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Flavours at FCC-ee

= Continuation of vibrant LHCb & Belle flavour physics programme with Z-pole statistics and boost

‘ Belle LHCb FCC-ee ‘0*, 5
\\\/&.‘ f 5\
All hadron species v v Ny, ) N
Boost v v 1 ' ]
High production o v i/‘ Y
Negligible trigger losses v v oY
Low backgrounds v v <
Initial energy constraint v V) LHCb
Belle

= Additionally: defines stringent detector requirements
— vertexing, tracking, calorimetry, particle-ID

m E.g. vertexing requirements defined by modes with missing momentum b — s7T1
+ new study in charm sector ¢ — uvv [T. Hacheney tomorrow®2:40pm]

Today's outline:
1 Academic exercise of rare, radiative FCNC b — (d, s)y transitions to define EM calorimetry resolution
2 Flavours in a global context to measure EWPOs: {Rp, Re, Rs} and {AZs, Afg}
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EM calorimetry requirements from radiative decays

m b — (d, s)y probe NP in loop diagrams in addition to the photon dipole operator C;

= However: b — dv signal dominated by b — sy background

Clal

=
(S & |

— Bs — K™y not yet observed, estimate event yield:

~ 92

2
Ne, _ fooey | Vis
fosBs

Ng, Via

— Ng, ~30-10° = Np, ~33-10*
. FB K« 2 .

= Would allow to directly measure % \‘f—z , but depends on Am = mg, — mg, = 87 MeV resolution
— Limiting experimental factor: EM calorimetry resolution

—| Goal:

Estimate precision of Vfd

as function of the stochastic term of EM energy resolution
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EM calorimetry requirements from radiative decays

= Analysis based on 10° By — K*v events (simulated with PYTHIA8 + EvtGen + default IDEA card)
m Emulate Bs signal by scaling By candidates

s Use K* — K from reconstructed particles, smear photon momentum based on MC information
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IDEA baseline with 12%/+/E,. Scaled to 2%/+/Ey.

— Complicated to even fit Bs signal yield with

12%/+/Ey resolution + no backgrounds included
+ perfectly known signal-tail shapes
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Extracting ‘

s Pseudoexperiments with fixed shape parameters, but floating signal yields (—> floating ‘

m Extract precision of ‘
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s In view of the consistency check, the precision on the determination from Ams/Amy is indicated
— Only for an EM resolution below 5 %/+/E, comparative result w.r.t current precision
— O(5%/+/Ey) well in reach with crystals [2312.07365]
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https://arxiv.org/pdf/2312.07365

Flavours in a global context

m Precision flavour programme is key to probe NP effects in the SM

m Also become important in the context of electroweak precision observables: R, and AEB [Ref]
— probe NP in radiative and vertex corrections involving top quarks

= Background-free hemisphere tag for R, and

ALy possible at FCC-ee with exclusive tagger
— O (0(R»)/Rs) = O (0(Afs)/Abs) = 0.01%

m([Ktr | ot
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m Central role to achieve Ostat. & Osyst.

s Concept application for Rc s and AgS more
complicated, but ongoing
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https://repository.cern/records/yax2s-mvc83

Measuring R. with D® — K™~ decays
= Double-tag equations from R, measurement extended in case of R. to benefit from excl. b-tagger:
NET = 2Nz _shad. (Re€g + Ruefh + Ruds€lgs)
NST = Nzohad. (Re(€£)” Ce + Ru(€5)? Co + Ruds(€54s)” Cuds)
g

b b d
NZ%had.(RCEEECch+Rb5b£ngc+Ruds€Zd§ Elds udsc)
m € tag flavour j of quark-flavour i

— Simultaneously measure {Rc, ag,ag}, remaining inputs {Rb,eg} from excl. b-tagger

®
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Reconstruction results using winter2023 samples:

