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Leptonic recoil mass study

@ECM = 250 GeV, 350 GeV, and 500 GeV

Goal:
precise model-independent measurement of

absolute Higgs cross section and recoil mass

Higgs recoil against di—lepn".‘én system

.\[{ = (p(.."\f - (p;l' _+_p;t ))

-—

* O,y isa "must—have” for measurement of
total Higgs width & couplings

» study impact of ECM and polarization

« By this time, measurement precision has been shown to (at
least) meet the expectations in ILC physics documents

* |eptonic recoil has been demonstrated to be model independent

ILC sample used in analysis

e+te>Zh->uph 125 GeV 250 GeV 250 fb-1 P(e-,e+) = Full ILD
e+e>Zh->eeh 350 GeV 333 fb-1 (-0.8,+0.3) (ILD_01_v05 DBD ver.)
500 GeV 500 fb-1 (+0.8,-0.3)

LCWS2015, J.Yan




Data Selection Method

Signal sighature

a pair of isolated energetic leptons (i / e) with

invariant mass (M. ) close to Z mass

nv
2
M% = (Pom — (pu+ +pu-))
Recoil mass

Dominant backgrounds Signhatures

e ete-22Z2~> I+I-X: forward Z production angle
e ete-2yZovyl+l-: energetic ISRy which balance dilepton pt
* ete-2>WW= l+l-vv: broadM, , M, __distr.

inv ?

» data selection is based on characteristics of signal / BG
e afinal recoil mass window + TMVA cut at the end

LCWS2015, J.Yan




Progress since the ALCW 2015 (@KEK)

Features of This Time

Last Time

* Analysis for the Zmm channel @
250, 350 GeV

* Began first steps in minimizing
Higgs decay mode dependence

Layout of this Talk

€ Evaluate analysis performance
€9 Comparison between different
ECM and polarization

€9 Demonstration of Higgs decay
mode independence

¥ Summary & Plans

precision evaluation of leptonic recoil for

all ECM’s in ILC running plan

12 scenarios

3 x ECM : 250, 350, 500 GeV
2 x lepton channels : Zmm, Zee
2 x polarizations: (-0.8,+0.3) (+0.8,-0.3)

For the first time, demonstrated model
independence

Mass measurement using H=>bb mode

LCWS2015, J.Yan




PART |

The Expected Precision of
ZH cross section and Higgs Mass



Lepton Pair Candidate Selection
opposite +/— 1 charge
e E cluster / P total: <05 (u) />0.9(e)
isolation (small cone energy)
Minv closest to Z mass
X 2 minimization based on Minv and Mrecoil
|D0/8DO| < 5
FSR and bremsstrahlung recovery

Final Selection
e 73< GeV<M_inv< 120 GeV

10 GeV < pt_dl < 140 GeV
P P_+P

t,sum t,dl

>6 GeV

| cos(@_missing)| < 0.98

|cos(0_2)| <0.9
100 GeV < Mrecoil < 200 GeV

TMVA cut

Example of
ECM=350 GeV,

Data selections designed to guarantee
Higgs decay mode independence

Optimized in terms of signal significance and
xsec measurement precision

definition

* M_inv :invariant mass of 2 muons

pt_dl : pt of reconstructed lepton pair

* pt,y: ptof most energetic photon

* B _missing = polar angle of undetected particles
* 0 _Z =Zproduction angle

o Effective for cutting 1 1t / ee BG

 Use info of most energetic photon
(pt_7 , cone energy)

«  “protection limits” have been placed
to minimize bias on signal

015, ) Similar methods applied to all ECM and polarizatiops
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Efficiencies after each selection step
250 GeV Zmm (-0.8,+0.3)

O G X u -"1"“;'*"1“'-“':.:-_#
110 120 130 140 150
/ ignificance 22 Recoil Mass / GeV

