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Motivation

m SMEFT approach to connect modifications at top- and beauty scales with common
set of operators — Anomalies at O(mg) and O(myz) translate to higher energy scale

m O(mg) ~ 5GeV

= b — s FCNCs

L. Rohrig | Nov. 22, 2022

| O(mz) ~ 90 GeV

==~ 1% of Rp in the SM

m O(m;) ~ 350 GeV

[
=+

= Modification of e. g. the
t forward-backward asym.
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Motivation
1.0
Y¢ SM
only BR(B - Xsy)
m only oftty)
. . 0.5 BN combination
m Combination of top- and beauty observables:
synergies in global SMEFT fits [1] .
0.0
m More operators can be probed at once + S
different collider setups can be tested
m High precision and variety of observables is 0>
the key to extract tight constraints
— To which extent can FCC-ee bring 1.9 05 00 05 0

improvements?

L. Rohrig | Nov. 22, 2022

Cus

t + b-observables: Removes flat directions in
parameter space.
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https://link.springer.com/article/10.1007/JHEP06(2021)010
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Motivation
m FCC-ee (run-plan) offers ideal environment
to study Z — bb and top-observables at one
machine

m Especially Z-pole run with O(10'2) events
offers unrivaled precision and possibilities

m Deviations on Z — bb observables/scale

- T
Z(912 GeV) : 4.6x 10* cm?s"
§ « ) ®  FCC-ce (Baseiine, 2 1Ps)

®  FCC-ce (with 10% safety margin)

T T TITT

L

B 1LC (250 GeV baseline)

102

Ng W'W (161 GeV): 6.4 x 10™ cm?s A cUC (Baseline)

¥ CEPC (100km, double ring)

Pl

T T TTTTT]
il

HZ (240 GeV) : 1.6 x 10% cm?s"

10 R N
v Ny (350 GeV) : 3.6 x 10% cms*
1(365 GeV) : 3.0 x 10* cm2

Luminosity [10* cm2s™']

T T TTTTIT

Lm|

1 : E
translate to top-energy scale 0 o . V]
s |Ge
Phase Vs / GeV Event statistics
70 88 — 95 5-10%2 (10° LEP)
WHW- 158 —192 3-108 (10* LEP)
Z°H 240 10°
tt 345 — 365 100
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|Top energy scale Z — bb energy scale
Observable finding Precision limitations
@ Top-observable simulation for Current limitations on
different operator strenghts Z — bb observables
Sensitivity to Wilson coefficient New hemisphere tagging
Measure for the sensitivity and hierarchy Exclusive tagging from B-hadron decays
Precision estimate Proof from simulation
@ Reconstruction in FCC-ee environment Test assumptions from FCC-ee
for estimate of observable precision simulated Z — bb sample

\/

Prospective of global interpretation
Interpretation of simulated top- and beauty
measurements in SMEFT framework

L. Rohrig | Nov. 22, 2022 5/13



Vol

UNIVERSITE

technische universitat
dortmund Clermont
Auvergne

SMEFT framework
m SMEFT allows to merge energy scales to access BSM physics
m Build operators out of SM fields for higher energy scales A and small couplings

LsMEFT = »CSM +0(0 2 Z C
dlm 4

m Dimension-6 operators affect processes including top production and decay:
Two-heavy Oy, Oiz, Osg, O, Ope
Four-fermion Oc(,le), Og), OE,I)
W+

Z* [y

o
~+|
D
+
~
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(D Observable finding

Two approaches: Optimal observables &

parametrisation of observables

1. Deviation in the phase space d2 by final
state objects of a process

m Angular information d cos(0p+ )

= Energy information dx,=

2. Several top-production and decay
observables simulated (MadGraph +

dim6top):

m Asymmetries: Arg, Aa¢y,| A

Decay width: T

cos()

W-helicity fractions: Fi, Fo, Fr

]

]

m Spin correlations: B, C

m Cross sections: 0z, 03,5 O Ot 043

L. Rohrig | Nov. 22, 2022

4000

3000

Entries

2000

1000
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0.4
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0.0

—0.5 0.0
dQ = dcos(6,)

0.5
interference

%o, . Parameterisation
'.. @ MadGraph | dim6top

-1 0 1 2
CtW
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@D Sensitivity to Wilson coefficient

m First derivative (gradient) evaluated at C; = 0 as sensitivity measure
m Procedure for all observables ® operators

