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Need to measure many observables using
complementary detectors!

Simon Akar SFP | La physique des saveurs



Bounds on New Flavour Physics

K
Lo = Lsm + ——O,
AZ
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e Virtual production of new particles:
probe very high energy scale, beyond Anp CPV & mixing (AF = 2)
the energy available in the accelerator Hip o< L5

B mixing (AF = 2) Rare B decays (AF =1)
Rare decays (AF = 1)
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e Generic flavour structure [k~0(1)] ruled out at the TeV scale
 Anp ~ 1 TeV requires k to inherit the strong SM suppressions (GIM)
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Back to the future

 Historically, indirect observations of “new physics” has often
been the portal to infer properties of heavy particles before
experiments with sufficient energy to produce them.

o Kaon semileptonic branching fractions: 1970

» Solution proposed by Glashow, Iliopoulos, Maiani (GIM):

| |
w4 Yw
- No flavour changing neutral current (FCNC) ! l
- FCNC are suppressed by loop diagrams ' '
- charm quark prediction A S
Discovery of the J/ib at SLAC and Brookhaven in 1974 \ v ~
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Back to the future

e Observation of CP violation in kaons: 1964

In 1973 Kobayashi and Maskawa proposed an explanation based on the
existence of at least 3 generations of quarks

discovery of the Upsilon at Fermilab in 1977

b v;b Vad d b V*bJVV\NVV\\‘\N\NV\.qu d
e B meson mixing: 1987 a=net
BO w w B B q=u,c,t q=u,c,t B°
In 1987, the Argus q=u,ct
experiment measured: d Vae Vas b d Vaa WV, b

2
Amp ~ 0.00002 X ( my ) o

GeV/c2 First hint that the yet unseen top quark
~ 0.5ps~1 was much heavier than expected!
my > 50 GeV/c? Discovered in 1995 at the Tevatron:

m; = 173.21 & 0.51 &£ 0.71 GeV/c?
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Landscape & objectives
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Towards NP
© inl2steps 2

Buras arXiv:1306.3775
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Landscape & objectives

LFV, EDMs
Charm (8-2)e CKM from
trees

g/e ] Lattice
P Towards NP IR
— AsVV ° —
B— K“vv 9 L 12 steps 3 Observables
Buras arXiv:1306.3775
—\S A
K— ’
Vv 7 6 5 Bs,d T
B— X" A
+ LLPS & B—>K(*)€+f_ B—’Xs]/ B —>T1 Vi
hidden sector B—Ky
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Landscape & objectives

Correlations between observables is
extremely powerful to constrain NP models!

LFV, EDMs
Charm (8-2)e CKM from
Top trees

/e ] Lattice
P Towards NP IR
— As5VV ° —_
B — K“vp 9 in 12 steps 3 Observables
_ A
K— )
TTVV 7 6 5 Bs,d T
B — X0+ X )
+ LLPS & B—>K(*)€+f_ B—’Xs]/ B —>T1 Vi
hidden sector B Ky
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Landscape & objectives

Experiments with wide

LHCD) Belle2 range physics program
LFV, EDMs
LHCb Charm (8-2) e CKM from || LHCb
Belle? Top ]2 trees Belle2
/e ] Lattice
Belle? B— Xsvv 9 'Ii‘;)l‘A{%rdtSeNSP 3 AF =2 LHCb
B— K®%vv StCP Observables||Belle?2
K v Bs,q— ptu~ || LHCb
7 6 5 Bsa— 7T ||Belle2
B— Xsb+t- —
+ LLPS & B—>K(*)£+f_ B—’Xs]/ B "—1 Vi
hidden sector B—Ky
LHCDb |Belle2 Belle2

LHCDb |Belle2
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Landscape & objectives

Experiments with wide

LHCD | Belle2 range physics program
BESIII LFV, EDMs
Ag};,/[:s LHCb Charm (8-2) e CKM from || LHCb
Belle?2 Top ]2 trees Belle2
/e ] Lattice
Belle2|| °~7" (£ O ’Ii‘;)l“lfgrgtseNf 2 AF=2 | WRECDR - cus
B— K“vy P Observables||Belle2 [ ATAS
_ 4 Bsq— p'p | [LHCb | CMS
K— ’
™ 7 6 5 Bsa— 1'7" ||Belle2 || ATLAS
B— Xst+4- —
+ LLPS & B K& p+p- B— Xy B "—1 Vz
hidden sector B—Ky
LHCb |Belle2 Belle2
LHCD |Belle2
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Landscape & objectives

Experiments with wide

LHCD | Belle2 range physics program
BESIII LFV, EDMs
Ag};,/[:s LHCb Charm (8-2) e CKM from || LHCb
Bellez | TOP 5 trees  ||Belle2
/e ] Lattice
seieal| - |kg 'Ii'g“l’%rgtseNSP 3| -2 |HGH| o
B— K“vy P Observables||Belle2 [ ATAS
) 4 Bsqg— ptu- || LHCb | cMS
K— ’
™ 7 6 5 Bsa— 't ||Belle2 | ATLAS
B— Xsb+t- .
+ LLPS & B K& p+p- B— Xy B —1 Vz
hidden sector B Ky
_ LHCD |Belle2 Belle2
LHCD |Belle2
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Landscape & objectives

COMET |[MEG| Experiments dedicated to
LHCD | Belle2 specific measurements of
crucial observables
BESIII LFV, EDMs
ACM: LHCb Charm (8-2) e CKM from || LHCb
TLAS Belle2 Top ]2 trees Belle2
g€ ] Lattice
T r P
seieal| - |kg i gtSeNS 3| -2 |HGH| o
B— K®vw P Observables||Belle2 | ATLAS
NA62 P 4 Bsqg— ptu~ || LHCb | cMS
KOTO 7 6 5 Bsa— t'1" ||Belle2 || ATLAS
B— X£+6- .
+ LLPS & B K& p+p- B— Xy B — 1y,
hidden sector B Ky
_ LHCDb |Belle2 Belle2
LHCDb |Belle2
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Landscape & objectives

COMET | MEG Essential interplay
LHCb | Belle2 between theory and
experiments
BESIII LFV, EDMs
ACM: LHCb Charm (8-2) e CKM from || LHCb
TLAS Belle2 Top ]2 trees Belle2
Theory £/e ] Lattice ||Theory
Belle2|| "~ (FO 'Ii‘g“l%rdts NE 24| AF-2 | HHChE ovs
B— K“v StEp Observables||Belle2 | ATLAS
NA62 P 4 Bsqg— ptu~ || LHCb | cMS
KOTO 7 6 5 Bsa— t'1" ||Belle2 || ATLAS
B— X£+6- .
+ LLPS & B K& p+p- B— Xy B"— 1,
hidden sector Bo Ky
_ LHCDb |Belle2 Belle2
LHCDb |Belle2
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Landscape & objectives

DISCLAIMER:
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GDR Intensity Frontier

[website]

GDR-InF input for
the European Strategy for Particle Physics

The GDR Intensity Frontier
31-08-2018

Research at the intensity frontier allows the detection and interpretation of signs of new physics using large
datasets of some of the rarest processes in nature. If new particles are found by direct searches, then
indirect tests are needed to study the new physics structure and couplings. If on the other hand no direct
evidence for new physics is found in collisions, which has been the case so far at the LHC, higher scales
and/or smaller couplings can be probed by experiments at the intensity frontier. Lately the case for the
intensity frontier has further been strengthened by several anomalies observed in measurements of rare B
decays, the anomalous magnetic moment of the muon and the proton radius.

The GDR-InF, gathering the French community working on the intensity frontier, supports an experimental
strategy based on two complementary pillars: large facilities with a wide physics program (LHC, SuperKEKB,
HL-LHC, beam dump experiments at SPS, ILC and FCC) and experiments dedicated to specific
measurements of crucial observables (EDM, g-2, LFV experiments). This document provides an overview of
the experiments in which the GDR-InF physicists are involved, and that we wish to see endorsed by the
European Strategy for Particle Physics (ESPP). Members of the GDR-InF currently produce high level
physics results with running experiments and perform detector developments to prepare the future ones.
Experiments with no involvement in the GDR-InF experimental community, but which are recognized as
crucial for the field are also mentioned. Finally, the GDR-InF underlines the interplay between theory and
experiments to be supported as part of the strategy.

