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Frontier themes well positioned in the realm of HEP community goal:

A search for deeper understanding with precision tools

From matter-antimatter » sbleumverce | What we (particle physicists) would
like:

* Anidentification of the yet
unknown constituents (dark
matter and dark energy)

* An understanding of the
fundamental constituents of
matter and their interactions

renGuwy  Particle Masses  Eemenn * An understanding (?f the ways the
0 20 IS bl eV eV eV &V bV NeV Gev Tev v:v fundamental constituents
T T T T T T T T T L T T T ’-“
“Fuzzy DM” “WIMPs” “Exotics” * agg]‘egate together
“Black Holes”!
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Flavor physics as a tool for discovery

) Flavor thSlCS 1S deﬁned as the thSlCS Connections and differences between
that distinguishes the generations. quarks and leptons offer rich

phenomenology and many unexplored clues

* We see three generations of quarks
and leptons and ask:

* What is the origin of this replication?

* Is there any clue to a deeper
understanding embedded in this rich _
pattern of mixing and decays? ST
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A new P5 physics driver

Beyond the minimum flavor violation paradigm in search for a deeper understanding of the microworld,
this driver brings attention to the unique contributions of flavor physics to the “quest for the unknown”
and has a solid track record for discovery

Absence of K; — uu Charm quark (Glashow, Iliopoulos, Maiani, 1970
Amy : m,. =~ 1.5GeV (Gaillard & Lee; Vainshtein& Khriplovich, 1974)
B — B mixing: 0 m, > 100GeV
1 — ey suppression: 2 neutrino flavors



Fermions and their flavor

a rich and complex phenomenology

Quark mixing manifested in charged current

The masses . .
interaction
d; u;
v oscillations: evolution of initial neutrino state
1TeV} V.
Quarks ° ;
Leptons
1GeV ’ s ! "L
N o 3,% W Ue Uez . U

1 MeV} . !

u C {
Three light v's U,u 7 U,u.? U,u3
summed masses
lev| 004-03eV
[ ] ’ !
| . U U U
v's e u T u d s ¢ b t d S b 2 w2 3
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The CKM matrix

And its triangles

dl u,
V.
L
) r
?4 W O Rich pattern of charge-changing weak transitions of quarks described by CKM
matrix
u C t O The CKM matrix is unitary r— 6 unitarity triangles
O Unitarity+ appropriate redefinition of quark phases. 4 independent
Unitari i definiti f k ph —) 4 ind d
parameters, 1 describing CP violation in the Standard Model
d uc bd v v
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Search for new physics inb decays

The general road map

Loop diagrams: sensitive to interference
0 with new-physics particles:
manifestations in rare decays and flavor

coru
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Experimental techniques
RPF Topical Group 1

Belle, Belle Il and possible upgrades

K-Lang 2nd muan detector:
Resistive Plate Chambers (barrel outer
tor + WLSF + SIPMs (end-
EM Calorimeter:
CsiT), waveform sam
(barrel+ endcap)

“fication
ation TOF (ar-el)
=ing Azrogel RICH (fwd)

Beryllium beam pipe g
10 mm radius |

——
Vertex Detector 4 \
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== positrons (4 GeV)
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MNew Detector

D,

New detector
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SIPM
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LHCDb Upgrade Plans

reduce PMT galn
new elcetronics

New Photo deteetors. new optics
PDe

replaced H

Pixel vertex detector

by

Remove first Muon Station

I," Upgraded Trigger and DAQI

Muone, New electronice

b VELD better hi: resclucon end
P —
{amollor pixel sizo), s

B Soib or irack ecoratruchon
aher the magnet ragion frus
provding meacursmant of the
particle mernentum

U1 downotream teceaotrueticn

<

of luneg i pestices
ez aler the VELO. It will
be 220 esental 13 improve.
the trigger siming. and the
morrentum resoluticn

Scintillating fiber tracker
P

Taking data now!
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LHCb
UPGRADEN

_Upgrade | Upgrade Il

e T Ams nee %
| Sl cesf o fimE
g .
Sef 3 i & 3 3//™;§
2w o 2
§ B
. we're here 150 8
; 8 100
a1 Run 3 Run4
2 [Aun 1 Run 2 cae % 50
olrss e e 1 L L o
2010 2015 2020 2025 2030 ws
Upgrade | Upgrade II
Lpeax = 1.5x10**em™2s71

* Lpeak = 2x10% cm-2s-1

* Lint

50 fb-! during Run 3 + Run 4
* LHCb 50 fb-1: healthy competition

with Belle Il at 50 ab-!