Orange: S < 107°

04r - Parameterisation
@ MadGraph + dimth

AY

L. Rohrig | Nov. 22, 2022
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(D) Precision estimate
m Reconstruction of tt-system + observables at FCC-ee holds challenges
m Considered decay modes: semileptonic and fully leptonic decay
m Examples: Top 4-vector reconstruction vs. Cp, = —9(cos(67) cos(65)) distribution
@9 012 . 9 25
5 Delphes FCC-ee, |s = 365 GeV H ] Energy S Delphes FCC-ee, Ys = 365 GeV ["]MadGraph
H [ e%e - (T, dileptonic T %’?:zﬁng:i:‘l 3 [ e - T dieptonic [_Parton
E Olj p-component E 2; —— Reconstructed
£ r £ T
2 oo08/— 2 r
F 15—
0.06; L
[ i
0.04— L
. 05—
0.02? r
S5——"% T T I R ¥

.6 0.8 1
cos(ej)os(eg)

m Next step: estimate of uncertainty (WIP) as input for global SMEFT interpretation

L. Rohrig | Nov. 22, 2022
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(D Measurements at the Z-pole: R,
m Running down the scale to Z — bb: Ry and A’;B with the largest pull from EWPO fit
LEP
m Potential for SM-deviation in Ry: mrerbesy ~ 40 %
b b

e b

®

et b

Tree-level contribution. Zbb-vertex correction, contribution ~ 1 %.

m O(10'?) Z — bb events @FCC-ee: Measurements systematically limited
Goal: reduce systematic uncertainty to scale of statistical uncertainty

m LEP-times: Systematic uncertainties dominated by udsc-physics + MC statistics

L. Réhrig | Nov. 22, 2022 10/ 13
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(@M New hemisphere tagging

Exclusive b-hadron tagging

Select the hemispheres by exclusively tag b-hadrons with a potential
purity of P = 100 % and an efficiency of e ~ 1%

DO — Ktm~
DO — Komtm—
2 D° — Kt m®

Motivation for an exclusive tagger
m Suppose N47had — 1012 An exclusive double-tagger with €, ~ 1%
— ARP(stat) ~ 4.6 - 1075 at FCC-ee: factor 20 wrt. LEP

m Systematic uncertainty reduces to
— AR (syst.) ~ /AMCZ., + AEvt.sel> + ATrk.? + Audsc? + Ahem.corr.?

oo

m Hemisphere-correlation uncertainty present for standard tagger
mostly reduced by excl. tagger

L. Réhrig | Nov. 22, 2022 11 /13
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@D New hemisphere tagging: Next steps

r

1. Estimate the purity of the exclusive tagger in several cases:
» Fully charged final state particles: B* — Ktntn—
m Final states with Ks: D% — Koot
» Final states with one 7% D% — K+tm— 70
— Place requirements on Ks tracking and 7° calorimetric reconstruction
2. Add up the modes and verify, that €, = 1% can be reached
3. Estimate hemisphere-correlation uncertainty sources for exclusive tagger

4. Use of the exclusive tagger simultaneously with standard taggers
— Study the correlation between them

5. Similar work to be developed for Alg

Réhrig | Nov. 22, 2022 12 /13
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Conclusions and Outlook

m Anomalies at mg and mz-energy scale: modifications at top-energy scale
— SMEFT approach provides a common set of operators to connect both

m Combination of different scales showed synergies in global interpretations: to which
extent can FCC-ee improve?

m Top-energy scale studies: Found sensitive observables to dimension-6 operators
— Evaluate the precision at FCC-ee from simulation

m Z-pole measurements systematically limited
— Novel b-hadron double-tagging technique for R}, determination (to be confirmed
from simulation)
— Further application on A’;B measurement planned

L. Réhrig | Nov. 22, 2022 13 /13
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Backup

L. Réhrig | Nov. 22, 2022 14 /13
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Estimation of top observables at FCC-ee

m Use official FCC-ee simulated samples of /s = 365 GeV eTe™ — tt — all collisions
m Focus on semileptonic and dileptonic decay on parton & reconstructed level

Semileptonic Dileptonic
m 1 isolated lepton £ € [e, u] with m 2 isolated leptons £ € [e, u] with
pe > 20 GeV pe > 20 GeV
m Missing energy m Missing energy
m Exactly 4 jets, 2 of them b-tagged m Exactly 2 jets, both b-tagged
(80 % efficiency each) (80 % efficiency each)
q £
w y w- Vs
t t
b b

L. Réhrig | Nov. 22, 2022 : 15 /13
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Reconstructing the dileptonic final state

m Ex. methods to fully reconstruct tt-system [4]— only verified on generator-level
m Based on 4-momentum conservation: FPo = Fy + Fp, + P, + Pp + F; + P,
P;: input 4-vector, Py = (1/5,0,0,0)"
m Not enough to fix six v-momentum components: Minimisation w.r.t. my and my,
m Generator-level: Event energy Y E; = ,/s; = 365 GeV known — Reproduce results

06

Mass diference myec — mivth

05

Normalized distribution
° ° °

°

00

[ Method-+
£ Method Ii<]

-0 -8 6 -4 -2 0 2 4 6 8 10

m{EE = mirh (GeV)

Publication reference.

