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Di-Higgs with E /> @ FCC hh: What & why?

FCC-hh: pp-collisions at 100 TeV, collect 30 ab™ of data in

_ Geneya-"

Future : < o s runt|me Of ~25 yearS

« Operate at both the energy and precision frontier

*  Previously presented general overview

e e 2 »  Measuring the Higgs self-coupling via di-Higgs
production is key benchmark for FCC-hh
*  SM: o(ggHH) ~ O(1000) smaller than o(ggH)

« Achieve precision through large cross-section and

ol ol A
MadGraph5_aMC@NLO

L data-set, both given at FCC-hh: 20 x precision of LHC

« Allows to access also rarer, more difficult channels

-------- ; « Update to bbll+ETM"55 analysis previously presented
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https://indico.desy.de/event/30314/
https://indico.desy.de/event/32820/#2-di-higgs-with-missing-transv

Analysis overview & technical details

4 )
Event generator R Samples in the ECC-hh event database
e ggF HH signals generated with Powheg
g > e Backgrounds with Madgraph
LHE files _/ & J
a Gecays and showering with Pythia \
Detector simulation ) Fast, parametrized detector simulation with
(+showering and decays) Delphes with the FCC-hh card
e Performance similar to LHC experiments
g assumed
e Effect of pile-up indirectly considered in
EDMAHEP* files / resolution & efficiency parametrizations

- J

* Developed with DESY involvement ©
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http://fcc-physics-events.web.cern.ch/fcc-physics-events/Delphesevents_fcc_v04.php
https://edm4hep.web.cern.ch/
https://arxiv.org/pdf/1307.6346.pdf

Analysis overview & technical details

Results © .
Event generator Combine and
HHInference
ﬁ tools to extract
g precision on
LHE files Statistical interpretation fclf?=a;3(;ll3SM)

a g (Simple \

: : A
Detector simulation Workspaces cut-based event
(+showering and decays) selection based
on signal
g > kinematics
EDM4HEP* files “ ECCAnalyses stransverse
- Mass as
* Developed with DESY involvement © ) Ulscrlmlnant )
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https://edm4hep.web.cern.ch/
https://github.com/clementhelsens/FCCAnalyses
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/
https://cms-hh.web.cern.ch/cms-hh/tools/inference/index.html

New:

bbll+E_M**signals Ui sty
1
-33.6% Assuming SM Higgs BR :
" BR HH—xxyy ... Signal BR(HH—X) Advantage
ww [24.8% (my =125 GeV)
arXiv:1708.08249 71 . | phWW(Ivly) 2.24% Largest BRin bb+2I+E M final state
99 Established for HH-studies @ LHC
107
= o4 bbzz(lvlvy) 0.88% e« channel established for single
77 E Higgs studies @ LHC
= 10—5
b %[ O'WLI 1 , . 3 bbZZ(llvv) 0.12% Reconstruct Z(ll) decay
T b ww 99 W™ zz vy

_ rarer

»  Signal signature: Lepton pair + £,/ + 2 b-jets, three main categories
« DFOS lepton pair (ex) - bbWW and bbzz signals
»  SFOS lepton pair (ee or wu), my not on Z peak - bbWW and bbzz signals
*  SFOS lepton pair (ee or gu), m, on Z peak - bbZZ (and bbzz) signals
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New:

bbll+E_™M* backgrounds More backgrounds
t V+jet. ,
. 0.04% ngfy: « Events at pre-selection level:
0.17% nwvv * Require 2 b-jets, 2 leptons
0
v 0.01% « Extremely large background from #
it
0.18% Signal  Dileptonic final state irreducible
0.01% « Subleading contributions from 7V,
and single Higgs production (all
_ modes)
tt
99 58Y% « How to suppress?
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Event kinematics & selection

£ FCC-hh Simulation (Delphes) B iy % 10!2 ) FCChhSimulation (Deiphies) 13 Wiy
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/l/ew./
Event kinematics & selection

.. and variables more specifically targeted at a

€1 01 3 FCC-hh Simuliian (Delphes)

g W mav : pr
B 0E e 0o foa0ar’ s sl Siie v certain background, e.g. m, " to reduce #
10""E HHBLWW(en )' analysis, Pre-Sel. B Vets v
1010

