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bbh signal at the (HL-)LHC, y, sensitivity

Motivation: Bottom Yukawa measure is a recent achievement:
o Phase of the Yukawa not well measured

o Interplay between Yukawa phases in EDM and collider
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bbh signal at the (HL-)LHC, y, sensitivity

Motivation: Bottom Yukawa measure is a recent achievement:

Previous consensus: hopeless to separate
from all the bbh contributions at HL-LHC:

o Phase of the Yukawa not well measured

o Interplay between Yukawa phases in EDM and collider
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bbh signal at the (HL-)LHC, y, sensitivity

Motivation: Bottom Yukawa measure is a recent achievement:

o Phase of the Yukawa not well measured

o Interplay between Yukawa phases in EDM and collider
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Previous consensus: hopeless to separate
from all the bbh contributions at HL-LHC:

— NO Y, Sensitivity

signals
Channel | LO o (fb) | NLO-k-fact | 6 ab

Y7 0.0648 1.5 ‘

YbYt -0.00829 1.9

y? 0.123 2.5

Zh 0.0827 1.3
S bbh 0.262 -

bby~y 12.9 1.5

bbh background bbyy background
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1D Differential Distribution
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2D Differential Distribution (ylf and Zh)
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2D Differential Distribution (y[f and Zh)
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High dimensional features reveal further difference
Designed cut, smarter/optimal observable, matrix element method
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Diving into higher dimension
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Diving into higher dimension

@ & yg @ YbYt
02<|p|<04 MM04<|p|<06 MM06<|p/<08 [l 08<]|pl<1.0
el Into higher dimensions:
The channel-specific multivariable correlation pattern (detector level)
NLO (colour) effects, Parton shower, detector effects, etc.

By Multivariable Analysis (MVA, e.g. BDT, NN) on simulated events
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An Importance Measure/Distribution:

Machine Interpretation: Shapley value (2012): Shapley Feature Importance:
Shapley value: an importance “measure” of “group member”, ;
through marginalising contribution over the set: H

|SIHp—151-1)!
plvalys iy ( ) val <S U {xj}) — val(S)
p! z z z
Sg{xl,...,xp}\{xj}
Shapley value approach log-likelihood ratio in binary-class:
P f.f.‘Mij%le f ; f
LL = log(— J il 1” 7 ) =~ =S (v, ..03) - ,
oy, : |
ZI,JffIfJ‘M2 ‘2 Yp
Feature importance: the averaged abs value of local Shapley: -y
S - mmm Zh
S l | |
hi= 0,161 by
0 1 2 3

Reduction of d.o.f., Additivity over phase space, Distribution S
Correlation and more.. (Ongoing)
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An Interpretable Framework:
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Actual no. of events

Improved Channel Sensitivity:

Predicted no. of events at HL-LHC

Channel yg UpYr P Zh bbyy total
U 170 DA B AR D) 189 586
YbYi B BN T TRl -40 -95
Y7 2| e A U5 v | 487 1,835
Zh 22 BRI D E 6 161 648
bbyy 2,183 2,450 151 8,045 101,591 | 115,779
Z, 3.33 0473 10. 4.36 317

Actual no. of events

Predicted no. of events at FCC-hh

y? YvYt Y2 Zh bbyy total
w2 | 32,074 15112 10,966 6,579 8959 | 73,690
Yot 64 BRI v ) BRG] 820 < LT 1080
y2 | 48,772 45751 148,669 39,598 26,484 | 309,274
Zh 1860 4498 2280 12,661 2,982 | 23581
by | 172,088 373436 106,335 126429 7,952,834 | 8,731,122
Z. 63.7 104 §} 288 294 2,813

Optimised BDT/NN classification

About ~ 60 % gain in significance
over traditional cut analysis.
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Physics Interpretation:

A Real Bottom Yukawa: k-scheme

HL-LHC

Z[30 ab™]
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Figure 7. Significance, Z, as a function of kp at HL-LHC (ATLAS+CMS combined, 6 ab~') and
FCC-hh (30 ab=1). A SM signal is injected.

=> Unambiguous sign determination at FCC-hh.
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Physics Interpretation:

A complex Bottom Yukawa (CP-phase) & ~ — (. bb + iz by-b)k
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Physics Interpretation:

A complex Bottom Yukawa (CP-phase)
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Comparison to LHC:
HL-LHC: ¢ = [—23.2°,23.5°]=> Kb S 0.4
FCC-hh: ¢» = [—15.5°,15.7°] => Kb < 0.3

ok | 5% to indirect bounds

Comparison to EDM:

Hadronic EDM (free of y, assumption):
nEDM: ) - Ak kg F Bighg == b S 5.

Electron EDM:
eEDM: ZAme/%q + BRekq =sKp S 0.5
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Conclusions:

Associated production of bbh stands to gain at HL-LHC, FCC

Direct sensitivity on a complex phase of y, from interference term,
compared to gg — h,h — yy, or e-EDM, n-EDM

Multi-channel multi-dimensional final states benefit from or rely on MVA

MVA (BDT, NN ML etc) can be better understood with importance measure
such as Shapley values, retaining interpretability.
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Machine Interpretation (yg — Zh):
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Machine Interpretation (y; — Zh): “importance of m,,, variable
HL-LHC visualised through correlation™
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Machine Interpretation (ylf e ytz):

HL-LHC
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Shapley value from Cooperative game theory :

The value of each player and each combination of players The value of the player in each game

(7+7+10+3+9+10) /6= {, ,

~ < —

"/‘.‘ L N /’,:’"
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The most important player

L. S. Shapley, Notes on the n-Person Game-lI: The Value of an n-Person Game (1951).



bbh: Additional background discussion

VBF: light-jet veto kills the VBF while careful simulation is further needed.

di-Higgs: both mbb and myY clustered around the Higgs-mass peak, distinct final state
shape to be separate

99 = Zh. small at HL-LHC, but grows rapidly with s, and comparable but subdominant

to the yb-sensitive channels at FCC-hh. Can be further distinguished as the case of
qq — Zh

Fakes: ccxaa, jjxaa, caa, jjja, etc.: subdominant yet comparable to bbxaa. Needs attention
and study in future for better control



bbh: Additional background discussion

.| HL-LHC (6 ab™!) | FCC-hh (30 ab™1)
systematics 5 5
Ui YbYt Yp YbYt
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