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Motivation
LEP FCC-ee
* Expedition to multi-TeV scale * Expedition to multi-10 TeV scale
mi,/mf ~ 107 mi,/mf ~ 107>
e Examination of the EWV scale * Examination of multi-TeV scale
Quantum corrections ~ |-|OO|D FW Access to broader BSM through
guantum corrections
M/Q\M E.g. Right-handed top compositeness
i o H RGOy = Oy = Opp
C M

Hooeeo AN 2 Z 10 TeV
Stefanek:2024kds

e (Consolidation of the EVV scale
~ 2-loop EW



[ ] ([ ]
Motivation

The baseline FCC-ee operation plan

Working point Z, years 1-2 | Z, later WW HZ tt (s-channel H)
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365 my
Lumi/IP (10°*ecm™%s™ ") 115 230 28 8.5 0.95 1.55 (30)
Lumi/year (ab~ ", 2 IP) 24 48 6 1.7 0.2 0.34 (7)
Physics Goal (ab™ ") 150 10 5 0.2 1.5 (20)
Run time (year) 2 2 2 3 1 4 (3)
10° HZ 10°tt
Number of events 5x 10" Z 10° WW + +200k HZ (6000)
20k WW — H | +50k WW — H

Blondel, Janot; 2106. 13885
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Z pole 744 ff

> / pole

Our focus!

* Physics focus: New 4F contact interactions!

* Three reference energies > Z:
WW (163 GeV, 10 ab™"), Zh (240 GeV, 5 ab™ 1), 1 (365 GeV, 1.5 ab™ )

o Processes.ete™ — bb, cé,ss, jj, tt, vt , utu ", ete
e Statistical precision > Zis 107* — 107>

 Theoretically clean observables: Sensitive to BSM & Experimentally accessible
5
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Interference with the / resonance

ZsmerT = ZLsm + Z Co O4r
0

/ \

> °0 ¢ (s—M?)
~Y — N S—
(s—M2)2 + M2I2 o, : i
s = (pr+ D7)

%

e Jwo strategies:

|. Near the Z-pole =5 GeV: (Ge et al, 2410.17605)
Larger statistics but smaller relative effect. Limrited by theoretical uncertainty.

2. At WW, Zh, tt (our work)
Smaller statistics but larger relative effect. Theory OK-ish.

Comparing our results with 2410.17605, method (2) stronger limits on Cg

Even statistically!
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Observables

V's' > 0.85,/s
* (Inclusive, non-radiative) cross-section ratios

o(ete™ — bb)

Ry = -
2 q=u,d,s,cp 9(€T €T = qQ)

e [heoretically clean
ARF/R? ~ 107* PDG EW review

* Experimentally, however, flavor tagging is cruciall

e Question:
What are the FCC-ee projections on R, ratios given the current

state-of-the-art flavor taggers!
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Rb measurement

o(eTe™ — bb)
Zqzu,d,s,c,b U(€+6_ — qu)

Statistical model: Simplified scenario, R, only Ry =

Niot = L-A-olete” = qq)

Total # of (hard) dijet events before flavor tagging

For simplicity, assume two quark flavors: j and b.
Run b-tagger on each jet.

e; (true positive) TP

€% (false positive) FP
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Rb measurement

Statistical model: Simplified scenario, R, only Ry =

Niot = L-A-olete” = qq)

Total # of (hard) dijet events before flavor tagging

For simplicity, assume two quark flavors: j and b.
Run b-tagger on each jet.

e; (true positive) TP
€% (false positive) FP

o(ete™ — bb)

b-tagger bb

e bi

JJ

Zqzu,d,s,c,b 0(€+6_ — qq)

R; =1-R,

N(nb — 2) ENQ = Ntot[(Eg)ZRb -+ (6?)2[{]] y
N(ny =1) =N = 2Ny [62(1 — eg)Rb + e?(l — e?)Rj]
N('nb — 0) EN() = Ntot[(l — 62)2Rb + (1 — E?)ZRJ] .
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Rb measurement

o(ete™ — bb)
Zqzu,d,s,c,b 0(€+6_ — qq)