Observable Current LHCb Upgrade 1 Upgrade 11
(upto9/~") (237" (som~") (300"
CKM tests
7 (B - DK, ete.) £ [9,10] 1.5° 1° 0.35°
o, (BY = Jo) 49mrad (8] 14 mrad 10 mrad 4 mrad
Vosl/[Vas| (A2 = pu,,, ete.) 6% [29,30] 3% 1%
ad (B® 5 D pty,) 36 x 104 [34) 8x10~4 5x104 2x10-4
ag (BY - D pty,) 33x10-4[35] 10x10~¢ 7x104 3x10-¢
Charm
AAcp (D° + K+K~-,xtx~) 29 x 1075 [5] 17 x 10-5 — 3.0 x 105
Ap (D 5 K*K-,7%1") 13x10-5[38) 43x10-% — 1.0 x 10-5
Az (D° - K3x*7™) 18x1075(37] 63x10™5 41x107% 16x1075
Rare Decays
B(B® - ptp~)/B(B? = ptp~) T1% [40,41] 34% 10%
Sy (B s putp) 0.2
AD (B® 5 K%tem) 010 [52] 0.060 0.043 0.016
Alm (B® | K*%te™) 0.10 [52] 0.060 0.043 0.016
ALY (BY = ¢7) Ha  s1) 0.124 0.083 0.033
S5, (BY = ¢7) 032 [51) 0.003 0.062 0.025
a,(4) = Ay) H [53) 0.148 0.007 0.038
Lepton Universality Tests
Rx (B* S KHYe) 0.044 [12) 0.025 0.017 0.007
Ry (B® = K*°¢t¢) 0.10 [61) 0.031 0.021 0.008
R(D*) (B® = D*~#tvy) 0.026 [62,64]  0.007 — 0.002

Line = 300fb~1



Belle Il upgrade

SuperKEKB: Projections and possible long term evolution

Asymmetric electron-positron collider at the Y(45)

Target instantaneous luminosity: & = 6 X 10*> cm™2s~!

Max instantaneous Iuminosity: L =47 % 1034 Cl’l’l_zs_1 Observable 2022 Belle-11 Belle-11 Belle-11
Belle(Il), 5 ab~! 50 ab~! 250 ab~!
BaBar
e ———— Exp: 7:26 - AN runs sin 23/ ¢ 0.03 0.012 0.005 0.002
|| ecomeaWouy - v/ @3 (Belle4Bellell) 11° 4.7 1.5° 0.8°
£ B0 Jemasasrmaar ot a/¢y (WA) 1° 20 0.6° 0.3°
:: [Vis| (Exclusive) 4.5% 2% 1% < 1%
5 Scp(B = n'KQ) 0.08 0.03 0.015 0.007
2 Acp(B = 7°KQ) 0.15 0.07 0.025 0.018
: ¥ Scp(B - K*%) 0.32 0.11 0.035 0.015
£ RB K e ) 0.26 0.09 0.03 0.01
e R(B — D*rv) 0.018 0.009 0.0045 <0.003
| - : R(B — Drv) 0.034 0.016 0.008 <0.003
R AN PO S AR PRSP . y ,
Skl BEom) UK W 4%
B(7 — py) UL 42x1077  22x107" 69x1077 31x1077
B(r — pup) UL 21x 1072  36x10? 036x10"? 0073 x
1079
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+  Nano-beam scheme

l,@eh

- Increase beam current, squeeze beams at the IP,
reduced beam energy asymmetry

- Target beam height: 50 nm; current value: 300 nm

Peak Luminosily [xmncm 5 ‘]
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Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected
flavour physics measurements at Belle I1.(The 1 symbol denotes the measyrement in the
momentum transfer squared bin 1 < ¢® < 6 GeV / 2)