Process signal signal
e ef ppX | efficiency | significance 2f 1 4f 1 4f sl total BG
expected 2603 | 100% 0.42 9.54x10° | 3.15%10° | 4.98%10° | 1.98x107
Lepton ID+PreCuts | 2395 | 92.01% |  9.57 20513 | 31839 7945 60297
M, €[73, 120] GeV | 2340 | 89.90% 10.86 15950 20930 7211 44001
P:q €[10, 70] GeV | 2335 | 89.70% 11.17 15428 19648 6245 41322
P; sum< 10 GeV 2333 | 89.63% 12.86 4739 19594 6238 30570
|cOSOmiss|< 0.98 2333 | 89.63% 12.95 4391 19511 6238 30139
|cosfq|< 0.90 2165 | 83.17% 13.23 2764 16781 5040 24585
TMVA 2060 | 79.14% |  15.57 2145 | 8844 4450 15439
M, €[110, 155] GeV | 2057 | 79.02% | 19.61 1966 | 2500 4450 8947
E.is > 10 GeV 2046 | 78.60% 22.00 1629 2011 2961 6602




200 - ' U aiomal
Data Selection Performance I signal i
Major residual BG [ 2f_z_| i
Zee 150 af zz_sl
. i af zz | i
(1) 2f z leptonic (bhabha) - i| thetBG 1
(>44% @ ECM=250 GeV) 100 F ' II | m N
(2) 4f 77 semileptonic " | | K m Z
J i
(>31% @ ECM=250 GeV) 5 &fj lﬂl h‘” m'l | ||P| N | i
: lm | ) H
. . g “”““l ““"*H“““* *'a‘, il l4||
Efficiencies after each selection step jl' H u,ﬂw- i
250 GeV Zee (-0.8,+0.3 Q ———— :
(-0.8,+0.3) 10 120 130 140 150
gnificance 19.3 Recoil Mass / GeV
Process signal signal
er en eeX | efficiency | significance 2f 1 4f 1 4f sl total BG
expected 2729 |  100% 0.44 | 9.54x10°% | 3.15x106 | 4.98x10°% | 1.98x107 |
Lepton ID+PreCuts | 2374 | 86.99% 5.19 145980 45854 15016 207079
M, €[73, 120] GeV | 2306 | 84.50% 6.69 80302 25728 10314 116499
P, 4 €[10, 70] GeV | 2300 | 84.28% 6.78 79066 24425 9289 112933
Pi sum< 6 GeV 2299 | 84.24% 8.47 37890 24142 9259 71445
|coSOmiss| < 0.98 2299 | 84.24% 894 | 30526 23884 9232 63796
|cosf 4|< 0.90 2127 | 77.94% 9.53 20513 20000 7022 47677
TMVA 1673 | 61.30% 15.59 3138 4108 2574 9833
M. €[110, 155] GeV | 1670 | 61.19% 18.23 3098 1033 2574 6718
Eyis > 10 GeV 1664 | 60.97% 1931 2767 934 2043 5758
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———] 250 GeV: recoil mass histogram after

Sig+BG ] data selection
BG ]

Signal
S Z->ee channel

Pol: (- 0.8, +0.3)
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Fitting of recoil Signal : Kernel function BG : 34 or 4th order polynomial

mass spectrum
P sanas —r—r—r—— — >
[ j Q)
o 200 N - g
g Recodata - =
< [ fitting ] LU
100 [ = -
- ] 50 Reco data ]
1 [ fitting
() St e 0'....1....1....1....1..
110 120 130 140 150 110 120 130 140 150
Recoil Mass [GeV] Recoil Mass [GeV]

Toy MC study

goal:
evaluate precision of xsec and recoil mass

method:

« generate MC events with 1000 x statistics
according to fitted result of “real” data

Entries /0.5 GeV

* fit Toy events with same function :

Kernel + polynomial

0 [ 2z a2 2 1 o o . a1y
: : : 110 120 130 140 150
- get signal vield, mass shift, and errors Recoil Mass [GeV]




Statistical error study results Z->up and Z>ee combined

ECM=250 GeV XS€C mass[MeV] mass[MeV]
Zmm left 3.14% 38 left 36
right 3.61% 42 right 40
Zee left 4.01% 350GeV  left 96
right 4.73% right
ECM=350 GeV XSec

Zmm left 3.88% 500GeV left
right 4.38% right
Zee left 5.13%
right 6.09% A5 EITOL

* 350GeV i by 25% w.r.t. 250 GeV
ECM=500GeV Xsec Zee eV 15 WOrse oy oW ©
. . ee is worse by 30% w.r.t. Zmm
Zmm left 6.23% * right hand pol is worse by ~ 15 % w.r.t. left
right 7.51% hand pol

