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A History of the Higgs
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History of the Tau Lepton

Discovered by Martin L. Perl et al. l‘
(1974/1975)

- Stanford Positron Electron Accelerating
Ring (SPEAR) — at SLAC
- e+e- collider (CoM 7.4 GeV)

- Discovered via ete—T T—p*etw

. Martin |n‘the SPEAR Control Roomv in
- Search for a heavier lepton already 3/Ps Lottt ight, Gerson Goldhaber (L8L,
unde rway at ADONE ( I':aly, 1.5 GeV COM) Martin Per and Burton Hienter)

- M.L. Perl recognized the potential for
discovery of a heavier lepton using SPEAR

Tau Lepton was first of the third generation fermions discovered

- Followed by the discovery of the bottom quark (1977), the top
quark (1995) and the tau neutrino (2000)
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http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/perl-martin.pdf

History of the Tau Lepton

Discovered by Martin L. Perl et al.
(1974/1975) "
- Stanford Pos L I',

- e+e- coll
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Physics
with Tau Leptons

- Discovered

SPEAR Control Room in

4, following discovery of the
ight, Gerson Goldhaber (LBL),
d Burton Richter.)

- Search for a
underway at A

- M.L. Perl rec
discovery of g

Physics with Tau Leptons
by A. Stahl, published in 2001

S discovered
977), the top

Tau Lepton w

- Followed b
quark (1995)
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“It is unclear whether or not one
can study Tau Decays at the LHC”
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Basic Characteristics

Goal: Detect Taus Efficiently
Weak Decay

- Hadronic + v

- Leptonic e/muon + 2 v —

- Not Fully Reconstructed
(Missing Transverse Energy)

>

Decay Mode Resonance B [%]
T  — e VeVr 17.8
T — U VyVz 17.4
T~ —>h v 11.5
= — h v, 0(770) 26.0
= = h 7, a1(1260)  10.8
T~ —>h hth v, a1(1260) 9.8

T~ > h hth 7lv, 4.8

Other hadronic modes 1.8

All hadronic modes 64.8

' Hadronic Tau Topology

"
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Studying the SM Higgs with T's

&' <. " = - Lower branching
g 1 fraction than bb but
s ©~  with a cleaner
N signature

102 E

- Dedicated Triggers

| _ . Dedicated
: ] Reconstruction, ID

080 100 1120§ 120 160 |'\1/|80'G' '\3_00 - Many production modes:
- B¢ ggH, VBF, VH, ttH
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How to Study H—T1T

o)
3% Tuly 3.1% TeTe

6.2% TeTy

23% TeTh

Birmingham July 1, 2022

42% Th@ p

H

22.6% TuTh

[.Ojalvo H—TT Higgs Discovery

Variety of final states make this analysis complex a priori!
- To measure Essential to identify hadronic 1's online and offline
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End of Run-1 Combination

CMS H—tr, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV

- ATLAS
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Level-1 Trigger at CMS

CMS Level-1 trigger system composed of custom electronics
designed and built in the early 2000’s:

ASICs (RCT), Copper Cables, burn-once FPGAs (GCT)
Legacy system used at CMS 2007-2012

Phase-1 upgrade planned to handle LHC beyond Run-1,
originally planned to be installed during Run-2

. . (21'4:_ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
CMS accelerated this program and installed the iz
Phase-1 upgrade during LS-1 in two parts S
0.8
0.6]
20 38 | =
energy energy energy energy energy energy !

0'2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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( J
Calo Trigger
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Global
Calo Tri

Figure 5: Efficiency of 7-jet identification with the L1
Tau algorithm as a function of the Monte-Carlo E; of
the 7-jet.

[.Ojalvo H—TT Higgs Discovery Birmingham July 1, 2022

>b



Phase-1 Irigger Upgrade

. 2 v ) - N

d Level 1:
: Custom Hardware
: e '
- BMIAGE  juslS Sy © Ly wd | CTP7
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L evel-1 Tau Reconstruction

+= iy

Clustering

Merging

Calibration

Isolation

12

Create tau clusters from TT
Mostly common to EG

Search for neighbors in a defined path
(tau decay products can be spread out)
~15% merged, 85% non merged

Function of eta position, ET, merging and
presence of energy deposit in ECAL

Compute isolation as E(6x9) - E (tau)
PU estimator common to EG
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Triggering on Taus: ATLAS
Feveh1: //;C;C)/

