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LHCb operation status

> Wonderful performance with the LHCb detector
> Run 1 + Run 2 (4 time more b production), 9 tb-1 pp collision data collected

> Also collected heavy ion collision (p-Pb, Pb-Pb, etc.) and fix target data for QGP
studies

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
. 2018 (6.5 TeV): 2.19 /fb

e 2017 (654251 TeV): 1.71 b + 0.10 /fb
® 2016 (65TeV): 167 /fb
EEAT, Sk Ma M5  \ 2015 (6.5 TeV): 0.33 /fb
SPD/PS M3 250mrad |

2012 (4.0 TeV): 2.08 /fb
< 2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb
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LHCb upgrade plans

CERN-LHCC-2017-003

We
dare
12 LHC phase 2 (HL-LHC)
_——————————— >
visible int/bunch
crossing ~ I ~ I ~6 ~6 ~55
insfmfj'c" 4% 1032 4x 1032 2x1033 2x1033 1-2%x1034
[dt Lihes 3 fb-! 9 fb-! 50 fb-! 300 fb-!
Tote
2011-2012 2015-2018 2021-2023 2026-2029 2031-...
Run | Run 2 ? Run 3 ? Run 4 ? Run 5/6
LS2: install LS3: upgrade | LS4: install
LHCb upgrade | consolidation LHCb upgrade Il
Hardware + software trigger Fully software trigger

> Upgrade I: several detectors replaced; 40 MHz readout with fully software trigger

> Upgrade II: new ideas under study on tracking, calorimeter, timing info etc
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Physics through precision measurements

> Search for physics beyond SM through precision test

All SM particles, including Higgs, found; however new mechanism needed (DM,
matter-antimatter asymmetry, hierarchy problem ...)
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excluded area has CL> 095 .

No sign for BSM particles found through
direct searches yet

Precise test of CKM mechanism
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> LHCDb China group is a leading force in many important topics
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Unitary triangle

> The “famous” triangle (origin of CPV in SM) and related variables: vy, o, B, Bs, |Vub|,
|Vcb|, Amd, Ams etc.
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CKM angle y

> One of the least known CKM parameters Y = arg [_Vud VJ() / (Vcd ;I;)]

0.7
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= ES A Physics?

«: Indirect: v — (65.375%)°

0.0

JHEP 1401 (2014) 051
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> Sensitive channels with small BFs: need to combine many channels

Bs— DK, B*—DK* with D to hh, Kshh, Ds—hhh etc, h = K*, 7+
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arXiv:1806.01202

New model-independent 66SZ analysis with Run 2 data

> Measure y with B=—>DK?#, where D decays to Kszz and KsKK (the so-called GGSZ
method), using 2 fb-! Run 2 data

> Sensitivity to y for each point in D Dalitz plot: divide Dalitz plot into bins and
sensitivity to y in each Dalitz bin (model-independent)

J T T

> Strong phase information of D decays from %
CLEO-c¢c measurements (Ci, Si) o

IBin numberl

> |Amplitude|? information from semileptonic :
control channel where D has definite flavor (Fj) 1.5f

> Information of B decays:

ry+ =7rpgcos(dp ) s

- 05 1 15 2 25

Y+ = rpsin (dg £ ) 3 [GeV/ct
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> Number of events in each bin:

NI = hp+(Fri + (@3 +y1) Fai + 2/ FiF_i(@ycai + Ys5+;)

NI, =hg (Fy+ (@2 +y2)Fri + 2/ EF (@ _cs +Y_5+4)
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Results of 66SZ analysis with Run 2 data

> Using 2 tb-! Run 2 data collected at 13 TeV
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> Extract information of y and rp
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> Combination of Run 1 and Run 2

)
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> New method proposed in EPJC 78 (2018)
121 for future improvement



New time-dependent measurements related to y

JHEP 03 (2018) 059

> Time-dependent results of Bs—Ds;¥K=*with 3 tb-1 Run 1 data published early this
year;

JHEP 06 (2018) 084

> New time-dependent results on BO—>D¥z+ with 3 fb-1 Run 1 data

Small r, but very large statistics

B — ]

