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Physics motivations
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Higgs discovery explains the electroweak symmetry
breaking: triumph of the Standard Model (SM)

Still many open questions in particle physics: dark
matter, neutrino masses, matter-antimatter asymmetry of
the Universe

Tensions and fine tuning in the SM: e.g. why the Higgs is
so light, strong CP problem, fermion masses and mixing

The absence of NP discoveries at LHC weakens the case
for new particles at close-by energies

Future physics programs rely more on indirect searches:
e.g. electroweak physics precision observables, Higgs
couplings, ...
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Precision flavour physics

» Model-independent effective Lagrangian &' ofr

Z’s

Sfeﬁ= 3SI\/I

Z's

ANP

2
ANP

»  Zs breaks lepton number, £ encodes effects of new physics

particles of generic mass Anp

Reach in new physics
scale at present and
future facilities from
generic £ ¢ contribution

compared with reach of
direct searches
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Precision flavour physics at LHCDb

» Indirect searches for new physics require

- precise SM predictions, small theoretical
uncertainties

e clean observables, e.g. CKM angle y, leptonic decays, ...

e calculable hadronic contributions at subpercent level: non-
perturbative techniques, lattice QCD, e.g. V,;, V.., Am,,
Amy, ...

e null tests: no theory inputs, negligible SM contributions,
e.g. lepton flavour violation, CP violation in D mixing, ...

- high statistics data sample

- excellent detector performance, low systematic
uncertainties
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Integrated Recorded Luminosity (1/fb)

| HCb data sample and plans

LHCB-PUB-2018-009, arXiv:1808.08865
LHCDb Integrated Recorded Luminosity in pp, 2010-2018 LHCb Current ' Upgrade I . Upgrade I '

N

2018 (6.5 TeV): 2.19 /fb

2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.1 /fb
2010 (3.5 TeV): 0.04 /fb

Max Luminosity [10%/cm?
_—y - - - - N

8?[ | l'])l | ITI | ITI | ITI | l?l | ITI | ITI | ITI | ITI | ITI | IhJ
LS1
LS2

R R R R e L RS R R R R RRRR R

May Jul Sep Nov

Month of year

IIIIIIlllllllllllllllllllll
2

1 [ L
2025

1 I 1 1 1 1 l 1
2030 2035

» Collected 9 fb-1in Run1-Run2. Major detector upgrade
during LS2 (Upgrade |- 2020). Aim at 50 fb-1 before 2030

e gl ——
10 2015 2020

» First detector improvements in PID, tracking, and ECAL
during LS3 (Upgrade 1b - 2025)

» Major detector upgrade during LS4 (Upgrade Il - 2030).
Aim at >300 fb-1 after 2030 - ....

Integrated Luminosity [fb™]
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| HCb physics program

LHCB-PUB-2018-009, arXiv:1808.08865  see also backup slides for more details

CKM and CP Sin2B, V, @s, |Vun/Veo|, CPV in
violation B30 BsY, DY, b-baryons,...

Bi)?—utu-, b—=2sputy-, b—=sete-,

2 PP,
Spectroscopy gect*rag:_%rﬁs., Pentaquarks, =cc**,
Electroweak /9, W+, top, H—ccC, Dark
QCD, Exotica photons, Long-lived particles,..
lon, Fixed- Heavy ions, p-Gas, nuclear
target effects,...
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CKM angle ¥ from B-—DK- decays

Angle y determined from tree-level decays

Reference measurement for SM Viple ™
_ b > ClD U —
Vis_» K- > )Y
B y S B \%
b o \_cb y> C S
(6\) -

- A/DOK Aprpe®®) fp = ntr~ KtK~  GLW

fDK‘ Ktn~ ADS
\—O _
DK~ KOntn GGSZ

GLW: Gronau, London, Wyler PLB 253 (1991) 483, PLB 265 (1991) 172
ADS: Atwood, Dunietz, Soni PRL 78 (1997) 3257 GGSZ: Giri, Grossman, Soffer, Zupan PRD68 (2003) 054018
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Ultimate y sensitivity