L. Rohrig | Nov. 22, 2022

Method Il applied

Normalized events

MadGraph, V5 = 365 Gev
e'e 1, dileptonic

o ° o
© S @
L R R N N

°
~

°

|
Ny
5|

Generator-level: Feasibility tests.
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Reconstructing the dileptonic final state

m Ex. methods to fully reconstruct tt-system [4]— only verified on generator-level
m Based on 4-momentum conservation: FPo = Fy + Fp, + P, + Pp + F; + P,

P;: input 4-vector, Py = (1/5,0,0,0)"

m Not enough to fix six v-momentum components: Minimisation w.r.t. my and my,
m Reco-level: Event energy not known XE; # ,/s;, because ME # E,, + E,,

Mass diference myec — mivth
0.6

[ Method-+
£ Method Ii<]

°
o

05

Method Il applied

°
°
=

Normalized distribution
°
Normalized events
o
@

°
o
~

°

00

[ Delphes FoC-ee, 18 = 365 Gev

e'e” . tT, dileptonic

-0 -8 -6 -4 -2 0 2 4 6 8 10
m{EE = mirh (GeV)

|
5|

s i | G
mie - m / GeV

Publication reference. Reco-level: Naively assume Py = 365 GeV.

L. Rohrig | Nov. 22, 2022
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Reconstructing the dileptonic final state

m Reason for asymmetry: Total event energy not exactly determinable
m Cross-check: Cuts during reconstruction on X E remove asymmetries (left plot)
m Use event-wise knowledge: Py = Py, + Py, + Pye + P, + P,

— Asymmetry gets worse, too less energy for reconstruction

Delphes FCC-ee, /5 = 365 GeV,

) e tant =R
LE > 361 GeV
E > 362 GeV

] XE > 363 GeV

[ $E > 364 GeV

Delphes FCC-ee, 15 = 365 GeV
e'e” - tf, dileptonic, ME not corrected

14
&

Normalized events
°
=

Normalised events
e
©
o
9
3

L L L I e

0.1
0.02
0.0’20 cBoo- 0 5 0 1 B B -éo -Qo —2‘0 0 20 xa‘o s‘o 80
me —mye [ GeV myEconsinetsd . PRt/ Ge
Cuts on the total event energy. Reco-level: Use accessible event energy for Pp.

L. Rohrig | Nov. 22, 2022
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Reconstructing the dileptonic final state

m Ansatz: Find correlation between ME and E,, + E,, with parton-level information
m Correct reconstructed ME with fitted dependence: ME®°™ = pgt -ME? + piit- ME + piit
m Use corrected, event-wise knowledge: P§°" = Py + Py, + Pygeor + P + P},

200 0.12
Delphes FCC-ee, {5 = 365 GeV. —4 Parton
e‘e’ — tT, dileptonic

Delphes FCC-ee, s = 365 GeV
e‘e’ -~ tT, dileptonic, ME not corrected

— Fit

Normalized events
o
o

0.06
0.04
0.02
) S Y U P N IR B o o I R S | L
20 40 60 80 100 120 140 am;.(if) =80 -60 -40 =20 0 20 40 Gpglmn 80
ME™""/ GeV miegersincted . mPen / eV
Fit 2" degree polynom. Reco-level: Uncorrected Pp.

L. Réhrig | Nov. 22, 2022 : 18 / 13
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Reconstructing the dileptonic final state

m Ansatz: Find correlation between ME and E,, + E,, with parton-level information
m Correct reconstructed ME with fitted dependence: ME®°™ = pgt -ME? + piit- ME + piit
m Use corrected, event-wise knowledge: P§°" = Py + Py, + Pygeor + P + P},

— Does not lead to hoped improvements

Delphes FCC-ee, Vs = 365 GeV' Parton
ee’ — tf, dileptonic

Delphes FCC-ee, Vs = 365 GeV.
e‘e ~ tT, dileptonic, ME corrected

— Fit

Normalized events

L P L P e L e by Ly
20 40 60 80 100 120 140 160 980 -60 -40 -20 0 20 40 60 80
ME™™ | Gev migered . P | Gy