> T
= £ Signal FCC 5 € =64-103 £ =04-10°3 €, =15-10"°
57000 gl = Z‘:&bl} pole, IDEA ] Ec 6 0 » b 0 0 + Euds > 0
S 3 Z—qq, g€ [uds]
£/6000 - Puity = 9521 08 E N ’ Ustat.(Rc) —=3.10"° ‘
<
= 5000 |- E o
g = Impact of €f significant for osyst. (Rc):
O 4000 | -
3000 E — ’ Osyst.(Re, from g5) = 6.6 -107° ‘
2000 [ E ] ] o
o0 m Selection can be refined to remove b contamination
i

fhso I 1300 1865 18018 1880 Commensurate osyst. and Ostat. in reach
m([K*77]) / MeV ’ .
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Measuring Rs with ¢(1020) — K*K™~ decays
= Multivariate s-tagger not capable to suppress background efficiently [2202.03285]
m Beam-like |K™) = |Us) originating from interaction region suffer from u-quark contamination
— |9(1020)) =~ |s5) meson possible candidate to measure Rs (Agg requires charge tag!)

m Validate performance from reconstructed ¢(1020) — K™K~ mesons using winter2023 samples

g 10°F ‘
5 E [ 1 Signal Z — s5
ST ) S — A

FE 1 Z—qq q€ udb]

10* ;’_\—» Purity = 97.8%

QFcc

Z pole, IDEA

a Purity ~ 98% for £($(1020)) > 35 GeV

— =103 e =2-10"° €, =2-10°

c =

45

'25....30....35... 40
E(6(1020)) / GeV
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https://arxiv.org/pdf/2202.03285

Measuring Rs with ¢(1020) — K*K™~ decays

s Multivariate s-tagger not capable to suppress background efficiently [2202.03285]

s Beam-like |K™) = |Us) originating from interaction region suffer from u-quark contamination
— |¢9(1020)) = |s5) meson possible candidate to measure Rs (Agg requires charge tag!)

= Validate performance from reconstructed ¢(1020) — K™K~ mesons using winter2023 samples

e (Creo |
| = Owst(Ry, from e?) Z pole, IDEA |
O Oy = Oy, = 2.3+ 1071

s Purity = 98 % for E(¢(1020)) > 35 GeV
— e2=10"3 € =2-10"° €y, =2-10"°

m Z — cC contribution significant for oeyst (Rs)

O(0(Rs)) = 3-10~% in reach

S
E(¢(1020)) / GeV
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https://arxiv.org/pdf/2202.03285

s-quark charge measurement

s Afg relies on the charge tag of the s quark

— Unambigious, pure charge tagger would vanish the systematics

— Use beam-like (£(=7) 2 35GeV) |[=7) = |ds5) in =~ — Am~ decays
s Complication: 7(Z7) =1.6-10 s = (L(Z)) =1.2m

s Significant fraction of produced
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s-quark charge measurement
s Afg relies on the charge tag of the s quark
— Unambigious, pure charge tagger would vanish the systematics

— Use beam-like (£(=7) 2 35GeV) |[=7) = |ds5) in =~ — Am~ decays
s Complication: 7(Z7) =1.6-10 s = (L(Z)) =1.2m

s Significant fraction of produced =~ final-state particles outside of tracking volume

m For now: vertex A candidates with additional 7~ track with O(greco) = 15%
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Agg: some numbers and outlook

s Purity above > 95% in reach for =~ baryons

100 F——————"TF—"———— ——— ———3
S — Signal Z — ss < ‘FCC 1
1 Z—ce Z pole, IDEA |
4 pole,

LU i — A RS T E

Events

— Purity = 95.5%

E(=7)/ GeV
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Agg: some numbers and outlook

s Purity above > 95% in reach for =~ baryons
= Requires an adequate correction for detector acceptance effects
— However: for E(=7) > 35 GeV accurate approximation of s-quark direction

. — : - ———T
21.0*:2_’55 OFCC,
P Z—qq.9€udcl] Z pole, IDEA

I —— Object-level fit, AZ, = 0.0934 % 0.0061

08 | o Parton level App = 0.1005 £ 0.0007

| EE)>35Gev

0.6

0.4f

02 ]

