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Introduction

O Searches for New Physics

ATL,

AS SUSY Searches® - 95% CL Lower Limits ATLAS Preliminary
013 5.8 13700

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Stats: oy 2016

ATLAS preiminary
Jeot-2-TonmT  Ns=8.13TeV
Hodel Ly detst B o Lmit Reference

Wass scal [ToV]

From [ATLAS SUSY summary] and [ATLAS Exotics summary], similar plots also from CMS

With Higgs discovery all SM particles are found, however SM is an
incomplete theory (DM, matter-antimatter asymmetry, ... )

However, no signs for BSM physics from direct searches at the LHC so far
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/

Introduction

A Searches for New Physics

Standard Model

New Physics

B mixing (AF = 2) Rare B3 decays (AF = 1) Exclusion limits for NP searches
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With Higgs discovery all SM particles are found, however SM is an
incomplete theory (DM, matter-antimatter asymmetry, ... )

However, no signs for BSM physics from direct searches at the LHC so far

Precision searches with flavour probe virtual corrections to the SM
FCNC observables can be significantly affected by new heavy BSM particles

Allows to access mass scales well beyond direct searches (O(100 TeV))
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Introduction

RWTH .
ACHEN Flavour Anomalies

Loop-level b — sé¢ FCNCs
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BY— K*Ou*u~ angular: ~ 340
[LHCb, JHEP 02 (2016) 104]

Bb— sutu): ~30

[LHCb, JHEP 09 (2015) 179]

LFU in Rg, Rg«: 2.60, 240

[LHCb, PRL 113 (2014) 151601] [LHCb, JHEP 08 (2017) 055]

Tree-level b — cTv decays
b ”
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=
R(D) 23 O [BaBar, PRL 109 (2012) 101802]

[BaBar, PRD 88 (2013) 072012] [Belle, PRD 92 (2015) 072014]

*\.
R(D ) 3.00 [LHCb, PRL 115 (2015) 111803] [LHCb, PRL 120 (2017) 171802
[BaBar, PRL 109 (2012) 101802] [BaBar, PRD 88 (2013) 072012] [Belle, PRD 92 (2015) 072014]
[Belle, PRD 94 (2016) 072007] [Belle, PRL 118 (2017) 211801] [Belle, PRD 97 (2018) 012004]
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No single measurement at the level of an observation

However, interesting pattern emerges
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https://arxiv.org/abs/1303.0571
https://arxiv.org/abs/1507.03233
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https://arxiv.org/abs/1708.08856
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https://arxiv.org/abs/1507.03233
https://arxiv.org/abs/1607.07923
https://arxiv.org/abs/1612.00529
https://arxiv.org/abs/1709.00129
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O LHCb: Optimized for precision flavour measurements

bb production

[JINST 3 (2008) S08005]
[IIMPA 30 (2015) 1530022 ]

bb produced in forward /backward direction — Optimized acceptance 2 <7 < 5

Huge production cross-sections in LHCb acceptance Vs =TTeV /s = 13TeV
1.4 x 10"" bb-pairs per fb~' (Run 2) oy [Wb] 75.3 4 141144 2 1+ 21

o2 [ub] 1419 + 134 2940 + 241
All beauty, charm and strange hadrons produced Refs. [ ol [ i o oo

B, Ap, Bf, DI, AL, ¥, .
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https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/abs/1412.6352
http://arxiv.org/abs/1009.2731
http://arxiv.org/abs/1302.2864
http://arxiv.org/abs/1612.05140
http://arxiv.org/abs/1510.01707
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O LHCb: Optimized for precision flavour measurements

Tracking: Velo, TT, IT+0T

Heavy flavour signature

[NJP 15 (2013) 053021]
« Tagged mixed
o Tagged unmixed

— Fit mixed
Fit unmixed

3 4
decay time [ps]

[JINST 3 (2008) S08005]
[IIMPA 30 (2015) 1530022 ]

Excellent IP resolution ~ 20 um to identify B decay vertices
Decay time resolution ~ 45fs

Resolutions o(p)/p = 0.5 — 1%, o(m) ~ 22MeV for two-body B-decays
— Low combinatorial backgrounds
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https://arxiv.org/abs/1304.4741
https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/abs/1412.6352

The LHCb Detector
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O LHCb: Optimized for precision flavour measurements

Cherenkov Angle (mrad)

Cherenkov angle vs. momentum
; = o

Tracking: Velo, TT, IT+0T

© O atoglK-n)>0

E LHCb Data
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[JINST 3 (p008) S08005]

PID: RICH1, RICH2, Muon

TIMPA 30 (2015) 1530022 |

Excellent particle identification through RICH detectors and muon system

High identification efficiencies exx ~ 95%, €u—p ~ 97%

Low misidentification probabilities €x— x ~ 5%, €xmp ~ 1 — 3%
— Low backgrounds from misidentification

LHCb Overview
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https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/abs/1412.6352
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O LHCb: Optimized for precision flavour measurements

_ Calo: ECAL, HCAL
Tracking: Velo, TT, IT+OT S —— -

LHCb Run 2 trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

T ——
2016 pp exotica line [PRL 120 (2018) 061801]

T

Prompt Trigger Output

450 kHz 400 kHz 150 kHz Y L 7 P,00) > 1GeV, X2(0) < 6, X2 () < 9
h* B/up e/y | e o 1-1D neural network > 0.95

