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My personal summary of the upcoming
European Strategy for Particle Physics

“QCD is what will keep us busy for the next hundred years.”




Trigger warning

What follows is by no means

a complete review of the topic.

However, | will cover selected examples.




Circular or linear e*e- colliders?
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Linear e*e- colliders

"I Luminosity vs Energy of Future e e Colliders
T | weeem FCCee, 2 IPs [arXiv:2203.08310]
s CEPC, 2 IPs [arXiv:2203.09451)
it ewme CEPC, 2 IPs, lumi up, power priv. com.)
L] e ILC baseline [arXiv:2203.07622)
| wnm e ILC luminosity upgrade [dito]
; v ILC250 10 Hz operation [dito)

Circular ete- colliders
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« FCC-ee, CEPC L et « ILC, CLIC, C3(new idea)

; Luoms ot mineony ppratojome) _J | C? arXiv:2110.15800
e T . Length
ILC: 250GeV-1TeV: 20.5 = 40 km
CLIC: 380 GeV-3TeV: 11.4 = 50 km

e Circumference: 90 - 100 km
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* High luminosity & power
efficiency at low energies;
-> huge rates at Z pole (table below)

Luminosity [10** s''cm?]
>
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* High luminosity & power

10—1 | i R T T A W ) - .
10 1 efficiency at high energies;
» Less luminosity at higher Ecym Center-of-Mass Energy [TeV]
(synchrotron radiation) * Longitudinally spin-polarised
107 I beams
* Multiple interaction regions 106

* Long-term energy upgrades possible
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* Very clean: little beamstrahlung
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- longer tunnel, same technology

o(e'e” —=X) [fb]
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102 and/or
per detector in e'e #2 #8 #r | #charm | #ww 10 - replacing accelerating structure with
LEP 4 x10° 1x106 3 x10° 1x106 2x104 ) advanced technologies
SuperKEKB - 101 01 104 0ge . . »
FCC-ee 25x102 | 75x10" | 2x10" | 6x10" | 15x10° b (RF cavities with hlg her grad lents,
plasma acceleration?)
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K. Jakobs, CERN-Fermilab HCP Summer School, 31st Aug. 2023




Let’s see how Flavour Physics and understanding QCD
can help us go beyond the Standard Model ?
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FCC-ee (and CEPC) Z-physics programme

Christophe Grojean, FCC week 2022

2,

'mz, ['z, N, « 0. s(mz) with per-mil accuracy
‘R, Ars *Quark and gluon fragmentation
‘mw, MN'w *Clean non-perturbative QCD studies
MHiggs, I Higgs
EW & QCD Higgs couplings
self-coupling

detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID

direct searches (
of light new physics

e Axion-like particles, dark photons,
Heavy Neutral Leptons
¢ long lifetimes - LLPs

flavour factory
(10"2bb/cc; 1.7x10" 77)

7 physics B physics
*Flavour EWPOs (Rp, AFgP°)
er-based EWPOs ¢CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons

vertexing, tagging
energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b — szr
tracker g

K. Jakobs, CERN-Fermilab HCP Summer School, 31st Aug. 2023 49

Naturally one need o fold into this thought process the fact that we have recently started the third run of the LHC and there is still HL-LHC




Top physics inear

Circular

The top quark mass is a key SM parameter for precision tests at linear colliders
Huge potential from threshold scan: up to per-mille accuracy on cross section & asymmetries
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Access to top mass and width, as well as strong coupling and top Yukawa coupling



Indirect constraints on BSM via high-precision
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arXiv:1601.06640 and arXiv:1510.04561 8 Circular




b-physics @ Z pole

Large boost for b hadrons (<Pe> = 32 GeV/c), very well separated b produced in opposite hemispheres

SM prediction H—e—H ALEPH

Phys. Rev. D90 (2014) R. Eur. Phys. J. C (2001)

OPAL

- ALEPH e Data . m L
B 1 b — DX Phys. Lett. B500 (2001)

D) % b,c — WX DELPHI
- ¥ Background S T : Phys. Lett. B496 (2000)

-~ ALEPH e Data
- L] b—=1vX

%3 b,c — IvX
& Background

Entries/GeV
o
N
l&
Entries/GeV
al\)
|

N
W
T T T TTTTT
X
X
LB

I... o:
i s Phys. Lett. B332 (1994)
e 10 F Sl e
R - e R
SRS - S rs B
NN, . X | v XX & RS % L 4 V'S 4 i
2 5 s i s : - t ‘ .
10 - | LB B Z. Phys. C71 (1996)
LR RS LRERENE 2R e e aaatetet
—— X § o 0%