CERN-LPCC-2018-06 , arXiv:1812.07638

100 < 0.16 T
: LECh QL[ |GGSZ5fb GLW/ADS 5fb" LHCb-
| . ADS/GLW only 0.14 [ 1GGSZ 300fb™ [ | GLW/ADS 300fb™! _

10+ + v . B*—>DK™ only :
| : 0.12F .
| x B*fo DK* . Y 0.1 -

L B* — D*K* . - :
| v  B*— DK** 8 008 _

+  BY— DK* i i

5 23 50 300 0.06 | - | g

Integrated Luminosity [fb™!] 0 20 40 60 0 100

Yy []

» Uncertainty of 0.35° with 300 flbo-1, through a
combination of measurements

»  Comparison of y measurements from different B+,
Bd0, Bs0, Ap® modes will become possible
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100

Ultimate y sensitivity

CERN-LPCC-2018-06 , arXiv:1812.07638

10+
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LHCb

ADS/GLW only

x Bt DK* . Y

. Bt D*K* .

v BT — DK** %

+  B"— DK®

5 23 50 300
Integrated Luminosity [fb™!]
)
combination of measurements
)
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Unitarity triangle fit

CERN-LPCC-2018-06 , arXiv:1812.07638

0.7 71 T T T | | I l
. _ = i Am & Am, =
» Present constraints on p, 7 06 = EM ; v 4 E
parameters using LHCb 05 £ sin2p =
results and lattice QCD = - =
. 1< — -
calculations 03 |- | —
p=0.1577001 )
- +0.008 o i E
n = 0.3507 . /o e -
0007 0'0-0.4 | -0.2 - 0.0 — 0.2 | 0.4 - 0.6 - 0.8 - 1.0
0
. S — L e A L T T T T T T T T T gkl b
»  Future constraints on p, 77 Fm  am&am, - g
parameters using expected E ”f”‘;'ﬁ | .
. . < sin : 0.301 ~
improvements from LHCb with _ F | . \
300 fb-1 and lattice QCD = E S
o(p) ~ 0.0018 02 £ E
0.1 [ —
o(77) ~ 0.0015 - -
0.0-0.4 l -0.2 — 0.0 — 0.2 — 0.4 — 0.6 — 0.8 — 1.0

el

UTfit results are reported in the backup slides
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CP violation in B mixing

Search for potential new physics effects through virtual
corrections in flavour oscillation box diagrams

- S V;fs b - S N 6_ N b‘
0 R0 0 . . ()
B Vi E Ve 5 b q 5
d So-called semi-leptonic .d SM predictions:
asymmetry AsM_ | ~(4.7+0.6)x10™ for By
Prob(]_30 — BO)—PI‘Ob(BO —> ]_30) St +(2.2i0.3)><10_5 for Bg
SL ™ Prob(l_SO — BO) + Prob(BO — 1_30)
: Rev.Mod.Phys. 88 (2016) no.4, 045002
_lp/d[ -|p/q]
2
p/af +[p/q
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Future landscape for semileptonic asymmetries

CERN-LPCC-2018-06 , arXiv:1812.07638

50 1 T T
25| 68% C.L. contours |
20 " Upgrade II (300/b)’
15} o :
10 | Q i |
3 51 . Standard Model
2 v
~ Or T ]
m@? _5 B
LHCb Run 1 (3/fb)
_10 N
157+ BaBar+Belle Run 1-3 (23 /fb)
20 .
_95 \ DO Auu ]
-30 : ' : : : ' ' ' '
80 -0 -60 50 40 30 20 -10 O 10 20
ad 110
s —Z d —Z
Sample (ﬁ) 5&81/10 5&81/10
Run1 (3 fb ) [13,120] 33 36
Run 1-3 (23 b 1) 10 8
Run 1-5 (300 fb~ 1) 3 Y
Current theory [118, 126] 0.03 0.6
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CP violation in D% mixing

» Null test: SM amplitudes for mixing are approximately
real and are GIM or CKM suppressed

» CP violation in mixing |g/p| # 1, ¢ # 0 would
represent a signature of new physics

CERN-LPCC-2018-06 , arXiv:1812.07638

| . B I L L L A L R
A b':d v ’ \'\/‘L‘v\, r ‘o 02 HFLAV World Average 2017 |
| [ LHCb 300/tb |
W W h,s.dY Ab.s.d

0.1+ o
Y ,'"'/ AN AN ] ’
u Yy 91 € ¢ U & O - —
»  Sensitivities at 300 fbo-1 01— _
~ 0.1°, |g/p| ~ 0.001 I ‘
¢ ) ‘ q p ‘ 02 _

) | ) | ! I ! I ! | !

