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Trilinear Higgs self-coupling

> Higgs properties can be measured precisely at ILC (my, ", etc.)
missing: Higgs potential, which represents test of EWSB and mass

generation

Higgs potential after spontaneous sym-
metry breaking for physical Higgs field:

This costs too much
energy! | think Il
hang out down there.

1 1«
VMM=§m#ﬁ+AmZ+ZMZ

»

/O energy

Gr: Fermi constant
nu: physical Higgs field
v: vacuum expectation value

“vacuum expectation value”

http://wwv.quantumdiaries.org

» trilinear A and quartic X Higgs couplings are defined as:
2
. m
A=X=dsy=-2
SM 2,2

» verify the shape of Higgs potential — measure three terms
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Double Higgs production processes

» Higgs-strahlung: dominant % me125Gev [Lai=2ab’
o
around +/s = 500 GeV 2 E Ple+.e)=(0.3,0.8): — Higgs-strahlung (ZHH) s
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» irreducible Feynman diagrams which do not concern Higgs self-coupling
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» Interference between Higgs self-coupling and irreducible diagrams make
measurement complicated
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Analysis strategy - Decay Channels

» Measurement at /s = 500 GeV and £ =2ab ' and my= 125 GeV
Z

‘ efe” — ZHH — I7ITHH

2leptons 4jets mode (10% x 60% x 60% ~ 3.6%)

Z— 11 H—bb H—bb

ete™ — ZHH — vvHH

2neutrino 4jet mode (20% % 60% x 60% =~ 7.2%)

Z—vvy H—bb H—bb

e"e” = ZHH — qgHH
6jets mode (70% X 60% X 60% ~ 25%)
Z—5q§ H—bb H—bb

H
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DBD Status for my=120 GeV

» Measurement at /s = 500 GeV, £ =2 ab~! and P(ete™) = (0.3,-0.8)
» here: investigated Higgs mass my= 120 GeV

modes signal background significance
(tt, ZZ, ZZH, ZZZ) | excess | measurement

ZHH — |7 ITHH 3.7 4.3 1.50 1l.10

45 6.0 1.50 1.20
ZHH — vvHH 8.5 7.9 2.50 2.10
ZHH — qgHH 136 30.7 2.20 2.0

18.8 90.6 1.90 1.80

» cross-section: ”:/% =27% (> 3.50) Higgs self-coupling: % = 44%

Next steps

» perform analysis with new my = 125 GeV samples
» consider low-p1 vy — hadrons beam induced background

» different starting points for improvement
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Selection strategy for leptonic channel

@ select two isolated charged leptons consistent with My
|Maiep — M| < 40 GeV
@® remove low-pt vy — hadrons background
© force the other reconstructed particles into four jets
@ combine the four jets by choosing combination with smallest x2
2 (M) = M(H))* | (M(jjr) — M(H))?
X = 2 + 2
TH OH

require: |My — 125 GeV| < 80 GeV

© neural net analysis performed separately for signal and each background, output
classifiers are used to suppress background

divide background into four different categories:
jets-poor background (llqq)
semileptonic ttbar background (lvbbqq)
full-hadronic background (6-jets and 4-jets)
backgrounds with same final states (ZZH/ZZZ)
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New DilLeptonSelection - Isolation Requirement

old lepton selection - isolation requirement:

» cut based on energy distributions in calorimeter

new lepton selection - isolation requirement:
» neural net based (MVA)

» train neural net with samples for signal: ecHH and pHH
background: bbbb and |vbbqq

» MVA output is written to lepton collection, can be optimised in final selection

» Example of input variable: energyratio

Signal
Background

» define cone around direction of rec.
particle and sum up energy

of particles inside
this cone
0
. 2
> energyraN/
is E/(E + Econe)

» isolated lepton has small Econe, so

U/O-Hlow (S,B}: (0.0, 0.0)% /(0.0, 0.01%

0.1 0.2 03 04 05 06 0.7 0.8 0.9 1

! energyratio close to one
energyratio
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New DilLeptonSelection - Isolation Requirement

neural net output for electrons neural net output for muons
k] A Sigrfal T T T T T T ] § 22 F Signal ' | T T T T T
2 {7223 Background 3 2 2 fZ7) Background
g »b : 3
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MLP response MLP response

