lepton and lepton pair kinematics as input
» Also give angular correlation variables as input T — Adtp+ - Acolinearity
BDT score distribution is independent of the Higgs decay
 BDT preserve the model-independence of the selection T — Ayt p Acoplanarity



UNCERTAINTY EXTRACTION (240 GEV)

FCC-ee S/mulat/on Vs = 240 GeV, 10.8 ab™ FCC-ee simulation \f_ 240 GeV, 10.8 ab™ FCC-ee S/mulat/on Vs = 240 GeV, 10.8 ab™
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High score region Low score region

Fit the m,...,;; distribution in 100-150 GeV range in 2 BDT score regions

Ch L AGZH AO'ZH
« High score region: BDT score > 0.90(0.92) for u*u~(e*e™) annet | (240 GeV) | (365 GeV)
« Low score region: BDT score < 0.90(0.92) for u*u=(e*e™)
Also consider contributions from Z(- t¥t7)H, Z(—» vw)H and Z(-» qq)H Z(—e‘e )H 0.79% 1.89%
o . .
Take a 1% normalization for all background processes (uncorrelated) A )i 0.68% 1.57%
Use the same strategy for 365 GeV (see back-up slides) Z(-»£T¢)H 0.52% 1.31%



BIAS TEST

H—Inv

Absolute model-independence is not possible Hoyy
* But can determine the degree of model-dependence H-2Zy
Use the bias test to determine it: HoWw-
* Modify g,4 so that do,y /0,5 = X% it

Hottt

» Attribute this change to one Higgs decay

» Construct pseudo-data from these perturbed branching ratios

« Extract the bias by fitting the pseudo-data s
* b=100X(us —1—X/100) with X in % Hocs

Hopp-

H—gg

Model-independence criteria Hobb| |

« If |b| < Aoy, the selection is considered model-independent

Baseline selection biases

« Biasesfor H » u*u~,ZZ*, Zy are high due to ambiguity in the "
selection at the y? step (combinatorics) o

« Can select events from Z(- 7717, vv,qq)H

H—Zy

H->WW*

* |b| < Aoyy for all decays — Baseline is model-independent -
X = 5% prior taken for all the bias tests ot
» Conservative value taken Hopp
* Deviation of this size would be interpretable as BSM physics H-gg
Biases for 365 GeV are in the back-up . Black: Low bias s
: Medium bias H-ce

: High bias Hobb|

* Red: Unacceptable bias
* Green: Improvement

D Biases
FCC-ee simuaion VS = 240 GeV, 10.8 ab ™" ecays [%]

Z(»ete)H -

_50 1 | | | O 1 1 1 | 50 | | 1
Bias (x 100) [%]

FCC-ee simuaton Vs =240 GeV, 10.8 ab™"

Z(o wtuH -

1 _50 1 1 | 1 O 1 1 | 1 50 | 1
Bias (x 100) [%]

H - bb
H - cc
H — ss
H - gg
H - p*u~
H- 1ttt
H- 277"
H-WWw*
H-Zy
H-vyy

H - Inv

-0.02

+0.00

-0.01

+0.00

-0.00

-0.01

-0.00

-0.03



LEPTONIC CHANNEL
IMPROVEMENTS



FSR RECOVERY

Leptons lose energy through FSR thus degrading the Z reconstruction
« Recovering this energy could improve the lepton pairing at the y?
* Could also improve the selection efficiency due to better energy reconstruction
We do not want to recover the energy of leptons coming from jets
* Only recover the energy of leptons that are enough isolated
* Only consider leptons with I..,; < 1.80(0.95) for 240(365) GeV
* Improve the lepton-photon pairing efficiency
We merge lepton-photon pair that are collinear enough
* At 240 GeV, only merge lepton-photon pairs that have m — Aa,+,- > 3.08
At 365 GeV, only merge lepton-photon pairs that have AR < 0.25
Impact on the selection
« Improve the pairing efficiency at the y? step of ~3% for H - u*u=,Z2Z*, Zy
« Improve selection efficiency by 3(7)% for u*u~(e*e™) channel
* More signal events pass the m,+,- cut
* Due to better Z mass reconstruction

Ao zy (240 GeV) Aczy (365 GeV)
Channel

Baseline With FSR Improvement Baseline With FSR Improvement
Z(—»ete)H 0.79% 0.70% 11.4% 1.89% 1.65% 12.7%
Z(-» utu)H 0.68% 0.65% 4.4% 1.77% 1.65% 6.8%