— HHEOWW) e Defined for top-quark mass measurements

in dileptonic channel

- m
S 025 — HH(bbWW)
1 | el e § | | 2] IJ | s Ol o) o P e | il 1 Rl ol s B B § ‘g
o 25510 —— *
2 2 L e e
10 T
5 :—\T LI L1l L1 L1l L1111 L1l Ir:-_
¢ 50 100 150 200 250 300 350 400 450 500
mig® [GeV]
reco (U T Mk, Moby T+ by
ml b = 1min 5 , 5

50 100 150 200 250 300 350 400 45(} 5\9?
Ge
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Event kinematics & selection
« Revisit events after full selection

V+jets 1wvv 7% « Single top fully suppressed, most
1.94% 0.89% 0.07%

other backgrounds greatly

1 0
Signal reduced, e.g. 1t acceptance 0.06%

0.21% | « S/vB~7inthe DFOS and SFOS, no Z
categories (only 0.7 in SFQOS, Z peak)

4.54%

« Further exploit:

- Categorize in bins of | A¢(l, E . M*)]

1t
92.36% « Signal shape w.r.t. backgrounds
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A/@W./
Stransverse mass

DFOS, pre-selection DFOS, low dPhi DFOS, high dPhi
j2} z ;
% 0 25; £ 10:2 FCC-hh Simulation (Def;‘:hes) T4 Single Higgh g 10'8E FCC-hh Simulation (Delphes) —_ Singe Higgk
3k — HH(bbWW) o 10 s =100 TeV, L =30 ab B Vets Wi [ 107 {52100 TeV, L= 80 8" e o
5 F — [iHbbTT) 10'E HH(bbWW(en)) analysis, Kin. Sel. e [ Single top = e | . s Kin Sol 10 i
= - tu 1010 — CHLYET (o g (641)) analysis, Kin. Sel. [Jv+jets  []Single top
2 0.2 10° (balMET) 10 — HH(bblIl+MET)
S 0.
s L 10°
[ 107
0.5 10°
[ 105
L 10*
L 10°
0.1— 10%F
- 10
r 1E
0.05 h‘_\_\_‘—\_‘_\_\_‘_\\ ELl v v b v b b b by
L @ I
- ® 0,003 I 9028 —
L. Ton | og po i £l 0.002—4 ; 0.0015F 1 [ I
0 0.001 0.001 }
0 50 100 150 200 _ 250 _ 300 A RN = —— Wi B 0000ar T
My(bb2I+MET) [GeV] 80 100 120 140 160 180 200 e T TT M —
. (bb2I+MET) [GeV] 80 100 120 140 160 _ 180 __ 200

mp,(bb2l+MET) [GeV]

e Stransverse mass m._, specific algorithm designed to predict invisible contribution to the

mass of a parent particle that decays semi-invisibly

o Here: Capture the full HH decay
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https://arxiv.org/abs/1103.5682

Results: Systematics

Source of uncertainty Scenario 1  Scenario 2 Scenario 3 Applies to
Lepton ID / lepton 0.5% 1% 2% HH,ttV(V), H
b-jet ID / b-jet 0.5% 1% 2% HH, ttV (V) , H
Luminosity 0.5% 1% 2% HH,#tV(V), H
Data-driven V' + jets est. = 1% 1% V + jets
Data-driven ¢t est. - 1% tt

Signal cross-section 0.5% 1% 1.5% HH

e In addition to stat. only precision consider three scenarios for systematics

o Following previous di-Higgs studies@FCC-hh

e Applied as rate systematics only, no shape effect (currently)

HH with E_.M* @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting Page 11



https://arxiv.org/abs/2004.03505

Results: Combined, expected sensitivity

New!

FCC-hh, 30 ab™ work in progress

o O L L L B B B L L B B
., 8 ‘g; X ‘\ —— Stat. Only, 1.0072" ]
C 3 0.081 = 18 = w026
fj o FCC-hh, 30 ab™ w,, =1.000 " 0081 3 b :cen'1’1'00'%i‘a :
= bbXX(21+MET), mT2 fits +0.104 TS T S 2100 /]
o PN ., =1.000 2404 i \\ T/
! [ —Statonly - Syst. scen.1 . +0.134 i ' n
6: ~— Syst. scen. 2 — Syst. scen. 3 HHH = 1000 -0.132 b ]
E +0.147 1
51 H, = 1.000 " y4e 12 E
= N /
o oK /o
; 8__ J
3 - g A
- 6F ]
°F o e
ik A ;
B r > 167]
o-l 1 L 1 0-| PR BT R | |M| o b by 0
0.6 0.8 1 1.2 1.4 0o 02 04 06 08 1 12 14 16 18 2
Mo &

. . . e _ SM

e Signal strength «, . ° !—Ilggs self-;oupllpg modifier k, (= 4,/4,°")

interpretation with HHInference tools
o Inputs:ix,=04,1.,24,3.0
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https://cms-hh.web.cern.ch/cms-hh/tools/inference/index.html

Results: bbll+MET in context

30 ab~1 (100 TeV)

FCC hh

F 7 77 7
| === Statonly
[ Combination
HH - bbtt
HH - 4b
HH - bbyy

0.8

0.9

1.1 1.2

New!

