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FCC-ee plan
Z-pole
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FCC-ee plan

0(10'%) Z-bosons

e ~ 10° more than LEP
— 0(300) statistical improvement on EWPO
e Systematics: capped at O(10) — O(100)

Probe tree-level new physics
up to O(100) TeV
(LEP O(10) TeV)
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e Systematics: capped at O(10) — O(100)

Probe tree-level new physics
up to O(100) TeV
(LEP O(10) TeV)
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Above the Z-pole

Reference energies:

WW  Zh i
163 GeV 240 GeV 365 GeV
10 ab~! 5 ap~1 1.5 ab~!

P-|]

Higher energy & luminosity than L
(130-209 GeV, ~ 3 fb~! tot)

What are the
new physics opportunities?
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Outline

1. Observables and flavor tagging above the Z-pole
2. SMEFT interpretation

3. Impact on selected models

4. Conclusion
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1. Observables and flavor tagging above the Z-pole

Observables
(\/s' 2 0.85¢/s)
Consider inclusive, non-radiative fermion pair-production ratios:
L _
oleTe” — bb
R—— €€ =) LR R.R.R

Zqzu,d,s,c,b 0(6 € - qq)
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. Observables and flavor tagging above the Z-pole

Observables
(\/s' 2 0.85¢/s)
Consider inclusive, non-radiative fermion pair-production ratios:
b _
o(e — bb
Rb:# +R.,R,R,R,

zqzu,d,s,c,b 0(6 e - qq)

e Theoretically OK: AR,/R, | ~107*

theory

e Naive stat limit: &~ same as theory (WW : N;, ~ 6 x 107)
e Systematics?
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. Observables and flavor tagging above the Z-pole

Observables
(\/s' 2 0.85¢/s)
Consider inclusive, non-radiative fermion pair-production ratios:
b _
o(e — bb
Rb:# +R.,R,R,R,

zqzu,d,s,c,b 0(6 € - QQ)

e Theoretically OK: AR,/R, | ~107*

theory

e Naive stat limit: & same as theory (WW : Nj, ~ 6 x 107)
e Systematics?

Flavor tagging crucial
to assess expected FCC-ee precision
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. Observables and flavor tagging above the Z-pole

Toy model: R,

Two flavors only (b, 7)

Niot = L-A- 0(6 fem — in) — total untagged events
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. Observables and flavor tagging above the Z-pole

Toy model: R,

Two flavors only (b, 7)

Niot = L-A- 0(6 fem — in) — total untagged events

b _ " - _ J

e, = True positive rate (prob. tag b-jetas b) =1 — ¢
[aggers: ° 3 N b
e; = False positive rate (prob. tag j-jet as bh) =1 — 6]:’

f

N(nb — 2) ENQ — Ntot[(eg)QRb —+ (E?)ZRJ] ]
N(np =1) =N; = 2Niot[en(1 — €2) Ry + e?(l — e?)Rj]
N(np =0) =Ny = Niot[(1 — eg)sz + (1 — eg’-)sz] .
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. Observables and flavor tagging above the Z-pole

Toy model: R,

exp N)Z $2
—2log L = Z N SOA

e Systematic uncertainty on taggers: eg 6{ (1 + x), 0, from MC

e Fit parameters: R, & N, ., 61199

e Asimov approximation: ]\71.‘3“"1j _ Jynominal
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1. Observables and flavor tagging above the Z-pole

Toy model: R,

exp — N. )2 :13‘2

—2log L = Z NE

6{(1 + x), 0, from MC

e Systematic uncertainty on taggers: 6{

e Fit parameters: R, & N, ., elf

e Asimov approximation: NeXp — Nnomlnal

(AR}:b) -

False positives stat <

False positives syst <

New Physics Through Flavor Tagging at FCC-ee

1 —€)(2—€(2 —

- (0e)2

Ryp))

]V%otfzb(ﬁg)Z

2(ep — Ro(2 — €)(2¢5 — 1))

Niot Ry ()3 7
4(Ry — 1)*(e7)?

Rj(ep)?

(6) + O ((€5)?)

