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Outline

m Motivation and introduction of LHCDb
experiment

s Personal selected recent LHCDb highlights
o CP violation (CPV) measurements
0 Rare decays
o Exotics

= Summary



LHCb Precision measurements of CPV and
rare decays: why important?

m Instead of searching for NP particles directly produced, look for their
indirect effects to low energy processes (e.g. b-hadron decays)
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= NP may be more visible in these SM suppressed processes

s Studying CPV and flavor-changing processes => two fundamental
tasks can be accomplished

o Identify new symmetries (and their breaking) beyond the SM
o Probe mass scales not accessible directly at nowadays colliders
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rare decays: why important?

m Instead of searching for NP particles directly produced, look for their
indirect effects to low energy processes (e.g. b-hadron decays)
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Generic bounds on New Physics scale (for gx~1)



Integrated Luminosity (1/fb)
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g The LHCb Experiment

LHCD is a dedicated B and charm physics

experiment at LHC
o Large b production rate

o Access to all b-hadrons: B*, B?, B, B, b-baryons .

Forward single arm spectrometer 1.9<n<4.9

LHCb Integrated Luminosity in pp collisions 2010-2016

e 2016 (6.5 TeV): 1.67 /fb 2012 p

2015 (6.5 TeV): 0.32 /fb /
e 2012 (4.0 TeV): 2.08 /fb :

e 2011 (3.5TeV): 1.11 /fb

2010 (3.5 TeV): 0.04 /fb

Month of year
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pT of B-hadron
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eta of B-hadron

Fantastic progress for LHC this year

The effective dataset almost double
with respect to Run-Il at the end of
2016

Results reported here based on RUN-I

RUN-II analysis is getting there



rrch Production cross section

s The b production cross section a(pp = HpX) has been
measured in the forward region 2 <n <5

m For sensitive test of QCD & constraints for PDFs
s Measured with b semileptonic decays

s Actually cross-section is larger than expected
Preliminary LHCDb-PAPER-2016-031 in preparation
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Validations ongoing to ensure reconstruction & trigger efficiencies are well understood
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LHCDb Detector

VELO: RICH:

primary vertex PID: primarily K, separation
impact parameter |
displaced vertex

Muon System

M3
M2
HCAL

SPD/PS

Beam 1 Veriex 3|

Locator

—

Interaction
region ....... 7 I =

Calorimeters:
Tracking Station: p for Tracking Stations: PID: h,e,y, m°

lower energy tracks and long || p of charged particles
lived V° reconstruction that traverse the magnet




ek Detector performance
Vertexing PID

Bg oscillations with BSO — Domr K /7 ID efficiency and misID rate ;"= mass spectrum
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R
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decay time [ps] Momentum (MeV/c) 0000000
[New J. Phys. 15 (2013) 053021] [EPJ C73 (2013) 2431] [PRL 111 (2013) 101805]
Int. J. Mod. Phys. A 30 (2015) 1530022
Impact parameter: grp =20 pm
Proper time: o, = 45 fsfor B — J /¢ or Dfm~
Momentum: Ap/p = 0.4 ~ 0.6% (5-100 GeV/c)
Mass 0m = 8 MeV/c* for B - J /X (constrainted my )
RICH K — m separation: €(K —» K) ~95% mis-ID €(r » K) ~ 5%
Muon ID: e(u->pu) ~97% mis-IDe(mr-> pu) ~1-3%

ECAL: AE/E =1 @ 10%/./E (GeV)



LHCh Physics goals of LHCb

= Indirect search of BSM via precision measurements

. CKM CPV and rare decays |n b and c hadrons
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s > PreC|s measurements of QCD + EW at large rapldlty
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rch  LHCb and LHCb Chinese group
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CP violation
measurements




rrch Semi-leptonic asymmetries

Semi-leptonic asymmetry a’; quantifies CPV in mixing.

al is precisely predicted to be tiny in SM: ~O(104),

can be enhanced by NP B% — f
. _ N(B—B — f)— N(B—=B — f) B_%74 f
* 7 N(B—B — f)+ N(B—B — J) A 5o/