28 (: ><Ya I, 0

BY - DFK*

,. rBO_Hr 0.6 )\3 i

m 3 |
[ go,r XA

> The main formula:

rBO_”-’(t) — r§0_>f(t) B Cf COS(Amt) + Sf Sln(Amt)
Mgosr(t) + Tgo_r(t)  cosh(AT/at) + ART sinh(AT/at)

Ar(t) =

> Ci, St and ArAL: functions of vy, r, 0, Bs, and Bs), Amg), I'y Al's, r(D7x) from external inputs
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JHEP 03 (2018) 059

Resul.rs fr,om TD analyses JHEP 06 (2018) 084
B0—D*7+ B.—D.FK=*
Cr 0.730 = 0.142 4+0.045
Al L L

S = 0.058 4 0.020(stat) + 0.011(syst) AZr 0.387 = 0.277x0.153

S+ = 0.038 & 0.020(stat) + 0.007(syst) ' 0.308 £0.275+0.152

o | S¢ —0.519+0.202+0.070

consistent with Belle and Babar, but more precise SF —O 48 9 4+ O 1 9 6 4+ O O 68
2.7¢ CPV

> Interpretation of the results
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LHCb-CONF-2018-002

v combination

> Adding all the measurements, we have

B decay D decay Method Ref. Datasetd
BT — DK™ D — h*th™ GLW 14 Run 1 & 2
BT — DK™ D — h*th™ ADS 15] Run 1

BT — DK™ D — hr nta~ GLW/ADS 15| Run 1

BT — DK™ D — hth==" GLW/ADS 16/ Run 1

Bt — DK™ D — K2hth~ GGSZ 17| Run1

BT — DK™ D — K2hth~ GGSZ 18] Run 2

BT —- DK™ D — K)Ktn~ GLS 19] Run 1

BT — D*K™ D — h*h™ GLW 14 Runl & 2
BT — DK** D — h*th™ GLW/ADS 200 Run1 & 2
BT — DK** D — htr—nta~ GLW/ADS 200 Runl & 2
Bt - DK n"n~ D — h™h™ GLW/ADS 21l Run1

B’ — DK*" D— K n~ ADS 22 Run1
B"— DK*rn~ D — h*th~ GLW-Dalitz (23] Run 1

B’ — DK*Y D — Klntn~ GGSZ 24| Run1

BY - DFK* Df— hth~nt TD 25| Run1
B’ — D¥r* Dt— Ktn—nt TD 26/ Run 1

L
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> Inputs from BESIII important,
combining efforts will help



v combination

> Comparing different processes LHCb-CONF-2018-002
1 r 0.2
)J i I I ] e
QI LHCb {| T
— 08 Preliminary _|
i 0.15
0.6F
: 0.1~
RMYCE L e
02 - 005
0 N | L 0 ! | 1 | 1 |
0 50 100 150 0 50 100 150 o
o
B B! decays Y '] B*—DK*, D—>h3n/hh' 2’ y [l
B’ decays B*—DK*, D—>K3hh
B B* decays B*—>DK*, D—>KK/Kn/ 7x
B Combination I Al B* modes
Full LHCb Combination

> Some tension exists, interesting to follow-up

> Future sensitivities (scaled according to statistical uncertainties)

Run 1 Run 2 Upgrade 1 Upgrade 2
5.5° 2.8° 0.71¢ 0.28°

> LHCDb will continue investigating its potential in y measurements
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Extra channels for y

> B'—DIKK and B;—D'KK decays

Phys. Rev. D 98 (2018) 072006
Phys. Rev. D 98 (2018) 071103(R)

> Time-Dependent Dalitz analyses to access CKM angle y and B

> Not only probe sin2fs), but also cos2fs)

> Dalitz structures interesting for charm spectroscopy studies

> B;—D®¢ decays: special cases where final states are in CP eigenstates

Run 1 data

D
-
=)

- B’>D K rt
1 ——BDK'r
Ag, 52—0> D°pK-
= A Dpr
[ B—D_K x*
cwime B'SD KK

400

Candidates / (8 MeV/c?)

200

A ~450

T T
5200 5300

¢ Data LHCb
~1 9 0 0 ﬁ Total
o N LELLLL B’ and B? signals
Combinatorial background ]

Low-m background

5400 5500

2
Moo, o [MeV/c?]

Candidates / (10 MeV/c?)

