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B Introduction

BSM O(1TeV): Impact on H-couplings

Little Higgs w. T-parity [45] 0.0
Little Higgs w. T-parity [46] -7.8

Model b g WW o Iy o
MSSM [40] +48 08 -08 02 +04 05 01 +03
Type I12HD [42) +101 -02 -02 00 +98 00 +01 498
Type X 2HD [42) 02 02 02 00 478 00 00 +78
Type Y 20D [4)] +101 <02 -02 00 02 00 01 -02
Composite Higgs [44] 64 64 64 -21 -64 21 -1 64

00 61 -25 00 -256 -15 00
46 35 -1y -18 15 10 T8

A2 A (TeV)
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Higgs-Radion [47] 15 -1y 4100 -1y -1 -1y -l0 -15
Higgs Snglet 1§ 35 35 35 35 35 35 35 4

1708.08912
v2 6%

e.g. \=1 (5)TeV>"~5 (0.1)%
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https://arxiv.org/pdf/1708.08912.pdf

B Introduction

BSM O(1TeV): Impact on H-couplings

Model b g WW o Iy o s HL-LHC:
MSSM [4] H8 08 -08 02 +04 05 +01 +03 _ '
Type I 28D (4] HOL 02 02 00 498 00 401 498 + Direct searches: O(5) TeV
Type X 2HD [4)] 02 02 02 00 +78 00 00 478 + H-couplings: few%, self-
Type Y 2HD [12) H01 02 02 00 02 00 01 -02 coupling~50%
Composite Higgs 44 64 64 64 21 64 -21 21 -64 ] _
Little Higas w. Tparity [ 00 00 61 25 00 25 15 00| =Future e*e” collider:
Little Higgs w. T-parity [46] -78 46 -35 -15 -718 -15 -10 -78 + Measure H_Coupllngs at
Higgs-Radion [47] 15 -15 4100 15 15 15 10 15 o
Higgs Singlet [4§ 35 35 35 35 35 35 35 35 O(0.1)% level
1708.08912
v2 6%

e.g. \=1 (5)TeV>"~5 (0.1)%

A2 7 A2(TeV)

Loukas Gouskos ond S ECC Workshobp (2024)


https://arxiv.org/pdf/1708.08912.pdf

Outline:

« What we can do with FCC-ee (in H-couplings)
» Strategy and tools

« How we can reach these results [teasers]
» Detector requirements
» Physics objects/tagging

¢ Summary



https://arxiv.org/pdf/1708.08912.pdf

Bt Higgs production at FCC-ee
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Focus at ZH production@240 GeV : 2M Higgs [4IP]
—> Effort on exploring CM~360 GeV just started
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B General strategy

FCC-ee Simulation (Delphes)

= N
@0000 F Vs =240.0GeV, L=104b"

Z boson reconstruction: (70000 F-z — gq, H — nv.
- explore several decay modes 60000 | gy g 100
- recoil mass 50000 |- o 249
40000 - ERwWw
o Zz
-+ 30000 |
(/) z :
X 20000 |
.2' 10000 |
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N

& N Mec = \/(\f Ez)? -
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B General strategy

FCC-ee Simulation (Delphes)

F Vs =240.0GeV, L=104b"

Z boson reconstruction: (70000 |-z — qq, H — inv.
- explore several decay modes 60000 - g z1sig) 100

ZH(bkg)

- recoil mass 50000 | o2

40000  ERww
r y 4

+ > 30000 f
% 20000 |

2' 10000 |

0 : y
L 50 60 70 80 90 100 110 120 130 140 150

- No Mec = \/(\[ EZ _pz

BR(H->hadrons) ~ 80%
BR(Z->hadrons) ~ 70%
Optimal reconstruction and
ID (“tagging”) of hadronic

final states essential
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Higgs boson reconstruction:
- as many as possible decay
modes




Bt Jet tagging

» Jet representation: Particle cloud
s i.e. unordered set of particles

» Network architecture: Graph Neural Networks

+ Particle cloud represented as a graph
vertices edges

» Hierarchical learning approach: local - global structures

Identify b

@ “neighboring”

partlcles % c
\Q/ RN ;

p @/ \@ © d

U _ bb
B 7
-

PRD 101 056019 (2020)
EPJ C 82 646 (2022)

S

particles
0O(20) features/particle

Loukas Gouskos

Future: T
o S FCC Warkehon (2094) incl. LLP, split gluon class ...


https://arxiv.org/abs/1902.08570
https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1