[full document]
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http://gdrintensityfrontier.in2p3.fr/GDR-InF-ESPP.pdf
http://gdrintensityfrontier.in2p3.fr

Experiments & timescales

2016 2017‘2018‘ 2019| 2020\ 2021| 2022| 2023| 2024| 2025| 2026| 2027  2028| 2029| 2030| 2031| 2032| 2033| 2034| 2035
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COMET
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g-2@J-PARC
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Belle Il comm 50ab-1

LHCh UPGRADE |
SHIP

Foc [

French participation/interest
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Wide physics program experiments

e LHCb (+Upgrades) and Belle2 major running experiments in the next decade:

LHC era > HL-LHC era >
SL= 3 fb-! 9 fb-! 23 fb-1 50 fb-1 300 fb-!
2010-2012 LS1 2015-2018 LS2 2021-2023 LS3 2026-2029 LS4 2031-...
Runl Run2 Y Run3 Run4 Run5 ... >
¥ =4x1032cm-2s-1 ¥ =2x1033cm-2s-1
Current LHCb Today LHCb upgrade 1a LHCb upgrade 1b LHCb upgrade 2
Belle 2 50 ab-1

» Belle II will dominate measurements of final states with missing
energy, multiple photons and of inclusive decays

» LHCb Upgrades will dominate measurements with charged particles in
final states with the possibility to access all b-hadron decays

important complementarity!
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CKM precision measurements

o Huge success in the last 20 years from CLEO, LEP, Tevatron, B-factories & LHCb
drawing a consistant SM-like CKM picture:

1.5 71 L - T 1 T I — 1.5 .
: exclidediarealhasiCL>101958, 2002 : Iexlcluc:edlarela h;sCIL>IO.9|5 ! o I%g ' o 2009 13 Ie»::hcljedlare!ah;sCIL;IO;S ' P R Y 2016
_ : Amj i i : % ’ C , i
1.0 — : ] 1.0
Amy & Amg
B 0.5
""""""""""" - I= 0.0
A -0.5
100 & - 10 & 10 vy €
' - |y weanco - | aweazn<o ]
' - 2009 ' (excl: at CL > 0.95) B ICHER 16 (excl,at CL > 0.95)
_1.5_|||||||||||||||||||||||||||||_ 15_|||||||||||||||||||||||||||||_ _1.51111[1111!1111111||l||1111111_
-1.0 -0.5 0.0 0.5 1.0 15 2.0 10 05 0.0 0.5 1.0 15 20 -1.0 -0.5 0.0 0.5 1.0 15 20
p p P
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CKM precision measurements

e From Marcella Bona @ CKM2018:

NP parameter results ANP
A =| 140 0 %)) pSM 20
q - SM
q
z_. 80 E‘;P__; 80
Z_ o UTyit Z UTj;
S 60 summeri8 S €0 summeri8
40 NP fit 40 NP fit
20 20
-20 -20
—40 —40 dark: 68%
60 60
Bd ; BS
80 80 SM: red cross
0 - 'OI.1' = l0¥2l = l0?3l = l0.I4l = l0?5l = l0.6 0. = IOI.1l = .Of2. = IO.ISI = .O.I4l = IO?S' = .0.6
NP,/ SM NP/ A SM
A4 /Ad A /A

The ratio of NP/SM amplitudes is:
< 18% @680/0 pl’Ob. (300/0 @950/0) in Bd mixing
< 20% @68% prob. (30% @95%) in B, mixing
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Y measurements

* Use tree decays of B* — DK* which lead to the | b — ucs
same final state with interference between D°— D° rpe %D K _\

decays to the same final state

Cabibbo favored (CF) Doubly Cabibbo suppressed (DCS)

' \ / )
K- b Vb _ u DOK_ TDEZZ(SD
s L b —s ciis external
B c measurements
Al ‘ B~ — Bty — —

e Combination of results from several modes
using different experimental methods:

- GLW: CP-even final states

z_ =rpgcos(dp — )

. y,:rBsin((sB—A/)i /‘,——"’ /,”
- ADS: CF or DCS final states =

- GGSZ: 3 body final states
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http://www.sciencedirect.com/science/article/pii/037026939190034N
http://www.sciencedirect.com/science/article/pii/037026939191756L
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0008090
http://arxiv.org/abs/hep-ph/0303187

Y measurements

e World average currently dominated by LHCb combination (~16 measurements)

1 ' T

— ; i -- Belle 3 Combined
Y T 25 decays LHCD 1 Eses -~ LHCb BaBar
— 0.8H ecays Preliminary __ | |
|| I B* decays - Full Frequentist treatment on MC basis
- [ Combination - 1.0 = I RIS B
06 __ __ 0.8 B —
i 7 g 06 b
i ] o 04 - =
02— ] I
B 7 0.2 - —
[ 955% ’ N
0 - ! - 0.0 Lo AL S I I T
0 50 100 150 0 100 120 140 160 180
7 [°] Y
» LHCDb combination: = (74.02:2)° [LHCb-CONF-2018-002
» World average: = (73. 5+ ' )O [HFLAV]
» Slight tension with loop-determination: = (65. 6+3 4)O [CKMFitter]
Observable Current LHCDb LHCb 2025 Belle II Upgrade II
v, with BO = DF K~ (+17)° (136] 4° - 1°
7, all modes (F28)° [167] 1.5° 1.5° 0.35°
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http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
https://cds.cern.ch/record/2319289

Interference in mixing & decay

B°—B0 mixing phase: ¢4
sin(2f) = sin(29,) [=vn

PRELIMINARY

BaBar - , j 0.69 + 0.03 = 0.01
PRD 79 (2009) 1072009 5

BaBar y E : . 0.69+0.52 =0.04 = 0.07
PRD 80 %0005) 112001 i

BaBar J/y (hadronic) K s | : 1,56 = 0.42 = 0.21
PRD 69 (2004):052001 ;

Belle ; : A 0.67 + 0.02 = 0.01
PRL 108 (2012) 171802 | :

ALEPH ' : i 08478 .0.16
PLB 492, 259 (2000) L '

OPAL ; : B 3.20 *380 + 0.50,
EPJ C5, 379 (1998) P *
CDF : : : 0.79 0%
PRD 61, 072005 (2000) § ] *__';

LHCb ; : L 0.76 = 0.03
JHEP 11 2017) 170 ; :

Belle5S i 5 : 0.57 + 0.58 = 0.06
PRL108 (2012) 171801  ©— *]—

Average E 0.70 = 0.02
HFLAV ; ; ;

-2 -1 0 1 2 3

» Golden mode: B°— Jp K¢

B9—B9 mixing phase: ¢;

AT [ps ]

0.12

0.10

0.08

0.06

HFLAV

68% CL contours

(Alog £ =1.15)

DO 8 fb~!
[PRD 85 (2012) 032006]

[PRL 102 (2009) 032001]
[PRD 90 (2014) 052007]
[JHEP 08 (2016) 147]
[PLB 757 (2016) 97]
[PRL 114 (2015) 041801]
[PLB 736 (2014) 186]
[JHEP 08 (2017) 037]
[PLB 762 (2016) 253]
[PRL 113 (2014) 211801]
[PRD 87 (2013) 112010]

CMS 19.7 fb!

LHCb 3 fb!
ATLAS 19.2 fb!

-0.4

-0.2 -0.0 0.2 0.4

5" [rad]

» Golden mode: BY— Jip ¢

O gprco = (422 £ 1.5]° (HrLav) o s = —0.021 £ 0.031 rad [HFLAV
M = [47.8 £ 2.6]° [CKiFitter] M = —0.037 & 0.001rad [CKVFiter
Observable Current LHCb LHCb 2025 Belle II Upgrade II
sin 23, with B — J/¢%K? 0.04 [609 0.011 0.005 0.003
¢s, with B — J /¢ 49 mrad [44 14 mrad —~ 4 mrad
¢s, with BY — D+ D7 170 mrad [49] 35 mrad - 9 mrad
$%%, with BY — ¢¢ 154 mrad [94 39 mrad - 11 mrad
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http://ckmfitter.in2p3.fr/
http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
http://www.slac.stanford.edu/xorg/hfag/

CKM precision measurements

o Toward the very-high precision era:

LHCb Upgrade Ia — 23 fb-!

_Belle2 — 50 ab™!