— True positives stat
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. Observables and flavor tagging above the Z-pole

Toy model: R,

Deepdet Transformer ROC curves at FCC-ee

FCCee Reco. Jets - (Deepjet Transformer on Z(qq), ZH(qq) Jets)

10 e Realistic estimate 0, ~ 0.01. Consider WW run.
Z-qq: —
ZH~ad - - e Minimize AR,/R, with ej.b = 661,9 (elf) (conservative)
b vs c-jets
— D VS s-jets
10-1 - — P VS u-jets
— P vs d-jets
b vs g-jets
b
6
1072 :
10-3 . . . . . . . . :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
b
b
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1. Observables and flavor tagging above the Z-pole

FCCee Reco. Jets

Toy model: R,

Deepdet Transformer ROC curves at FCC-ee

- (DeepJet Transformer on Z(qq), ZH(qq) Jets)

109 -
Z-qq: —
ZH-qq: — -
b vs c-jets
— P VS S-jets
10-1 - — P VS u-jets
i —— bvsd-jets
b vs g-jets
b
€.
J
1072 .
10_3 I 1 1 I 1 I I 1 I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
b
b
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e Realistic estimate 0, ~ 0.01. Consider WW run.
e Minimize AR,/R,, with ej.b = ¢’ (elf) (conservative)

AR
=0 (g0
b

J

® Almost saturates naive stat & theory limit

o LEP-I: AR,/R, ~ 0(0.05)

— impressive O(107%) improvement!

Note: for role of additional background (e.g. collimated V'V) see the paper
14 Alessandro Valenti | University of Basel



. Observables and flavor tagging above the Z-pole

assuming
Am,/m, < 0(0.1%)

from FCC-ee m, scan

\ stat <

stat <
syst (theory) <

Observable/FCC-ee Rel. Err. (107°)|WW Zh tt - R R
Ry 017 036 096 — 4G
SImu/taneous/y
R, 3.7 5.8 10
R. 0.14 0.27 0.69 Small correlations:
Ry - - 1.2 e.g. WW
1 —0.006 —0.22
R, . 0.16 0.35 0.97 ,_ (0.006 1 0.006)
R 0.50 0.52 0.64 —0.22 —0.006 1

Solid (at least) O(10%) improvement compared to LEP-II

Room for improvement: s-tagging
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1. Observables and flavor tagging above the Z-pole

/~-pole summary

(Curr. from SLC) | AZ

Observable | Curr. Rel. Err. (107°) | FCC-ee Rel. Err. (1073) | Error reduction
Iy 2.3 0.1 23
agad 37 5 7
R? 3.06 0.3 10
RZ 17.4 1.5 12
AP 15.5 1 16
ApE 47.5 3.08 15
AZ 21.4 3 7
AZ 40.4 8 5
R? 2.41 0.3 8
R/ 1.59 0.05 32
R? 2.17 0.1 22
A 154 5 31
Ak 80.1 3 27
ApT 104.8 5 21

(AZ 14.3 0.11 130
102 0.15 680

| AZ 102 0.3 340
N, 50 0.8 62

New Physics Through Flavor Tagging at FCC-ee
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(See PDG@EW
for definitions)
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. Observables and flavor tagging above the Z-pole

W-pole +7 decays summary

Observable Value | Error | FCC-ee Tot. | Error reduction

I'w [MeV] 2085 42 1.24 34
mw (MeV] 80350 | 15 0.39 38
Br(W — ev)(%) | 10.71 | 0.16 0.0032 50
Br(W — uv)(%) | 10.63 | 0.15 0.0032 47
Br(W — 1v)(%) | 11.38 | 0.21 0.0046 46
T — urv(%) 17.39 | 0.04 0.003 13

T — evv (%) 17.82 | 0.04 0.003 13

New Physics Through Flavor Tagging at FCC-ee
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Outline

1. Observables and flavor tagging albove the Z-pole
2. SMEFT interpretation

3. Impact on selected models

4. Conclusion
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2. SMEFT interpretation

C-
L =< oM T Z A—;@i Consider flavor conserving, non-universal 4F interactions

l
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2. SMEFT interpretation

C.
L =< oM T Z —;@i Consider flavor conserving, non-universal 4F interactions

l

Above the pole 0| @tr)@ra)
Oeq (ép'?’/ﬂjz )(@sY Trqt)

® Tree-level: 2qg2¢ + 4¢ operators involving eTe™ (prst = 11ii) Ocu | (Epyuer)(Usy ut)

_ Oca | (&pyuer)(dsydy)

€ qi» | Ocu | (oyulr)(@sy"ue)

29201 Oca | (Lpyulr)(dsy"dy)

Oge (epyuer)(@sv qt)

