Higgs mass and ZH cross-section from
Z(u" 1 )H events

Ang LI
(APC-Paris, Université de Paris, CNRS/IN2P3)
On behalf of the FCC-ee ZH analysis team

FCC Week
February 7th, 2022

] _ .y 7 —
S ‘& Universite C\E?‘W EL.’.:ISSLEAR
»q(, de Paris e COLLIDER




* Motivation and introduction

* Event selection

 Signal and background modelling

e Statistical analysis and Systematics

* Delphes and Full Simulation comparison
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» Goal: precise measurements of ZH cross section and Higgs mass

Cross section (fb)
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e Current best result LHC: my = 125.38 + 0.14(+0.12) GeV E -
. (+0.12) N/ —
* At FCC-ee, my and oy accuracy will reach a few MeV and 0.5%, respectively ] s .

- Measure gyzz, Higgs width ( I'; ) and other Higgs couplings "’//’E' V(:ctor Boson Fuvsion

200 2:‘20 I 240 I‘ .260. l ,2810‘ .300‘ 320 l340l .360 380 400
. o+ - T 15 (GeV)

> Slgnal' e e - ZH - ll + X 1. ZH optimal event rate is at /s ~ 240 GeV: o ~ 200 fb~ 10® events (@ L = 5ab™?!)

. . . . 4+ . Data at /s ~ 365 GeV,1.8x10° ZH and 0.45x10° WW-fusions (~*30% ) (@ L = 1.5 ab™1)

ZH is the dominant Higgs production process @ 240 GeV e e machine

«10° FCC-ee Simulation (Delphes)

> Model_independent Study (%D) 120?I T | T TT | T TT | T TT | T TT | T TT | T TT | TT Izl('lvlvil-“l I1t

3 - s =240.0 GeV Z(eeH

. . . . . : - [ L=5ab’ — Z(rt)H

» M,..0i; from the Z production without measuring the Higgs production final state z oo e X —ZagH ]

g i ;Z(M_W)H ]

) B VYT _

80 yywut
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> Sensitive to the precise knowledge of the centre-of-mass energy (1/s) Mrecoil i M, ccoil -;i @ -
f 60 W V)WTHW)

and Initial State Radiation (ISR) e -

72 S H -

» WW, ZZ and dilepton backgrounds @ 240 GeV i

> So far, focus on the Z — u*u~ channel 20 B
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Signal, Background Monte-Carlo simulation, Event Selection
» Monte-Carlo simulation:
e /s =240 GeV
e Luminosity: L = 5ab™?!
* Initial State Radiation (ISR) and Final State Radiation (FSR) on
« Beam Energy Spread (BES) set to 0.165%= + 198MeV (from CDR)

FCC-ee Simulation (Delphes) FCC-ee Slmulatlon (Delphes)

« IDEA detector; detector response modelled with Delphes 3 SRR AR AR AN RS AL A AR AR AR
© Vs =240.0 GeV Z(eeHH 7 . Vs =240.0 GeV Z(e'e")H
g 4 =5ab’ — Z(tt" = =5ab’ — Z(vth)H
. S e wwex sl ] wheeezHewwex
» Signals: » Backgrounds: £ 100 ;Z(u'u*)H = F s ;Z(;m*)H
3 . Tt 3 i Yyt
1. Z(utu™)H, (Whizard) 1. Zz(inclusive), (Pythia) | -ﬁ;’w 1 B | _LLMZM//
2. Z(t*17)H, (Whizard) 2. WruhHW-(u), (Pythia) i3 —y L
3. Z(qq)H, (Whizard) 3. Z - I*l, (Pythia) 2 g : i \W
4. VeVeH, (Whizard) 4. 7 - qg, (Pythia) "'*W* rwwr-ﬂ“w ,
5. ete™H (Whizard) 5. eeZ, (Whizard) iy oy J. i uhuﬁ |||
6. yy = utu~/ttt™ (Whizard)  FL "‘ \ '2 r ’I[ “ lr r
- 80 100 120 40— 10 08 06 04 02 02 0.4 06 os 1
pi™ [GeV]
> Event'SEIECtion: After Pre-Selection: L
. 1. At least one Z boson froma u™ ™ pair
1. At least one Z boson from a u*u~ pair 2. mys,- € [80,100] GeV
2. my,+,- €[86,96] GeV —> focus on Z resonance space
3. Myecoil € [120,140] GeV —> Signal exhibits sharp peak around ~ 125 GeV,
+,— +,—
4. ph " €[20,70] GeV > Signal mainly within this region, Low pf. “ cuts back-to-back events (Z/y* — 1)
5. |cos@ < 0.98 — Polar angle of missing momentum, reduce rocesses. ISR emitted approximatel
mlssmg