0.0l
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Agg: some numbers and outlook

s Purity above > 95 % in reach for =~ baryons
= Requires an adequate correction for detector acceptance effects
— However: for E(=7) > 35 GeV accurate approximation of s-quark direction

a "N e
by 0.01F Current stat. precision: oy (Ajg) = 1.13 (DELPHI) O FCC .
‘g £ Z pole, IDEA
&
s Full analysis lacks the proper analysis tools
1077 m All numbers presented rely on PYTHIAS's
hadronisation fraction for s — {¢(1020), ="}
4 s _ —4
10 O(0(Agg)) = 1.5-107% in reach
L L L L | L L L L | L L L L | L L L L
25 30 35 40 45

E(=Z7)/GeV

L. Réhrig | 14/01/2025 10/ 11



Agg: some numbers and outlook

s Purity above > 95 % in reach for =~ baryons
= Requires an adequate correction for detector acceptance effects
— However: for E(=7) > 35 GeV accurate approximation of s-quark direction

a "N e
by 0.01F Current stat. precision: oy (Ajg) = 1.13 (DELPHI) O FCC .
‘g £ Z pole, IDEA
&
s Full analysis lacks the proper analysis tools
1077 m All numbers presented rely on PYTHIAS's
hadronisation fraction for s — {¢(1020), ="}
4 s _ —4
10 O(0(Agg)) = 1.5-107% in reach
L L L L | L L L L | L L L L | L L L L
25 30 35 40 45

E(=Z7)/GeV

m Discussion of systematic uncertainties like QCD corrections to be done
— Expected to be subdominant in presence of energy cuts
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Conclusions & Outlook

s Flavour physics programme at FCC-ee opens up a multitude to probe NP effects

— Defines stringent detector requirements, e.g. EM calorimetry resolution

experinerts

Extr oy
acted from 1000 0
it

12%
—% Sk :S:ZSSO\“"“’“/\/ !
o737 A% pyoton et
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Conclusions & Outlook

= Flavour physics programme at FCC-ee opens up a multitude to probe NP effects
— Defines stringent detector requirements, e.g. EM calorimetry resolution

m Also allows to study EWPOs at a new level of precision

 excperiments
 rom 1000 195 ¥
Extm»\ &

Z voke)

Complement EWPOs in the charm sector with Afg (but no showstoppers identified so far)
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Backup
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R.: kinematic cuts in the phase space

m Simple cuts to suppress backgrounds from the most obvious processes

7-5(D°)

— FD(DO) < 3mm, do(K) < 1mm, NSL,hem =0, P(DO) >16GeV, Q = ‘?|:‘ﬁ(50)| <=9
00— T T T 0.200
=) b _ ) 1 = 0. L L L A LRSS R
<ﬁ L % %g:albg C Z2-q g uds O FCC 1 (05 [ Signal 3 Z—qq, g€ ud,s] O FCC E
0.25 [ Z pole, IDEA _: g 0.175 3 Z—ob Z pole, IDEA —:
~ ]
D: 0.150 E
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£g. correction for detector acceptance effects

= Angular acceptance given by volume infront of final-state decay particles

< 16 ————
EER (@l
EE 3 Z pole, IDEA
S 1
EI][!J -é' % %.‘i}
I b ¢
1.2+ P
gt % ot . ]
Lol2 ot 7 4]
. 79 T _?% é‘ é‘r}(} '<}',
st ¥
08 9, ‘}‘}K}@}‘}M y
0'91.0‘ - ‘7(‘).5‘ ‘ 010 ‘ ‘ 0‘.5 ‘ 1.0
cos(f=-)
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Exclusive reconstruction:

included B™ decay-modes

Mode Br(BT = XY)/% | Br(X — final state) / % | >Br/%
Jj — ete 5.971 + 0.032
.
Jjy K 0.102 % 0.002 ey =061+ 0033 0.012
- nO 4 0
Bo o+ 1.340 + 0.180 g L i s é“éggofoozggo 0.545
DOt at 0.560 = 0.210 20 - RS 69050140 | 0723
Dot 0.468 4 0.013 B0 s Kot 0 43000400 | 0999
DO +] e ~ 0 10.160 =+ 4.740 Z T : : 0.950
(B o+ ongy D° — K+m 3.947 4+ 0.030
D+ — K-2m* 9.380 + 0.160
o
brmm 0-107 +£0.005 D+ — K=27+m0 6.250 + 0.180 0.966
D — [rtm 70, mtm© 9.500 =+ 0.500
DS — [w 7w, [nt 7]+ 8.900 £ 0.800
_ D — KtK-m+mo 5.500 + 0.240
D D° 0.900 = 0.090 D = KtK-mt 5.380 & 0.100 1.081
D — 2wt 1.080 = 0.040
DS — K*K=2mt7~ 0.860 = 0.150
Di — 37t2om 0.790 + 0.080
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Exclusive reconstruction: included Bg decay-modes
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Mode Br(B° — final state) /% | Y. Br/%
/Wy Km 0.014 | 0.014
D*(2010)” 7O 0.473 0.487
D*(2010)” 7 x° 0.403 0.891
D*(2010) wha 0.194 1.084
D wtetn™ 0.094 1.178
D*(2010)” m* 0.074 1.252
D*(2010)~ DS 0.069 1.321
D™ 7" 0.039 1.360
D™ Df 0.036 1.396
D*(2010)” D° K* 0.026 1.422
D™ D° K* 0.007 1.429
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Exclusive reconstruction: included BY decay-modes
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Mode

Br(B? — final state) /% | > Br/%

D [t

D; ot
D*(2010)” wtwtm™
D; wt

D Do

D° K- m*

0.218
0.195
0.194
0.095
0.045
0.041

0.218
0.413
0.607
0.702
0.747
0.789
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Exclusive reconstruction: included A9 decay-modes

Mode Br(Ay — XY) /% | Br(X — final state) / % | >Br/%

A = pK—mt 6.280 =+ 0.320
AN — pK-ntn®  4.460 + 0.300

AN = Afntn T 0.760+£0.110 0.082
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Increasing the tagging efficiency

m For Ry, also partially reconstructed candidates are b-taggers
m Releasing the B"-mass constraint significantly increases €,

S L L R S G = L B B A N
= b B' s DVrt o Kt CFCC = e B DO o Kt OFCC 3
® —4— B* = D'nt — [Ktn ") ot Z pole, IDEA = o B* 5 DVnt o [Ktrnpont Z pole, IDEA ]
—4— B = D'rt = [K et ‘g [ —— B* = D'z* — [Ktr 17" port
—4— B* = D't — [Ktn o wt gt Di [ —— Bt D'zt = [Ktrrat]pnt
4+ BY = DD — [KYKmt]ps (K7 ] pe e B* = DID = KK nt]p: (K7 ]
Bt = J[p Kt — [(707] KT b Bt = J KT = [0707]y K*
—o— Superposition -
e~1%
1
10~k
102k
1031 SRS |
.'""«»m F .
{18 L AR R NS BAURRIIR SAURUIN B 7S5 < P B EPUR RS ERUIN ERN
4000 4200 4400 4600 4800 5000 5200 4000 4200 4400 4600 4800 5000 5200
Lower mpg+ cut / MeV Lower mp+ cut / MeV
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Quantitative summary

B decay-mode Ereco /| %o Purity / % B* signal width / MeV
Dot — [K* 7 |gonmt 77174299  99.93+0.11 7.0
Dont — [K 7% pom™® 64.89+1.41  99.89 & 0.09 32.8
Dont — [K T 770 gomr™ 49.95+268  99.81+0.07 35.1
Dort — [KTm 't ]pomt 72.63+6.90  99.7340.27 9.7
DD — [KTK ¥ ps [Km ]po | 78.57 +22.39 100.00 5.6
JPKT = [L707 ] KT 85.87+4.13  99.90 + 0.24 7.4
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b-quark partial-decay width ratio
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Rp: systematic uncertainties from ALEPH

= Systematic uncertainties enter where quantities have been estimated from MC simulations: €ydsc, A Cqy

m For €,4sc, predictions depend on assumed impact parameter resolution and efficiency for vertex-detector
hits to be associated to a track