- AN ntx:n“_ * :" ':‘x x::" l. ': !: :: :.I ,:: | K l_: ':l :lI," 3 :-: nx}-: e : 2 :. :‘ :.
o SESEE E‘ T ¢ e R — Average
s RS 3 B s Phys. Rev. D 98, 030001 (2018)

X

2 X o R SRS RIS
% X v l |‘ 3 2% AT e B o*o%a %% N NN

~20 0 20 40 —20 0 20 40
et exclusive B(B — D + D" rv)

Emiss (GeV) Emiss (GeV) HFLAV2019

Saturated by only the
EPJC 19 (2001) 213-227 05 10 a5 .20 ‘25 - 30 - 35 D and D* modes

B(B — X1v)%

Various b-decays modes with T could be accessible, inclusive and exclusive.




FCCee aka LEP in one minute

About 20 times the nominal Belle Il anticipated statistics for B? and B+.

All species of b-hadrons are produced.

Attribute Y(4S) pp Z° <EXb> = 75% X Fheam; <57> ~ 0.

All hadron species /

High boost v /

Enormous production cross-section v Particle species B° B~ BY A, Bf < 77t
Neg]igible trigger losses v V4 Yield (107) 740 740 180 160 3.6 720 200

Low ba’CkgrOU‘ndS v v Table 1: Particle abundances for 6 - 10'* Z decays. Charge conjugation is implied.
Initial energy constraint v (V')

Advantageous properties of Belle Il (Y(4S)), LHC (pp) and FCC-ee (Z°)
» [arxiv:2106.01259]
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https://arxiv.org/pdf/2106.01259.pdf

3) Reviews of current / foreseen activities (Feas. Study)C FCC

- Rare semileptonic decays and leptonic decays:
- b—sTT, e.q. BO = K t+T. (vertexing case for mid-term review)
- b—svy, e.qg. Bs— ¢vv
- Bc = 1v; b—s(d) tf

- CP violation studies:
- The CKM y angle, e.g. Bs— DsK.
- The semileptonic asymmetries (CP breaking in mixing).
- The CKM a angle, e.g. B = (7079).

* The matrix elements V,pand Ve ....

- Tau Physics:
* Lepton flavour violating T decays
 Lepton-universality tests in T decays.

* Charm Physics:
 The rare decays, e.g. D—=xvy, D= yy

- The hadronic decays, D+—=x*70 -

S. Monteil Flavours @ FCC 12 =
Circular
11




What's interesting about B[, — 770, ?

® Can be used to measure the CKM element |Vcp| and highly sensitive to scalar contributions from NP.

® No possible at LHCb due to missing energy-lack of constraints and reconstructed information.

® No B¢ production at Belle Il. [arxiv:2105.13330, arxiv:2305.02998]
I [arxiv:2007.08234]

. Circular



https://arxiv.org/abs/2105.13330
https://arxiv.org/abs/2305.02998%5D

Charged currents

g 04 i“_ﬁl_—fﬂ/ ' 68% CL tontours
& Belle’
4
0.35 LHCb*
Bellell

Belle’

0.3

0.25

02 +HFLAV SM Prediction R(D)=0.342 +0.026,,,

R(D) =0.298 = 0.004 1;(13”(‘)) 3=90-287 +0.012,,,
R(D*) =0.254 =0.005 = -0.
%) P(x?) = 35%

0.2 0.3 04 0.5

R(D)

https://hflav.web.cern.ch/content/semileptonic-b-decays
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With an EFT at gy = mp

y;,” = L-t-G——F Vd, [ (4 +;I._,) (ZL‘ Pl’l-) ™ | VA

ﬁ - yV ("’ Ciare the Wilson coefficients
-\, v ! y
Ve ( C"‘ L‘) & ¥p ) null in the SM using this convention.

4 ( EL l)L\ ( Zg VL)
—+ (E R ‘)L) ( Eg_ VL)J + e‘c

If One uses : CV(A) — CVR + CVL and Cg(p) = CSR + CSL-

2
A_Cp - C P "\; \ Cr lifts the SM helicity suppression

Mo (mysme) sizeable enhancement !