collinear with the incoming beams escapes detection in the beam pipe
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Double-sided crystal-ball fit v.s. customized p.d.f.

Double-sided crystal-ball fit vs. customized p.d.f. Double sided Crystal-Ball function:

(12)"™ exp (522) (124 — Jau| = Z2) ™, for 2 < —ay,
DCB pdf with dat: i ar| ] I3 i
. CB pd da alpha_L = 2.02 +- 0.1 2CBG pdf with da aalphaL: 31417 fs(x;0) = {exP(—%(z—;‘f)Z), for —ap, < ¥4 < ap
> C " alpha_R = 0.951 +/-0.019 > C " alphaR =-0.1497 +/- 0.017 . (22" exp (1982) (2 — |ag] 4 Z28) TR for ZE > ap
1000 — \ — \ lar] 2 Tacr] ) = 5
8 P Sovimum mean = 125.1194 +/- 0.0057 8 PO soimum mean = 125.087 +/- 0.012 GaUSS|an Core . o ’ ’
= [ olosa nl=69+-19 e mean2 = 125.398 +- 0.084 . .
S A= 120040027 S ol oo | | nLs 13432 Power law tail on right and left
; —Im‘- nsig = 18188 +/- 135 ; _. n_R= 3.69 +- 0.66 5 —— T
< sigma = 0.4535 +/- 0.0056 < C . nsig = 18188 +/- 134 & 10°: o PR
o [ = E = Gaussian distribution
S goo|mumu D goo|mumu | sigfract = 0.465 +/- 0.020 g E
w — Data w — Data \ sigfrac2 = 0.401 +- 0.027 2 S
-~ Sig.OnlyFit | | ~Sig.OnlyFit | * | sigma = 0.413 +/- 0.010 S
400 \ 400= \ sigma2 = 0.831 +/- 0.099 S ——
. . E= Hig
- Double-Sided Crystal - Customized p.d.f. F
200— . 200|— . Q
- _ '-x.\\BaII function - | '-.\3CBG function o i povarlaw
- / - / E power law
o 8 R P EP A EP o e S I I S S T e e o S I E ~(cm)
[ PO, i) C
Pl Pl o
8"”4 SUJA PR VRN SR S PRI s PRI WU A
2 2 540 560 580 600 620 640 660 680
°F of m,, [GeV]
-2 -2
-4 -4
6 -6
8 -8 1
b b Crystal-Ball function:

_~\2
exp(~ 220,

f(m;a,n,:Tc,a')zN- 2_
( _E)*n

Customized p.d.f. 2CBG: Gaussian Core
 Two crystal-ball functions (left and right), sharing mean and width Power law tail on right or left

* Added Gaussian to cope with the high tails

;)

fCryslal gan(X)
=}
=)
a

* Gaussian suppressed in norm (sigfracl + sigfrac2 > 0.8)

* Intotal 9 “free” parameters which are fitted to the data

* pdf (Myecoir) = stgfracl - CB(Myecoi; b 0, @1, )
+sigfrac2 - CB(Myecoir; s 0, AR, NR)

III|IIII|IIIITIIII|IIII|IIII

+(1 = sigfracl — sigfrac2) - Gauss(Myecoir; 12,02)
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Background modelling