Further luminosity upgrades being studied



The overall blueprint

Heavy quarks and z lepton

J
we §
Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC) FCC-ee is considering a broad flavor phy{gés} Y
Com T T SR TR T program
LHCb 9 fb-1 =] Upgrade | 35 flp-1 m— Upgrade 1b 50 fb-! =] Upgrade II 300 fo-) ==
ATLAS/CMS 190 fb-1 o 450 fb-! s Phase-2 Upgrade 3 ab-1 m—

Eur. Phys. J. Plus (2021) 136:837

P T ) 2 e s e ) 2 ) L AT .

° . . . . . -
DU A S P High luminosity precision study of Z, W, H, and ¢
SuperKEKB Heria "

able Uvanlageous altribules - i)
g % 3 Attribute T(5) rr Z
5fb-1'@vs =3.773 GeV 20 fb-' @ s = 3.773 GeV =i ;?«:H‘::;]?;‘f;?;cfhs:f;é lf;r) ) -
BESHI 3fb-1 @ Vs = 4.178 GeV 66! @ s = 4178 GeV I > and FCCwce (21 ' All hadron species v v
3fb! @ +'s = 4.64 GeV Upgrade(s) 5 fb-1 @ s = 4.64 GeV : High boost « '
C TIEEmnE B S «
Negligible rigger losses v s
1 ab-' @ s = 3.773 GeV
BEPCII — | nw hackgronnds s s
o — , _

STCF

Table2 Yields of heavy-flavoured particles produczd at FCC-ee for 5 » 10'2 20 decays. The charge conju-
gate states have the same production yields. These yields are computed using the Z branching fractions and
Dadronisation rate reported in Refs, [4,5]. The B badonisation [raction is essumed w be fp. =2 = 1o—?
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Particle species B° B+ BY A B

¥
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y 2B

Yield (10%) 310 310 75 65 1.5 600 170

n



CKM: the standard triangle, trees and loops

Where we are now
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ParticLe Data Group collaboration, R. T.. Workman et al., Review of Particle Physics, PTEP 2022 (2022) 083C01

(OF-SF)/(OF+SF)
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04|
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0.1 f
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04 f

-0.5
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AM, = 05065(19) ps~!
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EN
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_+_
0 6 8 10 12 14
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Amg = (17.7656 + 0.0057)ps™!

— B - D;at = BY -+ BY - D_nt = Untagged

Decays / (0.04 ps)

1000 F .




New physics in B — B mixing

Parameterization of new physics:

My = (My)gy % (1 + he™),

Phase I: LHCD 50/fb & Belle Il 50/ab
Phase II: LHcb 300/fb and Belle 250/ab
Phase IlI: FCC-ee(new measurements):
improvement related to assumed
improvement in [V

Note: all these stages include theoretical
improvements, in particular lattice QCD
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. HFLAV
DO 8 fb
0.13 68% CL contours
(Alog £ =1.15)
0.11 CMS 116.1 fb~!

CDF 9.6 fb~!
0.09

LHCb 4.9 fb~!
0.07

ATLAS 99.7 fb~1

00%s -0.3 0.1 0.1 0.3

¢c[rad]
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Current status and future perspective

LHCb-TRD-023

1000 T A ! !
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Integrated Luminosity [fb™1]



Thelessonfromkaons ...

The K triangle

Bon(K, — 7°0D) = (2.94 £0.15) x 101

K, 7,n,n
JEF at JLAB/REDTOP

NAB2 @CERN g+ _, 1+yp) = (10.6+49 +0.9) x 10~

Y I
N (2,7) {?;SM(KJ“ — 7UD) = (8.60 £ 0.42) x 107!
=) K* - ntvp
R ® .
T \i Pholonsm‘diimom
Fadron Bcam b - H”(E:
rl)MNx " / ~
~ o M= BK* — ntuD)
o f 2
- Ml TEE W At 5% level
" Owcntagontsm  acer il =
voullen;xhzm %(KL e 1/1/)
(0.0) i (1,0 B ' At 20% level
CKM Triangle Chatin
2 q H K9 - 205 B(K, — m°w) < 3.0%x 107 At 90% CL
Expec.te to reac DB e
= i, SM Slngle event : S 1zceve i e
TV e . 1 L » ekl 7 Gl e -
s sensitivity by 2025 : su : —
] | = KOTO II
ol:: | ,I, ) i -
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J it o B - s
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- General NP o 1202012l = 1050,
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—t e — 11"
B »xtvn) 1077 16 NAS-EPP2024 April 2023
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Fundamental physics from pion decays