B(gc - 2v) = Q(Bc— 2v)

14



Decay topology

B lifetime very short ~ 0.5 ps,
I.e too many degrees of freedom
to fully reconstruct the decay.

Explore the thrust axis properties
and the hadronic T decays.

15

/

77 b Rodion jet
P N uS" ax\§

Note : arXiv:2007.08234 explored leptonic T decays.



Results Circular

But also... BT — t71_

arXiv:2305.02998

Impact evaluated on NP models and

Le pto n U n Ive rsal Ity O bservab I eS Predictions
Bt — 7tu, [FCC-ee, 150 ab™ ', 2%] e+ ] ok
Bt — tTu, [FCC-ee, 150 ab ', 4%] }|—e— I—=— —A—]
1200
" Type — IT 2HDM S
| YPe Tl Ny Bt — rtu, [Belle IL, 50 ab™']  —@—{—&— —A—
0 L0 S i S S N> JUN A AN JEN hehlebeielebeieleeleleleleleteleleleieletieleieleleteieleteleleteieletelshelelletebdefelelaheleieleeleleteleleleteleleleielelelebielebleie et et letleleele el
. BT — t7v, [Current] I * :
800!
% I CKMfitter (Global fit) —s—
O, _
-E 600 UTfit (Global fit) } = |
= :
) Inclusive (GGOU) l A :
400
Exclusive (HFLAYV) | ® :
200 - Current Values
-3

Comparison between current determinations of |V, | and predicted
determinations from Belle || and FCC-ee, where the FCC-ee values

correspond to 2% and 4% uncertainty on B(BT — t7v,).
Different central values are taken from the current Exclusive, Global and

BT = 77v_values.
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https://arxiv.org/abs/2305.02998

b — svi motivation

U(BDTQ)

® Most probably impossible at LHCb 0.92 0.94 0.96 0.98 1.0
e Belle Il cannot do all B flavours 5000 '-'-‘J- L _
_ . ' /Edt:F362+42)§b'1 B B K
e Yet to be observed, besides evidence for BT — K v o : g == BB
5 2000 f e
e 2.70 tension with SM [arxiv:2311.14647] —C% — ““ T gzgmuum
O 1000 '
e Theoretically cleaner than the corresponding b — sl
e Can be used to extract the CKM factor and hadronic form factors, and constrain Wilson 0
coefficients 5
_ _ e (] e
® Novel probes of CPV from new physics [arxiv:2208.10880] = SR SR RS S

1 4 8 251 4 8 251 4 8 251 4 8 25
Gree [GEVZ /]

Plot of the maximum likelihood fit for BT — K*vi from inclusive tagging

Decay B-factories | FCC-ee
BT —» KT v v
BT - K*Tvp v
B° — K3vw v
B’ - K*%vp v

X

X

B} — ovv
AY 5 AOyp

SNKXKKKX

arxiv:2309.11353
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https://arxiv.org/abs/2311.14647
https://arxiv.org/pdf/2208.10880.pdf
https://arxiv.org/abs/2309.11353

b — svU projections

= : Nz =6 X 10!2 - SenSlthlty‘ (FCCee)
397 S R Current Limit
- . SM Prediction

3.0
32 2.5
W :
~ 2.0 1
Q :
+ =
&i 1.5 :

1.0 -

0.5 -

0.0-: '

1077 1072 10~ 10-3 102

BF(B" — K*'vi)

Nz =6 x 102

— Sensitivity (FCCee) |

------ Current Limit

SM Prediction
~ 37
S
2 -
Qo
- .
U 4
S 4
2 -

N .

10-6 10-5 104 107 1075
BF(B? — ¢vi)
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Studies on sensitivity at FCC-ee [JHEP 01 (2024) 144] and at CEPC [PRD 105 (2022) 114036]




Very rare decays B, — pu™ju~

Invariant-mass resolution is a must - Ultra-high resolution calorimetry is in addition
desirable to touch high performance for modes w/ neutrals
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FCC-ee
Z" — bb Delphes simulation

5250 5300 5350

[[EPJ+ 126 (2021) 8]

Total fit

B! < u'p
B" = u'p
B" - x'x

Simulated data

m(pp~) [MeV/¢]

Effective lifetimes and CP asymmetries are possible
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Candidates / (27.5 MeV/c?)