-’ Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

10°
m(pp) [Mev]

12.5 kHz (0.6 GB/s) to storage

[JINST 3 (p008) S08005]
PID: RICH1, RICH2, Muon [ITMPA 30 (2015) 1530022 ]

Flexible trigger system with low thresholds: pr(u) > 1.8 GeV, Et(e) > 3.0 GeV
High efficiencies, e.g. €irigger (B — J/1b X) ~ 90%
Since Run 2: Online calibration and alignment, allows use of PID in trigger

Allows low pt physics: charm, strange, exotica, ...
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https://arxiv.org/abs/1710.02867
https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/abs/1412.6352

The LHCb Detector 9/

RN LHCb: Optimized for precision flavour measurements

<01y, = 624 £ 30
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—— Calo: ECAL, HCAL
Txcvoge = 50 £ 8 —

T E n-sessisas
LHCb n, = 20245 1 14.97
11<@<60GeVyct s SREIss

00
[UHEP 02 (2016) 104]  MKTTHH) [MeVIc]

Nicr0,,, = 346 £ 24 (+107 £ 14) &

205" (8Tev) » T T
¢1.00 - 6.00 GeV* + Data ATLAS s=8TeV,20.3fb"
Signal yield: 346 +24 - —Total fit Preliminary
120

S
00

" v % € [1.1,6.0] GeV?
05

Events / (0.028 GeV )

5.1 5.2 5.4 '5\5 52‘00
[PLB 753 (2016) 424] m(K'TH) (GeV) [JHEP 10 (2018) 047]

PID: RICHI, RICHZ, Muon [TMPA 30 [2015) 1530022 ]
Performance comparison using B® — K*°; ™1~ Run 1 results as example

LHCb compares very favourably

[JINST 3 (p008) S08005]

Largest yields (bb cross-section, large acceptance and high trigger efficiencies)
Excellent mass resolution and low combinatorial backgrounds
Negligible peaking backgrounds due to powerful particle identification

LHCb Overview


https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1805.04000
https://arxiv.org/abs/1507.08126
https://arxiv.org/abs/1512.04442
https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/abs/1412.6352

Data samples

W LHCb current: Run 1 and 2

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

. 2018 (55 Tev):202/f0
£ o 2017 (654251 TeV): 1.71 o+ 010 /b 2
- . 2016 (6.5 TeV): 167 /fb I
=
> E 2015 (6.5 TeV): 033 /fb
‘w E L] 2012 (4.0 TeV): 2.08 /fb I
e 7EH e 2011 35Tevi 141/ g
= c 2010 (3.5 TeV): 0.04 /fb
1= g
=1 6F
3 E j
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g /
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7] E v 4
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3 /
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5 E
@ 1F &
] E
E £/
of

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

A wealth of results published with Run 1 data
Several new results published or upcoming include Run 2 data
> 9fb~! data by end of Run 2: Look forward to many exciting new results!

— Accounting for o, increase expect gain factor ~ 5 of Rﬁl}m 142 wrt. Run 10 N
o ) ) ) Q
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Data samples

RO LHCb Upgrade schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
LHC Run3 | )

HL-LHC Ls3 | Run4 | Y Runs |

iy Ui I ueace o1 o
i
[

current LHCb — Upgrade | —— Upgrade IIl—»

6

&L 207 _ = s . o] :‘!
£ ] ) @ 300 =
S g -] o B
g B @ @ A k7]
Z 463 &) & 50 £
= 163 —250 .=
2 7 o g.o E E
8 14 > > 3 3
g 14 3
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Upgrade | a+b: 50fb~" after Run 3+4 at £ =2 x 1033 cm 257!
Upgrade I1: 300fb™" after Run 546 at £ =2 x 103 cm 25!
Full Belle 2 detector data taking starting 2019, 50 ab™~! sample 2025
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Data samples

RO LHCb Upgrade I: 50 fb~" at 2 x 1033 cm 25!

LHCb Upgrade Trigger Diagram
30 MHz inelastic event rate
(full rate event building)

et
Thiahen and

ESoftware High Level Trigger

[ Full event reconstruction, inclusive and ]

Technical Design Report Tochnical Design Report Tochnical Design Report

e

Buffer events to disk, perform online

b g

detector calibration and alignment

O

Add offline precision particle identification|
and track quality information to selections

Output full event information for inclusivel

triggers, trigger candidates and related|

primary vertices for exclusive triggers

L

L ) L
2-5 GB/s to storage

J

Removal of LO bottleneck and move to full software trigger will increase
efficiencies, by a factor of ~ 2 for hadronic modes

Upgrade | replaces frontend electronics: readout at inelastic 30 MHz rate

Far reaching detector upgrades to improve occupancy, radiation hardness
Vertex Locator — Pixel; Main trackers — SciFi Tracker, UT; RICH photodetectors
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http://cdsweb.cern.ch/record/1333091
https://cdsweb.cern.ch/record/1443882
http://cds.cern.ch/record/1701361
https://cds.cern.ch/record/1647400
https://cds.cern.ch/record/1624074
https://cds.cern.ch/record/1624070
http://cds.cern.ch/record/2310827

Data samples

RO LHCb Upgrade I: 50 fb~" at 2 x 1033 cm 25!