Zee left 6.96%
right 7.53% Mass: 350 GeV is 2-3 times worse w.r.t. 250 GeV

250 fb 1 @250 Qe ™ =12 GeV Eompa;ed&v(i)t(t; T\I/DR (e)|<ttr§1polated o (Assu)med luminosities
rom mH= eV results TDR
Acog/og = 2.6% . ECM=250 GeV, 250 fb-1
A — M NOTE!) methods are different + ECM=350 GeV, 333 fb-1
My 30 MeV TDR uses uncertainty on ratio of « ECM=500 GeV, 500 fb-1

BR(invisible) < 1% @ 95% C.L. | SliEImaaifelubiiilyle

scaled from mH=120 GeV

12




Combined Higgs visible and invisible decay results

ECM XS€ec precision

250 GeV 2 62%
2.93% contribution from invisible
350 GeV 3.33% decay is very small
3.73%
000 GeV 5.22%
9.9%9%

Invisible decay results

Assumed luminosities (TDR)
ECM=250 GeV, 250 fb-1
ECM=350 GeV, 333 fb-1
ECM=500 GeV, 500 fb-1

From Junping-san’s talk
at ALCW2015



Precision scaled to ECM=250GeV Xsec_err  Mass_err [MeV]

the H20 scenario (2 ab-1) left 1.13% 15
right 2.18% 30

After the full H20 run: combined 1.00% 13
oZH error 0.89%, ECM=350GeV Xsec mass
MH error : 13 MeV (0.2 ab-1) left 5.23% 151
right 10.15% 299

Compared with arXiv:1506.07830v1 (by

4.65 135
ILC Parameter Joint Working Group , based &
on TDR studies) (Jun 25, 2015) ECM=500GeV Xsec mass

AmH: 15 MeV (4 ab—1) left 2.92% 275

Ac/o : sub - % level

combined

right 3.12% 316
(combined with hadronic recoil) g.
combined 2.13% 207
Lumi VL [ ZLdi All channels Xsec mass
[GeV] | [fb '] (full H20 run) 0.89%
Physics run 500 500 Integrated Luminosities [fb]
) " < 15 M) —_— L S S SO S S S T
Physics run “‘_‘“ il o ..-2‘4000 L ILC, Scenario H-20
Physics run 250 SO0 * [ — ECM=250GeV /
. n = ECM =500 GeV
Physics run | 500 3500 Run long time at 250, 500 GeV, "8’ - . /
. | ©
Physicsrun | 250 | 1500 short at 350 GeV ‘€ 2000 4 /
‘ = I =]
polarization fraction with sgn(P(e™),P(e™)) = © 2 /
(-+) (+,-) (-7) (+,4) % 1000 - §
NG [%] [%] [%] [%] > E
250 GeV 67.5 22.5 5 5 L L S ) . /
350GeV 67.5 225 5 5 € 05 5 10 15 20

500 GeV 40




More precise Higgs mass measurement
using H=>bb mode signal

Zee: b—tag

No. of Events
&)

since Higgs mass measurement does not
need to be model-independent

—t
<
N

the only major residual BG is 4f zz sl

04 06 0.8
mass error [MeV] improvement b-likelihood

125 106 15.2%
148 127 142%: Red: 2f BG Blue : signal

446 351 21.3%

489 464 9.1%
540 414 23.3%
634 961 11.5%
1190 1000 16.0%
1260 1000 20.6%

Improvement (up to ~ 25% ) mainly seen for Zee channel (2f BG is more serious for Zee)

this is equal to saving a lot of accelerator run time !

2f BG is greatly reduced, but mass precisions limited by signal statistics
still more room for optimization (??).cws2015, J.van 15
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Confirmed Necessity of FSR/
Bremsstrahlung Recovery

* brem/FSR photon is identified using
6 w.r.t. final state lepton

if cos@> 0.99, 7 four momenta
combined with dilepton momenta

Minv and Mrec before and brem/
FSR recovery is visibly different for Zee

Without FSR recovery in Zee channel:

e A 0ZH worsens by up to 65%
(ex: Zee@ECM=250 GeV: 4.0% - 6.6%)

e A mH worsens by up to 14%

Not much difference for Zmm
LCWS2
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PART II
Higgs Decay Mode Independence

* ltis crucial to not only achieve the goal precision
but also to maintain Higgs decay mode independence

For the first time, leptonic recoil analysis has
been demonstrated to be mode-independent!