(1) Measure time-integrated raw asymmetry

4 N(Dgp™) = N(D7p)
" N(Dyp*)+ N(Dip~)

(2) Correct for detection asymmetry and background effect

2
0 = — (Araw — Adet — fokgAbkg)
1— fbkg

For By, also correct for production asymmetry
12



LHCD

A

LHCD results of a/

BDou*v: af = (0.39 +0.26 + 0.20) %
LHCb, PRL 117 (2016) 061803

B.>DMutv:ag = (-0.02 £0.19 = 0.30) %
LHCb, PRL 114 (2014) 041601

—
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- Q DO DOuvX ]
-3 2 BaBar D'lv . -
- BaBar /I ——
: Belle I ﬁ
_4L0 M B B i 1
-3 -2 -1 0 1
ag [%]

Consistent with SM prediction
& CP conservation

In tension with DO dimuon
asymmetry

Ay =Cqad +Cag
= (0.957%0.251%0.146)%

DO, PRL 105 (2010) 081801
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Most of the
improvement
due to LHCDb !

Further improvements
after this plot (EPS'15)
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CKM: before & after LHC

LHCD
\ L)
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y combination at LHCb

Determine y from CPV measurements
LHCb-PAPER-2016-032

17

.
(_l) L
T 08
0.6+
04+
- GGSZ
0'2— ] I GLW/ADS
I 1 [ Others
: Combinati
% 50 100 150 B Combination
O
Used D decay moded ]
GLW: D— K*K- ADS: Do m K" quasi-ADS D— rK'n'm

r r K’

quasi-GLW Do nr'man
GGSZ D— Ksn'm KK GLS D— KsKn*
KsK°K '’ KsmK*

D°K"
y = (72.2353
BaBar: y = (70£18)°

syst. included

Belle: y=(73"13_;5)°
Prospects
Sample Ostat(7)°
Run 1 8
Run 2 4
Upgrade ~1
Future upgrade  <0.5

o Current one syst. ~2° from CLEO strong phase measurements
o 15-20 fb-1 y(3370) data from BESIII are desired to avoid syst. limitation

for upgrade scenario

16



LEch Baryon decays A) - pn~h*h~

e CPV has never been observed in baryon sector
e Acp~20% expected in charmless A} decays in SM
Y. K. Hsiao et al., PRD 91 (2015) 116007
e A — pn~h*h™ has comparable tree and loops contributions

d(s) _,.._ (5
ﬂ( )7r (K7) u(S)"H(K*)
(3 d(s) ;.-
(g\\ Z(S)W(K“) a ™ (K)
Y U
0o u U d Yo
b g . g P A) u
Vb 000000 .
i Vit y  Vudedtd
Tree o< |V,p| ~ A3 Penguin o< 35, Vix Vig ~ A2

Vu has large phase y

17



rach A, — prnh*h™: signal yields

— B, :
= O it 2
3" . =
o~ T Tt
§ - LHCb — Full fit E
> —(a) Part-rec. bkg. -
s1soop 7 ). Comb. bkg. -
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g 10001 — AP
i3
500
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- (b)
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..........
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5.6

—A—> pt KK

T

— Full fit 7
Part-rec. bkg.
----- Comb. bkg. ]
--B'=» K K'K'n ]
---Bi» KK7Tn -
----- A}— pK'K' K™
- Ay— pK T

....

5.8 6

m(pr K*K ) [GeV/c2]

—w+k— = 1030 £ 56(stat)

arXiv:1609.05216 (submitted to Nature Phys.)
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rach  Triple product asymmetry

Search for CPV using triple product asymmetry (TPA)

Triple products in the A rest frame:
C4 = Pp - (Ph— X Pp+) o< sin®

C:,‘-=[_55([_5h+ Xﬁh—)O(Sin$

T-odd asymmetries:
. NA?)(C?>0)—

NAg(C?-<0)
T NAg(C?->0)+

N/\?’(C?—<0)
N/—\g(—f?>0)—N/—\g(—Z‘:r<0)

T _C- _C-

A

CP-violating observable:

T—odd )
acp —2(A“_Af)

fast

arXiv:1506.01346

P-violating observable:

a;—odd (A + K_i_)