 Standard Model theory:

Theory: Marciano/Sirlin
—> Cirigliano/Rosell

[(7—ev(y))

R -'/If.'u.’j\' —

el u

C(7 = uv(y))

= 1.23524(015) x 104

Current| 2£=0.9990£0.0009 (£0.09%)

S

Current ixpt. Avg.

Goal of PIONEER __

1.231 1232 1.233 1.234
Rey ¥ 104
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1.235

Goal:

8.
gu

~10.005%

Pioneer Experiment at PSI

LGAD

Active Target ¥

[ = Decay at Rest | |14l e
n Decay at Rest & + H I

p Decay zt Rest |

1 Decay in Flight |
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The clues unveiled by rare charged lepton decays

V. Cirigliano Snowmass CSS

Muon LFV

—

p—=ey, jp—=ege, p(AZ)=e(4,Z) M,—M, p—ea

pt— ety | Ve < ¥y | _ , e o
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~ #J—A‘r — €+A'ﬂ / EH.'F; E e ey {
P = N, . il T s 10 He—— ] I 25 . — o
pte” = ue Neutrino Oscillations w0 E z | 5 el Ha..- T = (2 Ay =e +(2,4)
/' 0t E 7 i+, A —u+ 2 - 1A
A T — by 10°E -ﬁ: ] 4 HW—BB0
10 L - ugsavminyssninihasasnamenassssadsnsannsas
Z — o+ Modified fram +E do :
H— [y — T Ejf? g.? Calibbi-Signorelli ;:]r_u % @
(9 —2)u, (EDM), /' 1709.00294 s
l Tau LFV i .
10_\! 1 ®
Muon LFC T — T :g‘,: i i M L | Ongoing /planned
—2),. (EDM L] AN USRS SN SN S S— LB MEG DecMee
(g ) ( )r 105k : o e I. HMus
10 ‘ {H®  Mu2e COMET

FESHRTE AT N T I N T RO Ly I Y MuZe-1l
Tau LFC 1840 1950 1960 1870 1980 1950 2000 2010 2020 Y%a‘idi B AMF - PRISM

@
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The broad landscape of charged lepton flavor violation

Davidsor

enard 2204.00564

aA—uA i~ ass 1 —ay f=r/2 0 =n/4 $=n/4

10°

Wdnd [

H— ey
U — eee

U N—>e™ N
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1 1
-10° 10 10® 10" 10® _10*
Kp
2023 2025 2030
data de-1d
|
canst. phasel phazeil  2s16
8a=17
Ea=l7

RED constructian

Kkp = cotan(@p —mw/2)

#p: relative strength of dipale vs four-
fermion operators (inspired from the
"k parameterization” in 1303.0497)

|kg |<< 1 dipole dominant
[p| => 1 four-fermion dominant

construction

Very high scale probed!

Notion of ‘best probe’ is
meodel-dependent

Discovery opportunities in
current and planned searches

2040

ey

p—se'ee

[ P

8c-1B
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90% C.L. upper limits on LFV t decays
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+ | =CLEO
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N +CMS
+LHCb
. | -BaBar
o ‘ «Belle
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5 #HL-LHC
+STCF
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89 p b e B%a 0k x s kkick ki
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Anewidea developed in our studies

A ;. campus at Fermilab

 Rationale for a new facility at Fermilab:

* It provides order of magnitude increase in
sensitivity for all the three muon channels:
u — ey, u — 3e,uN — eN and open new
possibilities in uN — eN at high Z