0.7 [T T T | ! ! _ 0.7 T T T T T T T T T
E e Y m 8 AL & A .
) : (_.)I sin 2B : Amd & Ams LHCb zalfb : ' (_)I ¢ BELLEII 50 ab™ WA 2017 :
— § 1 7 _\ﬁ\\ 3 .
05 g — 05 g —]
— | © - C © \\ sol.wlcosz¢1<0 ]
- B Z 3 (excl'@lCL>095) ]
0.4 [—3 — 04 —3 —
I 4 C |8 .
= -3 l 1= C o 3
| _— - \ —
0.3 — 0.3 — \ 2 -]
- ¢2 m
0.1 — 0.1 | |V | \\
E I ¢3 ¢1 N
0.0 L L L 1 1 L L 1 L 1 1 1 1 L 1 1 L 1 0-0 1 L 1 I 1 L 1 | JLil I I I 1 1 I o~ o
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1 0.4 0.2 0.0 0.2 0.4 0.6 08 L0 19
P Y
o LHCb Upgrade II — 300 fb-!
- | T T I T T T I T T T I T T T I T T T I T T T I T T T _
- 8 | Y v
0.6 =4 _ ! fitter _—
~ O sin 23 ! Am, & Am LHCbaood =
- [2] -
— ! -
0.5 _—g -
-2 -
—® .
04 3 =
2 =
= — 3 3
03 — —
0.2 [ -
0.1 —
1
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Flavour anomalies: @ loop

e Flavour Changing Neutral Currents (FCNCs) forbidden at tree level in
the SM and only occur as loop-suppressed — typical exclusive BF ~ 105

o NP can contribute, affect decay rates and angular distributions

b q‘ >t 7 S b > > /—
\\\ W ,'
- LQ "
q* =my
A s

e Model independent description in effective field theory (EFT):

Local operator NP coupling i=1,2 Tree

- ©) '

_ * t=3—6,8 Gluon penguin

Heft = \/_ Vib Vis 5 ™ A2 O i = Photon penguin
NP

1 =9,10 EW penguin
L NP scale 1=S5,P (Pseudo)scalar penguin

Wilson coefficient
(“effective coupling”)
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Flavour anomalies: @ loop

* Branching fractions of rare b — sy’ u” decays

LHCb BY— K*Ou*pu~ [JHEP 11 (2016) 047] LHCb B? — ¢u*p~ [JHEP 09 (2015) 179] LHCb B*— K*utyu~ [JHEP 06 (2014) 133]
0155107 - R WELCSR  Lattice —e-Data
& . i T T—T——TT ! T T T T T ({) - T T T _E (\]'_| LA S S B L S S S B B R S S R R L N B R B -—:
E LHCb ‘\.’% = LHCb _5 % B+9K+ﬂ+ﬂ_ -
2 o TF 39 LHCb A
Nh‘ 0 1 b 6:_+. lllllll —: vb 7]
S = D DN E
3 v B/ : -+ AR X :
3 [- T 4B ! T3 S +
0.05[- 3 3;_'__+__ SMped. ] + E
r S 2p T : fL1F :
[ %E. 1E D] 2
5 3 L a1 e L n 1 P L n 1 el .E m
2 =~ 0 PRREPEREP NP R U TS R U S S RS RE R
% g 5 10 s < 9 5 10 15 20
¢* [GeV/c4 q2 [GCVZ/ C4]

AY— Aptp [JHEP 06 (2015) 115]  LHCb B®— K%u*pu~ [JHEP 06 (2014) 133] Bt — K*Tptpu~ [JHEP 06 (2014) 133]
1.8 —————————————— — _ -LCSR ' 'Lattim? —OTDat'a . -LCSR ' 'Latt'ice —ojDat'a

- - o ™ T T T L L — 20 T T T T T T
L C — Q 7 N I * _ :
,% ijz_ SM prediction _E % BO_) K0ﬂ+ﬂ_ E % : B+_) K +ﬂ+ﬂ :
© ME - [ l 1 Q LHCb 4 © 15§ LHCb -
e 12 E Y i % - ]
”§ 1— - s — X J X E
B I 1% 4y
< VA 3 — {1 = . ]
1 0.4; :—_}_ : _E N@ _+_ E N@ : -
s 0lFF.. a—{— LHCbH 4 = 1 = ;
3 ° : D O S T T ] ] ) AP TP TP TP Q 0 T TR P S A P
0 5 10 15 20 @ © 10 15 20 © Sl 5....+10 15 20
¢ [GeV?/c'] g2 [GeV#c4] g [GeV¥c4]

» Data consistently below SM predictions
» Sizeable hadronic theory uncertainties
» Tensions at 1-30 level
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Flavour anomalies: @ loop

e Angular distributions of b — su’'u decays

[LHCb, JHEP 02 (2016) 104] [Belle, PRL 118 (2017) 111801]
[CMS-PAS-BPH-15-008] [ATLAS, arXiv:1805.04000]
L} L] L] L I L L L} 1 I L L] ) 1 l L

5~ v 1F _‘ b 7 7 /—
C e LHCbdata © ATLAS data ]
IE LQ +
L = Belledata © CMS data i ¢
0.5 SM from DHMV
-:T ‘ —— _|SM from ASZB ] s
B | ] i
O _ Vi
Bl . i v
[ < N ——— | = r
—0.51 i -5 W77 ¢ c
i WY ~ = 1 b > 1 S
0 5 d <

SH

10 15
g2 [GeV?/c4]

» Local tensions (2.8 ¢ and 3.0 ¢) in g2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4 for Ps
» Significances depend on hadronic charm-loop uncertainties
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Flavour anomalies: @ loop

e Lepton Flavour Universality tests Rk and Rk

» Unlike Ps very robust SM prediction:
Rx = [ dP(B_’X“ L) 4 ¢/ [ dF(B%Xe = )d 2 5y + O(1%) [EPJc 76 (2016) 8,440]

[JHEP 08 (2017) 055] —e-LHCb -m-BaBar -a—Belle
I I 1 1 1 I ] 1 1 I 1 ] 1 I I 1 I I I I 1 I I 1 I 1 I | M 2 T T T T | r T T T | r T T T ] T T T | T T
S ob o 15 LHCb
-~ [ ¥V mb-e ’ [ N
K i 1.5 »
061 ® LHCb - i + SM
i BIP ] s . ]
0.4 Y CDHMV - ]
i W EOS 0.5F -]
0.2 — ® flav.io - -
0 0 : |IJ|I_¥C|131 PN W TR NN AN TR WY TN T AN TN NN SN N N AN |'| ;](? I 0_ I
0 BIPl[EPJC 762(2016) 456] 4 0 0 ’ LHCbS[PRL 113 (2011(:) 151601] P 2 202 4
o
v CDHMV [JHEP 04 (2017) 016] q° [G6V2/ c’] A Belle [PRL 103 (2009) 171801] q* [GeV7ict]
EOS [PRD 95 (2017) 035029] @ BaBar [PRD 86 (2012) 032012]

& flav.io [EPJC 77 (2017) 377]
o JC [PRD 93 (2016) 014028]

» Local tensions 2.1-2.6 ¢ depending on g2 bin
» LHCb updates of Rx* and Rkx with Run 2 data in preparation, as well as other Rx
» LHCb upgrades and Belle2 will allow unprecedented precision (@ % level)
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Flavour anonialies: @ loop
SM like

e But also non-anomalous results, with strong constraints on NP models

» The very rare decay BY— p‘pi

p—
N
I|III

(\/]\ o T I T T T I T T T I T I T I T T T I T T T ] T T T T T T T T T T
Q 35 Total —] B .
> F ; 8 LHCb -
E ok LHCb B S E . ;
----R T 7]

= F BDT > 0.5 B = . 6 —— Effective lifetime fi ]
w2584 e Combinatorial 3 ective lifetime fit

> 0 S R 4 I B! —h'h” ]

Q R - |
s TEN N e By, — n (K)u*v

=

el

=

<

O

Weighted B(S) — WU candidates / (1 ps)

® _, 0
- N ] ¢y e Ay = puv, —
10 s B! - I/yu'v, e
sE P N ‘IL I
I S SN R Ve W = == == = . - L
5000 5200 5400 5600 5800 6000 0 5 10
.- [MeV/c?] Decay time [ps]

» First observation of B’— u*u (7.8 o) by single experiment with 4.4 fb-1
of data (incl. 1.4 fb-! Run 2) by LHCb [PRL 118 (2017) 191801]:

BB~ ™) = (B0£06793) x 107 BB = ™) = (L5543 593) x 1072

» First eff. lifetime meas. ©(B?— 1 u") = 2.04 £ 0.44 £ 0.05 ps as complementary probe

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
B(BY = utu™)/B(BY — ptu) 90% [264] 34% - 10% 21% [612]
TBO sy pu+p— 22% [264] 8% - 2% —
N - - - 0.2 -
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Flavour anomalies: @ tree

o LFU tests in semileptonic b — cfv decays: Rp* and Rp

BaBar, PR'L109,101802(2012) !
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)

Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)

|
Ay* = 1.0 contours

——— Average of SM predictions

R(D) = 0.299 + 0.003
R(D¥) = 0.258 + 0.005

[ Average

0.35

0.3

. Ss
e Qe
4 \\
7/
\
) \
\
\
\
\

0.25

0.2

0.2 0.5

v

Modified coupling in particular possible to third generation t
All measurements see excess wrt. SM prediction: combined tension ~ 3.8¢

LHCb Run 2 updates ongoing, additional b-hadron modes in preparation (BY B; A;..)

v Vv

v

LHCb Upgrades and Belle2 will allow angular analysis to determine spin structure of NP