T-candidate Et calculated from the 2x2
core (red) in the HCAL

+ highest of the four sums in the core
(green) of the ECAL Yam

calorimeter

L QN

- Electromagnetic

. - p calorimeter
R n 1 .E?M ISOI [G@V] S (ET [GCV]/lO + i Trigger towers (A x Ad =01 x 0. 1)
u " ! VerticalSums @ B B Electromagnetic
. [ isolati .m.
[EEMisol ‘ 11 isolation threshold
R 2 . T === Horizontal Sums ' | Hadronic isolation
u n . < 4 Gev 53] De-cluster/Rol region: # < inner & outer
*= jocal maximum 1| | isolation thresholds

Topological selection to ensure di-cand
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objects are back to back g 10_ BDT ™ _
High Level Trigger: | s
1025— =
1.) Calo-only selection (min calo prT) i
2.) Track selection: 10F .
1 S Ntrk < 3 Ntrk < 1 :IIIIIIIII|IIII|I[IIIIIIllIIIIlIIIIlIIIIllIIT‘IIII:

corec — 3 isol 02 03 04 05 06 07 0.8 0.9 1

3.) offline-like selection using BDT Efficiency @
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Th Reconstruction at CMS

Tau Reconstruction uses a Cut-Based Hadron Plus Strips
(HPS) Algorithm to Reconstruct 1-prong, 1-prong + m°
and 3-prong Taus from “Particle Flow” Charged Hadron

CMS Simulation Preliminary

e T wgun %
and e/gamma Candidates - ¢ o.f Size Determinediie
9 Dynamic = | by Simulation {4,
h: n o j N = 1L
-+ b 4+ Fixed-size s T 1
_ \ 0.1 = o
3-prong N Y ;
0.0 5 10 15 20 °
| 1 ps" (GeV)
. CHl v "~ New for Run Il 1-prong + m°:
R N /' Take into account the
Signal expected size of the strip
cone based on the e/gamma pt
-
>

h 13TeV Performance

1,5, 2016, 0.8 fo”' (13 TeV)

1,1, 2016,0.8fb" (13 TeV) 7,7, 2016,0.8 fo' (13 TeV)
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Th Recnstruction ATLAS

Tau candidates are
seeded by jets

A tau vertex is chosen as
the candidate track vertex
with the largest fraction of
momentum from tracks
associated (AR < 0.2)

Tracks are selected
based on their position
and impact parameters

8000 ATLAS Preliminary —4— Data 2015+2016+2017 21t

I W+jets and multijets [ Other S T

.
S \
2 Stat. Unc. s __ ‘-

7000 s=13 TeV, 80.00 fb!

Events / 3 GeV

°°— . Provided requirements are passed the
e tracks are then associated to core (0
o < AR < 0.2) and isolation (0.2 < AR <

*I
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0.4) regions around the tau candidate.
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Tau ID at CMS

For Jet, Th Discrimination we have
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Tau ID at CMS 2016

For Jet, th Discrimination we have N
% 105 703 inputs ; o ; TS 4 outputs N

developed a cut-based and an o | >z | S

igh-leve ElEE - 57 outputs
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. puts are then concatenated and processed through five fully connected layers before the output g

> | N |m -t ram -t r + is calculated that gives the probabilities for a candidate to be either a 7}, an electron, a muon, —
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Sign ificance of leadin g track (I .. nected layers with decreasing numbers of nodes, taking 47 inputs and yielding 57 outputs. The =

. . . features of both the inner and outer cells are input to complex subnetworks. In the first part, -

I—lfe Time Variabl eS) the observables in each grid cell are processed through a set of fully connected layers, first sep- T

> arately for electrons/photons (containing both the features for PF electrons and electrons from - -

Number Of phOtonS the standalone reconstruction), muons (similarly containing both features from PF and stan-
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> Decay Mode ers, yielding 64 outputs for each cell. The grids are then processed with convolutional layers, g
> Sh ape Variables which successively reduce the size of the grid. For the inner cells, there are hence 5 convolu- C|—|>

tional layers that reduce the grid from 11x11 to a single cell; for the outer cells, there are 10
convolutional layers that reduce the grid from 21x21 to a single cell. The numbers of trainable
parameters (TP) for the different subnetworks are also given for the different subnetworks.