LHCb Upgrade Trigger Diagram I
30 MHz inelastic event rate Upgraded LHCb Detector I
(full rate event building)
R/O El i
ST S S

ESoftware High Level Trigger

[ Full event reconstruction, inclusive and ]

e

Buffer events to disk, perform online

detector calibration and alignment

O

Add offline precision particle identification|
and track quality information to selections

Output full event information for inclusivel
triggers, trigger candidates and related|
primary vertices for exclusive triggers
L
L ) L

2-5 GB/s to storage

Removal of LO bottleneck and move to full software trigger will increase
efficiencies, by a factor of ~ 2 for hadronic modes

Upgrade | replaces frontend electronics: readout at inelastic 30 MHz rate

Far reaching detector upgrades to improve occupancy, radiation hardness
Vertex Locator — Pixel; Main trackers — SciFi Tracker, UT; RICH photodetectors
— Replacing 90% of active channels!

C. Langenbruch (RWTH), Implications 2018 LHCb Overview




Data samples

UM LHCb Upgrade II: 300fb~" at 2 x 103

P\ separation using timing information

1P Plastic fibers

81 (ps)

1 cell
GaGG:ce, *
Mg, Ti fibers

400
[ from FOMOS

200 — -4

4 cells YAG
fibers from
Crytur

—200/—

Upgrade 11 will collect 300 fb~! to fully exploit the flavour physics potential
of the HL-LHC

Eol [CERN-LHCC-2017-003] and Physics case [CERN-LHCC-2018-027]
received very positive response, Framework TDR requested

Pileup of ~ 50 requires upgrades to cope with radiation and occupancy
Use of timing information to separate primary vertices
Reduced material in Vertex Detector to improve IP resolution

Studies ongoing for improved ECAL with higher granularity
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https://cds.cern.ch/record/2244311
http://cds.cern.ch/record/2636441
https://cds.cern.ch/record/2244311
http://cds.cern.ch/record/2636441

CP-violation and Mixing

RWTH . o
ArcHEN NP searches using CKM precision measurements

Vad Vas Vio -y -2 LA AN (p — i)
Vea Ves Voo | = -A -4 -2 (1+44?) AN? +0(X°)
Via Vis Vi AN (L—p—in) —AN+AX (1-2(p+in) 1-A2%

Quark flavour in SM described by 6 couplings and 4 CKM parameters
A, X\, p, 7 not predicted by SM, need to be measured

Tree-level constraints Loop-level constraints
: T : : .

T o7

U Amy £

Summer 18

‘xcluded area has CL> 0.95]

‘excluded area has OL > 095]

Yy

°
2
oo oo lonlion
°
2

B
°
B
°
s
°
S

Compare tree-level constraints with loop-level constraints

Still a lot of room for NP — More precise determinations needed

. Langenbruch (RWTH), Implications 2018 LHCb Overview



CP-violation and Mixing 16

Aty Determining v from B~ — DK~ tree-level decays

i U U L

favoured suppressed DO K

Access v with common DO final state fp
ADS flavour specific GLW CP eigenstate GGSZ Dalitz analysis

[PRL 78 (1997) 3257] [PLB 265 (1991) 172] [PLB 253 (1991) 483] [PRD 68 (2003) 054018]
T 5 [ LI IL T o 02 T
T s2 o gof 3 o
3 IR
g X £ Z' LHCb F=— 2015 2016 data LHCb
b N E 15 Combnedresit 1
= =z o .h FE -
O+ r 1
o0 ]+1H, 01l / -
—40) v
—60) L 0051~ B
¥ ]
“80EL L L IS L -
e i R N 0 20 310
2 [GeV/ct
oVl Effective bin number vl

Dalitz plot analysis of ~ 4500 B~ — D(K{h*th~)K~ decays (2fb™" Run 2)

Most precise single measurement = (87113)° [JHEP 08 (2018) 176]
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http://dx.doi.org/10.1103/PhysRevLett.78.3257
http://dx.doi.org/10.1016/0370-2693(91)90034-N
http://dx.doi.org/10.1016/0370-2693(91)91756-L
http://dx.doi.org/10.1103/PhysRevD.68.054018
https://arxiv.org/abs/1806.01202

CP-violation and Mixing 17 / 35

RO LHCh ~ combination exploits complementarity of inputs

g Y T T ]

o LHCb 1
B decay D decay Method Ref. Datasell & 0.8 Preliminary |
BY — DK™ D — h™h™ GLW 14] Runl& 2 0.6 4
B* - DK* D hth ADS 15 Run1
BY — DK™ D — 'tz nta~  GLW/ADS E Run 1 04 7
B* - DK* Db GLW/ADS - [16] Run 1 o2k B
Bt - DK+ D — Kh*h~ GGSZ 7] Run 1 [ 95.50% ]
B* — DK* D — Koh*h~ GGSZ 2 Run 2 00 150
BT — DK™ D — K)K*n~  GLS [19] Run 1 v I
BY - D'K* D — h'h™ GLW ﬁ Run 1 & 2 v 02 T
Bt — DK*+ D= hth- GLW/ADS Z Runl& 2 = !;ﬂ.%? 1
Bt - DK** D — htrwtns  GLW/ADS E Run 1 & 2 0.15 -
BT - DK*n*n~ D — h™h™ GLW/ADS 21] Run1 r 4
B — DK* D— Kt~ ADS E Run 1 0.1+ —
B~ DK*n~ D — hth- GLW-Dalitz (23] Run 1 F
B" — DK* D — Kdntn~ GGSZ l24] Run 1 0.05 -
BY — DFK* Df— hth=nt  TD 25 Run1 s B~ g