19



el CPV in baryon decays

Measurements integrated over phase space

— No significant CPV
A decay Az (%] Az (%) a}};?dd (a T 5°%) [%)]

prmTmT  —2564+2.06+045 —4.86+2.06+0.44  1.15(—3.71) £ 1.45 £0.32
pr KKt +268+6.76+0.85 +4.55+6.07+0.52 —0.93(+3.62) & 4.54 & 0.42
Local Measurements S LHCb | ©) ]
—Binning in |l S 20p @—
—3.30 significance of localized CPV in 2 28 S - E*""@""@"E """ T
B AU E
Ap = prv Tt E oo ndf=20.7/10 -
—~Compatible with SM g (d)
< 20} ¢ .
arXiv:1609.05216 (submitted to Nature Phys.) L T T S
—20} :
First evidence of CPV in baryon decays! Feafp xndf=30.5/10 -
1 2 3
|| [rad]
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rrcb CPV in baryon other decays

JHEP 05 (2016) 081
s First observations of A} - AK*m~ and AKTK~

Candidates / ( 20 MeV/c¢?)

40

30F

60 F

50 F

T ] T T T I T T T I T T T l T

LHCb

=97 + 14 -

eetd

.r"l l‘_\ r"'\‘r' -"“ al | | 1
5600 5800 6000
m(AK* ™) [MeV/c2]

ACP(Ag — AK 71'_)
Acp(/lg — AKTK™)

Candidates / ( 20 MeV/c?)

90
80
70E
60 F
S0F
40F
30E
20f

10E31%} i d

I T T

T I T T T

N

PR e—

ig

I T T T I LI

LHCb

=185+ 15

5400

5300 6000

m(AK'K") [MeV/c2]

—0.53 £0.23 £ 0.11
—0.28 £ 0.10 £ 0.07
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Rare decays




WS Flavor anomalles

B(B—D™1v) & 05 :

RD(*) (B(B_)D(*)Hv) o 0.45; :%’é{ ombinatio ICHEP 2016 Preliminary —f
= Sensitive e.g. to charged Higgs o4 M = ‘ffff’f’_‘_‘?_?_?_.‘_’fff.‘f.f,‘”‘2°??’ e 3
= Combined result from Babar, Belle and o35~ '} WA .qj'?fa?ﬁ?r E
LHCDb shows 4c discrepancy from the SM ;. /é\ >y

= LHCb working on Ry, and other t modes o5t a gis .o o LHCb
02"'dzé"'os'"63'5"bd"d4é"b5"655"b6

BB oK u*u)
B(Bt—->Ktete™)
s Expected to be unity in the SM

m Observation of LFU violation would be
a clear sign of NP

s LHCD observed a 2.60 deviation from
SM in the low g? region

= New results expected soon, e.g. R+

Ratio Ry =

R(D)
LHCb, PRL 113 (2014) 151601

--LHCb -m-BaBar -a—Belle

QT T T T ]
I LHCb |
1.5 - -
1: Pl +
i SM
0.5F ]
L ] A L. N
00 5 10 15 20

23



WS Flavor anomalles

Angular analysis of B® - K*u*u~ _ | JHEP 02(2016) 104 arxiv:1604.04042
= Angular distributions provide many Z I SMfomDHMY
observables sensitive to different < i _+_ " el e 608 0ioaz) -
sources of NP JHEP 05 (2013) 137 & T :

n Belle first angular analysis supports L ] | :
the deviation from SM expectation o J pp—

b T

2.8 and 3.0 o from SM q* [GeV% 4]

New results of rare decays

n I o putu” \@

IBO—>qby

O Bzo > ttr” ‘@

24



LHCh

Xt o putu

= Hint of a intermediate particle, =* - pP?,
PY - u*u~ with mass 214.3 MeV

HyperCP (E871) .
PRL 94. 021801 (2005) s
-
o, (b) v, Z
o S 27 e Data P%?
S 2 S d
é) 0 . U,, Cvt
% % 1 —: o006 Z+ U u
) o i
s s | L " "
o O —— 717
220 240 212.5 215 217.5
M, (MeV/c?) M, (MeV/c?)
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LHCh