_so0FCCee intemal  BKGS, Vs = 240 GeV., 5 ab™’
S F bern0 = 0.843 = 0.050
S *F bern1 = 0.903 = 0.032
Statistical treatment of backgrounds: 3400 bern2 = 0.661 = 0.023
c - bkg_norm = 36333 = 191
> All backgrounds are merged S350 =
» Smoothly falling background modelled as third-order polynomial fit 300
» Polynomial coefficients constant are fitted to the data (keep total = l } +
normalization floating) 200 '$ ) I i + 18] * + H
il e Terrec S L TT et S5 Tal (1 Ll J f I
> Sufficient statistics for all backgrounds T e e e h
SRR f } | e e 3 I
150 *H | } } A
100;— *
Backgrounds: oF
0
1. ZZ(inclusive), (Pythia) s 5
o
2. W+(Vli+)W_(17#_), (Pythia) 0 A S AR IR S DR R A “
. : 5B 4
3. Z - 1717, (Pythia) NIRRT TR P PR L TR TR 136 138 140
4. 7 QC_[, (Pythia) Recoil mass (GeV)
5. eeZ, (Whizard)
6. yy - utu~/t 1t (Whizard)
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Statistical Analysis

Statistical analysis performed using Combine (CMS statistical framework)

O Signal and background analytical shapes are fitted to pseudo-data Asimov dataset

» Injected 125.0 GeV signal with cross-section of ~ 0.00677 pb
» Free parameters: signal, background normalizations and my

O Likelihood scans to extract cross-section and Higgs mass with robust uncertainties

O First, without accounting for experimental uncertainties = statistical-only result

,FCCee simuiation _Is=240GeV, 5ab”

FCCee simuiation . Vs = 240 GeV, 5 ab™

-2ANLL

1.8\ | — Stat. only 0=1.00000 = 0.01073 A Stat. only m =125.000 GeV = 6.70 MeV

1.6; ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ----------------------- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 1 .6;_ ............................. .................................... ..................................... .................................. S tat-only uncertainties:
1.4: N\ P e A 1.45_ .............................. ..................................... ................................... > CrOSS'SeCtion: ~ 107%
» Higgs mass: 6.7 MeV

1.2 :_ ......................... L ........................ .......................

s

08 :_ ......................... b ....................... ........................ 08

0.6 :_‘ \ ......................... Gereeeen , ...................... . ........................ 0.6

Z(u u")H only,

04N e VA S 04 N e will combine with other final states

02 __ ........................ ....................... R ........................ ........................ 02

o Z1.01 /1-015 184799 124.995 125 125.005 125.01
0( ’ %MM) 0ref mh (GeV) 7

:I I 111 | | 11 11 | I
09985 0.99 0.995 1 1.005
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Systematic uncertainties

Study of systematic uncertainties to assess the impact on the Higgs mass and cross-section measurement

» Uncertainties directly affect the recoil distribution shape and normalization FCCee s &~ 240 Go

» Can be constrained with data, depending on source of uncertainty EW —— Whizard (nominal BES)

> Considered uncertainties: BES, ISR, FSR, centre-of-mass, 5,0sf —— Ynizaro (855 6% Down
muon momentum scale Eoool A 1

o] I

1) Beam energy spread uncertainty: 00sf ﬂJ lli ]
(nominal BES @ 120 GeV per beam: + 0.165% = + 0.198 MeV [Table S.1 of the CDR]) 0-022 I \k

1. Determination of BES by bunch length measurement up to 0.3 mm accuracy = 6% BES oot / x\\ ]
uncertainty oJ R

2. Data-driven BES constraining possible ee = ff(y) = 1% BES uncertainty ;: B :ﬁm : ':,:' : \ . ||
0 Generated additional signal samples @ 125.0 GeV with: 0836153 134 126 1% 130 132 T8 188 188 140

i. 6% BES variation: 2-3% shape effect observed at mass peak Mo (GY)

ii. 1% BES variation: negligible variation ~ within statistical uncertainty

—— mumuH weighted
mumuH unweighted

2) Initial State Radiation: ISR has impact on shape and normalization

O Recently revisited
O ISR treatment in Whizard using structure function approach + ad-hoc photon pr spectrum —
QO Benchmark Whizard and KKMC usingete™ — u*u~ ISR samples } e
0 KKMC being the state-of-the-art for ISR treatment, reweight the Whizard samples to KKMC
with the pr spectrum and take the difference as the systematic uncertainty M .
rec01l

lllllllll
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https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/parameters_CDR_table.pdf