* Synergies with a dark matter program

* It can host other y experiments

* Its technical challenges are synergistic with
R&D towards a muon collider

Marina Artuso 20 NAS-EPP2024 April 2023



Muon g-2

A remarkable experimental achievement

Aida El-Khadra P5 townhall at FNAL

FNAL E989
i Run 6
Run5
Run 4 .
[2 ? 2
T * {IL T * T T ‘"\' “’.I * T
C e U
Run 1 result Result from Result from Final result
announced Runs 283 B Run 485 from E989

WP published

Muon g-2 Tl WP update
0 H Theory Initiative: F

* Tl workshops:
Jun 2021 @ KEK (virtual)
Sep 2022 @ Higgscentre
Sep 2023 @ Bern
Summer 2024 @ KEK

Marina Artuso
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+¢ ongoing activities: develop method average for Lattice HVP
ww CMD-3 seminar (virtual): 27 March 2023 at 8:00am US CDT
¢ WP update with all available results ~ late 2023

New: from CMD-3 [F. Ignatov et al, arXiv:2302.08834]

E. = before GMDZ
£ —— cmp2

E ? SND

E_ —— KLOE comb
E g BABAR

E L. BES

7 e CLEO

E =, . SND2k

E— . —=— CMD3

L L 1 Il L | Il
360 365 370 375 380 385 390

a™™ (0.6<{s<0.88GeV) 10"
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Interlude: the importance of QCD

In obtaining an unambiguous interpretation of our new physics searches

* Two examples:

* Search of new physicsin b — s£¢

Form-factors SM «2 loop

,ég’““: ! %("o
W -

v

Rl 125 (2 180z
3 LIICk Run 1 1 2016
:j B SN o 1MV

us

" | 3 B i J

.. | : . ‘USE | - +J
\ , L S s b .
1] 15 ol 0 £

10 15

i £ GV
Branching fractions Angular observables
affected by form-factors affected by oi-loop

* g, — 2:we need to evaluate hadronic corrections: s nauesss o

Marina Artuso

HVP—-LO 11
i
[

= 70T5(55) % 10~

Recent ¢ ¢ — 7w VEPP data
also [CMD-3 coll. hep-ex/2302.08334]

HVF=LO¢ 11
H” |

|."-|'X; = ;5?!1.‘;[:’.[}‘. % 10
(0.6 < /5 < 0.9 GeV)

betare CME2

KLOE comy

m—— -
(— ]

{ L
EL I )
22 &7 (06 <1% 2 DBRGEV ), 0™
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RPF Topical group 7

Interlude: the importance of QCD

In understanding the many pattern in which quarks assemble themselves

RPF Topical group 7

* Hadronic spectroscopy has given us a very broad landscape of states, both in the
“conventional spectroscopy” and “exotic spectroscopy” categories.

* Do we understand all these states on the basis of bound aggregates of quarks and

anti-quarks?

T. Skwarnicki @ CSS summer study

Marina Artuso

O Real charmonium system

Y
New particle Zoo

14
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R. Lebed @ CSS summer study

0l
( e

Do
c
hadrocharmonium
.-i
‘\

Mesons depicted here,
but each model hasa
baryonic analogue

@ . DO AT 4
"0 - i
_ D da-gluon‘hybrid” __( __________ )
DO - D “molecule” &

_ \\‘ pte

()=
Image edapied from Godlrey & Oben, U P ]/
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* Priority on measuring electric dipole moment

Electrical dipole moments

Search for new physics with precision measurements of fundamental quantities

measurements at proton storage ring

* Goal: if seen at the planned level of sensitivity
evidence for BSM physics, discriminate BSM
theories, strong CP problem, discriminate
between different baryogengesis scenarios...
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Dark sector

S. Gori at CSS Seattle

Dark Matter
(DM)

* The existence of dark matter motivates a

dark sector neutral under SM forces it

dark states

* Dark sectors are a compelling possibility for The Standard ~ The dark sector
. . . . . Model (SM) Particles neutral under
new physics, with potential of explaining the fie Bl yange syrmmetrics
lightness of neutrinos, strong CP problem... e MY °F b >

