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2012

A Higgs boson-like 
particle was found!

So far, the SM rules, 
but the exploration 

has just begun…

1310.0763

Future

Is Yukawa coupling 
really universal

between families?

Nature 2022

u
d
s

https://arxiv.org/pdf/1310.0763.pdf
https://www.nature.com/articles/s41586-022-04893-w
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Symmetry

https://www.symmetrymagazine.org/article/november-2012/a-bouquet-of-options-Higgs-factory-ideas-bloom


V. M. M. Cairo 4July 8th 2022

• 𝑝𝑝:	high energy, large statistics à ideal e.g. for rare Higgs searches

• 𝑒!𝑒": clean environment, initial states well defined à ideal for precision 
measurments and for probing light Yukawas
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• Higgs to top-quarks
• No big gain from HL-LHC to e+e-

machines (low 𝑠)

• Higgs to b-quarks 
• ~ 2% at HL-LHC
• ~ 0.5-1% in future e+e- machines
• x2−4 better than HL-LHC

• Higgs to c-quarks
• HL-LHC able to probe the SM?
• ~1% in future e+e- machines

• Higgs to light-quarks
• Only upper bounds

1905.03764v2 

1910.11775

precision upper bounds

https://arxiv.org/pdf/1905.03764.pdf
https://arxiv.org/pdf/1910.11775.pdf
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The Strange Yukawa 
coupling at 𝒆!𝒆"

colliders
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√s = 13 TeV, mh = 125 GeV
1610.02398

Assess the sensitivity of Higgs to strange couplings(*) at future Higgs 
Factories and study detector design enabling strange jet tagging 

SM Higgs BSM Charged Higgs

(*)many more SM analyses would benefit from strange tagging, e.g. 𝑒𝑒 → 𝑠𝑠, 𝑍 → 𝑠𝑠,𝑊 → 𝑐𝑠, etc!

https://arxiv.org/abs/1610.02398
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T. Tanabe’s presentation

4

Categories

Under perfect reconstruction, we only need to count:

# of secondary 
vertices 

(excluding V0)

# of strange 
hadrons

(K±, KL
0, KS

0, Λ0)

b 2 ≥1

c 1 ≥1

s 0 ≥1

ud 0 0

à These provide natural categories for multivariate classification.

In reality: missing tracks / fake tracks à migration

B

D

K

D K

K

b jet

c jet

s jet

ud jet

Primary
Vertex

…and SLD actually measured strange hadrons from 𝑍 → 𝑠�̅�! 
See SLD As PRL 85 (2000), 5059

b-jet

c-jet

s-jet

ud-jet

https://indico.slac.stanford.edu/event/6674/
https://inspirehep.net/literature/528730


V. M. M. Cairo 9July 8th 2022

Particle Identification is crucial!

Need p/K discrimination over a momentum range of approximately 
(0.2-0.7) x 0.5 x 125 ≅ 12 to 50 GeV 

2203.07535

https://arxiv.org/abs/2203.07535


V. M. M. Cairo 10July 8th 2022

● Use a Recurrent Neural Net tagger for classifying jet-flavor, train on full ILD(*) simula,on 
(𝑍 → 𝑖𝑛𝑣)(𝐻 → 𝑞𝑞 ̅/𝑔𝑔) samples and include per-jet level inputs & variables on the 10 
leading par,cles in each jet, including PDG-based PID à general validity!

2203.07535

@50% s-jet tagging efficiency, 
>80% u/d-jet rejection with Full PID

Good discrimination of s-jets from 
u/d- and g-jets

(*) ILD =  multi-purpose International Large Detector concept @ the International Linear Collider

https://arxiv.org/abs/2203.07535
https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
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● Use a Recurrent Neural Net tagger for classifying jet-flavor, train on full ILD simula,on 
(𝑍 → 𝑖𝑛𝑣)(𝐻 → 𝑞𝑞 ̅/𝑔𝑔) samples and include per-jet level inputs & variables on the 10 
leading par,cles in each jet, including PDG-based PID à general validity!