Observable Current LHCDb LHCb 2025 Belle II Upgrade 11
R(D*) 0.026 [215,217] 0.0072 0.005 0.002
R(J/) 0.24 [220] 0.071 — 0.02

Simon Akar
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Flavour anomalies: interpretations

o EFT approach, a major tool:

» Starting from SM (or extensions) and integrating out heavy/energetic degrees of freedom

» Several global fits of recent experimental results performed, all in good agreement suggesting
large deviation in vector operator coupling Co

Capdevila et al, 1704.05340 Altmannshofer et al, 1704.05435 Geng et al, 1704.05446
gy N / 2
2/
2 [JATLAS 1
1 o 1 Belle |
| 7 S\ cMs | —
i ) £73 LHCb1 p
22 o ’ Sk i
< - i ; | v F— 4
=1 ‘
-1
-2
=== all, fivefold non-FF hadr. uncert.
T T T T g y -2
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 -4 -3 -2 -1 0 1 2
R(‘( 'xl; 6C‘,

Cl—Ci—Cl+CE=—14

Re C§

HY == Vi 3l of
| b : 0y = (59,Bb)(2v"¢)
_3:5;”:2— 1 0 1 ‘2 3> 20 -15 -10 -05 00 0.3 10 1.5 OlfJ = (E’Y#})Lb) (27# %f)

Re C
NP 9
Cgp

See also: Hurth et al, 1705.06274; D’Amico et al, 1704.05438; Hiller-Nisandzic, 1704.05444; Ciuchini et al, 1704.05447; ...

From Alberto Pich @ LHCb implication workshop 2018
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Flavour anomalies: interpretations

o EFT approach, a major tool:
» Possible NP candidates: “The Return of the LeptoQuark”  [aqelescy et a1, 1808.08179]

0.06F [Buttazzo etal, 1706.07808] Model Re+) | Rp) || Rt & Rp)
[ S1=(3,1)-173 | X v X
0.04
: o R2=1(3,2)7/6 X v X
0.02} Al Ra=(3,2)1/6 X X X
S 0.00f S3=3,3)-13 | ¥ X X
| : 5l Li=(B3,1)ys | v v v
~0.02} - O
~0.04} ] [Buttazzo et al, 1706.07808]
: : 3.0F pp - a7 [1609.07138] s
~0.06 | . . ye
-0.06 —0.04 O 02 0 00 0.02 0.04 0.06 25¢ e

Cr 2.0

Mm 12.9 fo!

———*————————

| gu |
t
) \U.ASSTevzofb 1

1$12.01560]

» Disfavours colourless vectors (W’,Z") and coloured
scalars (S1, S3 leptoquarks) + high pr constraints LOF .

\
\

\

300 fb¥

\
[1706.01868] C

%Al

9 ~I

: Y
. 0.5 5 ]
» Favours U; vector leptoquark, which also passes 3L :
. . o o x| Vector LQ
direct LHC production limits 00E T
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LFV in charged leptons

e LFU models often imply Lepton Flavor Violation (LFV):
» Allowed regions from direct search of U; leptoquark @LHC and bounds from cLFV searches

Angelescu, Becirevic, DAF, Sumensari [1808.08179]

10_4'_M"2< 6.18
f/////////////

5 1O_Sé_BaBar
-6 %
10 -
1077 -
Q : O >
1078 of /
= my,=1.5 TeV 20 Belle [
10—9 T T RN ETETITE ST A
10-"7 10° 107" 107" 107° 1077
B(1-ud)
U-_/ - o QH\PP:/
» In SM, cLFV arises only from neutrino oscillations : P
= any observed signal is contribution from NP! ;_ U o] U -
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LFV in charged leptons

e cLFV tau decays:

» Belle2 is also a tau factory: O(1019) tau pairs produced @50 ab-! " CLEO
- Full event reconstruction allows to tag signal from other side t . CHCE
* Belle ll
2 1P 1S° V& I Ihh Ah 3
S 10° a =
Radiative decay: ) . m """nsm “am o, = g E
? © . " u - o E = u Z
T— Y ; - ] . m B g 0= -
-6 | —
3-body decays: L 10 =" v E
T— {) L; fk - v v iy Vv v, N
L 7Lla vy 'Y ¥ Y v Vo v v
0 10 ' A Y = . Ah Yy v S
Meson(s) & charged lepton: = o say vl Ty r ‘il v N NP OENE
T — th ;T — £hj hj E st Al Y Tytagljaas N _
= 107° : E
cLFV exotic modes: = . .
> ° 7
T_)ghth’T_)p‘uﬂ i 10% oo N ... Tee .. '.o' *e®e® . % 2
d e® o [ P o . O @) ° . ° . . °e [ ) . ® oo © E
o ° ¢ -
o~ 10-10 N T I A I I I I e s I e s I I I O B
8 = PR EFE ALY &&6988 oo 3.1(1)3.!:’!:’¥¥ lilﬁxfzwxwlilixxxx <k<k

++ + + + +
“’1@1“’10—‘1@1‘”3&1@1@1 10910)0:11103 el titi!!!!ox "’031’?1:3"@3"‘ [
Q):S.(Dj_(l)iﬂ)im:g_cp:g_mj_milil:’ t—:gxx

» Belle2: two orders of magnitude improvement on current bounds on multiple cLFV
processes
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LFV in charged leptons

e cLFV in muons: dedicated experiments

100
102f
A&
10
2 ® =\
- 5 A
_8 10
: e = A A
MEG (PSI) Mu3e Mu2e (FNAL) o A
MEG upgrade (PS, planned) DeeMe (J-PARC) X 10T G .
(planned) COMET (J-PARC) o)) U — ey
10-0 a3 .
Process Experiment Limit ¢ UN eeN e
BR(u™ — ety) | MEG('13) 42101 102F : Ky ® [ e
: —14 —
MEG-II(> '20) at PSI 4 10 A T—s3 SINDRUM SINDRUM Tt
BR(uT — eee ) | SINDRUM(’88) 10~ 12 H
Mu3e Phase I(> '20) at PSI | 210715 107 MEG II
R(x — e :Au) | SINDRUM-II("06) 71073 Mu3ePhasel O
R(u — e :Al) COMET-Phasel(~ '20) 3 10:13 106 | Mu3ePhasel (O
COMET-Phasell(>'20) 310 M
Mu2e(> '20) 7.5 1017
R(p — e :Ti) PRISM(> '20) O(10~18) [ I l |
1940 1960 1980 2000 2020
Year

Adapted from Marciano et al. [Ann.Rev.Nucl.Part.Sci.58, 2008]
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LFV in charged leptons

e cLFV in muonic atoms: 1 — e conversion

\
* Signal : Mono-energetic electron
E, = m,, B ~ 105 MeV Protons “”H Pion Capture Section

\ A section to capture pions with a large

—_> e COherent Process ‘Q\ “‘“- UL solid angle under a high solenoidal

T magnetic field by superconducting

*Prompt (Beam-related) -: \\\; pr?;jril;ct%]ton e
/ — =

/I *Decay in Orbit (DIO) —
*Radiative m/u-capture —

— g *Decay in Flight (DIF) IEI Pions COMET Phase I
L Vo - «Cosmic-rays ) —
=

$ DPetector Section
I A detector to search for
muon-to-electron conver-

sion processes.

Muons

WV

| U
o, Eﬁ T

p-e conversion

K Pion-Decay and

‘ Muon-Transport Section ' ' %
1 . A section tp collect muons from RAAAAAARAR \%
Gecay of pions undora soenc Ul Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ\\'\x
electron momentum spectrum FEPLIEELLLL

u-e conversion and muon Michel
decays are well separated.