Tau Calibration & ID at ATLAS

- Energy is calibrated using an

MVA regression “BRT”-method

-+ Takes as input “Tau Particle Flow”

objects along with an baseline

Energy estimate

* Th are discriminated from jets

using a BDT
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Events/ 10.0 GeV

First look at 2015 Data
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Analysis Strategy
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Categorization CMS

Four Tt Final States (Channels):
€T, UTh, ThTh, EU

Three Categories for signal

extraction, using 2D distributions:

0 jet™: Muis VS. /U Pt
or Myis vS. T DM

VBF: SVMass vs. M;;
Boosted: SVMass vs. Higgs pr

1-Jet Boosted higgs

J
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g g 21
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Background normalization
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<¢---» 7 Top NFs
<—» 31 Z — 77 NFs

Categorization

ttH topology

VBF topology

>
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boost_0_1J
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boost_2
boost_3

V(had)H topology

—ra—

VH._1 ]

22

ATLAS

VBF Topology
Boosted Topology
VH Topology

ttH Topology

+ Dedicated control
\regions
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CMS Htt Observation
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CMS Htt Observation

+ Observed

Two Dimensional Distributions:
B Hovr (u = 1.09)

Events/bin
- -

—
=

(Obs. - bkg.)
Bkg. unc

Events/bin

CMS uT, 0 jet

T

35.9 fb'' (13 TeV) Z—1t

Q

ut 0 jet

I ﬁiz_'TpTh

1 prong

. -0-

-
)

Events/bin
3 3

10° E

1 prong + n°

M E : s
o|S : :
; 3 . Sl claa ol .
10Q . . ; - . o
nlD ; ;
Re! EE b e e g e e e e b e el e e e e e e e e e e e T TP T TUTTT T PP, e PRI
O OO LI OO O OO0 UL OL O OUL OL OO O L O O W, O Oo o O
1 < O ONMNMNNMNOOOMOOOO OO O OO MMOOWMOOOOTT O OVWUOUMNMMODLWOOWMOO O - O
SO WA WOWO T T T YOI WA WAWLOD T T TYddwdwowo T - Y
O O MNMOOWOWO WL O OO O O O MNMNOOWOWO W O WO O O NNNMNOW WO n O
o O O v o O O v (0] o
10 - - - - -
VIS (

éeV) ’_‘—|_|_I_‘

+ Observed

B H—oo (1 = 1.09)

Z—1t

QCD multijet

- Others

Total unc.

= H—tt (u = 1.09)

- /—pp - visible at 90 GeV
- Multi-jet is a continuously falling spectrum

7| Distribution for background modeling is binned by th Decay Mode [
1 - M(ptn): Z—1uTh fitted to control T energy scale

VIS

=g
- = PY 7
-=_o. ]
- == e ]

ham July 1, 2022

irming

[.Ojalvo H—TT Higgs Discovery B



CMS Htt Observation

igh Signal Reg
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CMS Htt Observation

CMS 35.9 fb' (13TeV)
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More with Higgs 1T STXS
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ATLAS Higgs Observation
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In 1975 the discovery of the Tau was new land Iin the sea
of two generations. Perhaps the Tau will lead us out of the
sea of the Standard Model.

- Martin Perl
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BRT variables

Number of primary vertices, npy
Number of primary vertices in the event.

Average interactions per crossing, u
Average number of interactions per bunch crossing.

Cluster shower depth, Accnre
Distance of the cluster shower centre from the calorimeter front face measured along
the shower axis.

Cluster second moment in A, (112)
Second moment of the distance of a cell, 4, from the shower centre along the shower
axis.

Cluster first moment in energy density, (p)
Cluster first moment in energy density p = E/V, where E and V represent the energy
and volume of the cluster, respectively.

Cluster presampler fraction, fyresampler
Fraction of cluster energy deposited in the barrel and endcap presamplers.

Cluster EM-like probability, P\
Classification probability of the cluster to be EM-like, as described in Ref. [28].

Number of associated tracks, nacx
Number of tracks associated with the Thad—vis.