*B" - Dt Dt K*rxt  TD 26/ Run1 0 ! | B
0 50 100

yo
y

LHCb ~ combination yields = (74.073:3)° [LHCb-CONF-2018-002]

Dominating the world average v = (73.5727)° [HFLAV winter 2018]

Slight tension with loop-determination v = (65.6739)° [CKMfitter 2018]

3—4° precision with full Run 2, 1.5° with 23fb~1, 0.35° with Upgrade Il
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https://cds.cern.ch/record/2319289
http://www.slac.stanford.edu/xorg/hflav/triangle/moriond2018/index.shtml
http://ckmfitter.in2p3.fr/www/results/plots_summer18/num/ckmEval_results_summer18.html

CP-violation and Mixing

RWTH
AACHEN Vs phase ¢

A D08 fb!
rzl" 68% CL contours
(Alog £ =1.15)
CMS 19.7 fb !
CDF 9.6 fb

O

ATLAS 19.2 fb~!

Combination ¢ = —0.021 4+ 0.031 rad [HFLAV 2018]

[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]

(Ngs = NNy + Nog)

oM

B —2 e
B0 —ép
s = ¢dm — 2¢p

T T T
LHCb 300fb™ simulation

051 02 03
Decay time modulo 277/Amy [ps]

Compare with ¢, = —0.037 £ 0.001 rad from indirect constraints

Combination dominated by B?— J/i) ¢ time-dependent angular analysis by
LHCb [PRL 114 (2015) 041801], stat. limited

LHCb Upgrade Il expects sensitivity of 0.004 rad with 300 fb™*
[m] = =
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https://arxiv.org/abs/1208.2967
https://arxiv.org/abs/hep-ex/0412057
https://arxiv.org/abs/1109.3166
https://arxiv.org/abs/0810.0037
https://arxiv.org/abs/1407.1796
https://arxiv.org/abs/1601.03297
https://arxiv.org/abs/1507.07527
https://arxiv.org/abs/1411.3104
https://arxiv.org/abs/1405.4140
https://arxiv.org/abs/1704.08217
https://arxiv.org/abs/1608.04855
https://arxiv.org/abs/1409.4619
https://arxiv.org/abs/1304.2600
http://www.slac.stanford.edu/xorg/hflav/osc/PDG_2018/
https://arxiv.org/abs/1411.3104

CP-violation and Mixing

O CKM prospects

LHCb now

LHCb Upgrade la 23fb~!
T ! T T

07 T T ¥ T =) 07 3
*E%  sin 2[;\ & Am, Thcb 201 E 06 /
05 é\ T~ 3 — 05
0.4 § = 7 N —E 0.4
= g E
03 \ — 03
RN \ 3
02 \\\\\\ — 02
01 IS —E 01
B 3
0.0 L L = 0.0
0.4 02 00 02 04 06 08 10 0.4 02 00 02 04 06 08 1
P 3
—1
Inputs LHCb Upgrade Il 300 fb
L[HCb (now) [HCb 23f6 1 LHCb 300fb " o ! ! Ty ! i
CKM inputs (LHCb) 06 sin 28 : / T
sin24 0.760 % 0.034 0.7480 £ 0.0095  0.7480 £ 0.0024 = | d
7 rad 1.296 0957 113640025  1.136 = 0.005 05
[Vaw|/[Ven | 15% 6% 1% s
Amg(ps~!) 0.5065 £ 0.0020  same same
Amg(ps™) 17.757£0.021  same same 03
Hadronic input (LQCD)
&= 2P - 0.6% 0.2% 02
JB\/BB,
0.1
00 <
-0.4 0.2 0.0 02 0.4 06 0.8 1
[
o = = = E DAl
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ation and Mixing

RACHEN M|xmg and CPV in Charm: ycp

Candidates per 2 MeV/c?

020}-yKK = (0.63£0.15+011)% | HCh

0.19

R[KKIKn]
[
+
+¥
Al 1y

0181 . . . . -
- yg;; — (0.38+40.28+0.15)% -« Data 1

E —Fit i
Eomo 14 +
* Daa 4
e o 4 + +
[ Background 0.065[~ ]
05 10 15 20 25 o 30 35
0 mass [GevicT] D" decay time [ps]
o o ma— _r r
Mixing parameters: x = 222 ¢ = L2 = Tl
_ Tepy 1 mo CPV
yCP - T 1 -

Measured using time-dependent ratio between 77~ (K*K~) and K~ 7+
yields, using semileptonic tag B — D%~ 1, X

Result: ycp = (0.57 £0.13 4 0.09) % [LHCb-PAPER-2018-038]
compatible with current world average (0.84 4+ 0.16) % and as precise

Appearance of this result on the arXiv is imminent!
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Rare Decays