2203.07535

Good discrimination of s-jets from 
u/d- and g-jets

At fixed light rejection:
No PID to PID < 10 GeV: ∼1.5x efficiency
No PID to PID < 20 GeV: ∼2.0x efficiency
No PID to PID < 30 GeV: ∼2.5x efficiency

https://arxiv.org/abs/2203.07535


V. M. M. Cairo 12July 8th 2022

Foreseen to run at several 𝑠, dedicated 250 GeV run for 
Higgs couplings studies 

𝜎/@ 𝑠 = 250 GeV ~ 200 ,b (dominated by ZH producRon)

2000 S-1 collected in 10y by ILC

à ~ 400k Higgs à ~ 80 ℎ → 𝑠�̅�

But of course, new physics boosts these numbers!

2203.07535

https://arxiv.org/abs/2203.07535
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Reference: ILC Events in ILD

https://www-jlc.kek.jp/~miyamoto/evdisp/html/index.html


Object 
defini,on

Event selec,on

Signal 
discriminant

s-Yukawa 
constraints
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𝑍 → 𝜈𝜈 channel

𝑍 ℎ𝑎𝑑

𝐻 → 𝑔𝑔
𝐻 → 𝑠𝑠

𝒌𝒔 ≲ 7 x SM 
Cut-based approach, 

reject
𝒁𝑯 ! 𝒔𝒔 , 𝑽, 𝑽𝑽
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2203.07535

2 jets

0 or 2 SFOS leptons

𝒋𝒆𝒕𝟎 + 𝒋𝒆𝒕𝟏

Sum of 

strange 
tagging 
scores
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https://arxiv.org/abs/2203.07535
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• If we can tag strange jets, we can probe the 
Higgs strange Yukawa coupling…

But we need 𝝅/𝑲 discrimina>on at high momenta!

• This triggered recent studies of what may be possible 
with a system that pioneered parRcle ID: the RICH



3.5 T

1912.04601
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• Hadrons identified by their mass, determined from momentum and velocity
• Momentum inferred from radius of curvature in magnetic field, remaining question: 

measure the velocity
• The ILD concept has intrinsic PID capabilities through dE/dx ionization + TOF from 

silicon wrappers

R. Forty’s slides

See also U. Einhaus, Y. Okugawa, B. Dudar’s talks 

https://arxiv.org/pdf/1912.04601.pdf
https://indico.cern.ch/event/630418/contributions/2813741/attachments/1575241/2487285/PID-Forty-1.pdf
https://agenda.infn.it/event/28874/contributions/169512/
https://agenda.infn.it/event/28874/contributions/168923/
https://agenda.infn.it/event/28874/contributions/169576/
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Ring Imaging Cherenkov Detectors (RICH) is a favourable approach at high momentum, but… 

Will it be possible to accommodate a compact RICH system while preserving 
performance in tracking and calorimetry?

TOF or dE/dX have great PID capabilities, but cover only the low momentum regime 
(unless very large tracker volumes are used)

20 
GeV

3 𝜎

10 
GeV

𝜎[𝜃𝑐(𝑡𝑜𝑡)] total 
resolution for the ring 

2203.07535

1912.04601

NIM,A 952 (2020) 162004

TOF, dE/dX RICH

https://arxiv.org/abs/2203.07535
https://arxiv.org/pdf/1912.04601.pdf
https://doi.org/10.1016/j.nima.2019.03.059


SiPMTs or new detector ideas!
See C. Damerell’s arScle Extremely thin but excellent 

optical quality mirrors

**  Needed radiator thickness will evolve downwards, 
as Quantum Efficiency of photodetectors advances 

• Can a RICH work in limited (how limited?) radial space?
• Needs to be large enough to detect photons

Past Future

** 

• Past à Future: Much smaller radial length, SiPMTs rather than TPCs with TMAE 
for photon detecWon improve PID by a factor of 2

• Many parameters to inves[gate!