B° — D%
LHCb

A
o

l

+ Data

Total

Combinatorial background

—*0 —
""" B?—> D ¢: transverse polar.

— — B 5*0(1): longitudinal polar. |

B° —

1 l 1 1 1 l 1 1 1
5600 5800 6000
ﬁod) ~1 3’6D'OK“K‘ [MeV/CQ]

B? — D*%¢ (Partially reconstructed, Two

polarization components) —16()

> Comparable sensitivity on y w.r.t. that of the golden GGSZ mode expected for Bs—D®¢
decays and LHCb-China group are currently working on its measurements



$s measurements

> The golden channels for b—ccs process: Bs—J/WKK, J/yzr

CCS
Final LHCb Run I results: Qb — _253 «]/T//’

J/KTK™ in ¢ region -58 £49 £ 6 mrad [PRL 114 (2015) 041801] B b
J/«o KT K~ in high mass KK~ region 119 + 107 + 34 mrad [THEP 08 (2017) 037] s
J/rta~ 70 £+ 68 £+ 8 mrad [PLB 713 (2012) 378] s
Overall | 1 £ 37 mrad > hth™
> LHCb dominates combination; currently consistent with SM
T
A 014 DO 8 fb~! HFLAV combination .
L<.].m 68% CL contours CCS = -0.021+0.031 rad Penguln effects
0.12 (4 log ﬁ = 113) Al's = 0.085+0.006 ps—1 under control
CMS 19.7 fb~ —
¢ = 0.6640+0.0020 ps—1
0.10 Combined CDF 9.6 fb-! )
- Ads ~ 0.001 + 0.020 rad
' SM
€¢s "= -0.037040.0006 rad [CKMFitter, PRD 84 (2011) 033005]

0.06 ATLAS 19.2 fb!

Al‘s — 0 08840.020 ps—! [M. Artuso et al, arXiv:1511.09466]

04 02 00 02 'o.'_4'
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¢s measurements and prospects

> Similar (much harder) analyses performed for Bs—¢¢ and Bs— KK for ¢§§S

and ¢4
W=
b — J{éﬁ?{t S
_ dds
¢§SS ~ O B ¢S ™~ O
$355 = -0.17+40.1540.03 rad P399 = —0.10 = 0.13 £ 0.14 rad,
> LHCD prospects for ¢sin different processes
Run 1 Run 2 Upgrade 1 Upgrade 11

¢C8355 37 mrad 15 mrad 4 mrad 2 mrad
¢gd5 180 mrad 90 mrad 22 mrad 10 mrad
qbggs 150 mrad 75 mrad 19 mrad 8 mrad

> LHCb-China group heavily involved in Bs—J/WwKK, J/yz7r and Bs—¢¢ modes
16



Nature Phys. 11 (2015) 743-747

Other CKM parameters

> For sin2f, with Run 1 data, LHCDb has similar precision as B-factories

sin(2f) = sm(2¢1> [=Yn

Belle

ALEPH

PRD 80 %oos?) 112001
BaBar Jhp (hadronlc) Kg
PRD 69 (2004) 052001

PRL 108 (2012) 171802

PLB 492, 259 (2000)

PRELIMINARY
BaBar | 0.69 + 0.03 = 0.01
PRD 79 (2009) 072009
BaBar y, i 0.69x0.52+0.04x0.07

; 1.?6 +0.42+0.21

0.67 = 0.02 = 0.01

L . 08478 .0.16

OPAL ’ 3.20 38 . 0.50,
EPJ C5, 379 (1998) *
CDF : 0.79 ¥4
PRD 61, 072005 (2000) — o
LHCb L 0.76 = 0.03
JHEP 11 (2017) 170 ;

Belle5S : : : 0.57 = 0.58 + 0.06
PRL 108 (2012) 171801 ' *f

Average : 0.70 = 0.02
HFLAV : ; .