B Jet tagging: Performance

BROWN

Charm tagglng strange tagglng

n(IDEA) 99 9, IDEA
2 g ? 7 > | ! -
g S _)ZH H_)“‘ ;ctagging % - e+e-_’;ZH’H_’“§ stfagging
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jet tagging efficiency jet tagging efficiency

Mistag Mistag Mistag Mistag Mistag Mistag Mistag
(g) (ud) (b) (g) (ud) (c) (b)

Loose 90% 7% 7% 4% Loose 90% 20% 40% 10% 1%

WP Eff (c) WP Eff (s)

Medium | 80% 2% 0.8% 2% Medium | 80% 9% 20% 6% 0.4%




Bt H-Couplings to “visible” particles

= Analysis channels
+ Z(=2LL)H: clean but smaller signal acceptance
+ Z(=2VvVv)H: good compromise b/ signal acceptance and purity
+ Z(->hadrons)H: Largest signal acceptance, but.. jets
talk

» Study all possible Higgs decay modes
+ Currently: bb, cc, ss, gg, TT

Loukas Gouskos ond S ECC Workshobp (2024)
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https://indico.mit.edu/event/876/timetable/?view=standard

B Z(>e*e”/p*u)H channel

" Baseline: N =2, N;=2 = NN-based evt-level discrim.
+ my (M) consistent w/ m;(my)

¢ |nputs:
FCC-ee Simulation (Delphes)

2 UL L RN LN L RN RN LR RRRE RS
O | {5-240Gev L=5ab" — lIH(ss)
UN’_ 5000 2s865 sig. (22091 bb/1210 cT/3554 gg/10 s5) lIH(cc) -
S TF i = .
L e e oo ] + Multiclass output
3 4000_ s .

r . wWw ]

3000:_ _: Hbb ORI:EM 0.0016 0.015 2e-05 0.0045

20001~ - Hcc 0.0019“ 0.012 0.0054 0.043
Sl 0.018 0.021 H 0.055 0.089
20 122 124 126 128 130 132 134 136 138 140

M. [GEV] R 0.00027 0.0063 0.076 R 0.033

True label

] Main [non—HiggS] BKGS: ZZ Hnonhad JRAVEEVCERN I RVNEr S  0.79

+ Key: disentangle Higgs decay 4ob Hec  Hog Hss  Hnonhad
mOdeS redicted labe
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B Z(>e*e-/utp)H channel (1)

BROWN

* Fit m,.. Simultaneously in all categories

Z(=2>LL)H(=>cc) category _
~ F * Systematics: 5% on BKG
S ref L TF(bB) - uncorrelated b/w categories
~ L IIH . .
£ 1401~ iH(gg) * Free-floating signal strength
2 S (N CEET TS IIH(sS)
w 120: ------- lIH(other)
ool SIG:
N Double-side Crystal Ball
- same params/categor -1
of. [same params/category] Results @5 ab
40; (T
i R TN 2(>LH(>qq)  bb
- PO DU T W e e T Sl G S et

| 1 J l L
9?0 122 124 126 128 130 132 134 136 138 140

Mygeon [GEV] 6“-/“ (%) 0.8 4.9 410 2.7

BKG:
15t order polynomial



B Z(>vv)H channel

* More signal, but larger and more complex BKGs

Event categorization

- Sum ParticleNet scores of 2 jets

* e.g. scores: bib,, C{Co, S1Sy, ...

- Largest ): Characterize event
» Subcategories based on S/B

q b c

s g tau ZZWW ZHWWHZZqqH
Predicted

Loukas Gouskos

Events / 1.20 GeV

SIG-vs-BKG discrimination

- Different SIG and BKGs shapes in mys; & mj;
- Bump hunt in 2D

« simultaneous fit in all categories

m rec mjj

II\III\\Il\\lll\lll\l‘lll‘l
IDEA, e*e” — Z(vv)H(jj)
Vs =240.0GeV, L=5ab "’

IDEA, e*e” — Z(vv)H(j)
Vs=240.0GeV, L=5ab "’

Events / 1.20 GeV

— Hss . ww — Hss . ww
Hee Iz Hee P4
— Hgg . HWwW — Hgg . Hww
Hre Il Hzz Hre B HZz
p,, <20 GeV ;[cos(6,,)/<0.85 Il qqH

p/zp <20 GeV ; [cos(6, )|<0.85

107" /"’M’w /\/\\

0 20 40 60 80 100 120 140 160 10 200 220 240
Mll (GeV)

20 40 60 80 100 120 140 160 180 200 220 240
M (GeV)
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B Z(>vv)H channel

BROWN

* More signal, but larger and more complex BKGs
Event categorization Results @5 ab-1