Z(—» ¢ )H 0.52% 0.48% 7.7% 1.31% 1.18% 9.9%



NEW SELECTION CUT

Events
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o 10° FCC-ee simuiation Vs = 240 GeV, 10.8 ab'_1
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> B ]

L 102 L Hoptu- H—1'1- H—>ZZ* —HoOWW*
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analysis T~ )
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cos 0,,;;; is a very discriminant variable

 Good to remove ZZ, Z/y and Rare backgrounds

* But would break model-independence if used naively
Already used in the Higgs mass analysis

* Don’t require model-independence

Will need to use a roundabout approach to use this variable

1"



A OUNDABOUT APPROACH : FCC-ee smuaton_ - s = 240 lGeV|1IO_—8 ab™

FCC-ee simulation Vs = 240 GeV, 10.8 ab™
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Visible energy E;; is also a very discriminant variable

 Good to remove WW, Z/y and Rare backgrounds

* But would also break model-independence if use to remove events
Will instead use it to categorize events*

* Define the “visible” sample: E,;; > 100(171) GeV for 240(365) GeV
» Define the “invisible” sample: E,;; < 100(171)GeV for 240(365) GeV
Will only apply cos 0,,;;; < 0.99 on the invisible sample

* Where the Z/y and Rare backgrounds mainly are

(*): Inspired from ILC selection, they separate the analysis into 2 samples based on E,,;; (arxivi1604.07524v3) 12



IMPACT ON THE PRECISION

Channel Baseline with Baseline with

FSR recovery New cut Improvement FSR recovery New cut Improvement
Z(-»e*te )H 0.70% 0.58% 17.14% 1.65% 1.47% 10.9%
Z(» utu)H 0.65% 0.57% 12.3% 1.65% 1.46% 11.5%
Z(-» ¢*¢)H 0.48% 0.41% 14.6% 1.18% 1.05% 11.0%

Get an improvement of ~15(11)% for 240(365) GeV and an accumulated improvement of ~20%
« Greater improvement for Z(— e*te™)H because electrons radiate more than muons

* Now Z(—» e*e™)H and Z(— u*u~)H have equal precision

 Reach the 1% combined precision for 365 GeV

Ac,y (240 GeV) Ao,y (365 GeV)

Channel Without FSR Without FSR

New cut Improvement New cut Improvement
recovery recovery
Z(»ete )H 0.79% 0.58% 26.6% 1.89% 1.47% 22.2%
Z(— utu)H 0.68% 0.57% 16.2% 1.77% 1.46% 17.5%

Z(-»¢T¢7)H 0.52% 0.41% 21.2% 1.31% 1.05% 19.8%



BIAS TEST FOR NEW SELECTION

FCC-ee simuaton VS =240 GeV, 10.8ab™"

ol ; H - bb +0.00 -0.01
Hoyy .
H—Zy
- H - cc -0.04 +0.00
o H - s§ -0.04 -0.01
Compared to the original selection Mot :
« No higher bias observed for all decays Hogg ; H-gg -0.02 +0.01
 Still get high bias for H » u*u=,2Z*,Zy Hoss| | Z(—e*e )H- T
: : : H -0.02
* No highbiasforH - utu~ inZ(-» u*u=)H  t= By
° : : + ,— H—bb ‘ N .
+ Still observe it for 2(~ e”e )H ) o w H STt -0.82 +0.61
* High biases still due to ambiguity in the y“ step Blas (x 100) [%]
=-e@ Simulation Vs = 240 GeV, 10.8 ab -
No |b| > AG?H 9bserved . | . FCC : H - 77"
* No new bias introduced in the new selection oy _
* New selection is thus model-independent Hoszy : H->WWw* -0.02 -0.01
H->WW* .
HozZ* . H—-Zy
Hott |
dacia : H - vyy -0.04 -0.02
H-gg .
Hosss Z(->utu)H -
Hosc - H - Inv +0.05 +0.05
H—bb L

-50 0 50
Bias (x 100) [%] 14



HADRONIC CHANNEL

Will only show plots for 240 GeV
Plots for 365 GeV are in the back-up slides for the curious ones
The results will be presented for both energies
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EVENT SELECTION (240 GEV)

Veto the leptonic analysis:

 Remove events that pass the leptonic selection

* Ensure orthogonality between the channel

Object selection:

* Use exclusive N=2,4,6 and inclusive clustering algorithm
* Remove jets with p; < 5 GeV

For each algorithm, select the jet pair that minimize the y?:
2 2

« x?=(mj; —91.2GeV) + (pjj —pz) + (Mpecoir — 125 GeV)?

 p,; =52 GeV, reduce ambiguity

Select the clustering algorithm with the lowest y?
» Reject events if the clustering fails

FCC-ee simulation {s = 240 GeV, 10.8 ab™

Kinematic selection: AU I A I B
* 20GeV <m;; <140 GeV Hovy .
° . H—Zy .
20 <pj; <90 GeV o .
* Jcosb;;]| <0.85 - .
* T — AC(]] > 0.35 Hoer -
. Hopp- .
« WW pair mass cut Hi:g .
* |COS Qmissl < 0.995 H-ss .
H—cT e
More spread in the selection efficiency due " Vi 536887
to ambiguity in the selection e T

Selection efficiency [%)]

Selection efficiency [%]
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FCC-ee simulation

Vs = 240 GeV, 10.8 ab™

— H-—bb. —H-—cC —H->s8 —=H-gg
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WW PAIR MASS CUT

For each events, use the N=4 clustering algorithm to reconstruct a pair of W boson

Form pairs that minimize x? = (mj; — 80.4 GeV)2 + (m;; — 80.4 GeV)2
Apply a 2D cut in the my;; — my, mass plane

Events / 0.10 GeV

Remove events with Amy, < 6 GeV

FCC-ee Simulalti(lm |
T T

10—2 II|III|III|III|III|III|III|

0 20 40 60
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140 160
my; [GeV]

Events / 0.10 GeV

F‘C‘C‘-e(-‘: ‘Si‘mula‘tic‘m‘ \fg =240 GeIVI, 1|0'|8| ab"‘

T 1T T T T
11
10 76 H (< 10)
1010 lwewe
(o° I zz
B 7y - ffey(y)
108 [ Rare
107
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10* §
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m(qq,)
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MVA DISCRIMINATION (240 GEV)

_.(i‘) S\C\C\ e\Iel §lf77/?f(0q TTT TTTT T \S\ T %4\.9 IG\e\\\/ J1I T I8 \a\ T \:1 E 10 ;ICICI e\\e\ TSI,T;’LII/?I(O” 1T TTTT I ISI T T \4\'(\) \Gle\\\/ \1\ (\) \8 IaI.kK) \; va rlables Description
§ 107 ¢ — Z(qqH 5 § C —Hobb  —Ho  —Hogg —Hoss
L C ] ww = L + - : o o
10° — S S S S N S Pleading: Lead]ng and subleading
ol B 21y > frty) : - " Dsubleading Jet momentum
g L | Rare 5 - —H>Z — H-yy —H—Inv n
C ] -1 - . .
107k B: " Bieqaing: Leading and subleading
108 o2l ] Osubieading Jjet momentum
10°F - ' \\\ Djj Jet pair momentum
104 & ~ 107" pie .
- 0;; Jet pair polar angle
10° &
5 107 E — .. 1 1
102 & : _ T — Aaj; Acolinearity
:III\‘IIII'I\\I|IIII|IIII|III|‘\III|II\I|IIII|II\IE 7_1IIIH\IIIH\HII\H\IIIHH\II\\\\\II!\_ — . - 1
1% 01 02 03 04 05 06 07 08 09 1 10°5""61"02 03 04 05 06 07 08 09 1 e A(;bJJ Acoplanarity
MVA score MVA score Fil’St and second W
Train a BDT to further discriminate signal from background My1,2 mass
« Give individual jet and jet pair kinematics as input First and second W
. . . . 1
* Give angular correlation variables as input Pw12 momentum
* Give the reconstructed WIW pair variables and the thrust of the event
BDT score distribution has some differences between the Higgs decays 0 First and second W
— . . . wWi,2
« H - u*u~,yy, Inv have the same shape distribution polar angle
* The other decays also have roughly the same shape distribution T ST e R e eee——

» Better distribution for H not decaying hadronically
18



UNCERTAINTY EXTRACTION (240 GEV)

