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Top Yukawa coupling
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3000 fb-1, 14 TeV LHC
500 fb-1, 500 GeV LC
HL-LHC + LC500
HL-LHC + LC500 (∆t ≠ ∆c)

[Klute, Lafaye, Plehn, Rauch, Zerwas]

yt dominates the renormalization group running of the Higgs potential

one of the hardest couplings to test at hadron colliders

precision of yt at (HL-)LHC is limited by statistics

measurement at future e+e� machine needs
p
s & 500 GeV

at a future 100 TeV proton collider:
hugely extended statistics (L = 20 ab�1)
fully exploit features of boosted objects and jet substructure
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Theoretical systematics for �(tt̄H)/�(tt̄Z )

t̄

H

t
dominant production via gg initial state

Z radiated from initial qq̄ further reduced at 100 TeV

masses are close ! PDFs probed at similar x
t̄

Z

t

similar production kinematics ! theoretical uncertainties reduced in ratio �(tt̄H)/�(tt̄Z)

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV 0.475+5.79%+3.33%
�9.04%�3.08% 0.785+9.81%+3.27%

�11.2%�3.12% 0.606+2.45%+0.525%
�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%
�8.29%�2.18% 57.9+8.93%+2.24%

�9.46%�2.43% 0.585+1.29%+0.314%
�2.02%�0.147%

[simulation MadGraph5 aMC@NLO, uncertainties: scale and MSTW 2008NLO PDF+↵S ]
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H
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dominant production via gg initial state

Z radiated from initial qq̄ further reduced at 100 TeV

masses are close ! PDFs probed at similar x
t̄

Z

t

similar production kinematics ! theoretical uncertainties reduced in ratio �(tt̄H)/�(tt̄Z)

already today: uncertainties in the range of a percent
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tt̄H at 100 TeV

Expected events in 20 ab�1 of semileptonic tt̄H

aiming for percent level precision ! at least 104 events

typical reduction factor due to analysis cuts & 10

additional reduction by isolation criteria and tagging e�ciencies

H ! 4`

2.6 · 104 events
! out

H ! ��

4.6 · 105 events
! borderline

H ! 2`2⌫

2.0 · 106 events
! interesting

H ! bb̄

1.2 · 108 events
! this study
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Semileptonic tt̄H, H ! bb̄

signal

pp ! tt̄H !(bjj) (b̄`⌫̄) (bb̄),

(b`⌫) (b̄jj) (bb̄)

b̄

⌫̄

`

b̄

b

j

j

b

relevant backgrounds

pp ! tt̄ bb̄
main irreducible QCD background

pp ! tt̄Z
Z -peak in the mbb distribution

pp ! tt̄+jets
fake-bottoms tags

boosted phase space regime ! fat jets for a light Higgs [Plehn, Salam, Spannowsky]

1 an isolated lepton

2 a tagged top without any b-tag requirement

3 a tagged Higgs with two b-tags inside

4 a continuum b-tag outside the top and Higgs fat jets
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Analysis

sample generation:
MadGraph5 + Pythia8 + Delphes3
pT ,j,b,` > 10 GeV, �Rjj,bb,j` > 0.1
for tt̄+jets one hard jet with pT ,j > 100 GeV

tt̄H tt̄Z tt̄bb̄ tt̄ + jets
4.2 pb 1.2 pb 121 pb 2750 pb

isolated leptons: transverse momentum ratio I < 0.1 within �R < 0.3

b-tagging: 50% tagging e�ciency, 1% mistagging rate

event selection:
isolated lepton with |y`| < 2.5 and pT ,` > 15 GeV.
� 2 fat C/A jets with R = 1.8 and pT ,j > 200 GeV (FastJet3)

1 top tag with |y (t)
j | < 4

1 Higgs candidate with |y (t)
j | < 2.5

additional b-tagged jet
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HEPTopTagger
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QCD

[arXiv:1006.2833]

[Plehn, Spannowsky, Takeuchi, Zerwas; Kasieczka, Plehn, T.S., Strebler, Salam]

0
fat jet: C/A R = 1.8, pT > 200 GeV

1
hard substructures:
mass drop fdrop = 0.8, mi < msub = 30 GeV

2
filtering:
filter triplets of hard substructures ! 3 jets (j1, j2, j3)
150 GeV < m123 < 200 GeV