-2 -1 1 2 3

> Future expectations:

Run 1
0.034

Run 2
0.017

Upgrade I
0.004

Upgrade 11
0.002

> For |Vu|/|Ver| and CKM angle a, future sensitivities
driven by Belle 11, but LHCb can still make important
contributions

> LHCDb has proved the ability to do [Vub|/|Veb|

measurement at hadron collider T
0.0055
0.0050
> New methods also suggested to use LHCDb data to 0008
solve ambiguities on o measurements 20000
S5
arXiv:1808.09391 000y,
0.0030
Veol| Ve, .
> Sensitivities on Amg and Ams are dominated by 00025 = .
o . R o . — excluded area has CL > 0.95
LHCDb, but interpreting limited by Lattice 00020 Lo Ll leboed oo

0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048
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Nature Physics 13 (2017) 391

CPV in unexplored sectors

> CPYV found in many places, but not yet in D decays and baryon decays

> In baryon decays, first evidence for CPV with 3.3¢ using triple products in L,—p3x
where non-zero values indicates violation of T-symmetries

- LHCb  Scheme A - - LHCb  SchemeB -
< 207 T < 20 -
SN - . SN - 3
s OprmErpyrdrrey o OpF- Ty
2 20} - 2 20 = - :
= oy Xmdf=27.912 - < o ap X/ndf=207/10 -
= — = | -
Z 0L : Z 20k 3 :
< i 3 ;3 3 ] < i

S WA 2 T S ] F S T - S W S ]

0} ¢ ) ¢ : $ % Ofi ¢4 58 4 .
20} : 20f :
CealM Xndf=21.1/12 - - e ald x2ndf=30.5/10 -

5 10 | 2 3

Phase space bin |91 [rad]

Binning based on resonant

structures, e.g. p(770), N*, A+ Binning based on ¢ angle

> LHCb-China group actively involving in searches for CPV in the two fields through
other decay modes 18



Rare decays and Anomalies
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Anomalies

> Anomalies seen in many b-decay processes (b—sll, b—clv), tensions at 1-3 ¢

Angular observables of B0—K un

Branching fraction of many b—sll processes

= ——— T : ENLCSR Lattice —e-Data
_ 1= — — L L B — T T T
j e LHCbdata o ATLAS data i N> N R
E m Belledata © CMS data ] QO B —> K ,u ,u E
0.5t [ SM from DHMV ] O LHCb A3
- —r— SM from ASZB 7 <, ]
0 o ' - X —
: I I + i OPO ]
L T 1 2 . i — + =
_0.5_ % ; N . e + .
: i SR Z 2 2 %, :
B 7 = —a i —_
i ] < | ]
| T B T ) AQ .
0 5 10 15 = 0 : — i
5 [GeVz/C4] 0 5 10 15 20
1 ¢ [GeV?/c4]
Lepton Flavor Universality test
LFU in B0—>K*ll decays LFU in b—>clv decays
B : L L L % 05‘_| BaBarPR'L109101802(2012) ' I_'
- J e o Belle, PRD92,072014(2015) AX = 1.0 contours .
IR 1] OOV —————— PR SR (a7 - LHCb, PRL115,111803(2015) Average of SM predictions
- Y80 ] 045 EZEE:EEE?%?;Z ?ggifgéf;) R(D) =0.299 0,003 e
0.8k N - LHCb, PRL120,171802(2018) R(D*) = 0.258 £ 0.005 .
L + A 04 — 1 Average —
VO { ® LHCL ] 03sf| -
+4+0.11 . BIP ] N .
0.66°57 £0.03: 2.1 —2.30 Y CDHMV 7] 03 1 -
| 0.697%1 +0.05: 2.4 — 255 SRR N S ]
0.2 0.07 e 025 0.
LHChH o IC ) B HFLAV &
l).“ L 2 o o b a0 0 baa e a b e s s sl s aaas bl 02 :_ _-
0 l 2 3 | 5 O l 1 TR . .
0. 0.3 04 0.5 O 6

¢ [GeV7/c]
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JHEP 09 (2018) 146

New results in the sector

> Angular moments in Apb—App with Run 142 data (5 fb-1)

Looking in the region of low hadronic recoil ZE i: = JHEP06(2015) 115
{\I> : E SM prediction - T
Around 300 (Run 1) + 300 (Run 2) events e 1‘2‘: = Dro
Full angular analysis with 34 terms Ni . ;: _]— ]
: = s —
ST 3 . < 0CEL
- - — }(; ; §2 ) i 04:-
o~ e 2 ) S
Consistent with SM ’ i 0 15qz [Gevz/zfﬂ
;’—3 0.4 | | o Can be combined to FB
> [y LHCb asymmetry:

0.2
App = 3K3=—0.39£0.04 £0.01 ,

Atg = Ky + 5K5 = —0.30 £ 0.05 £ 0.02 ,

(@)
IIIIIIIIIIIIIIII
—
+—T_
ot
=
—7+__ .
—— .
‘;L -
— '
o -.+ |
e
—.—-‘_.—
——
IIIIIIIIIi_I‘_I-IIIIIII

0o 1 Aty = 3Ks = +0.25 £ 0.04 £0.01 ,
: T I
—0.4 —— SM prediction Small deviation for Albpg
| 1 L ' . 1 . . . . I
0 10 20 30
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Bs)—uu

> Highly suppressed flavor-changing-neutral-current mode, sensitive to new physics

1] I 1} L T ‘ L}  J ' L] l L] I L] L] L ' L L] L]
Total

LHCb — =B S u'
BDT >0.5 o

(F'S]
wn

BF_, (B°—u*u) = (1.06+0.09) x 10

W
o

s B‘-" - u'u—

------ Combinatorial
“B—=h'h"
e B::;: i n‘(K_)U.'VF

o)
n

BF_ (B.—u*u-) = (3.60+0.18) x 10

N
o

B"" 5 2™ Bobeth et al. Altmannshofer et al.

[PRL 112(2014)101801] [arXiv:1702.05498]

[—
W

Candidates / ( 50 MeV/c?)

== A'; —>pp._vp

lIlllllllllllllllllllllllllllllll

10 B, —= Jyu'v,
) T
0 5600 5800 6000

m,..- [MeV/c?]
> First single experiment observation by LHCb (4.4 1tb-1)

B(B? —» ptp~) = (3.01%7) x107° (§ = 7.80)
7(BY — ™) =2.04 £0.44 £ 0.05 ps
B(B® - ptp~) < 3.4 x 107" at 95% CL

> Yet consistent with SM
> In upgrade II, we may expect 10% precision on the ratio between two modes and 0.03
ps on effective lifetime

> CPV will also be interesting 55



Other rare decays

> Statistics is the name of the game;

> Sensitivity scaled according to 1/VN

JHEP 02 (2015) 121

T T T T

LHCb

grade 11

6 3 0 12
BR(t™ — ut i~ ) [x 10°]
B(r— = p ptp~) <4.6 (5.6) x 1078

EPJC 77 (2017) 678

=1

©

095F LHCb -
x: -12 at upgrade 1]
0.855 E
0.80-" lé-3

B(K‘S’—m*u') x10°
B(K? - ptp~) < 0.8 (1.0) x 107°

EPJC 76 (2016) 232

> BT T T T T T T LM |
g [ —— Data (tight+x>x_ selection) ATLAS
[ —#— Data (tightxex_selection) 1
§ 20— Fit o the SB data fe=8TeV, 203 -
g C B2 Fit uncertainty <. Sidebands (SB) i
) L Signal (tight+x>x°selecﬁon) -~ Signal region -
S 15— ‘ .
w T o wo— :
5t
A i S e T e
0™1500 1600 1700 _ 1800 1900 _ 2000 2100
my, [MeV]
B(r— = p ptp~) <3.76x1077
arXiv:1710.04111
w 1 T T T I T T T T I T T T T l T T T v_
d LHCb i

B(B°— e*u¥) < 1.0(1.3) x 109
23

PLB 7,54,(2,016)_167

—o— Observed CLs
..... Expected CLs - Median

LHCb

Illllllllllllllllllr

[ EwetedcLs 10
[ Expected CLs 22 0

llllllllllllllllllllll

. . N q ~ . N 1 =
0 2 4 6 x10°
BD° —e* puh)

B(D° — e*u¥) < 1.3(1.6)x 1078

arXiv:1710.04111

. ——
g ! LHCb -

2 4 6 8
BF(B] — e*u")

B(BY— e*u¥) < 5.4(6.3) x 1077
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Conclusion

> LHCDb has a wide range of physics programs and has already made many

important contributions to answer fundamental questions

> Some tensions observed in b—sll and b—clv, but not yet conclusive

> Unitarity test shows results which are consistent with SM now, but 20% new

physics still allowed
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Conclusion

> LHCDb has a wide range of physics programs and has already made many
important contributions to answer fundamental questions

> Some tensions observed in b—sll and b—clv, but not yet conclusive

> Unitarity test shows results which are consistent with SM now, but 20% new
physics still allowed

R/

.