= Physical parameters that enter the calculation of €,4sc

ARy, = =£0.00047 Monte Carlo statistics
+0.00017 Event selection
+0.00084 Physics uncertainty
40.00046 Tracking uncertainty
+0.00027 Hemisphere correlations uncertainty
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Rp: systematic uncertainties comparison

s Gluon splitting rate g,; = 0.00247(56) as source of gsyst.(Rp) negligible compared to AC,

o Z—sbb _Z—bb __g—bb _g—bb
Ny = 2Nz (Rb"be2 €es  + (1= Rbo)9pb€uasc, -, )

— 00l 7 3 g ‘ SN
s E E = L —— AC,=0.038 (LEP) O FCC |
S E —— From g = (2.47 £ 0.56) - 107° O FcC ] § L —— AC,=0.005 (emulation) Z pole e
7 | —— RamAG W S
7103 L 4
© 1077 3 1073k
F Lowest oy, on the market E E
0 4
105 E Guat (Ry) = 2.22- 1077 with excl mwé 10-1 !
—6
10 E Tytar(Rp) = 2.22 - 1072 with excl. tagger
10_77‘““““““““““““ 10750‘““‘U““‘U““V‘U““‘O““C
0% 5% 10% 15% 20% 2% 0% % 10% 15% 0% Af;’%
Relative oy "(Ach”)
23 /11
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Rp: systematic uncertaintes

m PV reconstruction main source of ACy, #0

= However: detector acceptance effects + gluon splitting studied as well

0.08 —————————————

s — 5 ]
J | —— Shared PV ®  Chosen cut O FCC | T 015k o+ Luminous region, p-value = 1.00 O FCC
[ — Luminous region ° AG ] = 2L %« Shared PV, p-value = 0.00 Z pole, CLD 1
—— Lum. reg., IDEA Fast Simulation Z pole, CLD ~ F g
0.06 - B = H 1
r ] S r ]
L | < 0.10f ]
0.04] 1 : ]
i : ] 0.05 o
0.02 - - —— —— ]
r 1 0.00 .
0.00 — e, | _0.05 } {
—0.0zp i —0.10F ]
I I I I P R R S I SR
0.0 0.2 0.4 0.6 0.8 1.0 10 15 20 25 30 35 40
max(]cos(rhust)|) DB, [ GeV
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Luminous region selection

m Selection of tracks outside of luminous region to overcome PV limitations

s Maximise vi = do/ 030 + 02 and v» = z0/+/03%, + 02 w.r.t. specific FOM

Interaction region
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2 o000 F T
E! 14000 - Fit O FCC
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g 12000 -
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Luminous region selection: FOMs

m Evaluate D° and B significance + mean number of secondary tracks

—O0— 1y variable O FCC

—e— 1y, variable

—— D" reconstruction O FCC 1
—— B reconstruction Z-pole, CLD preliminary]
—&— vy variable
—4— v, variable

Z-pole, CLD preliminary

Lo
=
o

T

Mean number of secondary tracks
&
o

R

0  wp-cut 4 Resulting vo-cut 12
Cut value Cut value

Minimum number of required trackd

Resulting vj-cut 4

— V1§3&V2S8
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ACp: systematic uncertainties

= First investigation of systematic uncertainties for AC,
= Varying inputs: DIRE parton shower, renormalisation scale, b fragmentation, track 1D

— No significant impact on ACy

S L LN A A L RSN LRRRE
<10.04 [ — AC,=0,10 hemisphere correlation FCC ]
:% Zpole,CLD:
0.03F .
0.02F .
0.01 F .
e A B
I P N BN SN BRI BT AP |

‘l\ a k\}’\\ e \\X» o \\X»\ © Q?»\ “k\f\\

R R
\n“ N \Y A

5P o
o » PR \ﬂ“’c' PR ® \f?&“a' ol
(e
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b-quark forward-backward asymmetry
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Different b-quark direction estimators

m Usual choices at LEP: thrust-axis

= Existing study @FCC-ee: b-quark direction from b-tagged jets

m Taking into account jet-reconstruction efficiency effects

I B B B BN R
~ 20 - T3 b-hadron direction O FCC
L Jet Z pole, IDEA
[ Thrust
[ b quark before gluon radiation
15 b
10 b
5 - -
Y e sl HEN B B =
—-0.3 —-0.2 —0.1 0.0 0.1 0.2 0.3
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cos(f;)—cos(6),)

cos(6y)