O Rare decays as probes for NP

+ > S > > -
b ‘\ f Il b E
\\\ W ,/
-~_ g— LQ £+
¢* = my,
A S

Rare FCNC decays are loop-suppressed in the SM
NP can contribute, affect decay rates and angular distributions
Model independent description in effective field theory

) s I
_ F * - - K i=3—-6,8 Gluon penguin
Hett = \/i Vi Vig Z Ci + D) o i=7 Photon penguin
% NP i=09,10 EW penguin
Wilson coefficient i=S,P (Pseudo)scalar penguin
(NP scale] ’
(“effective coupling”)
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Rare Decays

MO The very rare decay BY— it~

" roa E

LHCb —-B) - p
BDT >05 o B ]
------ Combinatorial —
+ B - h'h” 3
By - KUY,
. BX TIW)H‘W
S A - U, E
- Bl - 'y, =

g at o
5400 5600 5800 6000
m,.,- [Mev/c?]

S
1
=
+
Candidates/ ( 50 MeV/c?)
8 &
JaRRLS SiRRR

Loop- and helicity suppressed with purely leptonic final state:
Experimentally and theoretically clean probe of new (pseudo)scalars

First observation of BY — T u~ (7.8 0) by single experiment with 4.4 fb~?
of data (incl. 1.4fb™* Run 2) by LHCb [PRL 118 (2017) 191801]:

BB = pTp™)=(3.0+£0.6733)x107° B(B°—= pTu™) = (15712792 x 1071°

1.0 —-0.1
Eff. lifetime 7(B? — 7777) = 2.04 + 0.44 + 0.05 ps complementary probe

Upgrade II: 4% uncertainty on B(BY — u*pu™), 10% on B°/B? ratio,
2% uncertainty on 7, time-dep. CP-violation o(S,,,,) ~ 0.2
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https://arxiv.org/abs/1703.05747

Rare Decays

TN Branching fractions of rare b— su™ ™ decays

LHCb BO— K*0pt = [JHEP 11 (2016) 047] LHCb BY— ¢putp~ [JHEP 09 (2015) 179]  LHCb B — Ktutu~ [JHEP 06 (2014) 133]

152107 BN CSR Lattice -e-Data
oot " LHob T ' TERS ‘ A
3 »% E % 5 B - Kty
3 g ER LHCb ]
% & 1 = > ®
2 by + ) X
% PURRLRIEE . 5 wb
cofimgmy -+ FEE S Ao =T L
: : i sy &
: : T Bwed B
e & ‘ . 2
. . . ) n . a ‘ ‘ ‘ )
0 5 10 15 S 0 5 10 15 20
@ [Gevic] 7 1GeVic) R [GeVicA
A9 — Aptp~ [JHEP 06 (2015) 115]  LHCb B°— K% +yu~ [JHEP 06 (2014) 133] BT — K*Tutp~ [JHEP 06 (2014) 133
— L . . . . Bm| CSR ~Lattice -e-Data 20— mLCSR Lattice -e-Data
uanany 1< : E e o ‘ R
2 L. et 13 B Koty 3 B - K™u'y
% 1o 1 9 LHCb 4 Q9 15 LHCb A
g 1 ERRS 3
4 & 1S o - 1
= 1% 5
z {2 =
¢ LHeo | € + g ]
® ‘ ‘ 4 @ ‘ ‘ . a ‘
0 5 10 15 20 © 10 15 20 © 15 20
o [Gevct] R [GeVicd] R [Gevicd
Pattern: Data consistently below SM predictions
But sizeable hadronic theory uncertainties
Tensions at 1 — 3 o level B e e = = saco
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http://arxiv.org/abs/1606.04731
http://arxiv.org/abs/1506.08777
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1403.8044

Rare Decays 24 / 35

ngular analyses of b— syt~ decays: P! and friends

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

e LHCbdata o ATLASdata
= Belledata © CMSdata
771 SM from DHMV
] A M from ASzB
I

[ @\ .
-0.5 = @
i ] =3
-1 I 1
0 10 15

? [GeV?/cd

B?— K*0(— K*tn~)u*p~ exhibits rich angular structure,
one example the less form-factor dependent observable P’

In 2 bins [4.0,6.0] and [6.0,8.0] GeV?/c* local deviations of 2.8 ¢ and 3.0 0
LHCb only global B® — K*0u* 1~ analysis corresponds to 3.4
Significances depend on hadronic charm-loop uncertainties

Run 2 update in preparation, g>-unbinned approaches also pursued

[JHEP 11 (2017) 176] [EPJC 78 (2018) 453] [arXiv:1805.06378] [arXiv:1805 06401& e = =

!
S
o
i)
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http://arxiv.org/abs/1512.04442
https://arxiv.org/abs/1612.05014
https://cds.cern.ch/record/2256738
https://arxiv.org/abs/1805.04000
https://arxiv.org/abs/1708.04474
https://arxiv.org/abs/1709.03921
https://arxiv.org/abs/1805.06378
https://arxiv.org/abs/1805.06401