» lIsolatedLeptonTaggingProcessor/ZHHIl4JLeptonSelectionProcessor — J. Tian

Current Improvement

efficiency (%) | eehh | pphh bbbb evbbqgq | wvbbqq
new selection | 86.99 | 89.11 | 0.00168 0.315 0.0196
old selection 85.7 88.4 0.028 1.44 0.10

New lepton selection strategy increases signal efficiency.
Suppression of hadronic and one-lepton backgrounds is significantly improved.
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Removal of beam induced ~~ background

T T . —
= Durham (No overlay) |}
0o03r A | Duham (overiay) | |
3 — w@-08) ] » low-pr vy — hadrons overlaid
% 002f —u@=19 _ events per interaction:
g —— K(R=157) ] < N'Y'Y >= 1.7
2 ool 1 (ILD/SiD standard, but overestimated)
» apply FastJetClustering:
- k1 ExclusiveN Jets4
50 100 150 200 .
Higgs Mass / GeV which R-value?
T T R * E » for R> 1.2 almost no increase in
z E % % % bt ] signal efficiency but in overlay
c o8| E
8 [ [esi [xoverta = EoEol ]
g sk 4 > best recovery of bare evts R = 1.3
E o6f .
> F ]
S 04 ] use only reconstructed particles in
§ o2 _ l l l l _ these 4 jets for analysis
° s 1 1.5
R parameter
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Lepton channel: preliminary preselection

Preselection for samples with overlaid low-pt v~ — hadrons background

expected no. of events 13.50 13.52 75.34 75.53
DilLeptonSelection 11.74 12.05 68.41 67.26
k1 1.3 ExclusiveNJets4 11.61 12.04 64.66 67.23

combine four jets to two Higgs
[My — 125 GeV| < 80 GeV 11.09 11.51 62.84 65.24

Comparison to samples without yy-overlay

expected no. of events 13.50 13.52 75.34 75.53
DilLeptonSelection 11.92 12.83 68.51 67.91
k1 1.3 ExclusiveNJets4 - - - -
combine four jets to two Higgs
|[My — 125 GeV| < 80 GeV 11.42 12.11 63.75 66.56

Exclusive k1 algorithm recovers event without yy-overlay very well.
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Lepton channel: NN training after preselection

After preselection:
» fully hadronic background could be removed completely

> remaining: jets-poor background (llqq)
semileptonic ttbar background (lvbbqq)
backgrounds similar to signal final state (ZZH/ZZZ)

Train separate neural nets for remaining background types (3 in total)

Input variables: llbb vs IIHH Input variables: Ivbbqq vs IIHH Input variables: ZZZ/ZZH vs IIHH
» Z-mass > visible energy » M(H1) when rec. as HH
» thrust » missing Pr » M(H2) when rec. as HH
> thrust angle > angle between 2prompt bjets » M(Z) when rec. as ZH
» Durham param. Yy and Yp; » smallest lepton momentum » M(H) when rec. as ZH
> largest cos(Z, 2jets) » mvalepsmall » M(Z1) when rec. as ZZ
» largest 2jet momentum » rec. W-boson mass » M(Z2) when rec. as ZZ
» number of pfos » number of pfos > cosine (ZZH/ZZZ7)
» smallest npfos in jet » Z-mass » largest mom. (ZZH/ZZZ)
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Preliminary cuts electron type - optimised w/o

overlay

> cutl: [Mz — 91 GeV| < 32 GeV ZHH — I-ITHH signal background significance
» cut2: MVAIlbb > 0.78 DBD study my = 120 GeV 3.7 4.3 l.1lo

» cut3: MVAlvbbqq > 0.62 new no overlay optimised 2.79 (2.38) 4.03 1.070

> cutd: bmax3 > 0.2 new with overlay same cuts | 2.78 (2.33) 8.76 0.820

» cut5: MVAIlbbbb > 0.25

eebb pnpubb  evbbqq pvbbgg Tvbbqq bbgggqq  bbbb  Ilbbbb llggh bgrd signal (llbbbb)
expected | 284117 49565.7 248454 245936 245708 624060 40234.4 69.51 150.87 1.74-10° 40.50

preselection 2697.42 141496 51997 7497  31.61 421 0.38 1497 129.29 4887.79  23.15 (7.59)
2660.85 1516.27 509.89 67.88  30.89 4.21 0.38 1475 128.08 4933.19 22.86 (7.53)