- Emeeesmu/am L 24OGeV 108ab1 - FQC-ee simuaton s =240 GeV, 108ab1
Q (0]
O ook —— Z(@H (x 10) G 1200 S 2@ < 10
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Fit the m;; — m,,; distribution in 2 BDT score regions

» High score region: BDT score > 0.75

* Low score region: BDT score < 0.75

Also consider contributions from Z(- ¢*¢7)H and Z(- vw)H
Take a 1% normalization for all background processes

Use the same strategy for 365 GeV (see back-up slides)
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SELECTION BIAS (240 GEV)

Take a X = 1% prior for the hadronic channel
« Take a lower value because g,y already constrained by Z(— ¢*¢~)H
* Aoyy K X for Z(—= qq)H — still a conservative value
|b| > Ao zy for H - yy, Inv
» Bias slightly higher than uncertainty
 Due to BDT score distribution dependence on these decay
 H - yy,Inv have a small branching ratios
* Test remains conservative and biases acceptable
Could implement the improvement from Z(- ¢*¢7)H
* Could reduce the biases
* Working on it

H - bb +0.04

H - cc

H — ss

H - gg -0.04
H - ptu~
H-1trt~ -0.04
H-ZZ"
H->WW*

H—-Zy

H —vyy

H - Inv
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LEPTONIC + HADRONIC
COMBINATION



LEPTONIC AND HADRONIC COMBINATION

Baseline New selection Improvement Baseline New selection Improvement

Z(> ete )H 0.79% 0.58% 26.6% 1.89% 1.47% 22.2%
Z(> utu)H 0.68% 0.57% 16.2% 1.77% 1.46% 17.5%
Z(—> ¢+¢)H 0.52% 0.41% 21.2% 1.31% 1.85% 19.8%

Z(- q@)H 0.38% X X 0.56% X X
ZH 0.31% 0.28% 9.7% 0.52% 0.49% 5.8%

Combine all channels to get the total precision on o,y

* Use a 1% normalization on the backgrounds (uncorrelated)

* Hadronic channel gives most of the sensitivity

Get a small improvement on the total Ao,y

* The improvement of Z(— £*£~)H is screened by Z(— qq)H

* Leptonic precision is similar to the hadronic one for 240 GeV

At 365 GeV, the leptonic precision is twice the hadronic one
* Get a better improvement at 240 GeV than at 365 GeV
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CONCLUSION AND OUTLOOK

Improved the leptonic channel precision by ~20% for 240 GeV and 365 GeV
» Did it while keeping the bias low

* Due to categorizing the events with E,;¢

Combined the new precision with the hadronic channel

* Get a lower improvement (~5-10%)

* Because the hadronic channel gives most of the total sensitivity

Will now work on improving the hadronic channel

* Will try to use the new method to improve the precision

» Will also work on reducing the biases

After the hadronic channel is implemented

* Will propagate the improvement on the Higgs self-coupling
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THANKS FOR LISTENING

Link to the code used: https://github.com/tomfournier/FCCWorkspace

Email; tom.fournier@cern.ch

24


https://github.com/tomfournier/FCCWorkspace
mailto:tom.fournier@cern.ch

BACK-UP SLIDES



LEPTONIC CHANNEL



EVENTS SELECTION (365 GEV)

bject selection:
Only consider leptons with p > 20 GeV
Require at least one isolated lepton (I,.; < 0.25)
Require at least 2 leptons with opposite charge
If more than 2 leptons OS in the events:
Exclude pairs with |my+,- — my| < 3 GeV
Select the pair that minimizes the y*:
o x% =0.6X(Mp+,- —91.2 GeV)? + 0.4X (Moo — 125 GeV)
Kinematic selection:
86 GeV < mu+,- <96 GeV
50 GeV < py+,- < 150 GeV (boosted regime)
100 GeV < Myeroy < 150 GeV

o

2

Selection efficiency also independent of the Higgs decay
Added m,...,;; cut to cutflow at 365 GeV

Negligible impact for 240 GeV so was not included

H—lnv
H—yy
H-Zy

H->WW*
H-zz*
Hot'

Hopps
H-gg
H—ss
H—cT
H—bb

Average

Implicitly done when making the m,...,;; histograms for the fit

Included at 365 GeV because of its large effect on the cutflow

FQCTeg Si

imulation
T T T

s =365 GeV, 3.1 ab™

Avg eff:
Min/max

1 1
48

54.03 +0.C
:0.10/0.06

2 %

-

1 L1
50

L L
52

Il 54 1 Il L 56 1
Selection efficiency [%]