Number of reconstructed neutral pions, 70
Number of reconstructed neutral pions associated with the Thaq—vis-

Relative difference of pion energies, y
Relative difference of the total charged pion energy, Ecparged, and the total neutral

pion energy, Epeutral: Y = (Echarged — Eqeutral)/ (Echarged + Eneutral)-

Calorimeter-based pseudorapidity, 7..1,
Calorimeter-based (baseline) pseudorapidity.

int
Interpolated transverse momentum, pl;’ cP

Transverse momentum interpolated from calorimetric corrections to energy meas-
urement and TPF reconstruction.

Ratio of p,ll;C to pi;terp, plfc / piTnterp

Ratio of the local hadron calibration transverse momentum to p.

interp
T
. TPF interp _ TPF ,_ interp
Ratloopr topT oy /pT .
interp

Ratio of the TPF reconstruction transverse momentum, pr'", to pry.
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Jet — 1, misid. probability
o

—
<

Jet — 1, misid. probability
o

Backup

CMS Simuilation (13 TeV)
#  MVA vs. jets (JINST 13 (2018) P10005)
1 MVA (updated decay modes)

-~ —e— DeepTau vs. jets [ |

20 < P, < 100 GeV
jets from W + jets

1 i " " l s i i L

3t —

o LN AN ) 'y N A A A

S _

= 0.4 0.6 0.8 1
o , :

7, id. efficiency

1 CMS Simuilation (13 TeV)

#  MVA vs. jets (JINST 13 (2018) P10005)
1 MVA (updated decay modes)
—&— DeepTau vs. jets A

20 < p, <100 GeV

jets from tt

= [
m 4 :- ............................................................................. - -
§ I'E- 2 :— ----------- ... AR AR ‘ ! el e ol
o ; ;
= 3 0.4 0.6 0.8 1

7, id. efficiency
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Jet — 1, misid. probability

MVA
DeepTau

CMS Simulation (13 TeV)

2

S E & MVA vs. jets (JINST 13 (2018) P10005)

g - 1 MVA (updated decay modes)

g_ 10" =-—=o— DeepTau vs. jets .

S - = ]

(] - p,>100 GeV " i

S 102  Jets from W + jets " —

N - - -

e = =

= i i

= 10°F 3
S i 1 1 L " ]
© 2 | I 3

<= 4 . =

% qo)- 2 e = AW . ‘ v\ R A ‘1
8 0.4 0.6 0.8 1

1, id. efficiency
CMS Simulation (13 TeV)

% MVA vs. jets (JINST 13 (2018) P10005)
1 MVA (updated decay modes)
—&— DeepTau vs. jets

P, > 100 GeV

jets from tt

N A

0.4 06 08 1
1, id. efficiency
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Why use 1's to study physics
Beyond the Standard Model?

- In2HDM T1's can have
enhanced couplings to down

o(pp = ¢ + X) [pb]

F —gg— A

10‘2; :gg;hm
type quarks and leptons | oo
-+ -+ 10 : tnawﬂ?n:ai scenario
- HE—> T1*Vv 1oL S
107 10

M, [GeV]

- Insight into the Flavor puzzle:

Large branching fraction for = oy
the study of Lepton Flavor 1
Violation s

- W’, Z’ - Universality is not A o

guaranteed in these models

- Enhanced couplings for
Long Lived Particles s
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Table 3: Primary tau triggers used in the 2016 pp data taking period. For each trigger, the typical offline selection
is indicated, together with the online selections at L1 and the HLT. The online thresholds are matching in the same
order to the offline thresholds. When an online selection is not applicable, ‘-’ is indicated. ‘i’ indicates that an
isolation requirement is applied at trigger level. The trigger rates are reported for an instantaneous luminosity of
1.2 x 10** cm™2s~! and are not unique, that is they do not account for overlaps with other triggers. The L1Topo 27

triggers are those commissioned in 2016.

[

37

N
N
o
N
s
>
)
>
g
Trigger selection Trigger rate at '§1
Trigger | Typical offline selection 1.2x 10**cm=2s7! =
L1 HLT | L1[kHz] | HLT [Hz] £
T p% > 170 GeV 60 160 5.2 15 0
27 pL > 40,30GeV, pf >80GeV | 20i,12i25 | 3525- 6.7 35 -
H e

ree | IsOlatede, pp> 18 GeV, 151,12i,25 | 17i25,- | 34 9 2
p~. > 30 GeV, pi. > 80 GeV O
isolated u, pt. > 15 GeV, : : [a)
T+U o > 30 Ge \;f P 80 Gev 10,12i,25 | 14i,25,- 1.7 7 -
. T miss 9
repmis | Pr> A0 GV B> 150GV, 1544500 | 35,70, 1.8 8 T
P > 70 GeV .
o with | 21> 40.30GeV, AR(1,7) <2.6 | 2011229 [ 3525 59 39 1
T T