Stopping

=
‘6
c

- 30§ § § § 3§93

5m
| i [

» Staging approach: Phase I to achieve 1015 sensitivity and then Phase II (increased beam
intensity & final detector) to achieve 10-17 sensitivity
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Neutron EDM

e New sources of CP violation needed to explain baryonic asymmetry of the Universe

e Particle with non-zero permanent Electric Dipole Moment (EDM) violates P & T, thus CP
under CPT conservation

_ NNV —S
» In SM dn(CKM) ~10%% e.cm p o T SN et
» Current experimental limit d,, < ~1072%e.cm | g o
n | iy PR ¢ u,d = u,d
- - - £)—— - -
= large discovery potential

 Nuclear Magnetic Resonance technique:

R Larmor precession Additional precession
- -\ S due to EDM
H=—(uB+d E)> 2B 2d, E
|S | Wg = — . Wp =—
h h
Apply static B, E||B 4d .E
Look for Aw on reversal of E~ @gjp ~ Pppi—jp T A = h

Figure: Physics Today 56 6 (2003) 33
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Neutron EDM

e nEDM & n2EDM @ PSI = —1_ 512016 | 1208
2 1 o | w0 |1
1 & : k\cm) 7
» Using Ultra Cold Neutrons (trapped) i L Sl N
= i Mol cvelesday] 288 400
- T Close to T(neUtron) 1—01 e T e .:{;f_':"": {c.{cn' perdayr | 1.1 Ifh} X e
. . g 1 - ”’L)Qj E
» Main challenges: : P X2 i
- Number of neutrons 3 R O ey
. e . . g ° ?, P B
) B fleld Stablllty (~0.03 pT) / unlformlty (~pT) . 4Pendlebury et al.,, PRD92 (2015) 092003 Q\] 2 u§1
7777777777777, ' "'.r( 777 777
14 Analysis of binded data n progress > SNy
* Spectrometer from the Sussex-RAL- 1 o '_ o ';‘I?O ~ 1000
2009 ILL collaboration moved to PSI Days (since 01.08.15 without annual shutdown)
stem h
operadine 1° L crmatic o(dy) =
Srudying 2a|E|T VN
: ta n2ED
Taking 932 stePs
preparing ™"
nEDM 2016 n2EDM baseline
2017 + Dismounting the nEDM experiment diameter (cm) 17 20
lo% 0.75 0.8
data analysts
einshing the M0N0 @ psi E (kV/cm) 11 15
Construction © n T (s) 180 180
~2021 - First data taking with n2EDM N (per Cyde) 157000 1217000
o(dy) (perday) | 11 x1072%ecm | 2.6 x 1072° e cm
o(d,) (total) 98x 10 ecm | 1.1 x107% ecm
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LLPs & hidden sector

e Compact Detector for Exotics at LHCb (CODEX-b): [Proposal, arxiv:1708.09395]

DELPHI CODEX-b box

» LLPs predicted by many NP models o | ik
4 ATLAS, CMS (hlgh pT) LHCb (SOfter pT) all‘eady - " SHELOING PLUG J i

GAS DISTRIBUTION RACKS
+ COOLING SYSTEMS

providing limits on such particles i N S |

e —

» CODEX-b is particularly interesting
for 1GeV LLPs, such as

% Cav
- dark photons L
- light CP-even scalar, ¢, that T
mixes with the Higgs (8«1) (B e L L
GAS DISTRIBUTION RACKS ‘
10_6 - \ . . i N | . r|\—-'|§ + COOLING SYSTEMS } 3
\ -~ ll/ll\/lf : | 3. Ll l '
LHCb, 3fb ) | itvarl M
108 —“ : /\'\ L‘ _ shield veto
\\7\ AT L\H(Eb»_?’(iofbfl : : : UXA shield Pb shield IPS
1070 » Other proposals such as MATHUSLA
. N - Above ATLAS (on the ground)
: ..V \ | - much larger decay volume (x100) wrt CODEX-b
102 [ ~ MATHUSLA | . ]
: ST T j [arxiv:1606.06298]
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https://arxiv.org/pdf/1708.09395.pdf
https://arxiv.org/pdf/1606.06298.pdf

LLPs & hidden sector

e Search for Hidden Particles (SHIP):
» General purpose detector at the new beam dump facility at the SPS in >2026

% The SHIP experiment at SPS  sHip Technical Proposal:
SHiP ( as implemented in Geant4 for TP ) 1504.04956

“Zero background” experiment — Dump

- Muon shield — Vacuum

- Surrounding Veto detectors — Timing, PID

idden Sector

>10'8D, >10%6 7, >10%° y
decay volume

for 2x10%0 pot (in 5 years)

Spectrometer
=, Particle ID
Search for Hidden Sector

particles (decays in the
decay volume)

A

arget/
hadron absorbe

Emulsion
spectrometer ct=0(km)

ctive muon shield

Search for DM (scattering on atoms)
v, physics (specific event topology)

» Hidden particles have very feeble couplings, hence they are (very) long-lived:
- The 60m-long, in-vacuum SHiP decay volume allows us to be sensitive to extremely low couplings

» Hidden particles from D and B decays have large pr:
- SHiP large geometrical acceptance maximizes detection of decay products
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LLPs & hidden sector

e Search for Hidden Particles (SHIP):
» General purpose detector at the new beam dump facility at the SPS in >2026

» Wide physics program, such as

- Light Dark Matter mediators
- Dark (Pseudo)-Scalars;

- Dark Photons
DM annihilation via Dark Scalars
Dark Photons decaying to SM particles _mediators then decaying to SM particles

, = (sgﬂo T T T TTITT] T T IIII“'I‘I ILIHICIl;I Be“e l' I‘IIIJbeII& ‘é

10 *10490% UL exclusions * R SECRNE [ Vepe CD
(g=2), > "= SRS LISt ** g
106 PR 107° gHjle“z " J!‘. =
10-5LE De_—" BaBar, NA48/2, PHENIX 100 B, Suger OOV § -
—+ B T Semues ,_,‘:._,‘_..' W LZ 3
10_10 hl-euzls{tllz.hluug 10 ’ §- .......... \ t Lo };H_():}é ww T ?
N 3

€ 10712 10 EE_ NA62
10°E
10-14 107° ;— ------- SHiP =
ok SN1987a N =
10-16} \\h/ SHiP. ' 10° Eg IREETRER Eg
- /’/’ mesons ) 10_12 = ?—
10-18 3
yd 1071 =
10_20 - g DM never thermalizes through mixing &
: —_— - - : 14 Coov ol ool Lol Lol a
1 10 102 10° 10* 10 2 »

10 10 10 1 mS[GleQ//c"‘]
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LLPs & hidden sector

e Search for Hidden Particles (SHIP):
» General purpose detector at the new beam dump facility at the SPS in >2026

» Wide physics program, such as

- Light Dark Matter mediators
- Dark (Pseudo)-Scalars;
- Dark Photons

- Axion Like Particles

ALP decaying to a photon pair

=

. SLAC 137
SN1987a N -

CAST A ~

... T
SuMicO N 10-7
Cosmology

W R ETE TN T R T 10-8 e —
12 -9 s 3 0 3 6 9 12 102 101 10°

Logie my[eV] m, [GeV]
a

SN1987a

SN1987a

lll
L1
/

/

/
/

-12

Simon Akar SFP | La physique des saveurs



LLPs & hidden sector

e Search for Hidden Particles (SHIP):
» General purpose detector at the new beam dump facility at the SPS in >2026

» Wide physics program, such as
HNL coupling to Vi, Ly

Light Dark Matter mediators .
- Dark (Pseudo)-Scalars; SM neutrinos
- Dark Photons

Axion Like Particles
Heavy Neutral Leptons

q.l,v

1

-
.

DELPHI

.
a
“,

.
. .
. .
........
------
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FCC

e Will only discuss physics opportunity in the context of a FCC-ee machine

| | __ ] ] ] ] 1 1 ] ] ] 1 I ] [
- — ) -
7)) —a Z(91.2 GeV) : 4.6 x 10 cm'2s —
ol — O\ o FCC-ee (Baseline, 2 IPs) -
E B o FCC-ee (with 10% safety margin) N
O B B ILC (250 GeV baseline) N
& 2 [ N o ILC. (with Jumi/energy. Upgrade)................. ]
O 10 - P _ 35 2 1 . =
™ — N WW (161 GeV): 6.4 x 10" cm™s CLIC (Baseline) —
_
b [ ' v CEPC (100km, double ring) B
‘» V..
8 ......... HZ (240 GeV) : 1.6 x 10*° cm'2s™!
- 10 B =
- - .
J [~ . 24 . -
— v it (350 GeV) : 3.6 x 10 3§:m‘55“ —
— tt (365 GeV) : 3.0 x 10”7 _cm-2s* -
! [ ——— H2081310cms: ........................................................................................................................................................................ _—
: 1 I 1 1 1 1 1 1 1 1 l 1 l::
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FCC

e Will only discuss physics opportunity in the context of a FCC-ee machine

Making use of huge Z production (6.5 1012
airs) for flavour-physics studies

:-_| ] 1 1 ] ] 1 1 I ] [
7)) Z (91.2 GeV) : 4.6 x 10* cm2s™ —
ol o o FCC-ee (Baseline, 2 IPs) -
E o FCC-ee (with 10% safety margin) N
O B ILC (250 GeV baseline) N
& 2 L, B . SO L. (with Jumifenergy. Upgrade)................ ]
o 10°F N | L | | =
™— — N WW (161 GeV): 6.4 x 10" cm™s CLIC (Baseline) -
_
b [ . v CEPC (100km, double ring) _
D v..
8 ......... HZ (240 GeV) : 1.6 x 10*° cm'2s™!
£ 10 e —
- - .
J [~ . _ 24 . -
— v it (350 GeV) : 3.6 x10° cm™s’ —
— ft (365 GeV) : 3.0 x 10** crle —
! [ ——— H20813106ms: ............................................................................................................................................................................ _—
: 1 I 1 1 1 1 1 1 1 1 I 1 l:
3
107 10
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FCC

e Comparison of accumulated b-hadrons in two ee machines

Particle production (10%°) B°/B° B*/B~ BY/B, A,/A, cc¢ 't
Belle II 275  21.5 n/a na 65 45
FCC-ee 1000 1000 250 250 550 170

e FCC-ee ideal to study for instance:

» LFVin Z decays
» BSM in AF = 2 transitions

» Unique access to the decay B — K*t't~
- Using 3-prong t decay
- partial reconstruction technique to solve
the kinematics of the decay

- angular analysis would allow tremendous
constraints on NP models

Events / (0.02 GeV/c?)