Events

Selection efficiency [%]

1010 FCC-ee simuation | Vs = 365 GeV, 3.1 ab’
c — Z(wp)H
109 ? T WW
E m zz
10° B 7y - flay)
E [ Rare
107 E
108 E
10° & =
104 E
10° =
102 \ | | L
N N
NOG“‘ 2\\;, 0 22\;, *0:\ : 96 CG° 4\‘5002 £0G°
go <™y 5“49 \004“\,3
FCC-ee simuiation Vs = 365 GeV, 3.1 ab"
140~ == HobB. . T HsCT s Hes$S e Heag g
B Hospip- Hot't H>ZZ*  —HoWwW*
120 L —He Zy. —H-yy. —H-lnv
100 —
80
60
40
20— Avgeff: 57.74+0.02%
- Min/max: 0.30/0.15
N N N
we o Z W *\SO 2 '2\f x ° £ ce A0 e AP e
= = ALY

20

0 AN R £ 10 e
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MVA DISCRIMINATION (365 GEV)

o 105 Eglq eHe‘ “Slrr‘lu‘l:‘at‘lonl SN .‘S‘=‘:|3‘65‘ | \?Y’\§I1 \a\\ ; © qu'ee. .?lmulatlon TTT[TTTIT ] \IS T \3\|65\ \leevw |\371 la\t\)! Input ° °
g 1 | | T L L HotB —Ho Mo —Hogg bl Description
ks i E i,HW ] = E o Howw Hot'r HoZZ'  —Howws variables
10*E iz = 2 10 —Hsz —Hosyy—Hsin =
X — il - i Dieading Leading lepton momentum
1o° E
107" E o
ol L . A Oreading Leading lepton polar angle
= 10'2;—
i F ]
0f | 100 U Psubleading Subleading lepton momentum
I 1 10 F
e | ‘ 05l s e Subleading lepton polar angle
10—1_|\|\|\|1||||||||\|\|\|\||||||||x|\|\|\|\||||||||\ 10—6iwnwwwwnwwnww|wuuuuuuuuu
0O 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 Le ton a_ir invariant mass
BDT score BDT score m€+€_ P P
. L. . Do+ p- Lepton pair momentum
Train a BDT to further discriminate signal from background
» Give individual lepton and lepton pair kinematics as input .
. . . . 0 p+ p- Lepton pair polar angle
* Also give angular correlation variables as input
« yy - ete” is not included for Z(— e*e™)H training n - .
* Not enough events due to low selection efficiency n Cotes colineanty
BDT score distribution is independent of the Higgs decay .
« BDT preserve the model-independence of the selection T — A p+,- Acoplanarity
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UNCERTAINTY EXTRACTION (365 GEV)

FCC-ee simulation Vs = 365 GeV, 3.12 ab™ FCC-ee simulation /s = 365 GeV, 3.12 ab’ FCC-ee simulation Vs = 365 GeV, 3.12 ab™
% _\I\I\I\I\I\I\III\I\I\\II\\II\\I % :\\II 1T 1771 T 17T 1T 1771 I\\I: % _\I\I\I\I\I\I\III\III\\III\II\\I_
G 1000 Z(uu)H G 4501 — ZuH 1 O 1000 Z(u)H
aQ - [ ww ] Q  F ww 109 - mww .
o - I 2z - o 400 4 1 o - I zz -
P i 7y - fayly) 1 PN 2y - ) 1 @ i Il 7y - fayly) 1
g 800 [ Rare g 350 E [ Rare ] g 800 i [ Rare 1
i i 300 : z - ]
600 - 1[, ] 600 L]
2501 - .
200/ 'J IL ] I
400 - JJ lL ] 400
150¢ l] 1L : i
200 100; 1 ; 200
50F ] -
0 115 120 125 130 135 140 145 150 °1j20 125 130 135 140 145 Lu{so 015 120 125 130 135 140 145 150
mrecoil [GeV] . ° mrecoil [GGV] ] mrecoil [GeV]
High score region Low score region
Ch L AO-ZH AO-ZH
Fit the m,,.,; distribution in 100-150 GeV range in 2 BDT score regions annet | (240 GeV) | (365 GeV)
« High score region: BDT score > 0.83(0.79) for utu=(ete™)
« Low score region: BDT score < 0.83(0.79) for u*u~(ete™) Z(—eTe )H 0.79% 1.89%
Also consider contributions from Z(—- t™t7)H, Z(-» vv)H and Z(— qq)H Z(> ptuo)H 9.68% 1579%
. . . (6) . (o)
Take a 1% normalization for all background processes (uncorrelated)
Z(-» ¢t)H  0.52% 1.17%
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BIAS TEST (365 GEV)

|b| < Ao,y for all decays — selection is model-independent at 365 GeV
Bias for H » ZZ* is lower than for 240 GeV