ltype =11 2697.42 0.09 519.98 1.20 29.15 4.21 0.38 736 63.35 3323.14 11.38 (3.75)
2660.85 0.19 509.98 10.47  27.40 421 0.38 7.23  62.81 327343 11.24 (3.72)

cutl 238393 0.05 42694 0.34 23.44 1.79 0.29 7.08 6278 2906.6  11.25(3.73)
237591 009 41759 045 19.68 179 0.29 6.96 62.23 2885.02 11.11 (3.69)

cut2  38.13 0 24499 018 12.53 1.79 0.09 455 4352 34579 8.44 (3.47)

44.12 0 237.01 0 13.22 179 0.085 431 4201 34254 8.36 (3.38)
cut3  34.11 0 24.05 0 2.94 0.62 0.04 431 4181 107.89 7.89 (3.37)
41.58 0 41.74 0 3.24 0.62 0.04 419 4079 132.23 7.91 (3.32)
cutd 279 0 0.44 0 0.27 0.31 0.04 385 839 16.09 3.59 (3.02)
4.29 0 4.38 0 0.27 0.31 0.04 3.74 859 21.64 3.59 (2.95)
cuts  0.55 0 0 0 0.02 0.16 0 0.74 257 4.03 2.79 (2.38)
149 0 2.98 0 0.01 0.31 0 0.80 3.16 8.76 2.78 (2.33)
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Preliminary cuts electron type - optimised w overlay

» cutl: [Mz — 91 GeV| < 32 GeV ZHH — I7ITHH signal background  significance
> cut2: MVAIlbb > 0.79 DBD study my = 120 GeV 37 43 1lo

new no overlay optimised 2.79 (2.38) 4.03 1.070
> cut3: MVAlvbbaq > 0.81 new with overlay same cuts | 2.78 (2.33) 8.76 0.820
» cut4: bmax3 > 0.22 new with overlay optimized | 2.35 (2.03) 4.01 0.930
> cut5: MVAIlbbbb > 0.3

eebb upbb  evbbqq pvbbgqq Tvbbgq bbgqqq bbbb llbbbb liggh bgrd signal (llbbbb)
expected | 284117 49565.7 248454 245936 245708 624060 40234.4 69.51 150.87 1.74-10° 40.50
preselection | 2660.85 1516.27 509.89  67.88  30.89 4.21 0.38 1475 128.08 4933.19 22.86 (7.53)
Itype =11 | 2660.85 0.19  509.98 1047  27.40 4.21 0.38 7.23  62.81 3273.43 11.24 (3.72)
cutl | 2375.91 0.09 41759  0.45 19.68 1.79 0.29 6.96 62.23 2885.02 11.11 (3.69)
cut2 | 41.67 0 233.267 0 13.01 1.79 0.08 425 4157 335.65 8.29 (3.37)

cut3 | 37.39 0 24.86 0 2.57 0.62 0.042 402 3926 108.77 7.52 (3.23)
cutd | 3.54 0 1.39 0 0.25 0.31 0.04 354 7.78 16.87 3.36 (2.81)
cuts | 0.84 0 0.46 0 0 0.16 0 053  2.02 4.01 2.35 (2.03)

Neural nets less effective in analysis with overlay
has to be investigated and improved (NN outputs in backup)
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Preliminary cuts muon type - optimised w/o overlay

>
>
>
>
>

cutl: [Mz — 91 GeV| < 32 GeV ZHH — I"ITHH signal background significance
cut2: MVAIlbb > 0.78 DBD study my = 120 GeV 4.5 6.0 1.20
cut3: MVAlvbbgq > 0.83 new no overlay optimised 3.09 (2.54) 4.89 1.090

cut4: bmax3 > 0.17
cut5: MVAllbbbb > 0.24

eebb upbb  evbbgq pvbbgqq Tvbbqq bbggqq  bbbb  llbbbb llggh bgrd  signal (llbbbb)
expected | 284117 49565.7 248454 245936 245708 624060 402344 69.51 150.87 1.74-10° 40.50
preselection 2697.42 1414.96 519.97 7497 31.61 421 0.38 1497 129.29 4887.79 23.15 (7.59)