Decay mode BY — K*(892)eTe™ B — K*(892)t"t~ B,(B?) »utu”

Belle 11 ~ 2000 ~ 10 n/a (5) , . e
LHCb Run I 150 i ~15(9) I T L e i T, DY
LHCb Upgrade ~ 5000 i ~ 500 (50) 4.5 5 5.5 6 6.5
mg, GeV/c
FCC-ec ~ 200000 ~ 1000 ~1000 (100)
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Summary

e Flavour physics is at the heart of the SM and has demonstrated in
the past to be a powerful tool to look for NP

e Up to now no unambiguous NP signal emerged...but tensions are present
» several complementary observables are needed

» both experimental (LHCb, Belle II, but also GPD, NA62, BESIII,...)
and theoretical improvements (Lattice QCD, LCSR) are needed!

e The absence of positive results is also very helpful in the search of NP
» many NP scenarios are now strongly constrained!

e Many new exciting results are expected in the coming years!
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Additional material
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LHCb and Belle2

e Wide and highly complementary physics program

Observable Current LHCb LHCb 2025 Belle II Upgrade 11 ATLAS & CMS
EW Penguins
Rk (1< ¢? < 6GeVict) 0.1 [274] 0.025 0.036 0.007 -
Ry~ (1 < ¢? < 6GeV3ch) 0.1 [275] 0.031 0.032 0.008 -
Ry, Rpk, R - 0.08,0.06, 0.18 - 0.02,0.02,0.05 -
CKM tests
v, with BY — DK~ (F30)° [136] 4° = 1° =
7, all modes (+22)° [167] 1.5° 1.5° 0.35° -
sin 2, with BY — J/¥K? 0.04 [609] 0.011 0.005 0.003 -
¢s, with BY — J /¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610
bs, with B — D+ D7 170 mrad [49] 35 mrad - 9 mrad -
s with BY — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [611]
a$ 33 x 1074 [211] 10 x 1074 - 3x 1074 ~
Vsl /| Ves| 6% [201] 3% 1% 1% -
B2, B’ —ptp
B(B° — ptp~)/B(BY — utu) 90% [264] 34% E 10% 21% [612]
TBO sty 22% [264] 8% _ 2% -
Suu - - E 0.2 -
b — cf~v; LUV studies
R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J /) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — mrr) 8.5 x 1074 [613] 1.7 x 1074 5.4 x 1074 3.0 x 1075 -
Ar (=~ zsin @) 2.8 x 10~ [240] 4.3 x 1075 3.5 x 1074 1.0 x 1079 -
xsin ¢ from D® — K+r~ 13 x 10~ [228] 3.2x 1074 4.6 x 1074 8.0 x 1075 -

x sin ¢ from multibody decays

(K3m) 4.0 x 107

(K27rm) 1.2 x 1074

(K3m) 8.0 x 1076
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LHCb and Belle2

current LHCb —— Upgrade | ——» Upgrade IIl—» 70c
E 20 = = = n i E
o Y 60_
E 300 = g : Goal of Belle 11/SuperKEKB
g, 187 AN e sof .
— - - o (= C .
= 16— —|250 £ g,e 403_ Phase 3: Physics
2 3 1 E 58 Feb. 2019
g 14— 1 3 2e . F
2 - s 30F
= - —200 E - .
3 h S 1 € g 20f [ BEASTII | :
3 _ o - E Phase 2 |:
5 103 - - —J150 £ 10
E 8 : : - r ] »
— - PRIV I-PRPE I
. 0
] 7 x1035 g . .
6—] -100 > 8F
- . 6
4— - §=.-" :
= 50 TS A
2— . 2E [
. ] x& 2
___'_h'_é==bl—r Sl o T | [ORE S B TR S B | 1 o -
02010 2015 20'20 20125 20|30 20|35 § I - L I IV IV IV I
Year 2?)17 2018 2019 2020 2021 2022 2023 2024 2025

Calendar Year
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LHCb and Belle2

e LHCD versus B factories

Statisitcs U Qv‘)

Cleanness ay @
heavy flavour B*, BY, dedicated run B*, B°, B, B, baryons,
hadrons produced for B;, charm and lot of charm

neutrino modes %;') @
Trigger bias @ &)
p1/ e modes @ @ @ @

» Some measurements can only be done by B factories or LHCb
important complementarity!

» Cross-check and competition for common measurements
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The LHCb experiment

Physics performances — Run I

e Integrated luminosity
e 1fb1@ 7 TeV (2011)
e 2fb-1@ 8TeV (2012)
e 2fb1@ 13 TeV (2015+2016)

o Excellent LHCb performances
e >99% detector channels working
e >99% collected data good for analysis
o Stable operations with L ~ 2xLgesign

e luminosity leveling
e Displaced pp beams
e Constant running conditions
e Lower instantaneous luminosity
e Lower pile-up
e Better tracking and PID performances

Integrated Recorded Luminosity (1/fb)

Luminosity [x10 *]

LHCDb Integrated Recorded Luminosity in pp, 2010-2016

e 2016 (6.5 TeV): 1.67 /fb 2012

....... 2015 (65 Tev)- 0.32 /fb \,

AAAAAAA ° 2012 (4.0 TeV): 2.08 /fb

AAAAAAA 2011 (35TeV): 111 /fb
2010 (3 5 TeV): 0.04 /b

: : 2‘0'1"6 ..............................

. 2011 ..................

Month of year

LHC Fill 2651
10°— Luminosity potential exhausted -
i ~ > Beams headm S
LHCD - 32 2a-
: rw“""v*——“\r\ R :élchn
Beam 2
~1=3
N mgeam
. Ldes|gn ~ 2X1 032 cm- 23 1
10 n PR S T SO W l B S T 1 [ T T l

1 1 I
0 - 10 15 20
Fill duration [h]
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The LHCDb detector

 Forward General-Purpose Detector at the LHC
e ~30 % of heavy quark production cross-section with just 4% of solid angle

TRACKING SYSTEM

momentum resolution

VERTEX DETECTOR Aplp = 0.4% — 0.6%

¢ TWO-LEVEL TRIGGER:

- LO hardware (12 — 1 MHz)
- HLT software ( 1 — 0.005 MHz)

CALORIMETERS
energy measurement

K/r/p separation

reconstruct vertices ] particle identification M5 Very good &(p)
decay time resolution: 46 fs I A Good £(h)
IP reconstruction: 20 ym 5, | SPD/P M2
Magnet EC ALHCAL —
. T3 RICH2
- Ml
T~
]
COLLISIONS .
@ 40 MHz -
~12 MHz m
VISIBLE |
INTERACTIONS B ‘
(2012) \ ( . z
- o 7Y L
y 2 |
—5m ¢ 7
/ MUON SYSTEM
- X i,
T e e »
RICH DETECTORS / Sm [Om [5m 20m z
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VERTEX DETECTOR

TRACKING SYSTEM

COLLISIONS
@ 40 MHz

\|

~3(0 MHz

VISIBLES
INTERACTIONS

RICH2

e Full Software Trigger:
30 — (0.02 — 0.1) MHz

‘u
4
g
'\

upgrade

RICH DETECTORS

replace HPDs
New electronics

CALORIMETERS MUON SYSTEM

reduce PMT gain New electronics
Updated electronics
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The LHCb Upgrade Phase-II

@@ ECAL
g Side View Tungsten M4 MS

VERTEX DETECTO

Magnet & Nefrg]AL .
Magnet Stations Scifi TORCH Shielding M2
RICH2
[ T I . tﬂ"-l
CoLLISIONS """/
ertex 8 it
LOCat’brﬁ T
~30 MHZ. ./m ; .........
INTERACTIONS / / A — S S
i
Rl | \
o s I .
CY

Phase Il upgrade
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SUPER KEKB

5mm

Nano-beam
scheme

Tum

Super

KeKkB

"4 | ,

€ Belle I

P ——

New IR

100umf ;

e-2.6 A

& E

New beam pipe
‘ N

& bellows

e 40 times higher luminosity
— Focus on small B*, : x 20
— Increase in current : x 2

* First tunings was achieved Feb 2016

* Beam background is also Low emittance
40 times higher than at KEKB. Daf;‘;::r:::m;;\\
— Reduce by collimators and 1.’.’
shielding p————

Low emittance

— Background measuement electrons to inject

. N

e+ 3.6 A |

b 13RS
:7 ;

Add / modify RF systems
for higher beam current

L

Positron source

New positron target /
capture section
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SUPER KEKB

Peak Luminosity Trends (e'e” collider) SuperKEKB
10 Lo 40 times higher '
luminosity

0% |

10 |

Luminosity

102 |

104

1970 1980 1990 2000 2010 2020
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Frontiere en intensiteé

e Belle II @ SuperKEKB :
» 50ab!en 5 ans (10 ab-l/an) (x50 /%)

» Complémentarité avec LHCb:
- mesures inclusives
B—X,y, B—Xt4,...