* Detailed study using high statistics samples
 Extensive efforts to design data selection strategies so as to

minimize bias

Details coming up ........

LCWS2015, J.Yan
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Efforts to reduce bias

Investigated several algorithms for highest probability of correctly
pairing two leptons from prompt Z boson decay
example of improvement:
= 93.17 +/- 0.10% (zZmm, ECM=250 GeV)

* Improved brem / FSR recovery algorithm to minimize bias on H>yy
mode

* Adjust Ptsum cut (without big damage on xsec and mass precisions)
e  Optimized TMVA cut (choice of variables and tightness)

 significantly reduced muon contamination in Zee mode by carefully
re—investigating x ~2(Minv, Mrec) in the end

Details coming.up ........ o



Performance of lepton pairing

number of generated events

number of selected u (e) for ' H and e*e H channels

correct pairs Affects

J | 1 prompt and 1 non-prompt lepton selected, however with 2 prompt leptons round | HY 7Z*

2 non-prompt leptons selected, however with 2 prompt leptons found *
i H>OWW
only 1 prompt lepton found
H>tt

no prompt leptons found

Minimize a x*2 function formed 2 2
Min, — Mz Myee — My

from Minv and Mrec 2 (Miny, Myee) = ( m2 ) + ( rCCQ )

(previously only used Minv close T Mins IM,ee

to Z mass)

Also tried TMVA method with additional kinematic variables

Compare algorithms: Chi"2, TMVA, are (equally) much better than Minv only

method X 3 (iwinva Mrcc) TMVA Miny

mode | H—> WW* H— ZZ* Hamm|H->WW* H—=>Z22* H—71r | H—> WW* | H—> ZZ*

Co 100% 100% 100% 100% 100% 100% 100% 100%

C1 94.01% 94.15% 94.00% 94.01% 94.15% | 94.00% 94.01% 94.15%

C2 92.86% | 93.17% 93.70% 93.02% 93.18% | 93.72% 92.72% 92.44%

C3 0.831% 09728% 0.204% | 0.670% 0.715% | 0.188% 0.970% 1.46%

C4 0% (0.342% 0.002% 0% 0.421% | 0.002% 0% 1.13%

C5 0.315% 0.250% 0.092% 0.315% 0.250% | 0.092% 0.315% 0.250%

C6 0.002% 0.002% 0% 0.002% 0.002% 0% 0.002% 0.002%

correct ratio: impreoved from previously 92.44 +/- 0.10 %




€ “wrong lepton pairing”
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o

at least one of the leptons from Higgs decay
Minv ~ MZ might be satisfied, but Mrec is deviated from Higgs mass

llllll

1 IIIIIII

I, q

[=] ™| ‘llllll T II|IIII|

PR | u Jll Il
120 AN

Minv [GeV]

IllITll

IlIlll\TIIIlllIlll\Tl]

H> ZZ%

Chi"2(Mrec,Minv)

" Chi*2M

rec.Min¥

T

TIITII L ‘Hl‘ T 'I”| T

IITHI

o

Mrec [GeV]

Red: at least one wrong lepton
Blue: both leptons correct

Best method:
select best pair by minimizing chi”2

based on Mrec and Minv
(previously: Minv closest to Z mass)

(Miny — Mz)? | (Myee —mp)’
+

X2 (i inv iwrcc) = 5 2

0-‘1 inv Miec

o




The reason why TMVA cannot improve lepton pairing.
the lepton kinematic parameters (Minv, Mrec, P_Z, Cos) are about same between
selected “wrong pairs’ and not—selected “correct pairs”

Besides, there were : fe Hl%ZZ* mode

only a few 100 “wrong i
events’ for TMVA P_Z: Z momentum
background training CosLep: @ between leptons
CosZ: Z production angle
Blue:
prompt dilepton,

L3 ""7"'

but not selected
red:
selected “wrong pair”