Systematic uncertainties

3) Centre-of-mass uncertainty: + 2 MeV
O /S parameter in the recoil mass definition = uncertainty induces ~ linear shift in the recoil
mass distribution
O Precision estimated to be 2 MeV at 240 GeV using radiative return events Z — Il or Z - qq

4) Muon momentum scale: relative scale uncertainty variation of 107>
O Directly affects my+,~-, hence shift in recoil mass
O Statistical potential to measure muon scale ~ 10~°, but conservatively use 10~

expected level of the magnetic field monitoring)

5 (the

5) Final State Radiation: FSR has impact on shape and normalization
0 Generated additional sample without FSR
Too drastic = unrealistic estimation of FSR uncertainty!
O To do: Benchmarklng against Sherpa to obtain more realistic uncertainties for FSR treatment

ee_mumuH_noFSR
—— ee_mumuH
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"\ | —— Stat.+FSR 0=1.00000 = 0.01578
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Systematic uncertainties

Systematic variations included in likelihood as Gaussian constraint termsz .,

O Inclusion of all systematics (besides FSR): Amy ~ 7.2 MeV and Ao ~ 1.10 %

O Breakdown of uncertainties: vary systematics one by one, extract aszyst_ =0/

O muon scale / /s accounts for ~ 2 MeV on Amy
O Impact on cross-section limited

ISR (pT rewei.)

BES 1%

Vs + 2 MeV

Muon scale (~10”)

Syst. combined
(BES 1%)
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FCCee simuation Vs =240 GeV, 5 ab™

——
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Higgs Mass (MeV)
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FCCee simulation

s =240 GeV, 5 ab™

T T T T | T T T T | T T T T | T T T T
ISR (pT rewei.) —_—
BES 1% —

{s =2 MeV :
Muon scale (~10) '
Syst. combined
(BES 1%) :

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

) -1 0 1 2

osyst_(o(ZH, Zeuu)/oref) (%)
Cross section (%)
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—— Stat.+Syst. 0=1.00000 = 0.01100

=

/

\

/

\
\

/
/

\

\

/

FCCee simuiation
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Detector configurations

Different detector configuration studied:
1. Magnetic field increased from 2T to 3T

2. FullSilicon tracker instead of drift chamber ( a la CLD)

FCCee simulation

(s=240GeV,5ab”

-2ANLL

1.6

A [/

[\ —— IDEA m,=125.000 GeV = 6.70 MeV
+| ——— IDEA FullSilicon m,=125.000 GeV = 9.01 MeV
—— IDEA 3T m,=125.000 GeV = 5.78 MeV

Ang LI--APC-Paris
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125.005 125.01
m, (GeV)

-2ANLL

F

- expected better momentum resolution

—> degraded resolution due to enhanced multiple scattering,

especially at low pr and in the range relevant for this analysis

CCee simuiation

Stat-only results

(s=240GeV,5ab™

i0EA |y (VeV) |80 09

Nominal 6.7 1.07
FullSilicon 9.0 1.12
3T 5.8 1.06

0.8

0.6

0.4

0.2

2T->3T
¢ significant effect on my
*¢* small effect on x-section

25

5 099 0.995 1 1.005 1.01

1.015

o(ZH, Z=w)/o
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M, ccoi1 IN Delphes and in Full Simulation

uuuuu

ZZ AllMuons FullSili. Delphes

M, ecoil in Delphes and in Full Simulation

ZZ AliMuons FullSili. FullSim.

I

i

Myecoil in full simulation has slightly lower resolution
The Difference between Delphes and Full Simulation is
acceptable considering the simplified description

O Delphes: simplified detector card wE- B .
. . . - Before Isolation

O Full Simulation: performed by GEANT, more precise, Pandora e -

reconstruction F e
O Analysis code developed over Delphes could be reused over } ; | I | ! ;

the FullSim samples E }w H M.3..'”'WN""‘WmWﬂﬂW+;H**tﬂM&wﬁmﬂwW ﬂ+MWWW WW#J :;Eg$+++++++‘H—H—+—++H4++H++H+++++H+++++++++ ﬁﬁH
| : e
Q

e 3
u 5 cov)
Muons FuliSili. Delphes

———— ZZIsoMuons FullSili. FullSim.