»  Test SM predictions for @ 085 09 05 1 105 1-|1q/p|
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CP violation in D% mixing

» Predicted constraints on indirect CP violation

asymmetry from LHCb and Belle || experiments in

2025 and from LHCb with 300 fb-1

CERN-LPCC-2018-06 , arXiv:1812.07638
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| | | I
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I I N [

2025
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B),— u*u~ rare decays

» Flavour changing neutral current processes are rare in the
SM. Effects from new physics contributions can change

rates. Small theory uncertainties ,
b g s ’ W )
¢ ¢ o
A = % "

+

First observation in single xperiment  Sensitivity vs new physics predictions

— e ®
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‘%(B(s) — :LL+:U“ ) (3 0=+ 0. 61L0 2) x 107 ’ = 0.6 ii:lLAsw h E
4 .4fpb-1 PRL 118, 191801 (2017) < [ owsw -
_ I | . - LHCb 1o ;%’
Ng 35E Total - =. i O
E 305 LHCb — =B E T 0.4} 4 R
= === B>ty : i —
% 25 - BDT=05 1 . Combinatorial _: Céjj ?;
ST ' s
£ uf i :
S I5E 02 ]z
= - . =
© 10 —_
- z
5E i g
Mg, 1yt . - B [ : : ' v 0.0 P R T A R R S A RN ST ST A ST ST R 3
05000 5500 6000 2 3 40 5 6 o D
m- [MeV/c] B(B, - u*n)[107] <
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Lepton flavour universality (LFU)

» LFU in the SM: same EW couplings for £ = e, u, 7.

L
Theoretically clean mode. Electron reconstruction is
challenging in LHCb due to energy loss

b > —>r—T> S
1t
W, W
‘%l
CERN-ESU-004, arXiv:1910.11775 /
« 20
o [
LHCb
15[
i + -
1.0 Fr— % ------------------------------------- %(B — X/ft H )
[ ——— RX p—
3 Baar BB — Xete™)
05 s Belle
- e LHCb Run 1 + 2015 + 2016
=5 "0 15 20

q? [GeV?/c4]
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Projected sensitivities for Ry

CERN-LPCC-2018-06 , arXiv:1812.07638

Scenario III

I I 1 || I 1 I 1 I
LHCb Upgrade IT - if’f [1’2]
Scenario I - x [1.O]

—— R, [1,6]
LHCb Upgrade 11 -
Scenario 11 ™
LHCb Upgrade 11 T

4

Projected sensitivities

for Ry measurements
in different new

LHCb Upgrade 11 - phySiCS SceﬂariOS
Scenario IV -

LHCb Run 1

. ' . I . I . I .
04 0.6 0.8 1 1.2
RX CERN-LPCC-2018-06 , arXiv:1812.07638

Rx precision Run 1 result 9fb~* 23fb~' 50fb~+ 300fb~*
Rx 0.745 4+ 0.090 &+ 0.036 [274] 0.043 0.025 0.017 0.007
Ry +o 0.69 + 0.11 +0.05 [275] 0.052 0.031 0.020 0.008
Ry — 0.130 0.076 0.050 0.020
Ryk — 0.105 0.061 0.041 0.016
R, — 0.302 0.176 0.117 0.047
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Further opportunities

» New ideas for direct
measurements of heavy
baryon electric and
magnetic dipole moments

» /A baryon: spin precession
induced by the LHCb
magnetic field

» AF,ET baryons: spin
precession of channeled
particles in bent crystals. A
new fixed-target setup In
front of LHCb has been
proposed

Nicola Neri

LHCB-PUB-2018-009, arXiv:1808.08865
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Summary and prospects

Precision flavour physics is a fundamental tool for discovery: great
physics reach compared to direct and electroweak precision searches