Rare Decays

Ay Lepton Flavour Universality tests Ry~ and Ry

Rx = fidr(31§“+“7)dq2/f 7@(33525%7)@2 ™4 O(1%) [EPIC 76 (2016) 8,440]

unaffected by hadronic uncertainties

[JHEP 08 (2017) 055] -e-LHCb -m-BaBar -a—Belle
T T '|""|""|""|_né< 2- T r r T .
<10 . . ] [ LHCb 1
~ [1 Y a0 ] 15-_ 1
0.8 1 i ]
. } E I |
06 ® LHCh ] at | SM
Z sBp ] F— ]
041 v CDHMV ] 5 -
[ H EOS 0.5 7
0.2 € flav.io 7 [ 1
E LHCh MR :
L 4 1 1 1
00 U NS SN S TN T [N TN W T S N ST SN S S (N S S | il c
0 A BIPI[EPJC 762(2016) 44%] 1 o 0 0 @ LHCb ?PRL 113 (zo]i?) 151601] ' 2 202/(:4
v CDHMV [JHEP 04 (2017) 016] ¢ [GeV?/cY) A Belle [PRL 103 (2009) 171801] o? [Gevict]
m EOS [PRD 95 (2017) 035029] m BaBar [PRD 86 (2012) 032012]

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

Numerical result and compatibility with SM prediction(s):

R+ (0.045 < ¢? < 1.1GeV?) = 0.6610 0+ £0.03  at low ¢* 2.1-2.3¢

Ri+(1.1 < ¢ <6.0GeV?) = 0.6970 07 £0.05  at central ¢*: 2.4-2.50

Rir(1 < ¢®><6.0GeV?) = 0.74570599 +£0.036  at central ¢*: 2.60
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https://arxiv.org/abs/1605.07633
https://arxiv.org/abs/1705.05802
https://arxiv.org/abs/1605.07633
https://arxiv.org/abs/1701.08672
https://arxiv.org/abs/1610.08761
https://arxiv.org/abs/1703.09189
https://arxiv.org/abs/1412.3183
http://arxiv.org/abs/1406.6482
http://arxiv.org/abs/0904.0770
http://arxiv.org/abs/1204.3933

Rare Decays

RWTH
ACHEN Prospects for rare decays

LHCb Upgrade - T TR T LHCb
oo ~  RelLdl Observable | Current 23fb™' 300fb~" | Belle Il
— R08 A =-14 Ry 0.1 0.025  0.007 0.036
LHCb Upgrade I1 - R+ 0.1 0.031 0.008 0.032
Soenanot = At~ 507 Ry - 008 002 |-
LHCb Upgradel T pK - . g -
Scenario-11 ~AC) =403 R - 0.18 0.05 -
——  AC), = +0.3)
LHCb Upgrade 11 -
Scenario-1V - ACH = +0.3
- AC), = —0.3
LHCb Run 1
T 1
0.4 0.6 0.8 1 1.2
RX

Ry and Ry« updates with Run 2 data in preparation,
In addition, other Rx will be measured e.g. Ryr, Ry, Rirr, .

Upgrade Il samples will reduce R k- uncertainties below %-level

7:l822  C. Langenbruch (RWTH), Implications 2018 LHCb Overview



Rare Decays

RWTH
ACHEN Prospects for rare decays

Integrated Luminosity 3fb ! 23fb T 300 T E == Tree generic .

Ry and Ry~ measurements E T‘“gMFV Usmg RK and RK
a(Cs) 0.44 0.12 003 T [ mloopeencic
AfgEee [ Tuy) % 80 5 & LT .
AURMFY [Tev] 8 16 31 10 _—
Ai\c;lt—)’pgenenc [TeV] 3 6 12 F
AgPMEY [ Tev] 07 13 25 [

BY— K*0u% 1~ angular analysis

(5, 0.034-0.058 0.009-0.016 0.003-0.004 10
o(Cly) 031 0.15 0.06
A;\;}e}egeneric [TeV] 50 75 115 C
AR MEY [ Tov] 10 15 23 H
Ai\(]};p generic [ oy 4 6 9 1
AgpPMY [ Tev] 038 1.2 19 E

100
Integrated Luminosity [fb™']
Ry and Ry« updates with Run 2 data in preparation,
In addition, other Rx will be measured e.g. Ryx, Ry, Rgrr, - .-
Upgrade Il samples will reduce R - uncertainties below %-level

Huge samples in Upgrade Il: Mode | K*ptp~ KOutp~ | Ktetew K*cte~
Yield | 862000 435000 46000 20000

Upgrade Il NP reach up to O(100 TeV)
Anp reach factor ~ 2 higher than Upgrade la
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Semileptonic Decays

Aty Lepton universality test in tree-level decays

Potential NP

SM
) d d ) d
BO D*t RO D*t RO LQ D*t
b N b N b \,\c
s\ I?T ‘\ D/l/ ]77.
:T :

Iz T

Lepton universality can also be tested in b — clv tree-level decays
Modified coupling in particular possible to third generation 7

Theoretically clean tests possible in B decays:

B0 D*+r—5.) SM
Rps = %’H = (.252 + 0.003 [PRD 85 (2012) 094025]

Dependence on V,,, cancels in ratio
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https://arxiv.org/abs/1203.2654

Semileptonic Decays

RWTH :
AscHEN Current experimental status

LHCb also has access to other b-hadron species: BY, B, A9, ...
So far LHCb has published analyses of

Rp- = 0.336 & 0.027 £ 0.030 with 7~ — p~ v, 7,

compatible with the SM at 2.1 ¢ [PRL 115 (2015) 111803]