- Sum ParticleNet scores of 2 jets
* e.g. scores: bib,, C{Co, S1Sy, ...
- Largest ): Characterize event
» Subcategories based on S/B

Systematics:
- 5(0.1)% BKG (SIG)
» uncorrelated b/w processes
BKG: constrained to O(1)%
- Limited MC statistics

Z(2vv)H(=qq) bb

Su/u (%) 04 | 2.6 137 1.1

2X better compared to the 2L channel

q b ¢ s g tau ZZWW ZHWWHZZqqH

predicted Also: All-had channel [l. Veliscek talk]
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https://indico.mit.edu/event/876/timetable/?view=standard

Bt Big picture
= [Very] Preliminary combination (5ab)

Final state Z(IH@j) [%]  Z(vW)H(j) [%] Z(j)H(j) [%] Comb. [%]

H — bb 0.81 0.36 0.3 0.22
H— cc 4.93 2.6 3.5 1.92
H — gg 2.73 1.1 24 0.94

H— ss 410 137 436 124



Bt Big picture
= [Very] Preliminary combination (5ab)

Forces 3r-Gen 2"9-Gen

B! \Vaybe @HL-)LHC
I Guaranteed @Qe*e-
IExtremely tempting

I @FCC-ee
"

|
]

Will be established
@Q(HL-)LHC

loukas Gouskos ond S ECC Workshobp (2024)

Final state  Z(IH(jj) [%] Z(W)H(ij) [%] Z(j)H(jj) [%] Comb. [%]
H — bb 0.81 0.36 0.3 0.22
H— cc 4.93 2.6 3.5 1.92
H — gg 2.73 1.1 2.4 0.94
H— ss 410 137 436 124

Potential to complete
2nd-Gen Yukawa couplings
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Bt Detector design

» What’s the most optimal way?
+ Ooptimal: e.g., performance, cost, risk, ..

Loukas Gouskos ond S ECC Workshobp (2024)
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BROWN

jet misid. probability

= More results: A. Sciandra’s talk

Loukas Gouskos

strange-tagging (timing)

FCC-ee Simulation (IDEA)

—

- — ] .
- ete > ZH,H—jj ‘ ; &
~ j=udscbg T
2o oo e R _
10 o : — noPID 3
: — dN/dx ]
i ——— dN/dx + to.f (5,230 ps) |
—— dN/dx + to.f (o,=3 ps) |

S +=- ideal PID,

-3 /5 P [ L i L
107, 0.2 0.4 06 08 1
Ideal from jet tagging efficiency

MC

dN/dx brings most of the gain
additional gain w/ TOF (30ps)

—2>TOF (3ps): marginal improvement

B! Impact of detector configurations o

charm-tagging [PIX layer]

FCC-ee Simulation (IDEA)

2 1E R
2 - ee = ZH H=j ¢ tagging
Qo - j=ud,scbg i
o I b, N |
9' 10—1 NS SSOSSSTTIOINS SRS { le ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
o] g ’r ]
(2] - i ; : -
é o c vs;g (3 inner Iayer§) i B
— [ emeee cvsg (4 inner layers) 7]
G_)‘ B cvsiud (3 inner layers) 7]
1072 |rrnievsud (4inner layers) ... e f —
F cvsb (3 inner layers) -
I cvs b (4inner layers) _#27 .
1078 L—— D S B <
0 0.2 0.4 0.6 0.8 1

jet tagging efficiency

Additional PIX layer:
- 2x improved BKG rej. in c-tag
- Marginal/no improvement in b-tag

ond S ECC Workshop (2024)
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Bt Impact of detector performance
* Neutral Hadron energy resolution
+ relevant for all H decays modes

* [mpact parameter resolution (d0, dz)
s relevant for H=>bb, H>cc

= dN/dX resolution:
o relevant for H>ss

* Timing resolution (hominal = 30 ps)
s relevant for H->ss

NB: Impact pessimistic
—> no retraining of jet identification algorithm performed

Loukas Gouskos ond S ECC Workshop (2024) 20
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BROWN

D

loss in precision (%)

* Need to carefully access impact of detector proposals to the

Impact of detector performance

ual Readout

30% / \VE 50% / VE

l l l

ATLAS CMS
100% / \VE

11— H-=bb

H=cc
—— H->ss
== H-=gg

H— ss

1.00 125 150 1.75 2,00 225 250 275 3.00
Neutral Hadron energy resolution scale factor

H - s s relative precision loss (%)

Higgs physics program in general

Loukas Gouskos
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—— dN/dx resolution
timing resolution (x 30ps)

scale factor
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B Analysis front: Systematics

Results @5 ab!