Theoretically clean processes and improvements in lattice-QCD
motivate better experimental measurements of flavour observables

Shutdown/Technical stop

2019 2020 2021 2022 2023 2024 2025 2026 2027 Protons physics

JFMAMJJASONFJFMAMJJASONDJFMAMJJASONDJFMAMJJASOWDJFMAMJJASONDJFMAMJJASONDJFMAMJJASO%DJFMAMJJASONFJFMAMJJASOND fomnﬂsﬁomng
ons
‘ Long Shutdown 2 (LSZ)’ \ Run 3 k Long Shutdown 3 (LS3)J
LT T | NERRRNNRRARRTANRTNAR
LHCb Upgrade 1

2028 2029 2030 2031 2032 2033 2034 2035 2036

J[FMAM3[3]als[oINID| 3 ]FIMAM 33 ]AlS[o[NID| 3 [FIMAM 33 ]AlS|o[NID| 3 [FIMAM 33 ]AlS[o[N[D| 3 [FIMAM 3 3 Al [oIN[D| 3 [FIMAM 3 3 Al [oIN[D| 3 [FIMAIM3 ] 3 [A[S[OIN[D| 3 [FIM[AIM] 3] 3 A[S[OIN[D| 3 [FIM[AIM] 3] 3 ]A[S[OINID
' Run4 | LS4 ' RunS | LS5
111
LHCbD Upgrade I(b) LHCb Upgrade I1 >

LHCb Upgrade Il (1b): a unique opportunity for fully exploit flavour
physics potential at HL-LHC

Ultimate test of CKM, unique new physics searches in F\W region. You
are welcome to join the enterprise!
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Detector challenges

» Aim at £L=2x103%cm—=2s-1, about 55 visible interactions
per crossing

» Tracking: 1500-3500 charged particles/crossing,
fluence in excess of 101° TMeV neg/cm?2

» PID: cope with high occupancy, upgrade the coverage
at low ~10 GeV, and high momenta ~100 GeV

» ECAL: sustain radiation dose =200 Mrad, energy
resolution o(E)/E~10%/{E®1%, reduce Moliere radius

»  TDAQ: biggest data processing challenge in HEP history

» Detectors must be faster, harder, finer, stronger, smarter

Nicola Neri 22 Physics perspectives for LHCb beyond Run4 %



L HCb Upgrade |l detector
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Prospects for future measurements at LHCb

Observable Current LHCb LHCb 2025 Upgrade 11
EW Penguins

Ry (1 < ¢* <6GeVie?h 0.1 [5] 0.025 0.007
Ry~ (1< ¢° < 6GeVct 0.1 [6] 0.031 0.008
R4, Rk, R, —~  0.08,0.06,0.18  0.02,0.02,0.05
CKM tests

~, with B — DF K~ 20 7] 4° 1°
7, all modes (F20)° [8] 1.5° 0.35°
sin 28, with B® — J/9¥ Ko 0.04 [9] 0.011 0.003
., with BY — J/1p¢ 49 mrad [10] 14 mrad 4 mrad
¢, with B — DI D 170 mrad [11] 35 mrad 9 mrad
$°%, with BY — ¢¢ 154 mrad [12] 39 mrad 11 mrad
a¥) 33 x 1074 [13] 10 x 107* 3x 107
Vsl /| Vea| 6% [14] 3% 1%
By, B’ —putp”

B(B" =y VB(BY = ptu) 90% [15] 34% 10%
TR0t - 22% [15] 8% 2%
S - - 0.2
b — cf v; LUV studies

R(D¥) 0.026 [16,17] 0.0072 0.002
R(J /) 0.24 [18] 0.071 0.02
Charm

AAcp(KK — ) 8.5 x 107* [19] 1.7 x107* 3.0x107°
Ap (=~ zsin ¢) 2.8 x 107 [20] 4.3 x 107° 1.0x 107°
zsin ¢ from D — Kt~ 13 x 107 [21] 32x107* 8.0 x 107°

x sin ¢ from multibody decays

— (K37)4.0 x 107°

(K37m) 8.0 x 107°
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1= 0S¢

0.45

0.35

0.4

03

Unitarity triangle fit

UTFIt results

Present

= 0o

0.45

0.35F-

0.25

0.4

03

CERN-LPCC-2018-06 , arXiv:1812.07638

LHCb 23 fb~!