Rp+~ = 0.291 £ 0.019 4 0.026 4 0.013 with 7~ — 7~ 77 (7%,
compatible with the SM at 1o [PRL 120 (2018) 171802]

Ry =0.7140.17 £ 0.18 using B decays
compatible with the SM at ~ 2 ¢ [PRL 120 (2018) 121801]

[} = =
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https://arxiv.org/abs/1506.08614
https://arxiv.org/abs/1708.08856
https://arxiv.org/abs/1711.05623

O

ileptonic Decays

p(»» combination and prospects

osE" BaBar, PRL10,101802(2012) | R T T LHCb
~E Belle, PRD92,072014(2015) Ax"= 1.0 contours 1 1
oasE LHOD PRLUSIUBOZS averagect SV precictions Observable | Current 23fb 300 fb Belle 11
: CHCh LI TIONO)  ROW =02 00 Rp- 0.026  0.0072  0.002 0.005
L T Ry 024 0071  0.02 -

2
To

)

All measurements see excess wrt. SM prediction

Tension of Rp/Rp+ combination corresponds to ~ 3.8 ¢

Run 2 updates ongoing, additional modes in preparation (Rp_, RA:r, )
Upgrade Il will allow angular analysis to determine spin structure of NP

Profits from vertexing improvements and higher trigger € in the Upgrade(s

=] & = E A
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Spectroscopy

RACHEN Spectroscopy Results

A resonances [arXiv:1809.07752) 1" observation [PRL 119 (2017) 112001] Q states [PRL 118 (2017) 182001]
S o T T 3 Lof | ‘ j ) o
g S wn - (‘;H/gl;r 1 tm LHCb 13 TeV 1 Zan s
© s B - A ; o 140 +Da: 3 = £
- - —Tot: 72
@ soof W20 - A 2 120f ~ sigma § 30 -
% 250 Background § ¥ é 100F ---Background % -
S 200 g 8 329 g
150 O 60
100 40! 1004 e
50 20 E i <
<
L " L
% 200 50 O 3500 3600 3700 3000 a00 300 300
Q[MeV] M(Z) [Mevie] mEK") [Mev]
Bt — Jh¢K* [PRL 118 (2017) 022003] < Pentaquarks [PRL 115 (2015) 072001] DK resonances [PRL 113 (2014) 162001]
3 % 0 <y T T T E
g E"’“ S 50 * Data LHCb E
g ém g 0 3 spin-1 + spin-3 E
2 & 509 =] b - spin-1 E
I k<] : E
409 & 30 spin-3 E
6 O E
9 20 E
200f 3]
10 ;
109
= AW ] .
4100 4200 4300 4400 4500 4600 4700 [&83\0/] gy [GeV] -1 05 0

My

Many very interesting recent results from spectroscopy,
unfortunately no time to go into detail here

Detailed presentations following this talk in the very same session
=] = = E = DA™
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https://arxiv.org/abs/1809.07752
https://arxiv.org/abs/1707.01621
https://arxiv.org/abs/1703.04639
https://arxiv.org/abs/1606.07895
https://arxiv.org/abs/1507.03414
https://arxiv.org/abs/1407.7574

Heavy lons

O LHCb is not a fixed target experiment

[JCAP 09 (2015) 023]

¢ PAMELA 2012
$  AMS-022015

10-*

5/ ®p

Fiducial
Cross-sections
Propagation
Primary slopes
Solar modulation

Sk, e Uncertainty from:

i

—6
10 i 510 50 100

Kinetic energy T [GeV]
LHCb can be turned into fixed target experiment using SMOG
(System for Measuring Overlap with Gas) system [JINST 9 (2014) P12005]
Originally developed for beam profile measurements for £ determination
Target: Noble Gas injected close to vertex detector (He, Ne, Ar, ...)

Allows very useful measurements connected to astroparticle physics
AMS-02 and PAMELA measure cosmic ray flux of p with high precision

Requires knowledge of p production in interaction of cosmic rays

with interstellar medium (H, He)
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https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1410.0149

Heavy lons

33 /35

?A‘&Hﬁ production in pHe collisions at /syy = 110 GeV

O

LHCb performed first measurement of
olp+He—p+ X) at \/syy =110GeV &

[arXiv:1808.06127]

Exploiting particle identification to
separate K~ /7~ /p

Determine ¢ in bins of p and pr

Uncertainty < 10% for most bins, lower

than spread from various predictions,

Result will significantly improve future

predictions of p flux

C. Langenbruch (RWTH), Implications 2018
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https://arxiv.org/abs/1808.06127

Conclusions and Outlook

RWTH :
amcHEN Conclusions

LHCb has shown excellent performance in Run 1
and 2 resulting in large high quality data samples

The LHCb Physics programme is unique and
diverse, far beyond CP violation and rare decays

Many results in agreement with SM prediction
setting strong constraints on NP

But some intriguing tensions remain,
the Flavour anomalies

b — spuTpu~ B and angular observables
LFU tests in rare decays: Rx and Ry~
LFU tests in b — cfv decays: Rp)

Updates with Run 2 data coming soon that will
clarify the situation

Data already on tape corresponds to an effective
signal yield increase by factor ~ 5 wrt. Run 1

LHC-B

LETTER OF INTENT

A Dedicated LHC Collider Beauty Experiment
for Precision Measurements of CP-Violation