Dark sectors
WIMPs

Simple production
mechanism works here

 Dark sectors are generally weakly coupled to
. . o hf—' Lee-Weinberg bound ,6?
SM matter (via portal interaction) and can Darksoctors eees’ (- Go
have masses in the MeV to GeV range ~
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Three big ideas

Exploring dark sector particles: Dark sector might have complex flavor
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A path to a vibrant discovery program

% Invest in fully funding projects
supported by “DM New
Initiative”, LDMX and CCM

% Exploit the capabilities * Expand DMNI with
of existing multi- Initiatives focqs_on signals
purpose detectors, DR of visible decays
especially Belle-ll of dark sector

On-going
searches

and LHCb. Detect dark sub-GeV ol particles —
matter production thermal DM Fr—— proposals include
Extended Flavor Puzzles prOton and |ept0n
Detect unstable dark DarkMatter  Muon g2 beam.-dump
sector particles Hon e Relaxion gxperlmepts, long-
lived-particle
detectors

Dark Sector Theory

%k Support theory efforts to explore dark sector models and collaborate in dark-
sector experiments — this has been at the foundation of essentially all
ongoing and planned experimental activities in this growing field.
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The role of the theory

* Effective field theory provides a framework to
evaluate the physics implications of tensions with
SM in experimental measurements, in particular,
the energy scale at which the NP degrees of
freedom can propagate on-shell.

=]

NP scale A (TeV)

* Phenomenological models of new physics explore
the implications of heavy new physics for low/ !l
medium energy phenomena ﬂ

NP scale A (TeV)

* Lattice QCD provides a computational approach
to the hadronic matrix elements needed in
extracting fundamental quantities from
experimental data
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Developing the instruments of the future

While training a new generation of STEM scientists

Txperimental approach

[Technology

[Froperty

[Requirement

(Juark Havor experiments

Solid State "Lracking
Detectors

lime stamp

Radiation hardness

10-30ps/hit in the silicon pixel ver-
tex detector ' )
tluences up to 5 x 101, /om®

Calorimetry

l'ime stamp resclution

10-30 ps/shower

Lrigger & DAQ

Real time processing
Optical links

400-500 1B /sec
Radiation-hard, fast, low-power
and low-mass

TEV vxporiments ()

Staw Tube Tracker

Calorimetry

Linng

Energy resolution
timing

A0 puftrack,  Jowomass, exeellont
monenban resoliul ion

< 10%/VE, low cost

Shower time stamp « 500 ps, dose
> 900 KHad

FDM=

al]lll:r[l"l!l} roprra-
L |lr mEsny l‘i}]ll!l"
onl partacles

Laser locking, tun-
ing and linewidth

eoliorence Limes

tunable narrow band

T > lsor N o= 102

< 1 MHz, A = 2002 40Unm

NAITOWING [many

narrow-band  lasers

on target)
Dark BSector (missing energy|B&M calorimetry Energy resolution
technique)
Dark  Sector (Beam  Dump|photosensors fast-timing
experiments) photosensors

Marina Artuso

* Synergies in picosecond timing devices,

novel ASIC technology, large data
processing and innovative trigger
algorithms, advances in calorimetry...
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Conclusions

A rich physics program with abundant discovery potential

I EW precision
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- We have laid out an ambitious program to
probe the Standard Model with
unprecedented precision and well-
motivated paths toward new physics.

- Precision is the keyword for the next chapter
of particle physics

- Any discovery will allow to refocus future
priorities, both in experiments aiming at
precision measurement and at HEP colliders

- Theory input, especially a broad program of
hadronic matrix element calculations with
lattice QCD, is necessary to succeed



Accelerator

frontier: new muon Rare processes and precision

campus, polarized .
beams at KEK-b measurements: a crossroad in our

t‘% Instrumentation frontier: ps
timing, DAQ, software
trigger, massless trackers

8 Neutrino frontier:
Leptogenesis/baryogenesis
PMNS versus CKM
Majorana or Dirac?

R Cosmic frontier:
B Energy frontie % baryogenesis, the
direct searches B nature of dark
B for new physics | matter