CMS Preliminary

36 b (13 TeV) + 20 fb (8 TeV) + 5 fo'(7 TeV)

160~
140}

Entries / 1 ps

o ® o

o o o (=)
¥ I

N
o

20k

@ Data

full PDF
Be—sp
5444 peaking bkg

------ combinatorial bkg
------ semileptonic bkg

5 6 7 8 9
Decay time [ps]

| | | | I

LHCDb Preliminary —e— pata

9 fb! Total

BDT =05 = B,—u

0
I —— B —>u

{— 50

0(+)

- LD Combinatorial

u-
u

uy

 RLLLED B—h'h'"
X,—huv,

' ______ B —)JTO‘*H,U +‘U -
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CKM metrology

1.5 I —— l — T T 1-5 1 ] | | e B e | b | I D
: [T T I T Wl: : excluded area has CL > 0.95 | :
i i Y _
B 1.0 A -
1.0 [ I Amy & Amg
- 0.5 -
05 _ Amy -
IE Ex 2 a
|< 0.0 FH—----- = 0.0 - L S o
05 0.5 -
1.0 - 1.0 1~ i | X ~
: % - % E sol. w/cos2fp <0
- 1995 — Summer 23 E (excl. atCL > 0.95) —
15 T Ty i L 1.5 IR AT RN BN AR SN A BN SN EE BT TR R

1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P Y
At the horizon of the next electron collider, the knowledge of the CKM profile is expected to have been deeply revisited by LHCb and Belle II/lll.
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Let’s not forget about Y

Measurement of CP violation with B, —» D K

JLdt =150 ab~1

112037 . : _
108978 CP violation : Bs » D K™ 2020-06-28 13:34 111019

107923 CP violation : Bs » Do K™ 2020-06-28 13:34
5000 A —_ fit
J tag* (sin(¢ =+ A))input =-9.40e-01 , -5.0C B.>D- K+ — fit
¢ ) s + -
Pp= 0.707 4000 | * (< ) — _ K Kl BS il DS K
P tag = (1 — 20) = 0.500 — fit » tag * (sin(¢ = A))input = -9.40e-01 , -! I
A000 : (sin(¢ + A))pe=-9.42e-01 £ 59e-03 + B,-D’ K~ ’ p=0.707 .
¥ (sin(¢ — A))ge=-5.08e-01 £ 6.38:03 £ (ara error ©R. Aleksan | ¢ tag=(1-2w)=0.500 © Bs—»Ds K
) ' t=7.01e-01 + 4 64e-03 L (sin(¢ — A))st =-4.94e-01 = 7.1e-03 = data error
= Pra H+ data error » 3000 - :
5 3000 ‘ac-.; (sin(¢ + A))sr =-9.34e-01 = 5.9e-03 +~ data error
v J > B! %= 7.08e-01 + 4. 60e-03
Y Q 3
o — i
5 fAl 5 .
£ 2000 '\ & 2000 + : \
= £
c \ s
. [ =t
1000 - ' ’ ’\'\ ‘ 1000 - "’\ ‘
‘ “"0‘»% ’ """
0 -
T T T T T T T 0 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

X (in unit of lifetime t/7) x (in unit of lifetime t/1)

Potential statistical gain of factor 4-5 with DSJ—r - K*OKZ* ¢p%, ... but background needs to be studied (see later)+
Additionnal potential gain (another factor ~2 ) with B. = DX*K*, DXK**, D:*K** , most modes including v(s)

Circular

#8 B° —» DK*0
{1 B* > Dh*
I All Modes

0.4F

0.2:

040 0 60 T100 120
3 degrees uncertainty 7[’]

Several null tests of the SM accessible at the highest precision, e.g. semileptonic asymmetries, ¢s in penguin-dominated diagrams ...
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Circular