After Isolation
Fake Muon and muon isolation
L Fake muons are at low pr, and are suppressed with an
isolation criteria
L Delphes does not produce fake muons but it is not a problem
for this analysis USSR -

J”}|MH|HWW;w.o..“...,,,muw»ww,M#Qwﬂmﬁtm +*+*+**+*++**+H+*****+{*+*wﬂﬁwjﬁ%|uwMWHMMH : +++++H++ﬂ++ bbbt L. 4t 1 +JF # JA’H»H»

headr
288 .8 i @ owo
.WM“WWM TTT

zzzzz
ooooo

Crossing Angle
O Head-on: not accounting for beams crossing angle
O Generated 15 mrad (ref.) crossing angle and 1% up and down

Crossing angle:
Nomianl v.s. 1% up

sample, and boosted them back to head-on reference | !
O This analysis does not require the crossing angle to be known - hMW||HHWWWM.ﬁ.,wmmﬂWWwwHﬂ+++H++H+++H%+%+*H+H+Hﬁﬂﬁﬁ|H|H+H++W%Hﬂﬂ|ﬁ|H!HWH
very precisely S
Mrecoil Mrecoil
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https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md

Summary and outlook

*Summary:
dOptimized event selection to reject main backgrounds
Signal modelling with customized PDF
Statistical analysis yields Higgs mass uncertainty 6.7 MeV, cross-section 1.07 % (stat-only)
Winclusion of systematic uncertainties results into 7.2 MeV / 1.10% respectively
[ Difference between Delphes and Full Simulation is acceptable considering the simplified description
This analysis does not require the crossing angle to be known very precisely
Uincreasing detector magnetic field from 2T to 3T has significant effect on my but small effect on cross-section

*¢*Outlook:

dDocumentation of all studies + paper
OFSR uncertainty

QInclusion of electron channel
Systematics due to the background shape
L Categorisation of the events
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* full silicon tracker
* 2T magnetic field
* high granular silicon-tungsten ECAL
® high granular scintillator-steel HCAL

CLD

Detectors under study

IDEA

CalRin = 250 cm

CalRout= 450 cm

Yoke 100 cm

Magnet z =+ 300 cm
* conceptually extended from the CLIC detector design * explicitly designed for FCC-ee/CepC

* silicon vertex

* low Xp drift chamber

® drift-chamber silicon wrapper

* MPGD/magnet coil/lead preshower

* instrumented steel-yoke with RPC for muon detection ® dual-readout calorimeter: lead-scintillating/

Ang LI--APC-Paris

07/02/2021

cerenkhov fibers
* uRwell for muon detection

| Detector height 1100 cm
2
=
;
g
8
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Evaluation of M,...,;; distribution

500

FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes)
> _III|III|III|III|III|III|III|III|III|III_ > 2000r|'|||III|III|III|III|III|III|III|III|II1: > _|||||||||||||||||||||||||||||||||||||||_
& - — sum ZH wzp6 & - — sum ZH wzp6 S - — sum ZH wzp6

S [ L=5ab’ yywwt S - L=5ab’ yvwet A o [ L=5ab’ yvwwt

?@ L ete = ZH - uu +X eeZ ] E 1600~ e*e” = ZH — u'u + X eeZ - E, 1200k ete = ZH — utu + X eeZ E

E) 25001~ ;16 I Z_: @ § C Sel.22 i Z—:_qﬁ i § Sel.23 i Z_: a A
3 - W Eu)W () o 1400 W )W) o W Tu)W @)

= A . C A ] 1000 A 7]

2000 mzZZ ,, 1200  ZZ . i zz -

- St [ ¥ 1000 - B

1500 C ] i

1000 — - ]

| ] —

g ] ]