LiTopo | Pr> 4030GeV, AR(T,7) <2.6, | i 19120905 | 3525-- | 38 24
Py > 80 GeV Q
<
O
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CMS,/|

Trigger Efficiency of 2017 Data versus Simulation

dith, Trigger Efficiency CMS-DP-2018-009

® The 7, leg efficiencies of the following dir, trigger is shown for 2017 data and Drell-Yan events
— HLT DoublelightChargedIsoPTau35 Trkl TightlD eta2pl Reg CrossLl v
— HLT DoublelMediumChargedIsoPFTau40 _Trkl TightID _eta2pl Reg CrossLl v
— HLT DoubleTightChargedIsoPlTau40 _Trkl eta2pl Reg CrossLl_ v

® |t has a medium/tight isolation, and seeded by u+ Iso 7, L1 trigger

CMS Preliminary 415" (13 TeV, 2017)

CMS Preliminary 415" (13 TeV, 2017)

-
ol

KN
T

Efficiency
Efficiency

| . |

Py |

0.4 |- ...... e ........ ...... ..... ..... g ............. ......... 04
- S A ;—{—Simulation L I

~ }-simylation

U R B A A : P [ o é—}—Data, Era2017C-E
SRR - L ¥ - DataEra2017F
o= . @ ] . I e S S S B N O ; .
30 40 50 102 2x10? 30 4050 10? 2x10?

Offline p; [GeV] Offline p; [GeV]

® Dead pixel modules (Era 2017B) and DC-DC converter problems (Era 2017F) reduces the efficiency
® Perform tracking mitigation in Era 2017D to recover the reduced efficiency due to dead pixel modules
® |solation of tau leptons at Level 1 seed and higher isolation at HLT level results in a sharper turn-on

14.06.2019 Trigger Architecture in the CMS Experiment Rm
16/26 Hale Sert Physics
Institute Il B
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ATLAS \s=13 TeV, 36.1fb™ ATLAS Vs=13TeV, 36.1fb™
—total —stat. -~ SM exp. total (stat., syst.) —total —stat. —SM exp.
total (stat., syst.)
Thadhad o—tt 2.49 ﬂ‘?: (ig;: ! t:);:)
Boosted +#1.54 (4079 +1.32
o DR 4.02 "5 (Do 107)
Tegthes | 1 e 313 12 (0 1z =y
VBF . 3.34 *61 (+o.90 +1.34) E
TiepClep ' ° ,6.79 2% (i’:_':: , ’_'2:210) 141\ g5’ -1.12 i
o 1.06 0.60 +0.87 Combination 1.06 ,+0.60 +0.87
Combination P 3.77 “oos (peg s 07a) " 377 “oos ((ys97-074)
IllIllllIllIlllllllllllllllllllllllllll llIllllllllllllllllllllllllllllllllllll
0O 2 4 6 8 10 12 14 16 18 20 0O 2 4 6 8 10 12 14 16 18 20
S Oyr. [P]
(a) (b)

Figure 7: The measured values for o_, .. when only the data of (a) individual channels or (b) individual categories
are used. Also shown is the result from the combined fit. The total +10 uncertainty in the measurement is
indicated by the black error bars, with the individual contribution from the statistical uncertainty in blue. The theory
uncertainty in the predicted signal cross section is shown by the yellow band.
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N
o
o
~N
_ | | 35.9Ifb"1 (13 TeV) _ | 359 fb'l1 (13 TeV) ’;'
' : E
- CMS | CMS =
i | i i - £
o-let +0.89 rh‘rh +0.40 ©
u=0.84 *0:8¢ n=1.36 {5 35 'g,
i Boosted . i wT _ =
u=1.17 3’.;‘07 | u=1.14 T:f; E
VBF 0.34 1 i = T +0.60 @
n w1110 35 i u n=0.58 o 58 _ E.
Combined eu g
=109 056 =068 1'cs <]
i ) i ] O
Combined 2
=109 056 &
/)
" | ) | L ) ! ! L ! ] " . | ! L ) ! m
0 2 3 0 2 3 :IE:’
Best fit u = G/OSM Best fit u = O/CSM .
Figure 21: Best fit signal strength per category (left) and channel (right), for my = 125.09 GeV. 1
The constraints from the global fit are used to extract each of the individual best fit signal =
strengths. The combined best fit signal strength is u = 1.097057. IS
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What can we expect at the HL-LHC??