= F ~
i UTm|
1= hi-lhc 2018

- =
—
e —

0.5~

05+

A lesson from discovery of CPV:
New physics normally hide in next
I ST )/ decimal point
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R(D), R(D*) and

. . % 05
> Lepton flavor universality test becomes S
a hot topic after many deviations seen 0.45
from B-factories and LHCDb 04
measurements '
PRL 115 (2015) 112001 ) ;5
PRL 120 (2018) 171802
PRD 97 (2018) 072013 03
> LHCDb has performed R(D”) in muonic 0.5
channel in 2015 and now also in hadronic
channel 0.2
> 10 | T
)~ - The uncertainties of ground and excited
'E 9 E_ states will be highly iorrelated.
% 8E * LHCb
& TE \in‘official
= -
~ 6F
S SE
a4 4 = \
(D) -
2 3F e,
% 2 E— .\‘\0— \-‘H.I
a7 1 E_ phase I upgrade phase II
E N N | N N | N N
ﬂ)ZO 2025 2030 2035

Time/year

R(J/y)

B l ] ] ] 1 L] ] ] L] | I I _
C_ BaBar, PRL109,101802(2012) 5 .
- Belle, PRD92,072014(2015) Ay~ = 1.0 contours .
n LHCb, PRL115,111803(2015) . -
nl Belle, PRD94,072007(2016) e=== Average of SM predictions -
- Belle, PRL118,211801(2017) R(D) =0.299 + 0.003 .
- LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 -
[ Average —
[ v _
o | Summer 2018 |-
[ P(x*) =74% —]
B I L L I L L I 1 L L L L L I
0.2 0.3 04 0.5 0.6
B(B — X.tv,) —

B(B — Xeptv,)’
> Besides measurements in B. system
have also been measured

PRL 120 (2018) 121801

> Assumes that all the systematic
uncertainties scale w.r.t. statistic except
those relying on external inputs



R(K) and R(K*)

> Another LFU tests of n and e are also of great interests

B(B = KWpu=put)
B(B — K*)e—et)

SM: 1.000 £ 0.001 for K and 0.991% 0.002 for K~

Ry =

[JHEP 08 (2017) 055] --LHCb -m-BaBar —a—Belle
DSLJSLJSL A L LI L L L L L L LB L B LB B B B v 2T 7T ———T
= ] X I ]
CE’ 1.0 B W oo . - LHCb .
[ Y mo-e ] i ]
= ) 1.5 iy =
0.8 I - i
. ff - l ® LH(L ] IF o + SM
+0. . BIP i -
0.6670 5 +0.03: 2.1 — 2.30 v F ;
b 0.69785 £0.05: 2.4 — 2.50] o’ 509 :
© LHCD e ¢ 1 - 0.7457 o7, £ 0.036: 2.60
().()-llllllllllllllllllllllllllllll- 0 ................... | I
0 ) 5 3 | 5 6 0 5 10 15 i 20?
¢ [GeV? /] q> [GeV7/ct]
BIP [EPJC 76 (2016) 440] @ LHCb [PRL 113 (2014) 151601]
w CDHMV [JHEP 04 (2017) 016] A Belle [PRL 103 (2009) 171801]
m EOS [PRD 95 (2017) 035029] m BaBar [PRD 86 (2012) 032012]

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



CPV and CKM matrix

> In SM, CPV offered through a single weak phase in the CKM matrix

U 0 i 0 - e a0 L
eravi= |10 & o 0 ) 1 0 T a0
h = ¢ = el . 0 0 I
o - S . 513"
A 1 1
= _312623_612523313?5 SOl m LN ,5 s |
512893 =C19Co35136"°  —Ci9S93=519Ce3513€"" Ca3Cig
$12 = A ~0.23 (13°) s93 = AN? ~0.042 (2.4°)
813€i6 = ij = A)\g(p +in) ~0.0037 (0.2°) x exp(i 65.4°)

> Successful model which explains all the current experiment measurements
except matter-antimatter asymmetry observed in the Universe

> Unitarity test of CKM triangle offers a nice platform to combine all the
efforts from different measurements
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Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected

Summary of prospects

LHCD 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 LHCDb 2025 Belle II Upgrade 11 ATLAS & CMS
EW Penguins

Ri (1 < ¢* <6GeV3ch) 0.1 [274] 0.025 0.036 0.007 -
R+ (1 < ¢> < 6GeV3c?) 0.1 [275] 0.031 0.032 0.008 -
Rs, Ry, R ~0.08,0.06,0.18 ~0.02,0.02,0.05 -
CKM tests

v, with B — DY K~ (+35)° [136] 4° - 1° -
7, all modes (F29)° [167] 1.5° 1.5° 0.35° -
sin2f3, with B® — J/¢K? 0.04 [609] 0.011 0.005 0.003 -
¢s, with BY — J/1¢ 49 mrad [44] 14 mrad -~ 4 mrad 22 mrad [610]
¢s, with BY — DF D7 170 mrad [49] 35 mrad - 9 mrad -
¢35, with BY — ¢¢ 154 mrad [94] 39 mrad — 11 mrad Under study [611]
ad) 33 x 1074 [211] 10 x 104 — 3x 1074 -
Vis| /| Ves| 6% [201] 3% 1% 1% -
BY, B~ putp

B(BY — putpu™)/B(BY — utpu 90% [264] 34% - 10% 21% [612]
TBO—spu+ = 22% [264] 8% - 929 -
S = — — 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 — 7o) 8.5 x 1074 [613] 1.7 x 1074 5.4 x 1074 3.0x 107° -
Ar (= xsin ¢) 2.8 x 1074 [240] 4.3 x 107° 3.5 x 1074 1.0 x 107 —
rsin ¢ from DY — K7~ 13 x 1074 [22§] 3.2 x 1074 4.6 x 1074 8.0 x 107° —

x sin ¢ from multibody decays

(K3m) 4.0 x_107°
YU

(Kdrm) 1.2 x 1074

(K37) 8.0 x 107°




b’ bS

> [} is the phase of V™ and [3s is the phase of | 7 Veo” Via q
V" and thus is accessed through loop
diagrames, i.e. through mixing

A
24
A

RN O

S

—
—
I__
|

> The processes are b—ccs tree level
dominated decay where penguin pollution T Mixing Vi Vit

is small (still need to know for precise measurements)

e 4! . colour-suppressed ¢
> Predictions from CKMT{itter group gives: b—ccs t"ee/: |
[ | A
2.26 b ) |

26°M = (47.487155)° | ) M,
265M — (2.122 4 0.037)° 5

| {q
\V =

(/ : 'H'
> (Golden channels for the two measurements are B0—>J/\|1Ks\ R
and Bs—J/y@¢, while other channels are also studied to add \v
further sensitivities to the two angles

> Channels where penguin contributions are important are also studied
for comparison to search for new physics, i.e. Bs—¢p@¢p, Bs—K'K*
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sinZ2p

> With Run 1 data, LHCb has a similar precision as B-factories

sm(zm = sm<2¢1) kA

C(B° — [cT)KQ)

—0.017+40.029

PRELIMINARY

BaBar : 0.69 + 0.03 = 0.01
=110\ PRD 79 (2009) 1072009 .
S(BO — [CC] Ks) = 0.760 + 0.034 BaBar ¥ . . 0.69=0.52 +0.04 +0.07
PRD 80 (D 05) 112001 ! —
BaBar J/Ay (hadronic Kg : 1,56 + 0.42 = 0.21
0.4 PRD 69 (2054) 052001) : :
4 " — ' Belle : : 0.67 = 0.02 = 0.01
®) N Bg » u(QS)I\“ PRL 108 (2012) 171802 o
B — Jjp (e é e”) Ky ALEPH B . 08478016
3 By JI (j /t K¢ PLB 492, 259 (2000) e !
0.0 HE=3 Combination OPAL - 3.20 180 . 0.50.
T R L EPJ C5, 379 (1998) *
i LHCb 7 & CDF ' i 0.79 7341
- EE PRD 61, 072005 (2000) *
LHCb : : , 0.76 + 0.03
0 - JHEP 11 (2017) 170 : ;
i Belle5S : ' N v 0.57 + 0.58 + 0.06
PRL 108 (2012) 171801 ok B
- . Average E : E 0.70 = 0.02
0.2 - - HFLAV. i L . .
"~ contours holld 39%, 87% CIIJ | | ) -2 -1 0 1 2 3
0.5 0.6 0.7 0.8 0.9 1 o o
g > Additional modes to golden channel