Itype = 13 0 1414.86 0 73.77 2.46 d 65.95 1564.65 11.77 (3.84)

cutl 0 1363.42 0 61.69 2.18 739 6552 1500.2  11.66 (3.82)
cut2 0 35.72 0 30.62 1.55 483 4513 117.87 8.79 (3.56)
cut3 33.35 1.95 b 450 4279  82.85 8.01 (3.43)

cut4 0 3.224 411 938 16.71 3.86 (3.13)

cut5 1.141 085 290 4.89  3.09 (2.54)
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Preliminary cuts muon type - optimised with overlay

cutl: |Mz — 91 GeV| < 32 GeV ZHH — I7ITHH signal background  significance
cut2: MVAIbb > 0.79 DBD study my = 120 GeV 4.5 6.0 1.20
new no overlay optimised 3.09 (2.54) 4.89 1.090

cut3: MVAlvbbqq > 0.81

cut4: bmax3 > 0.22 new with overlay optimised | 3.01 (2.38) 5.98 1.020
cut5: MVAIllbbbb > 0.3

YYVYYVYY

eebb pubb  evbbqq wpvbbgq Tvbbgq bbgqqq bbbb  lIbbbb llggh bgrd signal (llbbbb)
expected | 284117 49565.7 248454 245936 245708 624060 40234.4 69.51 150.87 1.74-10° 40.50

preselection | 2660.85 1516.27 509.89 67.88  30.89 4.21 0.38 1475 128.08 4933.19 22.86 (7.53)

Itype = 13 0 1516.07 0 67.41 3.49 0 0 751 6527 1659.76  11.62 (3.81)

cutl 0 1461.81 0 55.27 3.21 0 0 7.28 64.82 159239 11.51(3.78)
cut2 0 31.81 0 25.32 1.48 0 0 415 40.68 103.45 8.28 (3.36)
cut3 0 31.35 0 4.93 0.25 0 0 412  40.00  80.66 7.98 (3.34)
cutd 0 5.05 0 0.298 0 0 0 386 1056  19.77 4.12 (3.11)
cutb 0 1.64 0 0.29 0 0 0 073 331 5.98 3.01 (2.38)

Neural nets less effective in analysis with overlay
has to be investigated and improved (NN outputs in backup)
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Selection strategy for neutrino channel

@ reject events with isolated leptons
@® remove low-p7t vy — hadrons background
© force the other reconstructed particles into four jets
@ combine the four jets by choosing combination with smallest 2
2 _ (M) = M(H)? | (M(jkir) — M(H))?
X = 2 + 2
TH TH

require: |My — 125 GeV| < 80 GeV

@ loose cut on bmax3 > 0.2

@ neural net analysis performed separately for signal and each background, output
classifiers are used to suppress background

divide background into four different categories:
jets-poor background (vvqq)
semileptonic ttbar background (lvbbqq)
full-hadronic background (6-jets and 4-jets)
backgrounds with same final states (ZZH/ZZZ)
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Neutrino channel: preliminary preselection

Preselection for samples with overlaid low-pr v~y — hadrons background

expected no. of events 80.14  447.01 97.08 272802 740098 624060 40234.3
reject evts with iso leptons  62.95  393.14 95.65 270348.35 240016.16 617460.12 39725.04
kr 1.3 ExclusiveNJets4 62.53 393.09 95.65  270348.36 240016.13 617460.12 39725.04
|Mp — 125 GeV| < 80 GeV  60.76  384.39  92.12 11063.92  237807.36 559498.11 37327.76
bmax3 > 0.2 28.39  74.62 80.89 992.78 40974.54 69697 30921.9

Comparison to samples without yy-overlay

expected no. of events 80.14  447.01 97.08 272802 740098 624060 40234.3
reject evts with iso leptons  62.46  392.69 9558  270371.59 238532.66 617430.18 39714.81
kr 1.3 ExclusiveNJets4 - - - - - - -
|My — 125 GeV| < 80 GeV ~ 61.07  386.45 93.31 8407.49  236087.28 461720.89 37594.43
bmax3 > 0.2 2853 7227 81.99 545.42 40679.39 65529 31292.4

Exclusive kt algorithm recovers event without yy-overlay very well.
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Neutrino channel: NN training after preselection

After preselection:
> train neural nets for: 4jets background (bbbb)
semileptonic ttbar background (Ivbbqq)
backgrounds similar to signal final state (ZZH/ZZZ)