Fit 2" degree polynom. Reco-level: Corrected P§™".
L. Réhrig | Nov. 22, 2022 : 18 / 13
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Observables
m Examples: Ayi- and |Agy|-distributions to extract Arg and Ajag,,| resp.
m Distributions compared for MadGraph and FCC-ee samples on parton- and reco-level
m For MadGraph: No ISR and BES taken into account
m Prepare ground to draw similar conclusions as on generator level
o 12 o 07
é [ Delphes FCC-ee, |5 =365 Gev [_JMadGraph § E Delphes FCC-ee, Vs = 365 GeV [_]MadGraph
@ [ e'e - tT, semileptonic [__Parton o E e'e - tT dileptonic [_JParton
E I —4— Reconstructed §0-6; — Reconstructed
=T -
£ r - 5 05
Z os— -+ "'_,_+ =
C N 0.4
0.6— E
L 03[
0al- g
r 02—
0-2; 0.1;
0—1 —O.é ' ‘—0‘6‘ ' ‘—0‘4‘ ' ‘—0‘2‘ ' ‘E‘l‘ ' ‘0.‘2‘ ' ‘0.‘4‘ ' ‘0.‘6‘ ' ‘0.8" 007

1
Ay(th)

Ay,z-distribution to compute Agg.

L. Rohrig | Nov. 22, 2022

| A e |-distribution.
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Summary: sensitivites from gradients

m Gradient sensitivites in matrix and most sensitive observable per operator highlighted

m Several processes
dominated by tt
production

m Decay predominantly via
Wtb vertex with Oy and
oL

m Both: Composition of
production and decay

L. Rohrig | Nov. 22, 2022
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Method II: Sensitivities from optimal observables Preliminary

PR W,-2 ins d i 2 d
m Sensitivity follows as S;; = (oMY > peins, <d§m) /d?f;"
m Each dimension of the phase-space adds up information, but: curse of dimensionality

m Tradeoff between number of bins and number of entries, here: Npjns/dimension = 5
Here: Dimension-dependent evaluation for C;»

0.100 00979 0.0g85  0.0994 0B deos(f) 125 =
— +d: .
—_ +d:(;s(9b—) 1.00 >
—— +deos(6,+) ‘E
0.075 0.75 ‘E
Z 050 &
2 g
= 025 A
% 0.050 o
8 3
O O, B ) 0, O 0O O
tW tZ Ocpq 0\;"1 @t e M e
0.025
Collection of the OO-sensitivities S for the different
0.000 ‘ w operators /.
10 10! 10° 10°

Histogram evaluation

r

Réhrig | Nov. 22, 2022 : 21/ 13



technische universitat W\

UNIVERSITE

dortmund Clermont
Auvergne

Final state objects — semileptonic

m Final state object resolution plots, showing x" — xPaton s e [E, p,, Py, Pz]
m Here: t/t and W*

[%] [2]
S 0.09F— Delphes FCC-ee, Vs = 365 GeV i [ Energy 5 [ Delphes FCC-ee, Vs = 365 GeV H [C_J Energy
3 E e%e - (T, semileptonic H 3, -component g 012 coe _ T, semileptonic i b, -component
- C — p, -component o | —_ p,-component
@ 0.08— p,-component 3 C g p,-component
3 E s 01— !
E 007~ £ T i
o = [s} |- f
z = z L
0.06— 0.08—
0.05 r i
= 0.06— !
0.04— L f
E u :
0.031— 0.04— '
E C !
002 [ :
= 0.02— !
0.01— F i
E r i
Eo 01 Ll TR R L PRI B
—(150 -100 100 150 —qSO -100 -50 0 100 150
reconstructed top - parton top / GeV reconstructed W - parton W / GeV
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Final state objects — semileptonic

m Final state object resolution plots, showing x"© — xParton - x e [E, py, py, Pz]
m Here: £ and vy

o 10[ T 9 -
5 [ Delphes FCC-ee, Vs = 365 GeV . [ Energy 5 0.1 2; Delphes FCC-ee, s = 365 GeV i [C_J Energy
5 9} ee” — tT, semileptonic f I p,-component 5 7L e*e” - tf, semileptonic i CJp,-component
o g H — p, -component o H —_ p,-component
I3 - { p,-component I3 r ] p,-component
N g i = C
] E | < 01—
£ E : g o
s 1= : E L
E i 0.08/—
o e -
sE i F
= [ 0.06— !
i H N !
4 : C 5
3= ! 0.04— i
E ! r !
B i N i
E ! 0.02/— !
1= ! L :
E i C i
o) ST RN W Ll PR R B PRI BRI S| P B TR RRRN A
= -15 -1 -0.5 0 0.5 1 15 —‘100 -80 -60 -40 -20 0 20 40 60 80 100
reconstructed lepton - parton lepton / GeV reconstructed neutrino - parton neutrino / GeV
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Final state objects — semileptonic

m Final state object resolution plots, showing x™<°
m Here: light jets and b-jets