s = 14 TeV, 3000 fb™ per experiment

| Total
—— Statistical
—— Experimental
—— Theory
OggH
Oy
OwH
Ozh
Oy

ATLAS and CMS
HL-LHC Projection

Uncertainty [%]

Tot Stat Exp Th

16 0.7 08 1.2

3.1 18 1.3 2.1

5.7 33 24 40

42 26 1.3 31

43 13 18 37

.......... | M

0 0.02 0.0

008 041 012 014

Expected relative uncertainty

(s =14 TeV, 3000 fb™' per experiment

ATLAS and CMS
HL-LHC Projection

Uncertainty [%]
Tot Stat Exp Th
1.8 08 10 1.3

1.7 08 0.7 1.3
1.5 0.7 06 1.2
25 09 08 2.1
34 09 1.1 31
3.7 1.3 13 3.2
1.9 09 08 1.5

43 38 1.0 1.7

 Total
—— Statistical
—— EXxperimental
—— Theory
Ky =‘_.
Kw =
Ky =
Kg .
K = ’
Kp == |
K: =
K, =
KZy —

9.8 7.2 1.7 6.4
|

0 002 004 006

41

008 01 012 0.14
Expected uncertainty
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HLT Taus at CMS

Level 2 CMS Preliminary  Run 2016, L =27.8 o (13 TeV)

Narrow Calodets are formed around
“Level 1 Seeds”

Level 2.5

Pixel based |solation is required
around the CaloJet

Level 3 N
Ofﬂlne_llke Tau Reconstructlon 02— ............ .......... ..... ................. I s::lation
proceeds with HLT Particle Flow ﬁl ‘

» Less stringent than Offline Reco 0 4050  1¢ 20
offline © P, [GeV]

L1 + HLT efficiency

04_ .......... AAAAAAA L1 Er> 30 GeV, isolated
" | HLT pr> 35 GeV, medium
R

» For each step it a minimum requirement (typically pr or isolation)
iS ﬂOt met theﬂ pI’OCGSSing iS Halted -> (Allowing for a new event to be processed)

[.Ojalvo H—TT Higgs Discovery Birmingham July 1, 2022

» If all of the requirements are met then the event is saved for
offline analysis
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What Could We Achieve™”?

. . Fermion DM 2¢ reach
nggs Self Coupllng Vs =3, 6,10, 14, 30, 100 TeV
collider single-Hsy  HsmHsym  combined
HL-LHC [15] 100-200% 50% 50% (1,7, €) e
ILC250/C3-250 [16, 10] 49% - 49%
ILCs00/C3-550 [16, 10] 38% 20% 20%
CLICss0 [17] 50% - 50% (1,7,0)y
CLIC1500 [17] 49% 36% 29%
CLIC3000 [17] 49% 9% 9%
(17 5’ e)DF
FCC-ee [18] 33% - 33%
FCC-ee (4 IPs) [18] 24% - 24%
FCC-hh [19] - 2.9-55%  2.9-5.5% (1,5,0),
1(3 TeV) [13] - 15-30% 15-30%
(10 TeV) [13] - 4% 4%
Table 2-4.  Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. (1,3,€)pr
Values for single Higgs determinations below the first line are taken from [20]. The values quoted here are
combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
(1,3,0)
Wino-like

di- | Thermal Target

® HL-LHC % CLIC 380 + HL-LHC (1 9 l)
% 2D
100 - » C3/ILC250 + HL-LHC B CLIC 3TeV + HL-LHC iggsino-like [ m e
¥ C3/1LCS00 + HL-LHC M FCC-ee + HL-LHC 0,5, — 1
B C3/ILC1000 + HL-LHC B FCC-hh + FCC-ee/FCC-eh :
10 4 WCEPC240+HL-LHC W 1(125) + HL-LHC
W CEPC360 + HL-LHC ® u(10TeV) + HL-LHC
£
=
2
3
0.1 -
hzz hww hbb htt hgg hce hyy hyz hup htt
0.01 -
K_hXX
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