H—lInv
H—yy
H—-Zy

H->WW*
H—ZZ*
Hotrt

Hopu-
H—gg
H—ss
H—ct

H—bb

FCC-ee simulation

Vs =365 GeV, 3.1ab™"

Z(»ete)H -

1
—200

|

1 1
—-100

1 1 1 1 1 1 1 1 1
0 100 200

Bias (x 100) [%]

Still get a high bias for H - Zy
No bias observed for H - u*u~ at 365 GeV

H—lInv
H—yy
H—-Zy

H->WW*
H—ZZ*
Hotrt

Hoptp-
H—gg
H—ss

H—cc

H—bb .

FCC-ee simulation

Vs =365 GeV, 3.1ab™"

Z(outuH -

1 1
-100

1 1 1 1 1 1 1 1 1
0 100

Bias (x 100) [%]

Decavs Biases | Biases
y %] | [%]

H — bb

H - cc

H — ss

H-gg
H -yt~
H- 1ttt
H-ZZ"
H->WW*
H-Zy

H—-vyy

H - Inv

+0.00

-0.00

-0.03

-0.01
+0.03
-0.01

-0.01

-0.00

-0.00

+0.00

-0.01

-0.04

-0.01
+0.02
+0.00

-0.01

-0.02

+0.02
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A ROUNDABOUT APPROACH (365 GEV)

107°

> —FICIIC-IeIeISImUIatIon T T T \\[_ T I:\36‘\5 Ge\\/\ \3 \1\2\ap 1
1 8 s C —Hobb —H-cT —H-oss —H-—gg ]
FCC-ee simulation Vs = 365 GeV, 3.12 ab’ o 0 E T T T her | oz Lrowwe |
> 8 FTTT 1T T T T T 1T 1T T T I LO C 7
o 10 E E S 102 E H=5Z: M=y H=s1n =
©) 107 - — Z(u'u)H 3 © - ]
& —Ji . = 1
© 10 dzz Cut used to categorize = % i
2 10 E £t = events into "visible” — 4 BN
L%’ 10* and “invisible” sample o
10°
102 ; 10—3|§ i EE
10| LT I3
10—1 10_6_ 1 e ey
0 20 40 60 80 100 120 140 160 180 200
1072 E,is [GeV]
107 Visible energy E;; is also a very discriminant variable
107  Good to remove WW, Z/y and Rare backgrounds
| | (| III | | 1 | ‘ 1 I]l L1 | 1

* But would also break model-independence if use to remove events
0 20 40 60 80 100 120 140 160 180 200  WIll instead use it to categorize events*
E[GeV] + Define the “visible” sample: E,,;;; > 171 GeV
* Define the “invisible” sample: E,;; < 171 GeV
Will only apply cos 0,,;;; < 0.99 on the invisible sample
* Where the Z/y and Rare backgrounds mainly are

(*): Inspired from ILC selection, they separate the analysis into 2 samples based on E,,;; (arxivi1604.07524v3) 31



IMPACT OF cos9,,;,.. ONE,,.



cos 6., IMPACT ON E, ;. (240 GEV)

Events

107

FCC ee Slmulatlon \{_ 240 Ge

V, 108§t|)‘

— ZH

mww

o zz

7y -y
7 Rare

{v)

Baseline

E, [GeV]

Events

10

FCC-ee simuaton s = 240 GeV, 10.8 at !
108 ZH
, - wWw
10 B zz -
10° I 7y - fiy(y) ;
I Rare 3
10° =
104 é
10° B ) %
1 02 E;

1

107"
1072

10°°
0 20 40 60 80 100 120 140

E,i, [GeV]
Baseline+ cos 0,,,;5; cut

Events

FCC-ee smuaen_ (52240 GeV, 108 ab,

10° T

1 08 ZH

10’ 2z
10°
10*
10°

102

0 20 40 60 80 100 120 140
E, [GeV]