Integrated Recorded Luminosity (1/fo)

LHCb Integrated Recorded Luminosity in pp, 2010-2018

© mwEsTezem
217

010 . 20/12',4
g /’416/ / 2017
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http://cds.cern.ch/record/290868

Conclusions and Outlook

Ay Outlook

current LHCb ——» Upgrade | ———» Upgrade Il—»

LHCb well positioned for the future LHC Runs £

>
1
Luminosity [fb"]

Upgrade | will deliver 50fb~! that will be essential
to precisely study potential deviations, trigger
efficiency for hadronic modes increases by a factor 2 <

Max Luminosity [10%/em’
28 2
Il

Upgrade 11 will provide unprecedented 300 fb™*
sample to fully exploit the strength of precision
measurements

o L3
2010 2015 2020 2025 2030 2035

Will allow to probe NP scales Axp a factor ~ 2
higher than with the Run 3 sample

We welcome Belle Il joining with full detector soon,
increased efforts from ATLAS/CMS very welcome

Apologies to all results | could not mention due t0 s semseren
time

u}
8
I
i
!
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Backup

RWTH
AACHEN Prospects summary

Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle IT and Phase-IT ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle IT Upgrade IT ATLAS & CMS

EW Penguins

Ri (1< ¢® <6GeV3ct) 0.1 [274] 0.025 0.036 0.007 -

Ry (1< ¢% < 6GeVZe) 0.1 [275] 0.031 0.032 0.008 -

Ry, Ryk, Ry - 0.08, 0.06, 0.18 - 0.02, 0.02, 0.05 -

CKM tests

7, with BY — D} K~ (F37)° [136] 40 - 1° -

7, all modes +5° )° [167] 1.5° 1.5° 0.35° -

sin 28, with B® — .J/$K? 04 [609] 0.011 0.005 0.003

&, with BY — J/1¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [61()]

¢, with BY — D} D 170 mrad [49] 35 mrad - 9 mrad -

5%, with BY — ¢¢ 154 mrad [94] 39 mrad 11 mrad  Under study [611]

g 33 x 1074 [211] 10 x 104 - 3% 1074 -

Vsl /[Ves| 6% [201] 3% 1% 1%

B, B®—ptp~

B(B” — p* =) /B(BY — ptp~) 90% [264] 34% - 10% 21% [612]

TBO syt 22% [264] 8% - 2% -
" - - - 0.2 -

b — £~ 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 — nm) 8.5 x 1074 [613] 1.7 x 1074 54 %1074 3.0 1075 -

Ar (~ zsin¢) 2.8 % 104 [240] 43 %1070 3.5 % 10~ 1.0x 1075 -

2sing from DO — K+7— 13 x 1074 [228] 32x 1074 4.6 %1074 8.0 x 1075 -

2 sin ¢ from multibody decays — (K3m) 4.0x107° (Kl77) 1.2x 107" (K3r) 8.0 x 1076 -

=] (=) = E E DAl
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Backup

M Doubly charmed baryon =

Douly charmed baryon =.. observed for the first time in decay
EXT — ATK—ntrt [PRL 119 (2017) 112001
Lifetime measured relative to A) — A7~ 7~ 7 (1.7fb~! Run 2)
consistent with expectations from weak decay

T(E+ cc™) = (0.25670 055 & 0.014) ps [PRL 121 (2018) 052002]
Recently re-observed in the decay
ErF — EFXrt (17671 Run 2) [arxiv:1807.01919]

8

5
2
u u %
o St o ATK-mtEt
=++ =+ 3 e
e Cc Cc =, EGO
c s - st ot
E
o
w+ ; 11_,}7r+ LHCb Combined
d 20| L L L L
i 3618 3620 3622 3624
ol L PN L M(Z.") [Mev/e?]
3500 3550 3600 3650 3700

n(Z77) [MeV/c?]

Combined mass m(=/") = (3621.24 + 0.65 + 0.31) MeV/c?
[m] = = =

it
S
o
i)
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Backup

lifetime

RWTH
AACHEN €),.

Q. lifetime least well measured charmed baryon lifetime

Around 1000 €, — Q.(— pK~ K~ 7)1, X decays in 3fb~*
Lifetime measured relative to D™ from
B — DY (— K nrnt)u 1, X decays
T(Qe) = (268 £ 24gtat. £ 10syst. + 2D lifetime) £S [PRL 121 (2018) 092003]

pK K7t mass [MeV/c3

Sauo— LHCb +Data & [LHCb Q, - QAU vX
S — Full fit <
2 — Q0 pKK 7] 81025 +Data
& Comb. g E =Fit
g 200 E
g R 4 =
= pde Lt [
% 1001 }#Jf ERE b Tf}%}&fﬂﬂ i 5
© (%]
10
C I I I
%660 9660 2700 2720 0 0.2 0.4 06

° decay time [ps]

2 (PDG) -

Z2(PDG) —e—

2 (PDG) =

—e— 3" (LHCb, 2018)

2 (PDG)

0

200

P E—

400

[£1PDG Average

FOCUS [2003]  -e=
WAB9 [1995] —e—

E687[1995]  ——e—

—e— LHCD, 0} - Q27X
o pKK

0

460
& lifetime [fs]

Four times larger, inconsistent with current world average (69 & 12fs)

O
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