L' > putu” g

s LHCb has search for decay from prompt %

0 A challenge due to the small Q value of the decay
and long lifetime of ¥ LHCb-CONF-2016-013

= A clear signal is seen with 12.913-1 events.
Significance 4 ¢

_ . Normalization mode . FPaw ____ Signal
% - LHCb N v F e LHCb ]
3 500001 Preliminary ropm - > 10r (a) T oPHU Preliminary B
= C N s L 4
- -« Data Ny = (11711 +£9) x 10° 1 © - + Data -
= 40000F-— Full model < 8 — Fullmodel
g f—xpn A — oy ]
< 30000} Background - S 6 |1t Background |
5 C ; \ ] h - b | 99 -
© 20000 / \ N S 4 4
/ \ ] I
AN -; zw‘ [RekE
/ N - " [T T3]
SO/ Y T T I
1100 1150 1200 1250 1300 200 1300 7200
mST [MeV/c?] My e MeV/c?]
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LHCh

L7 > pputp” w0

s Background subtracted data is fitted

LHCb-CONF-2016-013

= No sign for a narrow peak

p-value of continuum-liked hypothesis Fit with 214.3 MeV peak: N=1.6 £ 1.9
o C T ' ' ' T ' ' ' I Y e e II_I-]|CIbI T ]
© 1T— — — L -
3 - ] > I Prelimina ]
= 0.998— LHCD - S sf . IDalta Y B
O Preliminary - e b — Full model ]
0.996 () . g 4 (b) — . Signal -
- ] S Baekground
0.994F . S 3Ot E
B ] S
C 7 (@) -
0.992_— — 2:— > > 7
:_ _: 1: J \ L [ | L2 L
0.99: ] [\
C_ . | ! ! ! | . ! . L 0 i\ | o 4l dedd ol

220 240 260 210 220 230 240 250 260
m,,- MeV/c?] m,,- [MeV/c?]
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By - ¢y

= Lifetime distribution can in principle reveal of the
presence of right handed currents in the decay

P(t) o e "*"{ cosh (AT'st/2) — A% sinh (ATt /2)}
with 72 « zl—R . A5y= 0.05 + 0.03
L

s B% - K*Yy as control chancel for t accep

tance

N

S

=)
TT

N

S

S
TT1T

F B K*y

W

=

(=]
TTTTT

Missing pion -
— BoKar’X ]

1\, | Combinatorial

Candidates / (25 MeV/c?)

Candidates / (25 MeV/c?)

—+ Data —:
o~ — Model

-+ Signal

" it Peaking

l'_ Missing kaon ]
B Combinatorial

m(K**y) [MeV/c?]

m(¢y) [MeV/c?]



LHCh

B - ¢y

= An analysis of the lifetime distribution

50 LHCh 5 A _ +0.46+0.23
§ i B'K*y ] ﬂ _ 0'98—052—020
S 03 2o deviation from SM
ol 3 F LHCb :
oast M gy /KOy :

Ratio of candidate yields

\a C ]
§ 103? LHCb E - .
2 | B—¢y ] 0.1 o Data -
8 1025_ E E _Flt N
: : 0.05F - SM =
10 E b O - |
e 0 5 10
OE—"‘“E!:‘.Q'T!f—AO_._.:—,—':—'—_:] { [pS]
=30 2 4 6 8 10
? [ps]
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LHCD

B/ (s) ~

= B(y — ¢4~ very interesting

b MSSM @)

||||||||||||||

=7TeV,4.9f" ]
=8TeV,20fb™" 1

SM wt@h)

S

HY/A®

+ 7 : -
- B ‘ | L L ) | |
b —(t~ 3 _ ., _ [ Contours for -2 AIn(L) = 2.3, ]
H ( ) ~tan63 u (T ) -0 2‘\ ATLAS \ 6.2, 11.8 from maximumof L ~ _]
S\ N I P BTN ) VN B VA NI