New selection

cos 0,,;;c cut remote Z/y and Rare background with low E

Also remove signal with high E,;; which induce bias

To avoid biases

* Use cos 6,,;ss cut only on events with low E,;s

* Only cut on a small fraction of the events
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coS Hmlss IMPACT ON E,;. (365 GEV)

- FCC-ee simuiation _ s =2365GeV, 3.12 ab o7 FCCee simuaton /s = 365 GeV, 3.12 ab’ o 1o FCC-ee smuaton s =365GeV, 3.12 ab’
T 10° 5 IS
g E —ZH i ST et ZH 2 108 ===ZH|.
w10 ] ww w g ww w e ww
106 2z 10° I 2z 10° 7z
10° B 7y - fiy) 10* I 2y - fivy(y) 10t B 7y - fy)
[ Rare [ Rare [ Rare
10° 10°
10? 10?
10 10

107 107
1072 107
107° 107°
107 107
10°° 10°°
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
E, [GeV] E, [GeV] Eis [GeV]
Baseline Baseline+ cos 6, cut New selection

cos 0,,;;c cut remote Z/y and Rare background with low E
« Also remove signal with high E,;; which induce bias

To avoid biases

« Use cos 0,55 cut only on events with low E,;;

* Only cut on a small fraction of the events

Must change the cut for 365 GeV to account for the boosted regime
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HADRONIC CHANNEL



EVENT SELECTION (365 GEV) ¢« =om
I i :
Veto the leptonic analysis: : Ehgjr:fw
» Remove events that pass the leptonic selection ok ]
* Ensure orthogonality between the channel ]
Object selection: oo .
* Use exclusive N=2,4,6 and inclusive clustering algorithm
* Remove jets with p; < 5 GeV 107;— —
For each algorithm, select the jet pair that minimize the y?: ] i
o x2=(mj; —91.2GeV) + (pj; —pz)” + (Myecou — 125 GeV)?
* p, =143 GeV, reduce ambiguity ﬂglgf(‘,\ev‘°“"é\us‘;§“%§f3?10\C:::‘*gg\;ziiv SR <o
Select the clustering algorithm with the lowest y? FCC-eo Simunton 5.« 240 GeV. 10.8.ab"
» Reject events if the clustering fails B %140‘ —HobB  —HoG —HosS - Hogg ]
Kinem atic selection: . FCC-ee simuiation __ ‘(.g = 240 qe\./’ 10.;8‘ at.) _é E Hospip Hott HoZZ  — HoWww* E
« 60 GeV < m;; < 200 GeV o : S |
* 20 <pj; <160 GeV - N g o 7
* |cos Hjj | < 0.85 H-Z2Z" . B gof =
¢ 1T — AC(]] > 0.35 :ﬁrf " 60: i
« WW pair mass cut o N : 5
* |cosB,,;ss| < 0.995 e . 4o0p
* T<085 ::E; Avg eff: 72.5:1 +0.04 % 20: Avg eff: _7"‘5 +004% ]
. . . o Min/max: 3.28/8.97 - Min/max: 3.28/8.97 i
More spread in the selection efficiency due Aweeee| " "7 7 e T St
to ambiguity in the selection ” ” Selecton effiiency [%] e 0 Tl el 36



MVA DISCRIMINATION (365 GEV)