Oteqd (gj er)(d SQt)

Ofeu|  (Ber)esn(@ur)

\0@“ (4 quer)eyk(qgauyut)

e a4t COu | Epyle) (Er L)
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| Oee (Epyuer)(esyer)
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2. SMEFT interpretation

C.
L =< oM T Z —;@i Consider flavor conserving, non-universal 4F interactions

l

Above the pole

e Tree-level: 2g2¢ + 4¢ operators involving eTe™ (prst = 11ii)

e 1-loop: 2g27 + 47 + 4q, all indices prst = 11]] (Qauge running)

Qja f] qi’
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D

(CYquqr)

(@sv"qr)

2q27 !

(C.TPTI’VM qr) (CYS 1YY Qt)
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(UpYutir

(dsy"d:)
(wsy ut)
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2. SMEFT interpretation

C.
L =< oM T Z A—;@i Consider flavor conserving, non-universal 4F interactions

l

Above the pole

Build likelihood with the 3 runs, one operator at a time

— set ¢; = 1 = lower bound on A

— AR /R>™M ~ s/A*: growth compensates
porecision deterioration!

— Alternative: pair-production around the Z-pole = See Ge et al (2024)
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2. SMEFT interpretation

1133

2072¢

FCC-ee: Ry, Rt above Z-pole

FCC-ee: Z, W-pole

1 HL-LHC

/1 LHC

B LEP-II

'S TEEE SN SN SN SN NS SN SN SIS SN S B S S S S S

||||||||||||||||||||

(95 % CL)

3
Ao

1
Aen

IIIIIIIIIIIIIIIIIIIIIIIIII

1IllPI-'II-II-I'III'II"""I.

||||||||||||||||||||||||||||||

|A9L] punoq 1emory

AEedq

P-|I: R, ratios

o |

e (HL-)LHC: high-p;rgq — e™e™ tails

(yt2 for top, gauge others)

e FCC-ee Z-pole: 1-loop RGE —m—— 7/
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B LEP-II

P-|I: R, ratios

e FCC-ee Z-pole: 1-loop RGE —m—— 7/

e (HL-)LHC: high-p;rgq — e™e™ tails

o |

2. SMEFT interpretation
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2. SMEFT interpretation

* tree-level G (muon decay)

P-|I: R, ratios

o |

e FCC-ee Z-pole: 1-loop RGE*

FCC-ee: Z,W-pole, T

FCC-ee: R, above Z-pole

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Outline

1. Observables and flavor tagging albove the Z-pole
2. SMEFT interpretation

3. Impact on selected models

4. Conclusion
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3. Impact on selected models

Motivation: 5 anomalies
b — st b — ctr

CMS+LHCb tension with (some) SM calculations ~ 3.30 tension with SM
fo TR T %% CL bontows
:_ L IC_;I:/ICb PRL125(, 0115;02 B BaBar
1: ——&— CMS Run2 ]
0.5F -
(R K) = 1) E i _ A
O - —
» + Lrcw
0.5 . :%: ++
_1:_ ! | 0.2 +HFLAV SM Prediction R(D)=0.342 +0.026,,, ]
R(D) = 0.298 +0.004 R(D*)=0.287 +0.012,,,
- R(D*) = 0.254 +0.005 g& 2-)0-:325%
c e by v I I L1 PR I TR TN TN T N TN RN S S SN SN TR S T RN S S
0 2 4 6 8 10 1 2 1 4 1 6 1 8 0.2 0.3 0.4 0.5
g2 (GeV?) R(D)

Benchmark = BSM models accounting one/both discrepancies
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

SU _ _
Z D ﬁUﬂ (g7 +P,. aiv"e;) +h.c.

Parameters: 1, = g /My & ..
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

75 LU (@re3+p, @) +he

V2 "

Parameters: 1, = g /My & ..

b 7
\gU<Uu1 / * Xﬂn

gU:BST

e TL contrib.to b = ctv
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv
g _ _
Z D TZU” (Gr"E3+P.. G2r"e}) +h.c.
Parameters: 1, = g /My & ..

e TL contrib.to b = ctv

e 1-looptob — sCC
oy
4,y
S
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

SU _ _
Z D ﬁUﬂ (g7 +P,. aiv"e;) +h.c.