Most sensitive channels well explored already for
FCC-hh potential
Latest combined projection from bbyy, 4b and bbzz
(full + semi hadronic) achieves 2% (stat.only)
precision on k,

*  bbll+E ™™ performance about factor 2 worse than 4b

stand-alone, or earlier studies of bbzz

Compared to earlier studies, bbll+E_Mperformance

1.0 . .
ki similar to much cleaner (but rarer) bb4l and factor
arXiv-2203.08042 2 better than (more abundant) semileptonic
bbWW (2jlv
DESY, e U HH with E_.M* @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting Page 13



https://arxiv.org/abs/2004.03505
https://cds.cern.ch/record/2642471
https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
https://arxiv.org/abs/2203.08042

Work in progress: Impact of ETM’SS performance degradation

Avg. interactions/bunch cross. e Reconstruction of M= will get increasingly
Now  O(10) 0(100) 0(10» Future challenging in the future, due to the
LHC HL-LHC FCC-hh increasing pile-up

<u> = 200 o Not studied for the FCC-hh yet

o Usually assume precise timing detectors will

be available & suppress to ~ LHC levels
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https://cerncourier.com/a/atlas-and-cms-upgrade-proceeds-to-the-next-stage/

Work in progress: Impact of ETM’SS performance degradation

Avg. interactions/bunch cross. e Reconstruction of ETMiss will get

Now  O(10) 0(100) o( Future increasingly challenging in the future, due

LHC HL-LHC FCC-hh

to the increasing pile-up
o Not studied for the FCC-hh yet

% aoooé— Fay Ef;i}::z;s 3 s s T o Usually assume precise timing detectors will
% :::: ""'“-« ;:l:ss;fﬂev: be available & suppress to max LHC levels
@ 1500;,“ _ e e From LHC experience, have an idea of what
E LAl ] S —_ 3
1000 . 811—_ D happens with increasing <u>
B 0 5 10 15 20 25 30 35 40
50:; =, ©  Resolution broades, and mean may shift as well
0

o Try to apply this with Gaussian+uniform smearing

and check impact

DESY, moneetiencx ..  HHwith EM @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting Page 15




Work in progress: Impact of ETM’SS performance degradation

New!

2 2 04F — 8
o E @ s =1 C 3 -
o g S oss = [ FCC-hh,30ab"  u  =1.000311
S 0-07:_ - MET, RMS= 64.35 S E —Baseline, RMS= 17.76 < 7 O beX(2I+MET)’ mT?2 fits s (4
5 F —MET_recalc, RMS= 71.44 B 0.3 —Smeared, RMS= 18.01 N C = 1.UUU
& = ' gfL —— Baseline
0.25 F
B - Smeared
0.2F 5F .
0.15i E
4
0.1_— C y
o.osi— - 3F
of oF /
21 g 11
oc 1 c 1 1 4
0.4t b s e e e S o o poppeg . [ i i e L T [ r
0..I....I....l...«.l,.-r.(..]....l....l||
0 50 100 150 200 250 Sé)i?s [Ge\s}fo 80 100 120 140 n:Tit()beH B0 : [Ge\zl?o 0.7 0.8 0.9 1 11 12 1_3u
. . . . HH
e First check: Resolution degraded by ~10%, recalculate the dependent variables in event
selection and stransverse mass, check «,,.. precision (stat. only in DFOS category)
o Impact very small
DESY, e HH with E_.M* @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting Page 16




Conclusions & Outlook

« FCC-hh will bring precision measurement of Higgs self-coupling via di-Higgs

Explored previously uncovered bbll+E M* final state
*  bZZ(llv), bbWW(lvlv) and bbzz(lvvlvv) signals

Simple cut-based analysis using kinematic variables, large background from ttbar

Extracted #,,,, and k, precision using DFOS+SFOS events and w. diff. systematics
u,.. statonly precision reaches 8% stat only, 15% w. largest systematics

K, 20% stat only, 35% w. largest systematics

Work in progress:
*  Studying impact of E,™* performance further
« MVA analysis instead of cut-based