Input variables: bbbb vs vvHH Input variables: Ivbbqq vs vvHH Input variables: ZZZ/ZZH vs IIHH

» visible energy > missing mass » M(Z) when rec. as ZH
» missing pt » Econemax and plmax » M(H) when rec. as ZH
» thrust » pcmax and coscjmax » M(Z1) when rec. as ZZ
» M(Z1) when rec. as ZZ > cosbmax » M(Z2) when rec. as ZZ
» M(Z2) when rec. as ZZ » number of pfos » cosine (ZZH)
> largest 4jet momentum > mwttd] > cosine (2ZZ)

» mhl and mh2 » largest mom. (ZZH)

» mwttbj, mtltt5;, mt2tt5j, » largest mom. (ZZZ)

mjminjets5

» npfosminjets5

Comparison of NN outputs and input variables from analysis w and w/o overlay in backup
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Preliminary cuts optimised for “without overlay’

\

cutl: Ejg < 360 GeV + 0.83- P, My < 60 GeV

cut2: NPFOp, > 8, M(HH) > 200 GeV, 92 GeV < M(H1) < 137 GeV, 94 GeV < M(H2) <
135 GeV

cut3: MVAbbbb > 0.89

cut4: MVAlvbbqgq > 0.55

cut5: MVAvwvbbbb > 0.56 Cuts optimised for "

cut6: bmax3 + bmax4 > 1.14 and applied to "with overlay”

\/

YYVYY

vvbb evbbqq pvbbgq Tvbbqq bbqggq  bbbb  vvbbbb vvqgh bgrd  signal (vvbbbb)
expected 272802 248454 245936 245708 624060 40234.3 97.08 447.01 1.67-10° 80.14
54542 1787.73 1480.96 37410.7 65529 312924 81.98 7227 138200  28.53 (22.67)

preselection

cutl (evis,mpt,mz) 481.01 874.99 855.19 24453.2 1239.64 3699.86 80.36 69.74 31754 27.58 (21.89)
cut2 (npfomhl,mh2) | 9.80  196.17 222.99 4616.09 214.25 384.15 10.55 20.62 5674.62 16.61 (14.68)

cut3 (mvabbbb) 551 15047 174.77 3401.85 56.35 7.5 595 15.05 3817.46 14.45 (12.72)

cut4 (mvalvbbqq) 4.29 34.28 50.38 618.86 2391 5.06 d 8.71 749.47 12.78 (11.43)

cuts (mvavvbbbb) 2.46 2282 3514 41519 2358 4.25 ! 412  508.24 11.01 (9.84)
cutb (bmax34) 0 b u d L d 4.52 5.26 (5.19)
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Preliminary cuts for neutrino channel with overlay -

optimised

YYVYVYYY

cutl:
cut2:
cut3:
cuté:
cut5:
cut6:

Eyis < 373 GeV +0.83- P/ M, < 60 GeV

Npfosmin > 7, M(HH) > 200 GeV, 95 GeV < M(H1) < 140 GeV, 94 GeV < M(H1) < 135 GeV
MVAbbbb > 0.92

MVAIvbbqq > 0.67

MVAvvbbbb > 0.56

bmax3 + bmax4 > 1.2

vvbb  evbbqq wvbbgq Tvbbqq bbgqqq bbbb  vvbbbb vvqgh bgrd signal (vvbbbb)

expected | 272802 248454 245036 245708 624060 402343 07.08 447.01 1.67.10° 80.14

preselection | 992.78 1996.63 318.61 38650.3 69697.7 409210 80.89 74.63 142742  28.39 (22.38
cutl | 862,421 995118 17155 24672.2 1301.68 3607.56 77.89 69.33 31757.8  26.63 (20.93
cut2| 1241 25019 4981 515649 379.23 37117 959 1030 624820 1511 (13.33
cut3| 557 18148 36.65 350248 90.98 651 523 13.86 384277 1151 (10.12
cutd| 435 6772 1147 122041 5745 514 407 966 138026  9.96 (8.92)
cuts | 375 3749 45 69734 451 415 082 342 79658  7.12(6.39)
cuts| 0 0 0 107 012 141 028 108  3.96  3.26 (3.23)