Parameters: 1, = g /My & ..

e TL contrib. to b — ctv
o 1-looptob — s

® 1-looptot — uvv
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv
SU

313 2 13
Z D _\ﬁ @' e+ p.ar'e;) +h.e.
0.25: | _RD(*)
_ b — stl
Parameters: 1, = g,/ My, & .. 020/ " Combined fit
e TL contrib. to b — ctv 0.153_
e 1-looptob — sCC = -
® 1-looptot — uvv

0.0 0.5 1.0 1.5 2.0
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

FCC-ee:

e O(10) improvement in 7 — uvv
& OS50) W — v
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

FCC-ee:
e O(10) improvement in 7 — uvv
& OS0) W — v b,t Tl
e /-pole: 1-loop contrib. 7 ~ ’”(2/
to/ — 11,/ — inv
b1 T, U,
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

FCC-ee:

e O(10) improvement in 7 — uvv
& OS50) W — v

e /-pole: 1-loop contrib.

toZ = 17,4 = inv 7,y

® Above the pole: 1-loop contrib.

toeTe” — 11,67¢” — gq
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3. Impact on selected models

) Vector LQ for b — s£¢ and b — ctv

FCC-ee:

e O(10) improvementin t — uvv ol
soeH W n
e Z-pole: 1-loop contrib. & |

to/Z — 11,/ — inv
— Present fit (Rp) +b — sl + 1)

® Above the pole: 1-loop contrib. 0.5 PCCece at Z-pole: A%, R.. N,
4+ — 4 — _ : FCC-ee: 7 — lvv +W — 11
tO € € —> TT, € € —> qq — FCC-ee above Z-pole: R,, R,
ooo——o . T e
0.0 0.5 1.0 1.5 2.0
Ty [T@V_l]
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
75 Y 8,0 (/lb “’3+/Isc‘122)

a=e,l

Parameters: 1, . = A4, /M
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
75 Y 8,0 (/lb “’3+/Isc‘122)

a=e,u

Parameters: 1, . = A4, /M

\)

e TL contrib.to b — s£¢
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
75 Y 8,0 (/lb “‘3+/155122)

a=ep
b, s Aps A
Parameters: 1), ( = 4, /M
s 2
e TL contrib. to b — s£¢ S ~ Ths
o TL to gq — £¢ high-py tails (LHC & HL-LHC) b s /{b y
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
75 Y 8,0 (/lb “‘3+/155122)

a=c,U
b, s Aps A
Parameters: 1), ( = 4, /M
E 2
o TL contrib. to b — s£¢ > ~ s
o TL to gq — £¢ high-p tails (LHC & HL-LHO) b s i:b y

e TL to above the pole e"¢~™ — gg (LEP-1l & FCC-ee)
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
s> 3 S5 (404037
a=e,

Parameters: 1), ( = 4, /M
V4

e TL contrib.to b — s€C
o TLto gg — £ high-p; tails (LHC & HL-LHC) b, s 2

e TL to above the pole ¢ "¢~ — gqg (LEP-Il & FCC-ee)
e 1-loop to Z-pole EWPO (LEP & FCC-ee)
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3. Impact on selected models

Il) Scalar LQ for b — s£¢
s> 3 S5 (404037

a=e,l

] A g
Parameters: 1, . = A, /M GO AR

e TL contrib. to b — sC¢ S S ~ (rbrs)z M52
o TL to g — £ high-ptails (LHC & HL-LHC) _L_b
g A’S /Ib

e TL to above the pole ¢ "¢~ — gqg (LEP-Il & FCC-ee)
e 1-loop to Z-pole EWPO (LEP & FCC-ee)

e 1-loop (box) to B, — B oscillations
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3. Impact on selected models

Il) Scalar LQ for b — s
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Outline

1. Observables and flavor tagging albove the Z-pole
2. SMEFT interpretation

3. Impact on selected models

4. Conclusion
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4. Conclusion

e Current results in flavor tagging at FCC-ee allow saturation of the naive stat

imit on Ry, R (for R, improvement needed)
e R above the Z-pole at FCC-ee:

probe flavor conserving, non-universal 4F (also 3rd gen!) up to O(50) TeV!
o SMEFT RG:

Interplay/complementarity between Z-pole EWPO (1-loop) and above the pole (TL)

e FCC-ee may rule out/discover models for current B anomalies!