_.(i‘) S\C\C\ e\Iel §lf77/?f(0q TTT TTTT T \S\ T %4\.9 IG\e\\\/ J1I T I8 \a\ T \:1 E 10 ;ICICI e\\e\ TSI,T;’LII/?I(O” 1T TTTT I ISI T T \4\'(\) \Gle\\\/ \1\ (\) \8 IaI.kK) \; va rlables Description
§ 107 ¢ — Z(qqH 5 § C —Hobb  —Ho  —Hogg —Hoss
L C ] ww = L + - : o o
10° — S S S S N S Pleading: Lead]ng and subleading
ol B 21y > frty) : - " Dsubleading Jet momentum
g L | Rare 5 - —H>Z — H-yy —H—Inv n
C ] -1 - . .
107k B: " Bieqaing: Leading and subleading
108 o2l ] Osubieading Jjet momentum
10°F - ' \\\ Djj Jet pair momentum
104 & ~ 107" pie .
- 0;; Jet pair polar angle
10° &
5 107 E — .. 1 1
102 & : _ T — Aaj; Acolinearity
:III\‘IIII'I\\I|IIII|IIII|III|‘\III|II\I|IIII|II\IE 7_1IIIH\IIIH\HII\H\IIIHH\II\\\\\II!\_ — . - 1
1% 01 02 03 04 05 06 07 08 09 1 10°5""61"02 03 04 05 06 07 08 09 1 e A(;bJJ Acoplanarity
MVA score MVA score Fil’St and second W
Train a BDT to further discriminate signal from background My1,2 mass
« Give individual jet and jet pair kinematics as input First and second W
. . . . 1
* Give angular correlation variables as input Pw12 momentum
* Give the reconstructed WIW pair variables and the thrust of the event
BDT score distribution has some differences between the Higgs decays 0 First and second W
— . . . wWi,2
« H - u*u~,yy, Inv have the same shape distribution polar angle
* The other decays also have roughly the same shape distribution T ST e R e eee——

» Better distribution for H not decaying hadronically
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UNCERTAINTY EXTRACTION (365 GEV)

> Em ee SImUIaﬂan T T T \{7 240 Gev 10 8 ab 1 > \@ ??\ \SIn;"{I‘\at(on TTT TTTT T Y‘§‘=‘2‘ﬁ"0 \(;\?\\/’\ 1\ \O\.8\ ?P\‘1
[ 4 O |
(G} 400k —— Z(GgH (x 10) ] o 1200 —— Z(qgH (x 10 i
27 EIww 108 -  ww |
o r B zz ] =) - l zz B
Phas I 2y - ) 1 g 1000F B 2y ) ]
S F [ Rare ] 5 [
T 300 1 &

2501 ]

200F ] %

150 .

100 .

50} -
%o 40 60 80 100 120 140 100 105 110 115 120 125 130 135 140 145 150

m; (GeV] Meecoi [GeV]

Fit the m;; — m,.,; distribution in 2 BDT score regions

» High score region: BDT score > 0.95

* Low score region: BDT score < 0.95

Also consider contributions from Z(— ¢*¢~)H and Z(- vv)H
Take a 1% normalization for all background processes

>

Ge

o

Events / 0.1

90000 F

80000

70000

60000

50000

40000

30000

20000

10000

Events / 0.10 GeV
w »
S 8

w
o
o

N
a
o

200

150

100

FCC-ee simuation = 240 GeV, 10.8 ab”

—— ZH (x 10)
WW-
I zz

Ziv—s fiayly)
2 —Hy{Y)

[ Rar

—
———
[N NN NS NN N

LALLM R
—
——

T T T L

L L
40 60 80 100 120
m; [GeV]

=

‘w\-e\e Sl/‘nu/ah[i?n \\;gw= ‘240‘6‘6\‘/, 10\8\ alb'1

—— ZH(x10)
ww
i zz
B 7y - fer(y)
7] Rare

T[T T[T T [T T [T T[T T [T T T T [ TTTTTTT

1 | I — ‘ 1
80 100 120 140

m, [GeV]

[o)

5 GeV

N

0

~

Event

Events / 0.25 GeV

E% e\\e\ ‘Sl”‘)l‘ll‘at‘lon TTT TTTT T \\!\g\ 2?0 9?\\/ T 1\ (\)\ 8\ ?\bj
220 =
C —— ZH (x 10) ]
200 Cww -
r 2z ]
180 Bz s ) .
160 [ Rare .
140} ;] n"\ -
120 J L‘L =
100} H’ \ -
80F )j =
60F \ .
401 -
20F =
: 1 Ly ‘ L1l ‘ I ‘ 1111 | L1l :

900 105 110 115 120 125 130 135 140 145 150

mrecoll [Gev]

FCQL-ee Simulation : Vs = 240 GeV, 10.8 ab

T[T [TTTr[ITTT TTT T[T I T T[T T T [ TTTIT[TTIT1]

ZH (x 10)
wWwW
2z i
Ziy - fiayly) E
Rare n

1000

NRiE|

800

PN IR I I I s

[ i L |
100 105 110 115 120 125 130 135 140 145 150
[GeV]

recoll

Ac71(240 GeV) | Acz;(365 GeV)

Z(- qq)H

0.38%

0.56%
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