‘P20 122 124 126 128 130 132 134 136 138 140 20 122 124 126 128 130 132 134 136 138 140 ‘PZO 122 124 126 128 130 132 134 136 138 140
Mrecoil [GeV] IVlrecoil [GeV] I\/Irecoil [GeV]
APC-0-Selection: APC-1-Selection: APC-2-Selection:
1. Atleast one Z boson from 1. Atleast one Z boson from 1. Atleast one Z boson from a
apu pair autu" pair utu~ pair
2. my+,- € 86,96] GeV 2. my+,- €[86,96] GeV 2. my+,- €[86,96] GeV
3. Mpecoil € [120,140] GeV 3. Myecoil € [120,140] GeV 3. Myecoil € [120,140] GeV
— + —
a. p** €[20,70] Gev 4. p“* €[20,70] Gev
5 |cos Gmissing| < 0.98
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n(Gev)

125.3

125.25

125.2

125.15

125.1

125.05

125

124.95

124.9

124.8 124.85 124.9 124.95 125 125.05 125.1 125.15 125.2

Ang LI--

model and parameter settings
How does the signal shape change as function of (true) Higgs mass mH?

Generated extra samples around 125 GeV: 124.9, 124 .95, 125.05, 125.1 GeV

Found only significant dependency on the mean (both CB and Gauss) and yields

- Dependency as function of mH described using Spline

Other parameters set as constant (best-fit parameters @ 125.0 GeV, see backup for all fits)

fCCee Internal ZH, Vs =240 GeV, 5 ab =

CB mean

o, IS V)

|IIIIII|IIII||IIIIIIII|III||II!I|

Ill

IIIII

—][I!IllllIllllllllllllllllllIIlIIlIlI
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125.6

125.55

125.5

125.45

125.4

125.35

124.8

FCCee internal

ZH, Vs =240 GeV, 5ab ™" FCCee internal

Gauss mean

Events

Event yield

IllllIllll]lIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIII

IlIllIlI]IIIlIII[lI

|III|IIIIIIIlIII|III|lII|IIII|II|II

][IIIllII _Illllllll

_H\Jh

IIIIIIIIIIIIIIII]]II

-
N
.
R

912495 125 125.05 125.1 125.15 125.2

124.8 124.85 124.9 124.95 125 125.05 125.1 125.15 125.2

ZH, Vs =240 GeV, 5ab '
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FCCee internal ZH, Vs =240 GeV, 5ab™’
> L
§400— mean_125p00_BESUp = 125. +0.001
q E sig_125p00_BESUp_norm = 17 132
<J200 L sigma_125p00_BESUp = 0.4121 + 0.l
s [
1000 —
800/ 1 2 5 . 0 Gev
600/
400—
200
c; -
3
[« %
120 122 124 126 128 130 132 134 136 138 140
Recoil mass (GeV)
FCCee internal ZH, Vs =240 GeV,5ab ™"
> L
400 alpha_1_124p90 = -0.14364 + 0.
q E cb_1_124p90 = 0.456 + 0.012
200 :_ cb_2_124p90 = 0.4110 + 0.0082
§ F mean_124p90 = 124.9871 + 0.
000 — mean_gt_124p90 = 125.314 = 0.
C sig_124p90_norm = 17449 + 132
800 o
600/
: 125.90 GeV
400 —
200/
3
[« %

120 122 124 126

Ang LI--APC-Paris

128 130 132 134 136 138 140
Recoil mass (GeV)
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Pull

Pull

Events /0.2 GeV

FCCee internal

Signal fits with 2CBG

ZH, Vs = 240 GeV, 5 ab ™"

400~ mean_125p00_BESDown = 125.0870
- sig_125p00_BESDown_norm = 1?40

200— sigma_125p00_BESDown = 0.4083 + 0.0
000 E—
80| 1 2 5 . 0 G ev
e BES Down
400~
20

0 .

5

0 > ‘

5

120 122 124 126

FCCee internal

+0.
1
0.
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Decomposition of 2CBG
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FCC-ee Simulation (Delphes)
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pZ7 mumuH reweighting

After Reweigthing

FCC-ee Simulation (Delphes) = —— mumuH weighted
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2% mumuH reweighting, mH Combine fit
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