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FCC-ee runs

m Above the Z-pole
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FCC-ee runs

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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Above the Z-pole

Reference energies:

WW  Zh E
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. Conclusion
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Outline

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

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

Zc]:u,d,s,c,b 6(6 e - QQ)
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. Observables and flavor tagging above the Z-pole

Observables
(\/s' 2 0.85¢/s)
Focus on inclusive, non-radiative fermion pair-production ratios:
b _
o(e — bb
. OO )

Zq:u,d,s,c,b 6(6 e - QQ)

e Theoretically OK: AR,/R, | theory ™ 10~

e Naive stat limit: same as theory (WW : N7, ~ 6 x 107)
e Systematics?
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. Observables and flavor tagging above the Z-pole

Observables
(\/s' 2 0.85¢/s)
Focus on inclusive, non-radiative fermion pair-production ratios:
b _
o(e — bb
. OO )

Zc]:u,d,s,c,b (6 e - QQ)

~ 1074

e Naive stat limit: same as theory (WW : N7, ~ 6 x 107)
e Systematics?

Flavor tagging crucial
to assess expected FCC-ee precision
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e Theoretically OK: AR, /R, |

theory




. 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 Realistically 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

Toy model: R,

Deepdet Transformer ROC curves at FCC-ee

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

10° e Realistically 0, ~ 0.01, consider WW run
o Minimize AR,/R,, with €7 = €”(€,)) (conservative)
— P VS S-jets
10-14  — b vs u-J:ets AR
1 = Dbvsd-jets —
, b vs g-jets _b i 2 X 1() 4
6 | Rb
1072 -
® Almost saturates naive stat & theory limit
o LEP-I: AR, /R, ~ 0(0.01)
00 01 02 03 04 05 06 07 08 09 10 —> imprESSive 0(102) improvement!
b
b

Note: for role of additional background (e.g. collimated V'V) see the paper
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. Observables and flavor tagging above the Z-pole

Observable/FCC-ee Rel. Err. (107°)|WW Zh tt
_, FitR,,R,R.
Ry, 0.17 0.36 0.96
SImu/taneous/y
Rs 3.7 5.8 10
R, 0.14 0.27 0.69 Small correlations:
assuming e.d. WWw
Am/m, < 00.1%) sStat <« R - - 1.2
from FCC-ee mt runs 1 —0.006 —0.22
stat < Br, 0.16 0.35 0.97 ,_ (0.006 1 0.006)
syst (theory) < R. 0.50 0.52 0.64 ~022 Z0000

Solid O(10?) improvement compared to LEP-II

Room for improvement: s-tagging
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Outline

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

3. Conclusion
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2. SMEFT interpretation

C-
S = oM T Z A_;@i Consider flavor conserving, non-universal 4F interactions

l
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2. SMEFT interpretation

C.
S = oM T Z —ZZ@I- Consider flavor conserving, non-universal 4F interactions

l

® Tree-level: 2£2q + 4¢ operators involving eTe™ (pr = 11)
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q,t

19

2f2q<

47

(Lo yulr) (@ qt)
( p'YuTIe )(@sY"T19¢)
(epVner

(ep’)’u Cr

) (usy"ut)
) (dsy" dy
(Lpyulr) (Tsy u
(p’)’u r)(d S’Y“dt
(Epyuer)(qsy" gt
(ZJ er) (ds qi )
(Ger)ejn(qsur)
(Gouver)en (s o ur)
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(Lpyutr)(Es7 er)
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)
)
)
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2. SMEFT interpretation

C.
L =< oM T Z —12@1- Consider flavor conserving, non-universal 4F interactions

l

(04 | (Gomtr) (@7 ar)
- 4 O | (Lpyu":)(qs" T1g1)
® Tree-level: 2£2qg + 4¢ operators involving e™e™ (pr = 11) bq | Tk
Ocu | (Epyuer) (s us)
T . , Oed (Epyuer)(dsy"dy)
e Global likelihood with the 3 runs, one operator at a time Ou | Tyl @y ue)
2f2q< o »
Oed ( p’Yuﬁ )( s7Y dt)
— set ¢; = 1 = lower bound on A O | (Evuen) (@™ qr)
SM 5 Oteqd (EJ er) (ds q; )
— AR /R ~ s/ A~ growth compensates OV | (Ber)ejn(@u)
precision deterioration! 0 | Bouver)ejr(@Eor ur)
(O | (pyulr) (€sy™Le)
— Alternative: pair-production around the Z-pole = See Ge et al (2024)4f | Ot (fﬂ“er)(f_i”%t)
| Oce | (Epyuer)(@s7Per)
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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. Conclusion
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3. Conclusion

e Current results in flavor tagging at FCC-ee basically allow saturation

of the naive stat limit on R, R (for R, improvement needed)
e R _ratios above the Z-pole at FCC-ee:

probe flavor conserving, non-universal new phyisics via 4F ops. up to ©(50) TeV!

o SMEFT RGE:

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

Thank you for your attention!
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2. SMEFT intepretation
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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

29

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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