L

' P.Z[GeV]

"7 CosLep  LCWS2015, J.van




Protection on Brem/FSR Recovery

* discovered a bump in lower Mrec region for H (cyan color)
hard y from Higgs dectay (“fake FSR”) are re-combined = large Minv i.e. small Mrec

if |recovered Minv—M_Z| > 10 GeV : inspect “should undo the FSR recovery ? ”

®*  criteria ¥e OR

(“temp” : tentatively remove recovered y)

‘2 C ECM=250 GeV. Z-->uu
e F T IW
Z L‘E B H-->gg
3 250 GeV, Zmm S10'E H §§\j§§"'
= 2 E— i3
: No protection C

TTIH{

protected ;-

2
>
T ||||[||
el
-
r:aal

TIHII

10 1 jq 0 =
“F , 1J' il 1 =
0 50 100 150 2 ol mass [Ged] 0 50 “100 150 200 oV,
g 1 ol Fake FSR not as serious
otk -~ protected g ) e SO - .
] ; I at higher ECM since
L r: o *-".-1?_-;; 10° = (': 500 GEV H
o g :ﬂf Higgs decay products
F i/ L i protected are more boosted
3 i E L) T
: B SN i
; ﬂ "5 IHL1é0‘ S T e a— g '1 ' LﬂsoH" "i" éo' — éo‘ — 'g(l)o' 250 23

recoil mass [GeV] recoil mass [GeV]



Significant bias reduction due to loosening Ptsum cut !!

e H->7 Y is most guilty, due to Ptsum cut
e before: “Ptsum > 10 GeV’ = loosened to “Ptsum > 6 GeV”

This modification played a major role in removing residual bias

Discrepancy in efficiency reduced by factor of > 2 for Zmm @ ECM= 250 GeV
xsec and mass precisions are not severely degraded

Ptsum cut Zmm mass err # of signal mass err # of signal
[GeV] XSec [MeV] lost [MeV] lost

3.43% 40 0 - 117 0 These are weighed
3.14% 36.8 1.35 ! 115 1.66 numbers.

3.12% 36.6 1.69 . 114 2.85 bias is much more
3.10% 36.3 3.05 ; 113 4.28 visible using high
3.10% 36.2 5.24 : 111 7.11 stat samples

3.09% 36.1 6.45 : 110 8.42

— Ptsum of Zmm ——— —— Ptsum of Zee ———T———

channel ECM=250 GeV, Z->uu i i channel ECM=250 GeV, Z->ee
B 3 3

signal

ol 1o SLIs R S
| HJ“W ' | ’WW %L

I M '%‘e( . WW

0 20 40 60 80 100 0 20 100
Pt_sum [GeV] Pt_sum [GeV]

No. of Events
=)

-
o
n

-
o
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The residual Higgs decay mode bias is very small !!

Syst error on xsec: 0 =N/L/ € : Ao/o=Ae€/¢

deviation from average efficiency (no assumption on BR)
<—> upper limit on bias

Cut Efficiency Table , example of Zmm @ 250 GeV, Pol (-0.8,+0.3)
H — XX TT WW* | ZZ*

93. 70% 93. 69% 93. 4% 93.99% | 94.01% | 93.74% | 93. 74%
chton ID+PreCuts | 92.16% | 92.11% | 91.8% | 92.36% | 92.33% | 92.21% | 92.01%

Miny €[73, 120] GeV_| 90.14% | 90.27% | 89.89% | 90.38% | 90.27% | 90.38% | 90.16%
P, 4 €[10, 70] GeV 94% | 90.08% | 89.68% | 90.18% | 90.04% | 90.16% | 89.99%

P, sum< 6 GeV 92% | 90.06% | 89.67% | 90.03% | 90.01% | 90.13% | 89.34%

|cosOmiss| < 0.98 89.92% | 90.06% | 89.67% | 90.02% | 90.01% | 90.12% | 89.32%
cosfai|< 0.90 83.24% | 83.12% | 82.89% | 83.29% | 83.35% | 83.53% | 82.76%
TMVA 79.48% | 79.20% | 78.93% | 79.36% | 79.36% | 79.49% | 78.87%

Myec €[110, 155] GeV | 78.94% | 78.67% | 78.40% | 78.82% [ 78.84% | 79.02% | 78.30%

final efficiency

similarly very small deviation for all other channels (statistical uncertainty = 0.16%)
no visible bias beyond 1 sigma

IF assume SM decay modes and BR, Max biassworstiavg eff. ~ 0.1% for Zmm, ~ 0.4% for Zee2s



We didn’ t ignore the possibility of unknown exotic decay modes !