0.12

Normalized events

0.

o

T I T T[T T T[T T[T T[T TI[ITIT]

0.08

0.06

0.04

0.02

0.14 [C_ Delphes FCC-ee, s = 365 GeV'
ee” — tT, semileptonic

[ Energy

—_ P, -component

[ p,-component
P, -component

I -
—qOO -80 -60

L. Rohrig | Nov. 22, 2022

-40

-20

6 80 100
reconstructed jet - parton jet / GeV

Normalized events

_ Xparton’ X € [E, Px, Py, Pz]

0.14

0.12

0.

o

T T[T T T[T T T[T T[T T[T T TTIT]

0.08

0.06

0.04

0.02

Delphes FCC-ee, |s = 365 GeV
e’e” — tf, semileptonic

[ Energy

[ p,-component
() p,-component
p, -component

Lo
1)

0

-80

-60

-40

i
i
i
i
i
i
i
i
i
i
0

80 100

6
reconstructed b-jet - parton b-jet / GeV
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Final state objects — dileptonic

m Final state object resolution plots, showing x" — xPaton s e [E, p,, Py, Pz]

m Here: t/t and W*

o
e
N

Normalized events
o

o o

© =

0.06

0.04

0.02

Delphes FCC-ee, Vs = 365 GeV/

ee” - tT, dileptonic

L

[ Energy

—_ P, -component

[ p,-component
P, -component

h

Yo
o
o

L. Rohrig |
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reconstructed top - parton top / GeV

100 150

Normalized events

0.07
0.06
0.05
0.04
0.03
0.02

0.01}

4

Delphes FCC-ee, |s = 365 GeV
e'e” - tf, dileptonic

[C_J Energy

—_ p,-component

() p,-component
p, -component

Loy T

L
50 -100 -50

1 Y e e T

100 150
reconstructed W - parton W / GeV
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Final state objects — dileptonic

m Final state object resolution plots, showing x"<°

10

Normalized events

0

=2

Here: £ and vy

Delphes FCC-ee, Vs = 365 GeV/
ee” - tT, dileptonic

LI I L B B

T

[ Energy

—_ P, -component

[ p,-component
P, -component

L PRI RN R B RN

-1 -0.5
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reconstructed lepton - parton Iebton 1 GeV

Normalized events
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0.04

0.03

0.02

0.0

=

ST [T [T T[T [T [TTTTTrTT

_ Xparton’ x € [E, Px, Py, Pz]

Delphes FCC-ee, |s = 365 GeV
e'e” - tf, dileptonic

L
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L

[ Energy
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() p,-component
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0
reconstructed neutrino - parton neutrino / GeV

l
20
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Final state objects — dileptonic
m Final state object resolution plots, showing x™® — xPaten - x ¢ [E, py, py, ps]
m Here: b-jets
ag, [ Delphes FCC-ee, \s = 365 GeV ; ] Energy
: 01 T eptoic = [
@ = p,-component
£ 0.12?
g |
E T
=z 0'1f
0.08]-
0.6
0.04-
0.02F~
—(.)100 —B‘O —éO -40 -20 ' ‘(‘) 20 46 6‘0 8‘0 100
reconstructed b-jet - parton b-jet / GeV
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Parameterisations — operator-wise

m Here: GCig
Label | 21 23
Observable ‘ Otz Otibh
9
el
o]
>
5 8 -
2 oC.
E - :
3 g
: G}
g
e}
Z.
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Parameterisations — operator-wise

m Here: Gy

1 2 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Alagyl Ay G =G Cow G B B By B Fo AL FR Tt ot 0w Ogy Oqp O Ave

Normalised observable
Q|
IEs
Gradient
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Parameterisations — operator-wise

m Here: Gz

1 2 8 9 10 11 12 13 14 15 21 22 23 24 25

lab
Angyl Adse) Sk —C Cr G By B— B+ B 0wy 0wy Twpp Oif AFB

Normalised observable
Gradient

L. Réhrig | Nov. 22, 2022 : 30 /13
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Parameterisations — operator-wise

® Here: Cﬁ,)

Label |19 20 21 23 24
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