0.2

0.0

.

| 1 Particle level
<08} [ Object level
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" Qe |
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—1.0
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Calculations of Cqcp for jet-jet acollinearity

s Cqcp as function of acollinearity cos(¢(x, X)) = ”;\/ﬂ\(}% with x = 2E,/+/s and p = 2myp/+/s

Xmax Xmax X) 2 _
Caco N/ / 2%°(1 — cos(¢(x, X))) dxdx .,

min mm 3(1 - X)(l - X)
1(x. %) = (x* +x%) - (1 — cos({(x, X))
3(1 —x)(1 —X%)
Z = 10— ——
o 40 % @ I Cqep = 0.78 without cut O FCC :
=" = | L QCD corrections for massive b quarks with m;, = 48GeV Z pole
S 0.004 £ 2 sk ]
L 5 g O
L Z, VI | Reduction by a factor 1.03
30 o L
i : 0.003 Zoehk ]
-1(¢) = 0. i C .
[ - Englgg —15 § | Reduction by a factor 1.39
R CUS’I(C) —95 —~ L
or 0.002 Soaf i
10 0.001 02 -
- (O Fee i
[ Zpole E--- Reduction by a factor 9.70
P B B R R 0 0.0 :r 7‘, L
10 20 30 40 5 z 3

cos’lé) < cos™Y(¢p)
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Impact on SM parameters: weak mixing angle

s Precision of Az impacts precision of sin?(6y)

2
Arg = §AeAb . with  Af = 5
4 Vi

+af

Vrar

ar=T¢, and vr= Ty —2Qysin’(6w)

— 3x more sensitivity from AZg to sin?(w) than from A¥; (fractional charge)

From Ay
B From Al
L]
°
O

Current precision, om,(A‘ﬁ:) =(1.3,16) - 1073
Pessimistic scenario, oy, (A%B) =79-107°
Optimistic scenario, oy, (Afi) = (0.31,3.3) - 10~

Current oy (sin*(fy)) = 1.6 - 1074

QFce

Z pole

sin*(6y) = 0.23089

e N———————————————————— .
By r 1 -
Lo Ay O Semsitivity = L8 QO Fec | £ 001E
6 - — A%B » O Sensitivity = 5.6 Z pole b oL E
[ ---- Gradient Iy ] 7 L
/ —
- i ] 2107 F
4 i ] S
[ i ] 3
r P 1 [
2r IRV ] L F
, Y ] 1074E
L H B £
or = r
oF ] 107F
4 N T
: ] 1070
Y S S M B E
-2 -1 1 1076
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107 10~ 1073

) 0.01
Utot.(AlFB)
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Impact on SM parameters: top-quark mass

s Precision of m; from top-quark loops in Z

propagator and sin*(8) = €sin?(6w) and

¢ =1+ Apcotan®(6w)

2
Ggmy

Ap =3xt +3x2(19 —7?), and xp = ——L
£ =3t + 3 ) "7 8van?

s In addition: account for vertex corrections with

top quarks
GF'"QZ my
AT = —2xp — (11— (4 In{ —
T Xt ovan? (1 — cos(byy)) In (mW)
2Qf sin?(6511")
Ve =pr | Tr — ——N—
= Vf o VF Pf(f 11 AT
(1+Ar)?

= af —ar =+/pfTf, with pr= [y
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—2x7 -

Ttot. (mt) / Ge\/

3
10° gy — — T — g
E o o 4, QFce ]
I ® Current precision, oy (Akp) = 1.6- 1073 Z pole, ID 1
100 ©  Pessimistic scenario, o (Apg) = 7.9 107 -
F O Optimistic scenario, oo, (Akp) = 3.3 - 107° 3
10F G () = 530 GeV 3
1 3
F Current oy () = 0.29 GeV/ ]
N ot (my) = 0.26 Ge' i
0.1 7/‘;“\ = 0.11GeV |
Ll PR | MR | L

1074 1073 0.01 0.1
Utot.(AZI)«‘B)
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