* any exotic decay modes should resemble these wide kinematic range of SM modes

Strategy:
(1) assign 10% of “unknown mode” to one of the known SM modes

(2) fluctuate remaining SM modes by the largest BR uncertainty predicted from HL-
LHC (7-8%) (Ref: snowmass report from higgs working group, arXiv: 1310.8361)

Pushing all 10% (big ratio !) of an unknown decay mode to a certain signature is a very
pessimistic (conservative) assumption

0.43% | 0.13% 0.34¢% | 0.16%

syst error on 0ZH = maximum bias relative to avg efficiency

<~ 0.15% for Zmm < ~ 0.45% for Zee

conclusion: current systematic error is well below even the best
statistical uncertainty expected from full H20 run

Extensive efforts have been made t@.reduce systematic error to this stagell;



Two main “first-time” features : | Z>up and 2->ee combined |
(1) leptonic recoil results (0 ZH and mH) ECM Pol Xsec

for ALL scenarios of ILC run plan Gzei? left 2.62%

right 2.93%

based on full ILD detector simulation

* Precision compatible w.r.t. TDR and H20 350

e scaled to H20: GeV left 3.33%
Ao/0=0.89% AMH=13 MeV right 3.73%

500
GeV left 5.22%

(2) leptonic recoil measurement right 5 59%
demonstrated to be model independent

* extensive efforts made to suppress bias on Higgs decay modes
« Systematic error is negligible even when compared with the best A o stat (H20)

* Improve precision of mH by using H=>bb mode (~25% )
e preliminary study on hadronic recoil@ 500 GeV:

positive prospects for model independence
LCWS2015, J.Yan




Paper on Leptonic Higgs Recoil First draft completed

title : “Measurement of Higgs mass and o(e+e-=ZH) using Recoil Against

Z->|+l- at the ILC” + reference paper on study of model independence
e Currently undergoing revision Plan: submit paper by end of year (?)

Abstract

This paper presents the performance evaluation of model independent measurement of the absolute
cross section of the Higgsstrahlung process e7e~ — ZH and the Higgs mass at the ILC. Detailed study
has been carried out based on full simulation of the ILD detector as proposed in the Technical Design
Report (TDR). The absolute ZH cross section (ozx ) is indispensable for extracting the Higgs couplings
and branching ratios, which in turn provides a window into physics beyond the Standard Model. The
Higgs mass (my) precision ultimately limits the precision of these observables. The study here employs
the leptonic recoil method, in which the Higgs is produced together with a Z boson which decays into
a well measurable dilepton system. Results are shown for the individual and combined results for the
Z = ptu—, Z — eTe~ leptonic channels. In accordance with the expected schedule of operation of
the accelerator, analysis is carried out for three center of mass energies Ecpyr = 250, 350, and 500
GeV, and two beam polarizations (Pe™*, Pe™) =(-80%, +30%) and (+80%, -30%). Methods of signal
selection and background rejection are optimized to achieve the highest o7y precision. Assuming an
integrated luminosity of 250 fb~! at 250 GeV, where best detector resolution is obtainable, oz can
be determined with a precision of 2.58%, while the expected my precision is 35 MeV. These exceed the
predicted precisions in the TDR. Scaled to the luminosity assumed in the H20 scenario, the expected
precisions for ozy and mpy at Ecyr= 250 GeV are 0.8% and 13 MeV, respectively. Reasonable precisions
in ozy have also been shown for the higher Ec s which are important for the search of new physics.
Another important achievement is that the analysis methods have been designed so as to minimize
systematic errors due to bias on Higgs decay modes. The results presented are expected to serve as

a benchmark for the optimization of the ILC detector system as well as contribute to planning %f the
: LEWSZ015, J.V4h 2
ILC run scenario.