« Combination with other channels, also updating Delphes scenarios

HH with E_.M* @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting Page 17
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Event selection & categorization

Analysis category

DFOS SFOS, no Z-peak  SFOS, on Z-peak
Main signals bOWW*, bbrr WOWW*, bbrr bbZ Z*, bbrT
Selection variable Criterion
Lepton pair eu €e Or fifi €e Or [ifi
Number of b-jets = 2
Mph 85 - 105 GeV
ARy < 2
ARy <18
HEe > 0.8
myp° > 150 GeV
Ag(£L, Emiss) <2 £ 1.2
Mgy 10 - 80 GeV 81 - 101 GeV

A¢(0l, EXisS)_categories < 1.2 ("low”) and 1.2 — 2.0 ("high”) -

Table 3.25.: Overview of the harmonized event selection and categorization.
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Example cutflows

Total acceptance in %

Criterion Signal tt Single top V +jets  ttV ttVV  Single Higgs
> 1 OS ep-pair 100.00  100.00 100.00 100.00 100.00  100.00 100.00

> 2 b-jets 100.00  100.00 100.00 100.00 100.00 100.00 100.00
85 < mp, < 150 GeV  75.33 26.79 19.61 20.88 23.59 19.22 25.43
ARy < 2 65.10 10.38 5.88 17.55 11.14 11.00 14.86

10 < my < 80 GeV 60.44 4.07 3.92 11.18 3.72 2.82 6.90
ARy < 1.8 56.30 2.38 1.96 11.18 2.23 2.00 4.82
AL, ENFS) <2 50.82 161 0.00 11.18 153  L57 3.96
Histio > 0.8 4761 1.08 0.00 1118 118 1.37 3.45
mp° > 150 GeV 26.58 0.06 0.00 11.18 0.30 0.59 1.64

Table 3.17.: Absolute acceptances of the event selection criteria for bbW W* (e + ERIS)
signal and backgrounds. The pre-selected number of events as given in
Table 3.15 is used as a reference to determine the absolute acceptance for
each process.
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Example cutflows

Expected events with 30 ab™!

Criterion Signal tt Single top  V + jets tvV ttvyv Single Higgs
> 1 OS ep-pair 7.06E+04 1.86E+10 8.07E+406 2.02E4+06 3.43E+07 1.28E4+06  3.23E+407
> 2 b-jets 7.06E+04 1.86E+10 8.07TE4+06 2.02E+06 3.43E+07 1.28E4+06 3.23E4+07
85 < my, < 150 GeV  5.32E4+04 4.9TE4+09 1.58E+06 4.22E4+05 8.09E4+06 2.46E+05 8.23E+06
ARy, < 2 4.60E4+04 1.93E4+09 4.75E4+05 3.55E405 3.82E406 1.41E+05  4.81E+06
10 < mygp < 80 GeV  4.27E+04 T7.56E4+08 3.16E4+05 2.26E+05 1.28E406 3.61E404 2.23E+06
ARy < 1.8 3.98E4+04 4.41E4+08 1.58E4+05 2.26E405 7.66E4+05 2.56E+04 1.56 E4-06
|AG(LL, E'%liss)| <2 3.59E4+04 2.99E4+08 0.00E400 2.26E+05 5.25E4+05 2.00E+04 1.28E+06
Hr’ﬁ"g'i” > 0.8 3.36E+04 2.01E4+08 0.00E400 2.26E+05 4.04E+05 1.75E404 1.12E4-06
mp e > 150 GeV 1.88E4+04 1.08E4+07 0.00E+00 2.26E405 1.03E405 7.61E+03  5.30E+05

Table 3.15.: Cutflow of the kinematic event selection for the bbWW* (eu) signal and
backgrounds. Expected numbers of events with a dataset of 30 ab™! are
shown, using the cross-sections from Table 3.1 to normalize. Here all samples

were pre-filtered with the pre-selection.
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Example cutflows