B — K*777~ decays

T . I
L
o T
: — ys B FD '
B
A fairly complex topology to study b — s ¢~ transitions S A
] .n
T I
Precision of BF measurement as function of the resolution
Various IDEA configuration
(,).5|IP ().UTI' IP ()\ IP 0.5 ()
PV (3.0pm, 0.0238um, 3.0um) & SV & TV (20.0pm, 3.0pm) .
- 0.6
140 i Probability to identify a 7° = 0.80 e SVand TV longitudinal smearing : 20 pum ( FCC
: B B, K*D,D,(D, — v) = e o
ey %  IDEA baseline . 20
b 1201 B B, K*°D,D,(D, — nnnn¥) L L
Pd 5 B B, K*°D,rv(D, — Tv)
< 100- B B, K*D,D,(D, — rrnn’r")
= BE B, — K*D:Dy(D; — Dyy,Ds — V) > 041
% 80j B B, > K*D,D,D; — Tv, D5 — nrnn) E **. e
2 ] B .- K DD s Dac ) Ssmmrnin s bl L Eeaaeseeae s s s e s s e
= 60 - B B, K*D,D,(D, — tv, D, - nrnnn’n0) 0.3- .
*
-’-g | B B, > K*D!D,(D!— Dy, D; = nran’n?)
8 4019 B sig ** Observation (50)
¢ sig + bkg’s 02 =
20 -
0 0 2 4 6 8
4.6 48 50 59 5 4 5 6 58 6.0 SV and TV transverse smearing in gum

m(K*[3n],[37],) [GeV/c?]

We could see unambiguously the SM signal with this emulated detector
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T measurements

o ~ 10" Z = tt7 atthe FCC-ee

e m_is a SM parameter - must push experimental sensitivity as far as possible

® Required for many SM predictions
e Charged weak currents
® CKM elements

o Enters LFU tests at the fifth power
® LFV searches complement that of i

e Can also directly measure lifetime and BFs (extract o (1))

e 7 coupling = vr_ coupling - link to oscillations and LFV, probe orders of magnitude
better than current experiments [arXiv:1612.02728, arXiv:2203.05502v2, arXiv:2203.06520]
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https://arxiv.org/abs/1612.02728
https://arxiv.org/abs/2203.05502v2
https://arxiv.org/abs/2203.06520

Alberto Lusiani: FCC Week 2023

™+ lifetime and BFs

Ty uncertainty

e FCC-ee should provide the most precise o Meosurement
measurements of 7 lifetimes and BFs o]
e For lifetime _ 2000:
e Impact parameteris ~ 70 um, much greater il
than the FCC IP resolution and beam spot size 1
20° FCC-ee(Z) A.L. London 2023
® Uncertainty on the average length scale of vertex I AN I A ST LT
deteCtOr e|ementS S 4.8 ppm B(T - uy), measured or expected upper limit
® FOr BFS _8_ ° Belle 2021 90% CL Guestimate
e Good EM energy resolution, < 20 % /\/ E(GeV) .7"
(LEP) g 510
e Granular EM calorimeter > 15 X 15 mrad” (LEP) _ b
] FCC-ee(Z) 95% CL
Should temper expectations a little as these plots assume 8 x 10'? Z% — — — — — — —

24


https://indico.cern.ch/event/1202105/contributions/5396845/

Conclusions

Precision flavour measurements set powerful constraints on New Physics
There are a number of interesting opportunities at lepton colliders
A number of challenges both theoretical and experimental will have to be overcome

Hopefully exciting times and potentially discoveries ahead of us
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Material heavily inspired by

e Karl Jakobs - CERN/Fermilab school 2023

® Pier Monni - Zurich Phenomenology Workshop 2024
e Stephane Monteil - LHCb meeting 2024

® Philip Urquijo - ECFA 2022

® Matthew Kenzie - ECFA-UK Meeting 2024

... ® Aidan Wiederhold - ICHEP 2024
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Why do we care about this decay?

Can be used to measure the CKM element |Vco| and highly sensitive to scalar contributions from NP.
No possible at LHCb due to missing energy-lack of constraints and reconstructed information.
No B: production at Belle II.

A Tera-Z machine is an ideal machine to study this decay.
28



With an EFT at y = mp

Ml - 12w ] (ac) GMIGLR

2 +Cu, (T X" L,)('é}, Xp ) Ciare the Wilson coefficients,
P — — null in the SM using this convention.
4+ -5 ( Co "L\ ( el VL)

+ Con (Tabe) (Zpue)]+he

If one uses =Cv. = Cv, and Cs(py = Cs;, + Cs,,.

2

N
B( @c - 2V) = B(6e— V)| A- CA - Cf Me. \ Cr lifts the SM helicity suppression
Mo (mp+me) sizeable enhancement !
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SM prediction

Decay constant from HPQCD and V., exclusive HFLAV.
Looking forward to improvements of the decay constant computation with LQCD techniques.