= 0.5

0.45F

0.35

0.25

LHCb 300 b1

0.4

0.3

UTyi

0'20 0.05 0.1 0.15 0.2 0.25

p
A p 7] A sin28 v e B
Current 0.12% 9% 3% 1.5% 45% 3% 25% 3%
23 b1 Phasel 0.12% 2% 08% 0.6% 09% 09% 0.7% 0.8%
300fb~! Phase2 0.12% 1% 06% 05% 0.6% 08% 0.4% 0.5%
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BO—=>K'0Z+¢- and lepton universality

é 1.0 e N e _
= i T : 3tb-! JHEP 08 (2017) 055
0.8 | |
ot ? =_: )
5 I BR(B° — K*%u*pu~)
0.4 - x0Q) —
i s T T BR(BY — K0eter)
“t LHCH $ flaveies
0.0 [ b b e b b by
0 1 2 3 4 5! 6

5 0.66 = o7 (stat) £ 0.03 (syst) for 0.045 < ¢® < 1.1 GeV?/c?,
x0Q —
a 0.69 T 007 (stat) £0.05 (syst) for 1.1 < ¢% < 6.0 GeV?/c?.

Tensions with the SM at 2.1-2.30 and 2.4-2.50 in
the two Qg2 regions, respectively
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https://arxiv.org/abs/1705.05802

Bs— Uty results and prospects

First observation in single experiment  4.4fbb-1 PRL118, 191801 (2017)
BB — prp) =(3.0£06%2%) x 1077

—0.2

35
30 |

25

20
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Cwe 7.80
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=eeeBloptw
BDT > 0.5
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N By 70 Tt
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ALY (2R Lo ooyt P S L 1 1 H H 1
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2
M- [MeV/c?]
T - ' - ' T
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—— e Data

o)
l

IN
|

— Effective lifetime fit

Weighted BS — WU candidates / (1 ps)

() [\
|;F'ﬂ<1:"'||||

Pt
. e
1

-

5 10
Decay time [ps]
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Prospects with 300 fbo-1:

T(Bg — ,u+,u_) = 2.04 +0.44 = 0.05 ps
First effective lifetime measurement
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CKM fits

In figure: constraints on p,
parameters using only LHCDb

and lattice QCD expected

Improvements with 300 flo-1

In figure: constraints on p,
parameters using only LHCb

and lattice QCD expected

improvements with 300 flo-1

Nicola Neri

0.45 W
07 1] R 4 T o0
= Amg& Am '
0.5 ;— s|n Zﬁ 0.30-
0.4 [— % 0ie ofb et ¢
= —
03 —
0.2 E—
E ‘JDNCDI
01
00 EL ' el —
0.4 0.2 0.0 0.2 0.4 0.8 1.0
o 23 fo-1 300 fo-
Quantity Ref. present error  short-term  mid-term
(Ams/Amd)exp [33] 0.4% - -
E for (Am,/Amy) oo [309] 1.4% 0.3% 0.3%
B [Viglexp [309,334, 340] 2.3% 1.6% 1.1%
B— 7 [V |inoor [309] 2.9% 1% 1%
B—D: [Vaplexp [309, 340] 2.0% 1.4% i
B—D: |V.ylieor [309] 1.4% 0.3% 0.3%
B D" [V |exp [340] 1.2% i i
B — D*: [V |ireor [309] 1.4% 0.4% 0.4%
Ab — p(Ac): |Vub/Vcb|exp [334] 6% 1% 1%
Ay = DA Voo /Vis licor [309] 4.9% 1.2% 1.2%
A p 1 A sin2f3 Y o B,
1 Current 0.12% 9% 3% 15% 4.5% 3% 2.5% 3%
52385%4 short-term  0.12% 2% 0.8% 0.6% 09% 09% 0.7% 0.8%
mid-term 0.12% 1% 0.6% 05% 06% 08% 04% 0.5%
28 Physics perspectives for LHCb beyond Run4 %