Relative acceptance in %

Criterion Signal tt Single top V +jets  {tV ttVV  Single Higgs
> 1 OS ep-pair 100.00  100.00 100.00 100.00 100.00  100.00 100.00
> 2 b-jets 100.00  100.00 100.00 100.00 100.00 100.00 100.00
85 < mpp < 150 GeV 7533  26.79 19.61 20.88 23.59 19.22 25.43
ARy <2 86.43  38.74 30.00 84.06 4724  57.25 58.44
10 < myp < 80 GeV 92.83  39.26 66.67 63.70 33.39  25.61 46.42
ARy < 1.8 93.14 58.30 50.00 100.00 60.02 70.94 69.83
|AG(LC, EMSs)| < 2 90.27  67.94  0.00 100.00 6848  78.35 82.27
H%’?Zt'io =08 93.70  67.03 0.00 100.00 76.96  87.16 87.10
mppe® > 150 GeV 59.81 57 0.00 100.00 25.0¢ 43.55 47.44

miss

Table 3.16.: Relative acceptances of the event selection criteria for bbW W*(ep + ERS)
signal and backgrounds. The relative acceptance is calculated at the number
of events at a given criterion, divided by that at the previous criterion.

CLUSTER OF EXCELLENCE
DESY QUANTUM UNIVERSE

HH with E_.M* @ FCC-hh | Birgit Stapf | 28.10.2022 | 15th Future Colliders @ DESY meeting

Page 22



BDT for bbZZ

e Masters thesis by Kevin Laudamus
e BDT able to improve bbZZ upper limits from ~ 4 to ~2-2.5, depending on setup, also has higher

1011_

10° 4

signal efficiency

Others classification

FCC-hh Simulation (Delphes) [ signal
VS =100TeV,L=30ab"! = ttbar
e Vjets

bbllvv channel

Other bkgs \

.tz
tH

tzz

1011 i

10° 4

tt classification
FCC-hh Simulation (Delphes) [ signal
VS =100TeV,L=30ab"! m ttbar
I Vjets

bbllvw channel

W

N tZ
. ttH
wzz

Signal classification

1011_

10°4

FCC-hh Simulation (Delphes)

Vs =100TeV,L=30ab!
bbllvw channel

. ttbar
m Vjets

Signal

[ signal

N ttZ
. ttH
ttzz
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BDT score BDT score BDT score
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Corners of phase-space: High pT

%) z -
= 12 FCC-hh Simulation (Delphes) _
3 W Iltr ||V+mm
> 10" (s=100TeV,L=30ab" _ _
n1]
10 ; ttZz ttH
10 bblivv analysis , Pre-Sel. _
10° ttZZ — HH(bbllvv)
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S/B improves in high Higgs p. region, may be
possible with a dataset as large as 30 ab™
— Analysis would require reoptimization

S/B
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P . b b b b
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What about kinematic correlations between individual H
and the virtual H? Bias towards one of the diagrams?
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Corners of phase-space: Jet multiplicity

[2] - - [2] Z Z
- FCC-hh Simulation (Delphes) _ - 12 FCC-hh Simulation (Delphes) _
& Wi vt g 10 B W vets
& {s=100TeV,L=30ab’ _ _ & 10" {s=100TeV,L=30ab" _ _
o [ [i?4 tTH i T Hz tTH
bblivv analysis , Kin. Sel. _ 10 bblivv analysis , Kin. Sel. _
ttZZ — HH(bbllvv) ttZZ — HH(bbllvv)

LLURBLL L L L L
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0 50 100 150 200 250 300 350 400 450 500 0 4 5 6 7 _ 8
pT(untagged jets) [GeV] Nes(Untagged, P, > 50 GeV)

e Backgrounds seem to have more additional, untagged jets with higher pT

o Veto on extra jets, or categories in jet-multiplicities might enhance potential
e However, this introduces extra uncertainties from theory side!

o Seta pT threshold for the extra jets, here: 50 GeV
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HT2 ratio

« Definition following ATLAS analysis of bblvlv channel: arXiv:1908.06765

Ht2 Scalar sum of the magnitudes of the momenta of the H — £v{v and H — bb systems,
HT2 e |p¥1iss +p’£r0 +p(r]|+ |p?0 +p$]|
HTR2 Ratio of Hrp and scalar sum of the transverse momenta of the H decay products,

H}, = Hr2/(EP* + Ipr°| + Ipr ' |+ Ipr° 1 + 1By ' D,

where p%‘b) 01} are the transverse momenta of the leading {subleading} lepton (b-tagged jet)
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https://arxiv.org/abs/1908.06765

Why di-Higgs at FCC-hh?

FCC-hh is the only perspective for a Higgs self-coupling precision measurement

Higgs self-coupling measurement is a clear benchmark channel for the FCC-hh

HL-LHC

HE-LHC

FCC-ee/eh/hh —

FCC-ee |-

ILC

CEPC

CLIC

Higgs@FC WG September 2019
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All future colliders combined with HL-LHC
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