Statistical model: Simplified scenario, R, only Ry =

Ntot =L - A- U(6+6_ — ch) b-tagaer bb
Total # of (hard) dijet events before flavor tagging gg
B bj | Jj R;=1—- Ry

For simplicity, assume two quark flavors: j and b.
Run b-tagger on each jet.

e; (true positive) TP Ny =2) =Nz = Nioal(e0) iy + ()] b
eg’- (false positive) FP Ny =1) =Ni = 2Nioe[e5(1 = ) By + (1 = ) )
N(ny = 0) =Ny = Neot[(1 — €2)? Ry + (1 — e?)QRj] .

eXp N)Q ZUQ
—2log L = Z NP + (52"

* kit parameters:
b b
N € Ry €

e — €t (14 )
e MC input systematics o,

10
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Rb measurement

o(ete™ — bb)
Zqzu,d,s,c,b O'(€+6_ — qq)

Statistical model: Simplified scenario, R, only Ry =

Ntot =L - A- U(6+6_ — ch) b-tagaer bb
Total # of (hard) dijet events before flavor tagging gg
B bj | Jj R;=1—- Ry

For simplicity, assume two quark flavors: j and b.
Run b-tagger on each jet.

e; (true positive) TP

e’ (false positive) FP

N(nb = 2) =N, = Ntot[(€b> Ry + ( ) R, ]
N(ny =1) =N = 2Ny [eb(l — eb)Rb + ej(l — e?)Rj]

J N(ny = 0) =Ny = Neot[(1 — €2)? Ry + (1 — eg’-)QRj] .
exp 2 2
—2log L = Z eXpN) + (;E -, TP stat
(0c) (ARb)2 C1-d@2-e2-Ry)
- R B Niot Ry (€2)2
* it parameters T R s
, €7, ,€- €, — Iipl2 — € €; —
ol B — A
e — € (1 + ) ( )tQO(t b;)2 :
4(Rpy — 1)=(€2
+ = (0.)° 4+ O ((2)?).

e MC input systematics &, y R (ep)?
FP syst
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DeepjetTransformer

Blekman et all, 2406.08590
Jet Flavour Tagging ROC curves at FCC-ee: F'P(/F)

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

100 -
e e (Conservatively take:
ZH-qq: - - ] =C
_ —— b vs c-jets ® Optlmal pOiﬂJE
%’ —— b vs s-jets b _3 b
¥ 1014 — byvsujets Gj ~ 10 ) and €y ~ (.65
> —— b vs d-jets
5 b vs g-jets
O Co :
= e Realistic estimate
m v
©
§ 56 : OOO]..
S 1072 -
V4
z —
ARy/Ry & 1/+/Niot Ry
A Almost reaches the naive
10-3 | | | . | L4 . . statistical limit!
00 01 02 03 04 05 06 07 08 09 1.0
Signal Efficiency (&sig) *Careful with additional
Bottom backgrounds like collimated

12 jets from V'V, see the paper.
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DeepjetTransformer

Blekman et all, 2406.08590
Jet Flavour Tagging ROC curves at FCC-ee: F'P(/F)

FOCCee Reco. Jets - (Deep)et Transformer on Z(qq), ZH(qq) Jets) 1é:OCCee Reco. Jets - (Deepjet Transformer on Z(qq), ZH(qq) Jets)
10% ]
Z-qq: — Z-qG: —
ZH-qq: - - ZH-qq: — -
. — C VS b-jets .
2 —— c Vs s-jets 2
<L 101 - cvs u-!e s £ 101 -
> —— cvsd-jets > ]
5 Cc Vs g-jets qc)
o S
= e Z
- E /,/
© - /
5 c 77,
3 > 17,
£ 10~ o /Y
3 10 B 3 10—2 . ; ,/
@] @] b /
g © 7
@ —— s vs b-jets
,’ — S VS C-jets
y —— 5 Vs u-jets
— s vs d-jets
10_3 T T 4' T T T T T I I 10_3 | | I S VS gl‘JetS I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 01 03 0.4 0.5 0.6 07

Signal Efficiency (&sig) Signal Efficiency (&sig)

Charm Strange

e (Question:
What about simultaneous Ry, R, R, determination?