~1m

2203.07535
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https://cerncourier.com/wp-content/uploads/2021/07/CERNCourier2021JulAug-digitaledition.pdf
https://arxiv.org/abs/2203.07535
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Fast timing device (<100 
ps) to provide ToF covering 

the lower p range and
complementing the RICH

25[10] 
cm

low mass 
carbon-
composite 
material for 
the structure 

Beryllium 
with 
reflective 
coating

Pure C4F10 at 1 bar 
(boiling point -1.9 C at 
1 bar, good refraction 
index)

Tracker

ECAL

Forward RICH 
& Calorimeter

2203.07535

Can reach 
𝟑𝝈 𝝅/𝑲

separation up to 
30 GeV with 

state-of-the-art 
technology!

https://arxiv.org/abs/2203.07535
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• Many unexplored physics benchmarks rely on strange tagging, in turn enabled by 𝝅/𝑲 PID at 
high momenta
• Higgs & friends Factories: Z, W, top, flavor physics in general… (see R. Forty’s talk)

• Ordinary mader composed by electron and light quarks
• none of the Higgs boson couplings to such par,cles has been verified yet!

• Tesfng Yukawa universality: key benchmark for future Higgs factories
• The most stringent constraints on the strange Yukawa have been derived via a direct 

SM 𝒉 → 𝒔6𝒔 search: phase space for new physics reduced to 𝒌𝒔 < 𝟕 𝒙 𝑺𝑴

2203.07535

https://indico.cern.ch/event/1165167/contributions/4927647/
https://arxiv.org/abs/2203.07535


Strange Yukawa coupling: 
a challenge and an opportunity for Future Colliders

Illustrations by F. Cairo
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ExciRng science ahead to solve some of the yet-to-be answered 
ques>ons in ParRcle Physics

Interplay between detector design, performance & analysis 
techniques is of paramount importance!



F. Cairo, From Conn(ll)ecting the dots
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GRU: Gated Recurrent Units
MLP: MultiLayer Perceptron 
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Jets

Tracks

PID
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● Use a Recurrent Neural Net tagger for classifying jet-flavor, train on full ILD simula,on 
(𝑍 → 𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔) samples and include per-jet level inputs & variables on the 10 
leading par,cles in each jet, including PDG-based PID à general validity!

2203.07535

The tighter the cut on the s-tag score, 
the more energetic the leading strange hadron!

https://arxiv.org/abs/2203.07535
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• Hadrons are identified by their mass, in turn determined by combining momentum and 
velocity

• Assuming that momentum is inferred from radius of curvature in magnetic field, the 
remaining issue is to measure the velocity

• Can be determined via:

• Time-of-flight (TOF)

• Ionization losses (dE/dx or dN/dx)

• Transition radiation

• Cherenkov radiation

R. Forty’s slides

N.B. Detec<on of photons is needed by many of the detectors performing par<cle ID.
Requirements: single photon sensi<vity, high efficiency, good spa<al granularity 

https://indico.cern.ch/event/630418/contributions/2813741/attachments/1575241/2487285/PID-Forty-1.pdf
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3.5 T

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
ILD @ ILCIDEA @ FCC-ee

2 T

e2019-900045-4 1912.04601

90% He
10% Isobutane 

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/1912.04601.pdf
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e2019-900045-4 1912.04601

dashed solid

ILD @ ILCIDEA @ FCC-ee

Comparable dE/dx performance at e.g. 20 GeV, boost from dN/dx

Anali^cal calcula^ons

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/1912.04601.pdf
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• Use a Graph Neural Net ParticleNetIdea: jets represented as an un-ordered set of particles
• Train on (𝑍 → 𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔) samples, per-jet and per-particle level inputs & variables

(kinematics, displacement, identification)
• TOF and dN/dx (𝟑𝝈 < 30 GeV) considered
• Fast Simulation and Fast Tracking 