- modes avec énergie manquante
B—1tv, B-—>D%71y, B—>K*vv, 71decays...

- modes neutres
B—yy, B—K/n'y, BsK{nmmy..

» Défi majeur
- Luminosité instantanée x40

- Controle des bruits de fonds machine
phase 1 : 2016
phase 2 : mars — juillet 2018

(ab™)

Integrated luminosity

=N

o
w
(54}

Peak luminosity x
(cm3s™)

Goal of Belle 11/SuperKEKB

Phase 3: Physics
Feb. 2019

BEAST II |
Phase 2 |:

2

17 2018 2019 2020 2021 2022 2023 2024 2025
Calendar Year
Mg “@f & & ‘_ﬁ‘ % 4’ o
‘\\\ | ‘:’..AV ‘ E{, ’ ﬁ /_ . “1\
\-‘;‘i’:‘é“’ .;"d;, & ‘ff
58T |
,‘.‘!\“’ .'-.
\ / x"\\k
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Belle II overview

K, and muon detector:

- '— Re5|st]|'ve Plate Counter (barrel)
EM Calorimeter: tillator + WLSF + MPPC (end-caps)
E;I(TI) waveform sg ’ ////,
‘\W tlcle Identification
eV —_ " % e- of—Propagatlon counter (barrel)

ocusmg Aerogel RICH (fwd)
Beryllium beam pipe
2cm diameter //////

P //////
2 layers DEPFET + 4
layers DSSD

'.

electrons (7G

-I

positrons (4GeV

~
—
N
\\
N

Central Drift Chamber ‘%
He(50%):C2He(50%), small cells,
long lever arm, fast electronics
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BEAST II

e PLUME (developed @ IPHC):

- Standalone mini-tracker: unique information on machine induced background
- CMOS detector of 16x10¢ pixels

- Very light self-stiffened detector: 0.4% of Xy

2 CMOS ladders around the beam pipe:

- one inclined: scan background in the whole vertex detector radius range.
- one ~ // to beam pipe: fit of helix tracks.

4

v =
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Vertex detector (VXD)

4

v =

depleteq
N-Si bulk

P+ back CONtact

Pixel detector (PXD):
2 layers of 75x75 uym? pixels at r=1.4 and 2.4 cm

 DEPFET technology
(DEPleted P-channel Field Effect Transistor)

» produced by Max Planck HLL in Munich
» PXD alone generates 2 GB/s output

Mockup of the pixel detector

Lol 1.

Vo e

First completed SVD ladder

o [um][\" .
\ Improved vertex resolution

ppsin(6) [GeVic]

Silicon Vertex Detector (SVD)

Silicon Vertex Detector (SVD):

» 4 layers of DSSD
(Double Sided Silicon Strip Detectors)

 covers full Belle 2 angular acceptance

— PXD and SVD greatly improve vertex resolution
(important for time-dep. CPV)

Simon Akar
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e ) 5() NI e

First cosmics with partially
instrumented electronics

250 M) m—

-—

Central drift chamber (CDC):

» Belle Il has only one PID system
— More space for tracking

» Belle Il drift chamber has larger radius than Belle’s
— Improvement in momentum resolution

* New fast electronics to handle higher trigger rates
at reduced dead times

Simon Akar
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4

v =

An imagining time of propagation (iTOP) detector measures time and position of Cherenkov
photons from charged tracks:

/ photon detectors

R e g y !

.+ & - Simulation of 3 GeV/c . 2
2 } ' pions and kaons " iTOP module assembly at Fuji Hall
i To have good K/1r separation, the iTOP requires:

« Capability to count single photons with O(1mm)
granularity

20 -;\ %

19.5(4

» Excellent time resolution of O(100 ps)

Tns| * « Usage of MCP-PMTs and new waveform sampling

_lllllllJL]iJIIl‘llll]ll:ll]‘l

W a0 w0 5w — Expect significantly better K/mr separation than at Belle
X pOS Itl on Channel number

18.5
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Aerogel ring imaging Cherenkov detector:

photo statistics wo/ degrading resolution

2-layer
Asrooel photo-detector Aerogel
n1 N2
(n1<ny)

» Radiator of 2-layer aerogel [NIM A548, 383 (2005)]

» Usage of multiple radiators with different n increases

* Photo detection by 420 hybrid avalanche photo
detectors (HAPD), each with 144 channels

In the forward region, an aerogel ring imaging Cherenkov (ARICH) detector is used for PID:

Endcap PID

Example of PID improvement for B®—pQy

P’y 7.5 ab"
LK oy
JL K*O‘{ (TOP+ARICH)

400

200
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4

v =

Waveform analysis

Shaper output
/?\\isignal

e - l

width=100ns  Tjming (leading/trailing

edges) with range

information by QtoT

converter (MQT300A)
l

Digitized by TDC

Tt Emy ‘
Gate /U\ Signal charge 1.76MHz, 18bits digitizer,

waveform fit to get energy
and timing (i.e. Digital
Signal Processing)

Reduction factors;
x7 BG showers
x1.5~2 pileup noise

w 0.251
Electromagnetic calorimeter (ECL): ° ook
 Higher luminosity is challenging for the ECL with 0.15F
respect to radiation hardness and background levels ' B
» Pure Csl in endcaps enable for fast timing + bkg. suppression oos|- =,

' Bellell Simulation (Preliminary) '

“
i -u.--++w

o

1

» Full waveform analysis for barrel and endcap readouts g

Y IS S PR PO i
1 1214 16 18 2 22 24
E (y) GeV
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A MPPCs

.
| e

Hamamatsu MPPC
(used in T2K near detector)

K, and muon detector (KLM):

» Belle used resistive plate chambers (RPCs) to detect K| and to identify muons
* RPCs are not efficient at the Belle || background levels

— Endcap and inner barrel RPC layers are replaced by scintillators readout by MPPCs

4

= J
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Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]

2.0

1.5

1.0

0.5

10° x BR(Bg = u*u™)

0.0

10° x BR(By = u™u™)

Simon Akar

MSSM-LL

CDF 95% C.L. |

10 20 30 40
Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]

LHEBEENVS combination
Dov0, 5% €. L.

10 20 30 40

10° x BR(Bs = u*u™)

50

50

SM4: Standard Model with a sequential fourth generation
Left-handed currents only (MSSM-LL)

Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

Agashe and Carone (MSSM-AC)

SM4: Standard Model with a sequential fourth generation
Left-handed currents only (MSSM-LL)

Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

Agashe and Carone (MSSM-AC)
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LHC

r\orth“,-\rea

LHCh

SPS
TI2 [ 1976 (7 km) | Y\
“ ATLAS AWAKE
HiRadMat
EIN , 60 ~—___
|
AD
m) . BOOSTER
Q::§£E> “?ﬁm' ISOLDI
p ' A o East Area.
— —
n-lol e PS N\ 0 il
X LINAC 2 \ ¢ |
\ LINAC

2005 (78 m)

e 400 GeV protons
e 4.10% pot/spill (every 7s)
> 2-10%° pot in 5 years
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Decay of hidden particles

p beam

target

u-shield

=
e e ;r:cic\e
hldden p decad rodu&ts
d | ICAL /F
ecay VEsSE spectrometer

e |arge decay volume followed by spectrometer, calorimeter, PID

e Shielding from SM particles: hadron absorber and veto detectors
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Angular analysis of B — K*¢#+f- decays

o Decay fully described by three helicity angles Q = (0,, 6%, ¢) and g2 = m?,

1 d*(C'+ 1) 9 [, Ly , 1 .
dT +1)/dg®2 a0 32« [5(1 — FL)sin® O + F1, cos® 0k + ;(1 — FL) sin® O cos 26;

— Fy, cos? O cos 26, + S sin? O sin? 0, cos 2¢
+ S, sin 20 i sin 20, cos ¢ + S5 sin 20 i sin 6, cos ¢
- %AFB sin® O cos @, + S7 sin 20 sin ; sin 0]