13
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Ry, R, R, simultaneously

(Generalisation

bb
N;i =N - R,eL€ cc
1) — 4Vtot zz: 1 + (570 z€, €, bc
ije € (hs,ef} Y, Re =1 gl Ml s
Run orthogonal b-tagger, c-tagger and s-tagger bj ¢ |5 |0

on each jet.

. . < z
i = 7€ Zzei—l

| e.g. WW run small correlation
* kit parameters:
b _.s _c 1 —0.006 —0.22
Niot, £y, Hs, Be + €, €, €¢ o= [-0006 1  —0.006
+ 196 uncorr. systematics on P —0.22 —0.006 1
closes the fit! AR, . AR, . AR, »

Optimize on the ROC curves y ) : )
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Summary: > / pole

Observable/FCC-ee Rel. Err. (107*)|WW Zh tt
Ry 1.7 3.6 9.6
R, 37 58 100
R, 1.4 2.7 6.9
R - - 12
R, 1.6 3.5 9.7
R, 5.0 5.2 64

15



Summary: Z pole

Observable|Curr. Rel. Err. (1072%)|FCC-ee Rel. Err. (107?)
I'yz 2.3 0.1
o4 37 5
R? 3.06 0.3
R? 17.4 1.5
AL 15.5 1
AY%S 47.5 3.08
A? 21.4 3
A? 40.4 8
RZ 2.41 0.3
RZ 1.59 0.05
R? 2.17 0.1
AYE 154 5
A%l 80.1 3
A%L 104.8 5
A? 14.3 0.11
AZ 102 0.15
AZ 102 0.3
N, 50 0.8

16
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Summary: W pole and 7 decays

Observable | Value |Error | FCC-ee Tot.

I'w [MeV] 2085 | 42 1.24
mw [MeV] 80350 15 0.39

Br(W — ev)(%) | 10.71 | 0.16 0.0032

Br(W — uv)(%)|10.63 | 0.15 0.0032

Br(W — 1v)(%) | 11.38 | 0.21 0.0046
T — uvv(%) [17.39| 0.04 0.003

T —evv(%) |17.82| 0.04 0.003

17
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SMEFT interpretation

Oécll) (ZP'YMET)(QS'YM%) g g Z
e = Pyt Y Cy0
OEE’ Loyut r)(Tsy"TIGe) SMEFT SM 0o YAF

Ocu | (&pyuer)(@sy"ur)
Oca | (&pyuer)(dsy”ds) e Limitson Ay = Cgl/z
2q2C 0w | Gt @ w)
Owi | (Lpyulr)(dsy*dy)
Oge (Epyuer)(@sy qr)
Oteqd (Ber)(dsq])
Open|  (Brer)eju(@Sur)
O | (Bouwer)ein(@a™ w)
Ore (p’)’ﬂ )(£S'Y“et)
A 0. | @Gut)Ere)
Oee (Epyuer)(Esy et)
Or(;z) (@pYuqr)(@s7"qt)
0% | @ Yuar)(@T17v" )
OC(I}L) (@ Yugr)(Usy ut)
4q Oc(;l) (@pYugr)(dsy"dr)
Ouu (pyuur)(Usy ur)
Odd (p’Yu )(dS’Yudt)
0% | (pyuur)(dsydy)

e Consider flavor-conserving non-universal AF = 0

18
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SMEFT interpretation

O | (Bpyulr) (@7 ) _

O(g) (ep%l«"'[e )(@sYHT1rg:) gSMEFT o gSM + Z C@ @4F
Ocu | (&pyuer)(@sy"ur)
Oca | (&pyuer)(dsy”ds) e Limitson Ay = Cgl/z