= B2, - utu~ consistent with e N A B B I R
(s) R Nature 522 (2015) 68 BBS - & 1) [107]
SM prediction introduce strong  aXv-1604.04263
constraints on NP models L
SM prediction  (3.7+02) (106 + 0.09) i
CMS& LHCb 2.EeT (3.9*19)
ATLAS (0.9%33) <42 @ 95% CL




LHCh

B?S) - TrT”

suppressed

= Inthe SM, B(,y = t*7~ is not helicity

= SM predicted Zis ~200 larger than B(;, —

a7
B(BSO — ’7‘+7'_)5M
B(BO — 7‘+T_)5M

(7.73 -

- 0.49) x 101

(2.22 -

-0.19) x 1078

s Zenhanced in many NP scenarios

m Current best limit from Babar
B(B° — 7777) < 4.1 x 107> at 90% C.L.
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= 7’s reconstructed through hadronic 1~ - -7 ~v mode

Q

Fewer neutrinos in signal but more bkg from D* and D decays

= Signal shape of NN is flat, bkg shape from control region
m FittorTr™ € (5 5), the S|gnal region

2

3

m_. /(10 MeV/c?)

K -.- LHCb Simulatio 10*

T ~ E
1200? o T :-_-‘..I' 2l ., ; LHCb Preliminary
L " 1;:1.:;:::1 ! 3 _25 i 103 :
S T S & 3
1000— & H - . = F
i 5 —20 S 5 |
i =T 5 10 .
800 - g
: ' b O 1F f
600= .. ? Ns|g = _46 + 51 !
L '_: E_ i 10 1 —_
i ¥ h_&.-' 55...‘|....|....|....|....|....|....|....|....|‘...
i r - [ I N R B I R B R S
205)00' ' '460' ‘ I6(|)0I ' I8(|)OJ ' ‘10'06 s '12'0(') 0 5O 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1
5 Neural network output
mnm/(lo MeV/c)

B(BY - 7777) <3.0x 107> at 95% C.L.
B(B° - 7777) <1.3x 107> at 95% C.L.
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Exotics




LHCh

Pentaquarks

s In AY - J/YpK~, amplitude fits revealed two J /ip
states, consistent with uudcc pentaquarks

s Model-independent method confirmed the observations

= Amplitude fits to Cabibbo-suppressed A} — ] /ypm™

o Significance of the two P and Z.(4200)~ together is 3.1c; if assume
production of Z.(4200)~is negligible, significance of two P." is 3.3c

o The two P production rates is consistent with expectation

A} — J/PpK-

) E LHCb
o Data
# Fit

PRL 115 (2015) 072001

V)

Yield / (20 M

> 1000

[=22]
=
=]

(=)
=
=]

400

200

A) > J/YpK-

0 il

#
‘i LHCb
1 ?

/

Expected shape w/o
exotics, ruled out by 9c

4

42 44 4.6 48 5 i
My [GeV]

PRL 117 (2016) 082002

< 40F
(]

= 35

Ap - J/ppm

—
LHCb

w/ exotics

E =] w/o exotics 3
=i b

- -
. T T
= H ]
\ 4 7]
i . ]
N\ - L 1
\
N =
. &

;
o

NN
PR SR RN T T S TR |

4.5 5
My [GeV]

PRL 117 (2017) 082003
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rachb | /¢ states in BT - J/PppK™

arXiv: 1606.07898 2
Z 120
s Observed four X — J /Yo S
£ 100
states : )
S
= JPC are useful for 60
interpretations of the states 40
o First two identified as 1**at >56 A
0 ST B ot . T o
++ 4100 4200 4300 4400 4500 4600 4700 4800
o Lasttwo as 0**at >4c m (Mev]
Contri- sign. Fit results
bution  or Ref. My [MeV | o [MeV ] FF %
All X (17) 1643 *+ 9
X (4140) 840  4146.5+4.5135 8342112 13+£3.2135
Average other experiments  4143.4+1.9 15.7£6.3 substantially larger
X(4274)  6.00 4273.3+8.3F1%2 56+117°,° 7142573
CDF 28] 42744751419 3272248
CMS 25]  4313.84£5.34£7.3 3873 £+ 16
All X(0%) 28+ 5+ 7
NRyys 640 46+1175
X (4500)  6.10 450641112 92421 *3 6.6+2.4733
X (4700)  5.60  4704+10 713 120431 132 12+ 57° 7
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rrch X (5568)T - BY n* state?