+ Sg sin 20 sin 26, sin ¢ + Sy sin® O sin® 6, sin 2¢]

o Angular observables, F1, Arp, S; appearing in the full
decay rate are combinations of K*amplitudes

depending on WC C{), C{?, C14” and form factors (FF)
o Large part of theory uncertainty due to hadronic FF
o Introduced the P() observables, less dependent on FF:

2 A S
Py =—— ke Pzi,5,8 — 00 Py

3(1— It VEL(1— F) T R )

[S. Descotes-Genon et al., JHEP, 05 (2013) 137]

Simon Akar Blois 16’ - CP violation in B and charm decays @ LHCb


http://arxiv.org/abs/1303.5794

Rp» 1n Babar

Phys. Rev. D 88, 072012 (2013)

e In a nutshell:

» hadronic tag of the other B = access missing mass (m2s)

» beam constraints variables used to enhance S/B

» taureconstructed in 7 — fvv, € ={e,u}
» D meson reconstructed in D — 2h(3h), h = {hOh*}

» Rpo measured from 2D fit to m?,,, and E;

04 f=
-0 AN o | BBR | 3 |
De 2000 008 mh> 16V K 03
~ f 200 =
> 100} > - o0z 04 06
o} & 100p - R(D)
SN, =
o [ K ~ | U+ttt
< 150 3 150F ] B
" Ps oY 1 G2V Rp=0.440 * 0.072
A 1000 ] i Seoph 1 & 100F m - Rp-=0.332 £ 0.030
, ! B g D*x(l/‘l?)\/ i - _}i i D>.< o L .
D¢ 50 i tﬁ_ﬁ FIBkg. i + 4 ]
3 — Statistically limited and
%50 2 4 6 810

systematics dominated by
knowledge of the shapes

Simon Akar SFP | La physique des saveurs


https://arxiv.org/abs/1303.0571

RD(*) in BEIle Phys. Rev. D 92, 072014 (2015)

Phys. Rev. D 94, 072007 (2016)

e In a nutshell:
» hadronic (HT) and semileptonic (ST) tagging of the other B

» beam constraints variables used to enhance S/B
» taureconstructed in 7 — fvv, € ={e,u}

» D meson reconstructed in D — 2h(3h), h = {hOh*} B orf Sw
o - B BaBar
» Rpo measured from 2D fit to m?,;,, and NN output ooF o Bole | =
2 I B— Dty 2 0.5?’/—’ ‘ =3
2160 B B— Dtv @ 0.4+
w C B— D*lv w C N
140 I B— Dlv oo N
S g ;
o 100; 0-2;
D’B 80? T'Li% 01
60— =
a0F “}Mﬁ}#ﬁ?#QA % o 02 03 oa 05 06 o7 0
: § TR R(D)

Vnea(GeVIED - Rp=0.375*0.069
*% : [ B— D*tv é 25
Lu300§— ot -ft:erD;g 1 l RD* =0.293£0.041
; it BB D=1y
200; 4 ST RD* — 0.302 s 0.032
150; i N
D¢ 505_3 ! Statistically limited
4?;5"*'?):;%%;2 e s
' ' M2, (GeVErcY) Ong'
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https://arxiv.org/abs/1507.03233
https://arxiv.org/abs/1607.07923

R D+ in LHCb

Phys. Rev. Lett. 115, 111803 (2015)

e Experimentally very challenging!
» both initial and final states not constrained

e In a nutshell:
» taureconstructed onlyin 7 — puwv

» D" reconstructed only in D*" — DO [K'r*]

» Rp measured from 3D fit to m?%,, E; and g2 = m?,

most significant g2 bin

L S S I A~

- (h)

n
-}
-}
-}

L L LI L
q2>9.35 GeV*

LHCb | 4000F Gy

S —
q2>9.35 GeV*
+

3000F

Events / (0.3 GeV?)

2000}

Events / (0.075 GeV

1000F

2.5
mrzniss [GGVZ]
—— Data

B B - D'vv I B — D*H,(— WX)X
BB -0Dw B - D"

Combinatorial

. Misidentified u

Rp-=0.336 = 0.040

Systematically limited,
dominated by size of simulated
samples for templates
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https://arxiv.org/abs/1506.08614

R D+ in LHCb

e Experimentally very challenging!

D™~ vertex
» both initial and final states not constrained = Bvertex s
e In a nutshell: e
. Primary
» tau reconstructed only in 7 — TV Vertex
» fully hadronic final state: D" — DO [K™rr"] mr* 3
» Normalise to B— D* n'n"n” and use B(B — D*uv) from B factories
» Rp- measured from 3D fit to t decay time, BDT and g2 o 1 g ArXiv;1708.08856]
S - LHCb simulation
é 1 03 ;_ Prompt (D*rz7wX) —
k=] g Il Double-charm (D*DX) 3
- "g - B signal (D*7v)
60 —+ Data S 10% £
- — Total model i
50 :_ -BO N D*_T+ Vv, 10k

10 E B—>D"ttv,
. B - D" D!(X)
30 ElB — D D(X)
. B > D" 3nX
20 mmB — D D(X)
L I Comb. bkg

-8 -4 0 4 8 12 16 20
Az/oc Az

10f
: Rp-=0.286 + 0.038
0 0.5 1.0 1.5 20 0 2 4 6 8 10
t. [ps] 2 [GeV?/ c* : .
b q- [GeVi el Systematically limited,
bin with highest BDT value (signal enhanced) dominated by knowledge of

B(B — D*1v)
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Tau polarisation

e Experimentally very challenging!
» oS Ope/(7) distribution in (quasi)2-body decays 7 — Muv
» 7 polarization measurment based on cos 0¢/(7) distribution:
dcos%l;,e,(—r) ~ 5(1+ aPr c0s O4e (7)) .
» SM: P, ~-0.5 Uy
» leptonic T decays not useful;
forJ, =0 e T, tha T Kv,
o=1 o . Belle MC
150 10 ™y = 160
00 \ " g S 140 |
.| BF=10.8% - | BF=07% E 120
R c;:@)'w E R LR o"&;’oéo“' LI>J 100 Other background
:5; @7t — mv channel
S \ I %\§
o] |8 . e
forJ,, =1 - \\ = 2% Toa,\Vv, Q1
) m? - m? : 8 - 8-0.6-0.4-0. 2 0408 08 -
M, + My | BF=25.5% B BF=9%
OTERTT T T g TR S SO g v g
a = 0.45for T — pv a=0.12forr — ayv Zﬁ% L
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Tau polarisation

e Belle results:

R(D*) = 0.270 #+ 0.035(stat.) 70 05 (syst.),
P.(D*) = —0.38 £ 0.51(stat.) 7924 (syst.).

151

o~ 77

Belle Il Projection
Belle Combination
SM prediction: PRD85 094025 (2012), PRD87 034028 (2013)

Scalar
Vector PRD87 034028 (2013)

0.5

Tensor

)

g
\

R(D¥)

al.
N [T T 1
o
N
o1
o
w
o
0w
5
o
NN

FIG. 2. Comparison of our result (star for the best-fit value
and lo, 20, 30 contours) with the SM prediction [22} [24] (tri-
angle). The shaded vertical band shows the world average [19]
without our result.

Belle: Phys. Rev. Lett. 118, 211801 (2017)
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https://arxiv.org/abs/1612.00529

Ty

T—UUM

very clean mode

Y
[
e

e

.
>

s
"/

A%

main background from ee—ppy

possible to reduce sensitivity by a factor ~7

possible to reduce sensitivity by a factor of 50

arXiv. 1002.5012

o :
m i |
50 o
- : : : :
e | “toun
ISR g - :I:? S ...
¥ | %lﬁgtgggar) A‘ O ‘
10 — oo e 'A O e 4.._._._:1
"y PSR S S upefB"owA
10 | : ; |
]0 5 PP | -‘?A PURPRPPO | -IA PP | PRSP |
10 10 10 T
Luminosity (ab )
B(t—py) | B(t—ppp)
mSUGRA+seesaw 107 107 PRD 66(2002) 115013
SUSY+SO(10) 10° 10 | PRD 68(2003) 033012
SM+seesaw 107 10°1° PRD 66(2002) 034008
Non-Universal Z' 107 10° PLB 547(2002) 252
SUSY+Higgs 10710 107 PLB 566(2003) 217
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FCC

e Will only discuss physics opportunity in the context of a FCC-ee machine

((ESS)) CERN Circular Colliders & FCC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

-’ Constr. Physics LEP

m Construction

Physics LHC

Schematic of an
80 - 100 km

Physics HL-LHC

i

1 4

Construction Physics

Now is the time to plan for the period 2035 — 2040

\ Future Circular Collider Study
Michael Benedikt
LA

2" FCC Week, Rome, April 2016
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