220 0w | Gvt) (@)
Owa | (Lpyulr)(dsy*dy)
Oge (Epyuer)(@sy*qr)
Oteqa (Zer)(dsq])
Oézu (€ er)fgk(qs Ut)

Lequ (Bouver)en(qeot us)

O | (Gub)tr™l) o Tree-level effect: 2g2¢ and 4¢ with pr = 11
A€ o | Emt)enre

_ I € qaf
Oee (Epyuer)(Esy et) x
Oé};) (QP'YMQr)((L’Y“qt) e q» f

0% | (@ va:) (@7 ar) | |

ON | (Goyugr) (@sy ur) e SMEFT RG (gauge running): all vectorial operators
4q Oéil) (CYP'YMQr)(Js’Y”dt)

Ouu (pyuur)(Usy ur) € q, f

Odd (p’Yu )(dS’Yudt)
O | (@pyuur)(dsy™dy)

e Consider flavor-conserving non-universal AF = 0

R ratios > 7

e q,t

19
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SMEFT interpretation

o Example: [O,]331;

Observable/FCC-ee Rel. Err. (107%)|WW Zh tt
Ry 1.7 3.6 9.6
AR, S
But ———= ~ — ¢ Energy vs Precision!
R, A?

Thus, the bound on

Nge,3311 = {17.8,17.4,16.5} TeV
WW, Zh, and tt runs

Similar sensitivity at different energies!

*in the rest of the talk, we combine the three runs.

20
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SMEFT interpretation

-level: 3rd quark family — electrons

2q2C tree
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SMEFT interpretation

-level: 2nd quark family — electrons

2q2C tree
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High-pT Drell-Yan

€

e Crossing symmetry

€

Allwicher:2023shc

22

e Greljo:201/wb

€

x

S, C
S, C



FCC-ee: R,, R; above Z-pole

FCC-ee: Z, W-pole

HL-LHC
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SMEFT interpretation

-level: | st quark family — electrons

2q2C tree
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Gauge running
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SMEFT interpretation

47 tree-level
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SMEFT interpretation

Oblique corrections:

A A

|44 Y

a \2 a \2
LSMEFT D 4m%/[/ (DPWMV) 4m%/[/ (8PB[LV)
W x10° Y x10°
Current (LHC) [—19,5]  [-31,14]
HL-LHC —4.5,6.9] [—6.4,8.0

FCC-ee pole observables| [—1.7,1.7] [—12,12]
FCC-ee above the pole |[—0.62,0.62] [—2.3,2.3]

25
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SMEFT interpretation

Third-family dominance: APPH [Tev]| g/c_gof;ﬂ abcigcz-e;ole
Ay 15.7 1.1
Ay 14.0 5.1
Aeu 16.2 1.6
Aed 1.5 1.3
7 3 Acu 15.4 1.5
Aga 1.5 1.3
Age 16.7 1.1
3 Ay 1.0 1.0
Ace 2.1 1.5
VS Ace 3.5 2.4
N 13.1 2.4
A 8.4 7.1
e 3 AG) 9.4 1.4
AL 3.1 0.9
e 3 A 12.1 1.9
Ada 0.4 2.3
A% 2.8 1.9

TABLE VII: The 95% CL bounds at and above the Z-pole
(at one-loop) on operators with flavor indices prst = 3333.

26
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Flavor violation AF = 1

€ di
ex q; e Result:

Energy| 17 R;;

p. _oleTe” = aqigj) +oleTe” = ¢;4) bs|2.80-10~°
o= — — -5
S VI CET T e

Cu|o. .
1 + dg; . bs|6.37-107°
Nij = Niot ) 1+ d;; Rieye] Zh |bd|6.58-107°

]

kL cul|1.10-10~%
R;; < O-bz, 7 (I)_l(l — Oz) bs|1.79-107°
Niot€;€; tt |bd|1.53-107*
cu|2.70 - 1074

e SMEFT contributes at order A~ to Rl-j

e Indirect limits g. = g.ete™ already provide too strong of a target.
q; q; Yy P 8 8