3
mass plane cuts: 0.85mW

mt
<

mij

m123
< 1.15mW

mt

m23 ⇡ mW : 0.2 < arctan m13
m12

< 1.3; else m23
m123

> 0.35

4
triplet selection: choose triplet closest to mt

5
consistency: p

(tag)
T > 200 GeV
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Higgs tagging

[Plehn, Spannowsky, Takeuchi, Zerwas]

modified BDRS Higgs tagger [Butterworth, Davison, Rubin, Salam]

remove top hadrons and construct C/A jets with R = 1.2, |y (H)
j | < 2.5, pT ,j > 200 GeV

hard substructure: cuto↵ of msub > 40 GeV and a mass drop threshold of 0.9

pair hard substructures in all possible ways and sort by modified Jade distance

J = pT ,1pT ,2(�R12)
4

filter the leading pair keeping the hardest 3 substructures

require precT > 200 GeV and a double b-tag

[arXiv:0802.2470]
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OptimalR

[Kasieczka, Plehn, T.S., Strebler, Salam]

there is an optimal fat jet size Ropt

reduce R until leaving top mass plateau

|m(R)
rec �m

(Ropt)
rec | < 0.2 m

(Ropt)
rec ! Ropt

estimate as R
(calc)
opt

top: R
(calc)
opt = 327 GeV

pT
, Higgs: R

(calc)
opt = 250 GeV

pT

 [GeV]
T,filt

p
200 400 600 800 1000

bj
j
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T

p

[arXiv:1503.05921]

Ropt � R
(calc)
opt powerful to discriminate tops from QCD jets

this analysis: fat jet sizes already adjusted, no cut on Ropt � R
(calc)
opt
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N–Subjettiness

[Thaler, Van Tilburg]

match jet constituents to N axes

⌧N =
1

R0
P

k pT ,k

X

k

pT ,k min
�
�R1,k , · · · ,�RN,k

�

small ⌧N indicates that the jet is consistent with  N axes

this analysis: tops: (⌧3/⌧2)filt < 0.8 Higgs: (⌧2/⌧1)filt < 0.4
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N–Subjettiness

[Thaler, Van Tilburg]

match jet constituents to N axes

⌧N =
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this analysis: tops: (⌧3/⌧2)filt < 0.8 Higgs: (⌧2/⌧1)filt < 0.4
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3rd b-tag

cluster remaining hadronic structure into C/A jets with R = 0.6 and pT ,j > 30 GeV

b-tag within |yb| < 2.5 and a angular separation �Rb,j > 0.4

reduced background sculpting and simplified background composition

mbb 2 [100, 150] GeV 2 b-tags 3 b-tags ratio
tt̄H 2.4E+5 6.4E+4 1/3.8
tt̄bb̄ 1.2E+6 2.4E+5 1/5.0
tt̄+ jets 1.9E+6 3.8E+4 1/50
tt̄Z 2.3E+4 4.9E+3 1/4.7
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Signal region & side bands

signal region mbb 2 [104, 136] GeV: NS = 44700, S/B ⇡ 1/3, S/
p
B = 120

side band mbb 2 [160, 300] GeV: Nside = 135000
! background subtraction with relative uncertainty of 1/

p
Nside

�NS =

⇣p
NS + NB
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+ (�NB)

2
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Two peaks fit

simulations ! fit shape and location of the two peaks separately by Crystal Ball functions

linear combination allows to fit background subtracted mass distribution

relative peak areas give access to �(tt̄H)/�(tt̄Z)
NH/NZ = 2.80± 0.03 ! �yt/yt ⇠ 0.5%
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Conclusions

yt is one of the key parameters required for the understanding of the Higgs potential

@LHC: �yt/yt statistically limited to ⇠ 10% ! @100 TeV: significantly increased statistics

theoretical systematics significantly reduced by considering �(tt̄H)/�(tt̄Z)

yt can be measured in semileptonic tt̄(H ! bb̄) using a boosted phase space regime
relying on a trigger lepton, two fat jets, and jet substructure techniques

continuum side band and Z peak allow the translation of tt̄ bb̄ rate into a measurement of yt

measurement of yt to ⇠ 1% feasible at 100 TeV proton collider within 20 ab�1
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