Systematics:

- 5[(0.1)%| BKG (SIG)
« uncorrelated b/w processes Need excellent control of

BKG: constrained to O(1)% systematic [EXP+TH]
- Limited MC statistics uncertainties

Z(>vyv)H(2>gg) bb cc

Su/u (%) 04 | 26 | 137 | 1.1




Bt Jet tagging: robustness

» ParticleNet-ee: trained with Pythia8 samples
+ tested on Pythia 8 [solid lines]
+ tested on WZ-Pythia 6 [dashed lines]

bottom-tagging gluon-tagging ..,

on (IDEA)

10(] loﬂ
= b vs g (Pythia8) = g vs/q (Pythia8)
=== b vs q (Pythia8) m—— o vs s (Pythia8)
m— b vs ¢ (Pythia8) w7 ysC (Pythia8)
=z == b vs g (WZ-Pythia0) Z : == g vs b (Pythia8)
2 1079 == b vs q(WZ-Pythiab) 2 107" == gvsq(WZ-Pythia6)
] ]
< == = b vsc (WZ-Pythiab6) = gvss (WZ- Pythné) _Z
& g y
= =2
B oz B e 5
g 10 z 10
IO_} T T T T T - T 10_3 ¢, T : T LS T
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.2 04 0.6 0.8 1.0
jet tagging efficiency jet tagging efficiency

Modest dependence

Loukas Gouskos [still many trICkS tg vr\%q\léllcl:u% \the dependence] 23



Bt Improving robustness

» Current development relies solely on MC
+ Full control of class definition, lot’s of [MC] data [~2M jets flavor]

o NB: it’s also not Full SIM ..

Loukas Gouskos ond S ECC Workshobp (2024) 24



B Improving robustness: The Z-pole

» Another route: collision data
+ [Obvious] advantage: much smaller syst unc.

» How: Tag-and-probe @ Z pole
+ First: Tag one of the two jets with high purity

+ Then: create a training sample using the 2"9 jet (probe).

Tag
> % (b, €,5,) FCC-ee @Zpole
P Z->hadrons ~70% 0.7x10°M
Probe. Dt . s - uu/cc | ~12%/flavor | 8.4x10* M/ flavor
\ Pt 225 ) Lyt ! - dd/ss/bb | ~15%/flavor | 1.1x10°> M/ flavor
, £22)
ﬂes()onsc_
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B Improving robustness
» Take into account tagging performance [& mistag rates]
Best case: b-tagging “Worst” case: s-tagging
WP Eff Mistag Mistag | Mistag
(s) (g) (ud) (c) (b)
a0% | 10% 1%
20% | 6% 0%

Eff Mistag Mistag | Mistag

wp

(b)  (g) ) ()

Medium | 80% <0.1% 0.3%

» Back-of-the-envelope: Training sample @ Zpole
+ bottom jets: ~1x10° M, strange jets: ~8.8x10* M

+ Much larger training sample than what used for the MC-only
development

Loukas Gouskos ond S ECC Workshop (2024)



B Gluon tagging using data?

BROWN

» Challenging... topic of discussion and brainstorming

+ For instance:
b-tagging:
~90% eff.

3rd jet is a gluon:
0O(1-10%) depending on
momentum, angle

- Still more than enough for
developing the gluon-
category

b-tagging:
~90% eff.

To be tested
Loukas Gouskos ond S ECC Workshobp (2024)
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Bt Summary

» FCC-ee [full program] is a powerful machine for Higgs
physics [and not only]

+ Potential to reach O(0.1)% precision in H-coupling
measurements

» Far from “over-subscribed”; steep learning curve ©
+ Physics object reconstruction

+ Detector design/performance

o hand-in-hand with the detector design teams

Loukas Gouskos ond S ECC Workshobp (2024)
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B Unique at FCC-ee: H>ee
» Extremely challenging: BR(H->ee) ~107 B W2, ..

» FCC-ee: Resonant Higgs production H
o tiny signal (1.64 fb) vs. huge BKGs
¢ but: huge luminosity: 20 ab-'/year/IP - Higgs

= Key points: € g Wz..
+ Beam spread (~MeV) - monochromatizatianear, 2 Ips: 20
+ Precise my - from ZH run -3 years, 4 IPS: 1, @15%
é'; % Significance. e'e’— H, s = 125 GeV o F
3 2 [ e—
s v R
"l’é 10 S<1c 102 :_ v R
wo 6 = v _
5 v
4 10 =
3
5 1 S ard Mod, } :
W2 34567 10 30 100 200 107 = > éé i é 5; é;

L (@b™")
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