27
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Models

28
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Infamous B-anomalies

b — slTi™ b — cTv

CMS Preliminary
- I_O FT T T | T T T | T T I T T | | T 1 T T [ T . r T r T
Q % LHCb PRL125, 011802 i} g 0.4 A I ! 68% CL tontours -
1 | —#%— CMS PLB781 (2018) 517 | Z A _
- —€— CMSRun2 7 - -
- i 0.35 — LHCb® ]
0.5 :t,}_, _: - Bllell _7 i
- l - - -
- ] 03 —
O | l | p— }
- E ] B Cb*
i } . 025
—O 5 B - HE—; . %i - : :
i ! i r 3
1k — _ 0.2~  4HFLAV SM Prediction R(D)=0.342 £0.026,,,  —
- . - R(D) = 0.298 +0.004 R(D*)=0.287 +£0.012,, .
- I - B R(D*)=0.254 +0.005 g& 2')0-:325% -
=1 1 | | [ 1 | | 1 1 | | 1 1 1 | | 1 1 1 | 1 1 | | | B 1 I [ 1 1 [ I 1 [ [ 1 I [ 1 [l [ I [ ]
O 2 4 6 8 10 12 14 16 1 % 0.2 0.3 0.4 0.5
q2 (GeV ) R(D)

while Ry ~ 1

Let's take NP models that explain one (or both) and see what FCC-ee has to say!

29
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Model I: Scalar LQ for b — s¢™ ¢~

U(2), flavor doublet: ¢ = 1,2 Quark doubleﬁ:
5 ~ (3,3,1/3)=(5:. 5" ¢ = (Viup.dy)"

LD —M?STS* — (\; @4, S™ + h.c.)

30



Model I: Scalar LQ for b — s¢™ ¢~

U2), flavor doublet: ov = 1,2 Quark doublet:
5%~ (§7 3, 1/3) = (Se, S,u)T q° = (V;ZU‘E, dz)T

LD —M?STS* — (\; @4, S™ + h.c.)

b //t b e Aoélniv — _Acviléliv A |
q — S ~ . — 221
g ﬂ = g ¢ I Sr p | where T’ N

H S €

LFU LQ: Corrects Ps while Ry = 1

31



Model I: Scalar LQ for b — s¢™ ¢~

U2), flavor doublet: ov = 1,2 Quark doublet:
5%~ (§7 3, 1/3) = (Se, S,u)T q° = (V;ZU‘E, dz)T

LD —M?STS* — (\; @4, S™ + h.c.)

b //t b e Aoélniv — _Acviléliv A |
q — S ~ . — 221
g ﬂ = g ¢ I Sr p | where T’ N

(4

LFU LQ: Corrects Ps while Ry = 1

FV implies FC! e b 5 e c )
A - i o

C

R, at FCC-ee R.at FCC-ee



Model I: Scalar LQ for b — s¢™ ¢~

"
v
Upg
3
L]
L |
L]
,,,,,
"y,
00 [
|||||||||
lllll
1

|||||||||||||||||||||||||||||||||||||||||
||||||||||||||
.
LY

T, [TeV_l]

'
||||||
lllllllll
vt
[
vt
.
.y
W
)
1
.
)
R
.

_.-“:—FCC—ee R,, R:, R,
' — FCC-ee Z, W-pole

_l 1 1 1 | 1 1 I-‘ :E :I 1 1 |

—0.4 —0.2 0.0 0.2 0.4
Ty [TeV_l]
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Model I: Scalar LQ for b — s¢™ ¢~

0.04 b — st
002t | . [ AR S -
Lo —
S 000k |
) .
VA
~
L D . Y | e 40°Tev
—0.02
_0.04 = FCC-ee Ry, Ry, By
| -~ — FCC-ee Z,W-pole
0.00 0.02 0.04
ry [TeV ']
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Model ll: 7' for b — sfT¢~

Massive vector: Z, ~ (1,1, 0)

LD giiGvudi Z™" + ge(lav,la + €avypea)Z"

35
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Model Il: 7' for b — sl ¢~