Neural nets less effective in analysis with overlay
has to be investigated and improved (NN outputs in backup)

tau background needs better handling
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Example: Neural Net bbbb vs. vvHH

no overlay signal

% =1 Signal T T % ] signal (overlay) | T T

© 0.03) 777 Background b 5 0.03 [~ signal (o overia) ]

o o

2o002f E 2 o002f E

=4 c

o o

> >

w w

0.01F — 0.01
0 400 %00 250 300 400
Evis [GeV] Evis [GeV]
overlay background

> > [ i i

g 0.03 ] CND 0.03 Background (no ovray) 7

£ 0.02 - £ 0.02 -

c c

3 (9

> >

w w

0.01

1

=3

2
T

250 300 350 %O 250 300 350

400 400
Evis [GeV] Evis [GeV]
Differences need to be investigated and understood!
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Summary and Outlook

updated lepton and neutrino channel for my = 125 GeV
— slightly less signal (o,BR)

new isolation lepton finding

addition of yy-overlay

— removal with FastJetClustering exclusive kr-algorithm
— some neural net input variables worse

— neutrino channel: T, Evis ?

» status for my = 125 GeV without overlay and with overlay
modes signal background modes signal background
(tt, ZZ, ZZH, 772) (tt, ZZ, ZZH, 772)
ZHH — " ITHH | 2.79 (2.38) 4.03 ZHH — I ITHH | 2.35 (2.03) 4.01
3.00 (2.54) 2389 3.01 (2.38) 598
ZHH — vVHH | 5.26 (5.19) 452 ZHH — vVHH | 3.26 (3.23) 3.96
» reproduce entire analysis for my = 125 GeV

YVYY

improve neural net training and understand differences
investigate kinematic fitting

optimise the analysis strategy (current selections are optimised for ZHH, not for
the self-coupling diagram)
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BACKUP SLIDES
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Neural Net training: llbb vs. IIHH

samples without overlay samples with overlay
3 nal” " T T 3 ignal ' |
% 14 ackground % F7 Background
z z

R
0.2 04 0.6 08 1 [ 02 04 0.6 08 1
MLP response MLP response

&
9

o N & o o 3§
T T T T
°§
L

Signal purlty
Signal efficiency"purity
NS+

Signal
- Signal efficiency"purity
SNSB

Signal efficiency
——— Background efficiency

—— Signal efficiency

Background efficiency

=30

N

20

™N

\

08

06

e
»
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Neural Net training: Ilvbbqq vs.
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Neural Net training: ZZZ/ZZH vs. IIHH

samples without overlay samples with overlay
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NN training: Input variables llbb vs IIHH (1)
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NN training: Input variables llbb vs IIHH (2)
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variables llbb vs IIHH (3)
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NN training: Input variables lvbbqq vs IIHH (1)
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variables Ivbbqq vs IIHH (2)
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NN training: Input variables lvbbqq vs IIHH (3)

samples without overlay
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NN training: Input variables llbbbb/ZZH vs IIHH (1)

samples without overlay
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NN training: Input variables llbbbb/ZZH vs IIHH (2)
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NN training: Input variables llbbbb/ZZH vs IIHH (3)
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NN training: Input variables llbbbb/ZZH vs IIHH (4)
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Neural Net training: bbbb vs. vvHH

samples without overlay samples with overlay
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Neural Net training: lvbbqq vs. vvHH

samples without overlay samples with overlay
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Neural Net training: ZZZ/ZZH vs. vvHH

samples without overlay samples with overlay
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NN training: Input variables bbbb vs vwHH (1)

samples without overlay
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NN training: Input variables bbbb vs vwHH (2)

samples without overlay
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NN training: Input

variables Ivbbqq

vs vwHH (1)
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variables Ilvbbqq vs vwHH (2)
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NN training: Input variables lvbbqq vs vwHH (3)
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NN training: Input variables lvbbqq vs vwHH (4)
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NN training: Input variables lvbbqq vs vwHH (5)
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NN training: Input variables lvbbqq vs vwHH (6)
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variables ZZZ /ZZH vs vwHH (1)

samples without overlay
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NN training: Input variables ZZZ/ZZH vs vwHH (2)

samples without overlay
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NN training: Input variables ZZZ/ZZH vs vwHH (3)

samples without overlay
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New DilLeptonSelection: NN training - Electrons
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New DiLeptonSelection: NN training - Muons
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