2202.03285

No PID to PID with dN/dx à at fixed mistag, efficiency doubles

https://arxiv.org/pdf/2202.03285.pdf
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𝟑𝝈 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 𝒇𝒐𝒓 𝝅/𝑲

dE/dx in silicon

TOF via Fast 
Timing in silicon 

envelopes or 
calorimetry

dE/dx in Time 
Projection or 

Drift Chambers
dN/dx RICH

⪝ 5 GeV ⪝ 5 GeV
⪝ 30 GeV

(scales with 
volume)

O(tens of GeV) O(tens of GeV)

𝑴𝒐𝒎𝒆𝒏𝒕𝒖𝒎
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2203.07535

https://arxiv.org/abs/2203.07535
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2203.07535

https://arxiv.org/abs/2203.07535
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2203.07535

https://arxiv.org/abs/2203.07535
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2203.07535

https://arxiv.org/abs/2203.07535
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2203.07535

https://arxiv.org/abs/2203.07535
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• Low mass vessel (total detector weight is small compared to CRID @ SLC  - no liquid 
radiator, no heavy mirrors, etc)
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LHCb, JINST 3 S08005, 2008 

P. Krizan et al.,NIMA
990(2020)163804, 
and R. Klanner, 
arXiv:1809.04346v2, 2018 

In addition, a SiPMT array has losses due to gaps 
between pixel elements.

Jerry used 65% in his calculations, could jump to 
100% with back-illumination.
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C4F10 seems a possible solution with 
SiPMT readout even for 

20-25 cm radial distance!

Much beeer Cherenkov Photon 
Detec,on efficiency over a wider 
wavelength compared to TMAE

Why didn’t we do this before? 
No SiPMT!

https://books.google.fr/books?id=V9o6DAAAQBAJ&pg=PA60&lpg=PA60&dq=TMAE+RICH&source=bl&ots=gFHVLGOUIp&sig=ACfU3U0n6oeMOqP-DK-bDqbA2ZzRQjXXyw&hl=it&sa=X&ved=2ahUKEwj80MTxmunzAhUKKBoKHf33AQgQ6AF6BAgLEAM
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• Track bending effects are sizable and depend on the magnetic field
• Photon can be produced anywhere along the track segment along path L, which smears 

the Cherenkov angle
• Bending effects have been evaluated for various 𝜃%&' = 90°, 86°, 70°

r=100 cm

r=125 cm

Jerry’s sketches

https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
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• Smearing effects increase with magnetic field and dip angles while decrease with 
momenta. 
• The contribution of various effects has been estimated, see much more in the 

back-up slides

These results justify a full Geant 4 simulation!
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ARC Compact RICH

C4F10 at 3.5 bar C4F10 at 1 bar

~10% X0 ~4-5% X0

SIMPTs at -30
(C4F10 condenses at +2degC. Aerogel on top of 

SiPMT will act as an insulation/radiator.)
SIMPTS at room temperature

Gaps between active SiPMT sensor segments continuous coverage with only small gaps between 
SiPMT sensors (similar to CRID)

chromatic error ~0.5 mrad (possibly having 
Aerogel helps as it is acting as a UV filter, thus 

removing part of the wavelength acceptance and 
therefore reducing chromatic error.)

chromatic error ~0.9 mrad

tracking resolution ~0.3 mrad tracking resolution ~0.8 mrad based on SLD 
experience

1 mrad for angular resolution thanks to 0.5mm^2 
pixels

error from final size pixels ~0.8-2.3 mrad if we use 
1mm^2 or 3mm^2 pixel sizes

No smearing due to magnetic field (2 T) ~1.5-2.5 mrad smearing due to magnetic field (5 T)

25 photoelectrons for 20 cm (higher QE using 
NUV-HD SiPMTs)

16 photoelectrons per ring at beta = 1 and 25 cm 
radiator length

SIMPTs with 10 ps timing resolution SIMPTs with ~100 ps timing resolution

https://indico.cern.ch/event/1165167/contributions/4927647/
https://arxiv.org/abs/2203.07535