Massive vector: Z, ~ (1,1, 0)

LD giiGivugi Z™" + gi(lavula + €avpea)Z"
. b A 4
:anlerfrsb Ty — ng

\)

36
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Model ll: 7' for b — sl 0~
Massive vector: Z, ~ (1,1, 0)

LD gii0ivuq; Z™ + ge(bavla + EaVuea) 2"

) A 4

cuniv._, rr, r, = ng
\)
However; also:
b A b € Z 4
) 5 €
Meson mixing LEP-11, R, at FCC-ee
2 o 2
sb 4
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Model IlI: 7' for b — s¢T ¢~

Massive vector: Z, ~ (1,1, 0)

LD gii0ivuq; Z™ + ge(bavla + EaVuea) 2"

Meson mixing LEP-Il, R, at FCC-ee R, ., at FCC-ee
2 ~ rz Fairly generic UV completions satisfy:
sb 4

(rspre)® < (rsre)(rpre) < % ((rsre)® + (rore)?)
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Model Il: 7' for b — st ¢~

— FCC-ee R,, R;
FCC-ee Ry

re [TeV ™!
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Model IlI:

Vector LQ for b — crv and b — sf ¢~
U, ~ (3,1,2/3)

£D = quv #I17 U, + h.c.

\/5
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Model IlI:

Vector LQ for b — crv and b — sf ¢~
U, ~ (3,1,2/3)

£D = qu7 #I17 U, + h.c.

\/5
l Matching

LSMEFT D 5za5]5 [Q(l) T Ql(j)

] Baij
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Model IlI:

Vector LQ for b — crv and b — sf ¢~
U, ~ (3,1,2/3)

\/§ Flavor structure U(2)°
l Matching Byr = 1, real Bsr = O(Vyp)

other couplings smaller

Baij
LSMEFT D 4M2 5za5]5 [Ql(l) + Q(B)]

Parameters of interest: ry = gU/MU and Ssr
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Model IlI:

Vector LQ for b — crv and b — sf ¢~
U, ~ (3,1,2/3)

Present constraints

0.25
* — Bp
b — st/
0.20 T
T — Combined fit
0.15
g ,
o}
0.10 -
0.05-
0.00 S
0.0 1.5 2.0

T [TeV_l]
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T
X,
AN 2
s > v
Ry and P5 compatible!

Profiled over ACY = —ACH,

7 LFU tests:
W

T

Feruglio:2016gvd




Admir Greljo | New Physics Through Flavor Tagging at FCC-ee

Model Illl:
Vector LQ for b — crv and b — sf ¢~

FCC-ee constraints: All RG effects, starting from the 3333 operator in the UV!

.BST

0.25,
0.20:-
0.15
0.10:-

0.05 L

0.00

— Present fit (Rp) +b — sll + 1)

— FCC-ee at Z-pole: Af R-, N,
FCC-ee: 7 — vv+ W — 11
FCC—lee above Z—pole:l R.. R,

1.0 1.5
Ty [TeV_1]
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2.0

20 projected bounds:
R, and R, above the Z-pole

R_: |ry| < 0.47TeV ™!
R,: |ry] < 0.78 TeV ™!
Z-pole observables
AR, N : |ru| <0.35 TeV!
Ko, Negr * |ry] S 0.5

g% ¥}

7 and W decays at FCC-ee
T — v |ry| < 0.44 TeV—!
W—-1v: |ru| $0.64 TeV—1
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Conclusions

 Recent developments in flavor tagging at FCC-ee allow for optimal
measurements of Ry, R., but further improvements needed for R..

e R, ratiosat WW, Zh, tt can improve the bounds on the effective scales of
new 4F non-universal AF = O interactions by up to factor ~ 10.

e This is most important for heavy quark flavors and all lepton flavors.
e SMEFT RG implies subtle interplay and complementarity with the Z pole.

e [CC-ee has a great potential to rule out/discover NP models behind
present B anomalies

—> AF = 0 interactions will compete against FCNC!
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