Vuo/Veo| measurement with A} — pu~ v,

% ofb-1 data at 8 TeV - Nature Phys. 11 (2015) 743-747

Normalise vields to A8 — ASL,M_EM, Veb

mediated decay, cancel many systematic
uncertainties

Apply tight vertex cut, PID on proton and
muon, track isolation to reject 90% of
background (using boosted decision treeg)

Use corrected mass to reconstruct the signal

and retain events with o(Mcorr) < 100MeV = s0f  LHCb simulation e
§ 70 v both solutions o© =
Morr = \/ pi + Mgﬂ +P1 -% 60 O one solution o v'v—
= 50 ST
o 40 v- =
AO g 3

» Use [\ flight direction and mass to 5% v. E
' ' ' ' —_ 2 e

determine g2 with two-fold ambiguity 2 18 N
. . . N < E
(neutrino). Require both solutions >15 GeVz, & | . -

C : : : 0 5 10 15 20
2

minimise migration to low g2 bins 72 [GeV¥c)

Nicola Neri 29 Physics perspectives for LHCb beyond Run4 %



Vun/Veo| results v/~

% Of' data at 8 TeV - Nature Phys. 11 (2015) 743-747

~ 18000 ————F—————————
Q - Combinatorial .
> 15000 Mis-identified LHCb E
Measure: = sy 17687 £ 733
0 - o 12000 mmATLT i E
‘V b|2 B |Vb‘2 B(Ab %p,u V,Lb)q2>15GeV2 RFF ) x -N*Z_; !!!!! l-!"
ubl T ¥e 0 + - P - EpuV Nt
B(Ab — A¢ % V,u)q2>7GeV2 § 90OO: F o
S [
world average measured LQCD[1] & 0000
(39.5+£0.8) x 107 (1.00 +0.04 +£0.08) x 107 0.68 £ 0.07 &
@)

3000 F

[1] W. Detmold, C. Lehner, and S. Meinel, arXiv:1503.01421 0 — »
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y from combination of measurements

Combination of B—= DK measurements

LHCb Average - [LHCb-CONF-2018-002] World Average (HFLAV) - [Spring update]
. +5.0\0
y = (74.0%59) = (7354420
] 1_ -TBOd a] ' ] | - ] 1 ' T T T ' | i
i s decays LLHCDb - i HFLAV &
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Indirect constraints are: v = (65.371,%)° (~ 20)
Comparison between B? and B initial states ~ 20

BaBar 7V = (697:%)0 PRD 87, 052015 (2013)

Belle v = (687712)° arxiv:13012033 013)
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B flavour oscillations

B mixing

Flavour oscillations occur when flavour ;
elgenstates differ from mass eigenstates 0.

—0 0.7
Bru) =q|B") £q|B)

»  Study time evolution of flavour defined
states: Am=myg —mr >0 Al' =1y -y 03

Ty 0.2
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— 0 Fe‘” B, mixiné | | | |
Prob(B” — B') = 5 [cosh(AT'/2t) — cos(Amt)]|q/pl?| 7 0
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Measurement of Amg and Ams

Flavour oscillations
via box diagram

<

_ . _
b vi W' Vi, ¢

[ 4 _ 11
g, W .0

Viq i

2

Ams _ me, 1 Vis|” 4 906 1 0.019)2
Amd mp,

Vid /

MILC, PRD 93 (2016) 113016

Theory uncertainty from LQCD
dominates extraction of |V,./V4|
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B+—=K+£+#- and lepton universality

. Lepton Flavour Universality b b — 1
: t
(LFU) 1in the SM: W ) W
— same EW couplings for £ =e, W, T
[
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Test of lepton flavour universality

L FU test with B—=D0O#v T
. W~ /:/v.,
tree level decay, sensitive to _ A
possible H+ contribution B, . 3.5 9. . } D)
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Semitauonic measurements

> 10 ————— _
- The uncertainties of ground and excited -
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Phase-|l will substantially benefit R(Xc) measurements of
Bs, A\, Bc hadrons, not accessible at Belle |
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mass of fundamental system

=DM limits

»  Summary of current EDM limits and future
planned sensitivities
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