Next Steps In This Research

(1) Finalize paper on leptonic recoil paper

(2) Study systematic error due to beam spectrum

(3) Recently began systematic error check on hadronic recoil @500GeV
For now, preserved Miyamoto—san’ s exact analysis steps
http://arxiv.org/pdf/1311.2248v1 pdf

results look promising
=» to be continued
 Minimize model dependence (just as for leptonic)

* improve precision

LCWS2015, J.Yan




The results reported today owes to the immense
support (advice and active daily discussions)

from Fujii-san, Junping-san, and everyone
in the ILC Physics Working Group

Many thanks !!!
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Cut Efficiency Table ;| example shown for 250 Gev, Pol (-0.8+0.3)

Cut ©

0B): TCut

Cut 1

0BJ: TCut leptype==13

Cut 2

0B): TCut Ptd1>1088abs(Minv-01.18)<508&Mrec>10088Mrec<300

Cut 3

0B): TCut Minv>738&8M1inv<120

Cut 4

0B): TCut Ptdl>108&Ptd <70

Cut 5

0BJ: TCut (Ptsum<@| |Ptsum>6)

Cut 6

0BJ): TCut '({Evis~Ephotonmax)<15&&Ephotonmax>@&&TMath: :Abs(cosmis )>0.98)

Cut 7

08): TCut TMath::Abs(cosz) < 0.9

Cut B

0B8): TCut mvazhllxmbdt >-0.25

Cut 9

0B8): TCut Mrec>11068Mrec«=155

Cut 10

0B8): TCut Evis>10

Eff. (%) bb cc 99 tt Ww 22 aa

Cutl : 93.7 +/ 0.1 93.69 +/ 0.1 93.4 +/- 0.11 94.02 +/ 0.1 94.04 +/ 0.1 94.36 +/-0.099 93.75 +/-0.083
Cutl : 93.7 +/ 0.1 93.69 +/ 9.1 93.4 +/~ 0.11 093.99 +/ 8.1 094.01 +/ 8.1 93.74 +/ 8.1 93.74 +/-8.083
Cut2 : 92.16 +/- 0.11 92.11 +/- 0.12 91.8 +/- 0.12 92.36 +/- 0.11 92.33 +/- 0.11 92.21 +/- 0.11 92.01 +/-0.092
Cut3l : 90.14 +/- 0.12 90.27 +/~- 0.13 89.89 +/~- 0.13 90.38 +/~ 0.12 90.27 +/~- 0.12 990.38 +/~- 0.12 90.16 +/- 0.1
Cutd : 89,94 +/- 0,13 90.08 +/- 0.13 B9.68 +/- 0,13 00,18 +/- 0.12 090.04 +/- 0.12 090.16 +/- 0.12 89.99 +/- 0.1
CutS : 89.92 +/~- 0.13 90.086 +/- 8.13 89.67 +/~ 0.13 90.03 +/~ 0.12 90.01 +/~- 0.12 990.13 +/~ 0.12 89.34 +/~- 0.1
Cuth : 89,92 +/- 0.13 90.06 +/- 0.13 B89.67 +/- 0,13 00.02 +/- 8.12 00.01 +/- 0.12 990.12 +/- 0.12 89.32 +/- 0.1
Cut? : 83.24 +/- 0.15 83.12 +/~- 0.15 82.89 +/- 0.15 83.29 +/~- 0.15 B83.35 +/~- 0.15 83.53 +/- 0.15 82.76 +/~ 0.12
CutB : 79.48 +/- 0.1 79.2 +/- 0.16 78.93 +/- 0.16 79.36 +/- 0.16 79.36 +/- 0.16 79.49 +/- 0.16 78.87 +/- 0.13
Cut9 : 78.94 +/- 0.16 78.67 +/- 0.16 78.4 +/- 0.16 78.82 +/- 0.16 78.84 +/- 0.16 79.02 +/- 0.16 78.3 +/- 0.13
Cutl0: 78.94 +/- 0.1 78.67 +/- 0.16 78.4 +/- 0.16 78.55 +/- 0.16 78.82 +/- 0.16 75.95 +/- 0.16 78.3 +/- 0.13
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Cut Efficiency Table ;| example shown for 250 Gev, Pol (-0.8+0.3)