(B'—J/yKs) add 15% more sensitivities
> Future expectations:

Run 1 Run 2 Upgrade 1 Upgrade 11

0.034 0.017 0.004 0.002

> Upgrade statistics also gives sensitivity to the non-zero Al'q predicted in SM
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IvUb/ val and a Nature Phys. 11 (2015) 743-747

> LHCD has proved the ability to do |Vub|/|Ven| measurement at hadron collider

value
0.0060 — P 1.0

et - 2o0ss
Q.Ab ------ /ﬂ _

0.0050

0.0045

Zg0.0040
> Similar measurements can also be done via ;..
SL decays of Bs, Bc

0.0030

Vol Vesl,

[ [ [ [ [ 0-0025 % 0-1
> Future sensitivity will be driven by Belle 11 et || excluded areahasCL > 095

o.oom 111 111111111v 0.0
0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048

V|
> LHCD has limited access to CKM angle a, extracted using B—rxx, pz, pp;

though LHCDb has good sensitivity to B0— 77, B0—p0p?; sensitivity driven by

inputs from B-factories LHCh-PAPER-2018-025

> A recent TD measurements on B'—7+t7-and Bs—K*K-with 3 tb-1 data

> Hopefully we can do more with better calorimeter in upgrade
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Amd and Ams

> Combinations of oscillation frequency Amg and Ams are dominated by
LHCDb and may continue to be dominated by LHCb

1.5 L l%[ T l ]
excluded area has CL > 0.95 ' %

U [N .

i Y % o

e 5 Amg& Amg i

- sin 2 5

05

= 00 F :
[ I\&_« o
-05 — :
1.0 Y
ICHEP 16
.1.5 11 | | | | |
1.0 05 0

5 Am, = 0.5065 + 0.0019 ps?
"o Tos i Am_=17.757 £ 0.021 ps!

ALEPH

(3 analyses)
DELPHI
(5 analyses)
L3

i '.1[|.|l_'~ es)
OPAL

(5 analyses)

DO

(1 analysis)
BABAR
(4 analyses)
BELLE

) .1[|.|1_'~ Q
LHCbH "

(4 analyses)

Average of above
after adjustments

CLEO+ARGUS
%4 Ieasurements)

World average
Summer 2017

> However, interpreting are limited by Lattice inputs

miyy neS(z) A*A° [(1— p)? + 77 de

G2
Amd _ @
Amd A
Am, — ’\—22

)2 (-2 + 7

34

~7%

I U [T T’

R~

e

f——H

e
fof

K

0.4 045 0.5
1
Am, (ps )

05§

HFLAV

0446 +0.026 +0.019 ps™*
0.519 +0.018 +0.011 ps™
0444 +0.028 +0.028 ps™
0479 0,018 +0.015 ps™
0495 +0.033 +0.027 ps™*
0.506 +0.020 +0.016 ps™
0.506 +0.006 +0.004 ps™
0.509 +0.004 +0.005 ps™

0.5062 +0.0019 +0.0010 ps™

0.5065 +0.0019 ps™

0498 H0032 ps™*

0.5065 +0.0019 ps™

Efforts from Lattice
community needed to
further reduce uncertainty
by a factor of 10 more



Three-body Charmless b decays

> Two-body charmless b decays have been used to extract CKM angles through
complicated analyses while three-body charmless b decays contains more information
over Dalitz plot and may have better sensitivities

> From experimental side, efforts have been made to give more information on the
pattern through Dalitz plot analyses

PRD 90, 112004 (2014)

T = 1 s .
2 g 0sxf > Clearly also need theoretical
g 8 2 " efforts to give methods to
- & 15 02 extract angles precisely
| 4
M & 0.2
2 S 105 -0.4
S SF -0.6
05 —— -0.8
L -1
0 5 10 15 20
> Some efforts have been made,
S S but clearly not enough, for
E 5 2f example, a very recent paper to
E e 15 predict CPV in B—12(1270)x
IF % 1o
g arXiv:1807.02641
N:

mAw),  [GeV?/cd] mA(BK ) [GeV/c*]