Thank you for your attention!
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B Universal couplings

100

| L I

50

30 -

TeV

S
|

VECTORS

i
l I

tree-level

B B
New Physics Through Flavor Tagging at FCC-ee

W W, L B

i one-loop (LL RGE)

Z-pole

B Third-gen. only M Flavourless couplings

[1711.10391

Name B B, 12% Wr g G1 H Ly
Irrep (1,1)0 (17 1)1 (1v3)0 (133)1 (8’1)0 (8a 1)1 (8v 3)0 (1?2)%
Name L3 Uy Us Qi Qs X W Vs
Irrep (1,2)—% (3, 1)% (37 1)% (37 2)(1—; (3a2)—% (3’ 3)% (6a2)% (6,2)_%

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

[LA, Mccullough, Renner 2408.03999
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Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.
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Z-pole

one-loop (LL RGE)

[1711.10391]

Name S S Sy © =
II'I'Cp (1?1)0 (171)1 (11)2 (1,2)% (133)0 (1$3)1 (1’4)% (14)%

Name Wy Wo Wy I1; I17 ¢
Irrep (3a 1)— 3 (33 1) 2 (33 1)— 4 (3a 2) (3’ 2) 7 (37 3) 1

1
3 6 6 3

Name 0 0, Q T o
Irrep (6a 1)% (63 1)_2 (6~ 1) (633)l3 (83 2)%

4
3 3

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.
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Other bounds

Obligue corrections ’
A A - FCC-ee projection (1o)
W Y 3
L D, W2 )? 0,B,.,)° |
SMEFT - Am2, (DpW,,) Am2, (9p By ) |
EoM: =
flavor conserving, non-universal 4+ é |

(TL above the Z-pole)

ol

+ | — Z-pole + my
| j —31 —ctem = ffat WW, Zhtt |
Higgs-fermion current operators B
(TL at the Z-pole) T S e S S R

W x 10°
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3rd gen only:

Pure RG effect,
both at Z and above

New Physics Through Flavor Tagging at FCC-ee

Other bounds

53

AP [TeV] Z, ‘F/;/CESO?:-I-T abci‘gCZf};ole
Ay 15.7 1.1
Ay 14.0 5.1
Acu 16.2 1.6
Aea 1.5 1.3
v 15.4 1.5
Acd 1.5 1.3
Age 16.7 1.1
Ace 1.0 1.0
Age 2.1 1.5
Ace 3.5 2.4
ALY 13.1 2.4
A 8.4 7.1
ALY 9.4 1.4
ALY 3.1 0.9
A 12.1 1.9
Add 0.4 2.3
AL 2.8 1.9
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4F operators around the Z-pole?
Ge et al (2024)

2
\) GBSM S — mZ

Key:  %zsM~ T o e ~

y)
OsM.7 A

\ﬁ om, X S GeV: larger stat but relative effect suppressed

Comparing results: stronger bounds above the pole
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Flavor-violating ratios

o(ete™ = Guqp) + olere™ = Gg)

R, =
] Lo -
! —6
Consider only /V;; bs|2.80 - 10
] A WW |bd|3.44-10"
(contrib. to other bins negligible) o598 . 105
—6
E[S] = s/o, Result bs |6.37 - 10 5
> Zh |bd|6.58 - 10"
. —4
6, ~ (b + Z Ub,k)l/z cu|1.10- 10
£ bs|1.79-10°
R; S 1.645——— (95% CL) tf |bd|1.53-10"*
Nio€l€! cu|2.70-10~*
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Flavor-violating ratios

SMEFT interpretation:
A1123] > 16 TeV for 05, 0% 044, Ocq, Oge,

bg '~ Lq 7

A1113] > 9.4TeV for O, 08 Opg, Oca, Ope

bg * " Lq 7

A1112] > 8.1 TeV for O, 0% 04, Ocur, Ope

bg >~ Lqg 7’

Bounds generally weaker/comparable with ones from hadronic decays
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3. Impact on selected models

) Z for b — s

! _3 2 / —
Z D ngZ//t (qLV”qL) T ngﬂ Z (?/ﬂ}/”bﬂ) + N.C.
r=e,u,t / .,
Parameters: ry, = g, /M, &r, = g,/M, o2 \ — FCCeec Ry, B,

. — FCC-ee Ry

e TL contribto b — s£¢

e TL contrib to B, — B, mixing
e TL contrib to ete™ — ff

re [TeV ™

Tsb [TeV_ 1]
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