0B): TCut leptypes=11

Cut 2

0B): TCut Ptd1>10&8&abs (Minv-91.18) <508&Mrec>10088Mrec<300

Cut 3

0BJ: TCut Minv>7388Minv<120

Cut 4

0B): TCut Ptdl>108&Ptd <70

Cut S

0BJ: TCut (Ptsum<@| |Ptsum>6)

Cut 6

0BJ): TCut '{(Evis-Ephotonmax) <40&&Ephotonmax>B&&TMath: :Abs(cosmis)>0.98)

Cut 7

0B): TCut TMath::Abs(cosz) < 0.9

Cut B8

0BJ): TCut mvazhllxebdt > 0.02

Cut 9

0BJ: TCut Mrec>11068Mrec<=155

Cut 10

0B): TCut Evis>10

Eff. (%) bb cc Qg tt ww 22 aa

Cut@ 89.12 +/- 0.13 88.92 +/~ 0.13 88.51 +/- 0.13 89.5 4/~ 0.13 89.87 +/- 0.12 90.15 +/- 0.12 89.83 +/-0.089
Cutl 89.12 +/- 0.13 88.92 +/- 0.13 88.51 +/- 0.13 89.49 +/- 0.13 89.84 +/- 0.12 89.06 +/- 0.13 89.83 +/-0.089
Cut2 86.96 +/- 0.14 86.86 +/- 0.14 86.33 +/- 0.14 86.97 +/- 0.14 87.36 +/- 0.14 86.69 +/- 0.14 85.98 +/- 0.1
Cut3 85.19 +/- 0.14 84.97 +/~ 0.15 84.42 +/- 0.15 B4.63 +/- 0.14 B4.74 +/- 0.14 84.58 +/~ 0.14 83.87 +/- 0.1
Cutg : 84.96 +/- 0.15 84.76 +/- 0.15 84.24 +/- 0.15 84.42 +/- 0.15 84.47 +/- 0.15 84.32 +/- 0.15 83.65 +/- 0.1
Cuts : 84.94 +/- 0.15 84.75 +/- 0.15 84.22 +/- 0.15 84.23 +/- 0.15 84.43 +/- 0.15 84.28 +/- 0.15 B83.01 +/- 0.11
Cutb 84.94 +/- 8.15 84.75 +/- 8.15 84.22 +/- 0.15 84.12 +/- 0.15 84.41 +/- 8.15 84.14 +/- 8.15 82.78 +/- 0.11
Cut? 78.59 +/- 0.16 78.47 +/- 0.16 77.84 +/- 8.16 77.97 +/- 0.16 78.06 +/- 0.16 78.85 +/- 0.16 76.66 +/- 0.11
CutB 62.08 +/- 0.17 61.9 +/- 0.17 £1.53 +/- 0.17 61.4 +/- 0.17 61.15 +/- 0.17 61.4 +/- 0.17 60.31 +/- 0.12
Cut9 61.83 +/- 0.17 61.7 +/- 0.17 61.29 +/- 0.17 61.14 +/- 8.17 60.91 +/- 0.17 61.16 +/- 8.17 60.06 +/- 0.12
Cutl® 61.83 +/- 0.17 61.7 +/- 0.17 61.29 +/- 0.17 60.92 +/- 0.17 60.89 +/- 0.17 58.85 +/- 0.16 60.06 +/- 0.12
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Q

Necessity of FSR/Brem recovery

—h
Q
n

* bremsstrahlung/FSR photon is identified
using B w.rt. final state lepton
if cos@> 0.99, 7 four momenta combined
with dilepton momenta

No. of Events

—h
Q
w

-
Q
EN

100 150
invariant mass [GeV]

Minv and Mrec before and brem/FSR
recovery is visibly different for Zee

No. of Events

Without FSR recovery in Zee channel:
e 0ZH worsens by up to 65%

* mH worsens by up to 14%

Not much difference for Zmm
120 140 160

recoil mass [GeV]
with FSR Rec no FSR Rec diff with FSR Rec no FSR Rec

Xsec_err Xsec_err mass_err [MeV]

3.14% 3.26% 3.85% 38 37.1
3.61% 3.71% 2.78% 42 40.6
64.90%
99.49%