140~ DO Run II, 10.4 f6'

m Claimed by DG in pp collision

BS - ] /¢
0 M =5567.8 + 2.9 MeV PRL 117, 022003 (2016)§ 0l
a0 T =219+ 64132 MeV A

0 pP?=(861.9%1.4)% S

= No evidence seen by LHCb and CMS% L Mgm.wwﬁ M
In pp COIIISIon g:zzg #4'” DOSI;rellm_m)ary104fb1 v :
o 20x larger and much cleaner B? sample » i@f{};gggg;:g&mwa"on—_

5600 5700 5800 5900

- pX < 2-40/0 (LHCb) & < 39% (CMS) M(Bn) [MeV/c?]
@95% C L e . >140O(jMS Preliminary 19.7 1" (8 TeV)

; E LHCDb p (BU) > 10 GeV - Claimed X(5568) otate r - i e
g 250; T l:lcamblnalorlal E 31200; (@ ! i i
(=) o 0.+ L© 00 } ] - ~ r 7 i
by = o(pp = X + anything; X —» BJm*) S F Hod 21000
X a(pp’—~ BY + anything) & 1505_ Pt P E B sool
_ Ny €Bg % 1005_ 3 c 600l
B N 8_ % 50— = &)
Bg <X £ 3J L
© o 1 400
n=3- %—. .......... e i sy ;...............—. 200
I TAM MMM M
“TTBB50 5600 5650 5700 5750 5800 5850 5900 5950 6000 g.5 — I5.|6 — 57 — 58 — 5.9
m(B%z+) (MeV) AM(BYx )+|\/|(|3°)PDG [GeV]

PRL 117 (2016) 152003
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sSummary

= LHCb has performed many measurements with
unprecedented sensitivity in various aspects: CPV,
rare decays... Generally agree with SM well

= A handful of 2 — 4 ¢ deviations from SM observed,
and further investigations needed from both theory

and experimental sides
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Fit results

= Best fit has JP=(3/2-, 5/2%), also (3/2*, 5/2°) &
(5/2*, 3/2-) are preferred for low and high P

Mass (MeV) | Width (MeV) Fit fraction(%)
ce ce

P.(4380)* 4380 + 8 + 29 205+18+86 84+0.7+42
P.(4450)* 44498 +1.7+2.5 39+5+19 12 ¢ 41+05+11

[PRL 115, (2015) 072001]

For P.(4380)",
B(AY —» PEK)B(P! — J/p) = (2.66 + 0.22 + 1.333048)x 1075

For P.(4450)7,
73(/1,, - PYK™)B(P} - J/¢¥p) = (1.30 £ 0.16 + 0.357)43)x107°

Chin. Phys. C40 (2016) 011001
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iSa Legendre moments

=y P"\ P(cosé 6=60. or 0.
d cos @ l_0< : > l( ) K A

+1 Nevents
<BU>=I aN P(cosO)d cosO o ZglPl(cosQ.)
i=1

Y dcost s

A* can contribute only to Reflections of exotic hadrons can
low-order moments contribute to low and high order
A*-only hypothesis called H, moments:
[max =2.] - — Detecting non-zero moments
above 2./, . signals presence of

J .4 1S the highest spin of

A* resonance possible exotics
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Moments coefficients
as function of m,_

From know A* resonances, quark model predictions as a guide
Much fewer known states than predicted!

LHCh

Known A” states: A* mass predictions by Loring-
boxes Ml Metsch-Petry EPJ, A10, 447 (2001)
% 2600 . — —
= F —
& 2400 — — - _ H —
mol- — — _ || _
2000 T ﬁ — -
1800f~ i — 11 H
16001 ™~ ] expected here:
N = =1 exclude
P o
S S A L R L A A A A O
o2 2 2 2 2 2 2 2 2 2 2
B 1 1 I 1 L 1 I L 1 1 I 1 L 1 I L 1L 1 I 1 1 I [
1000 0 1 2 3 4 5 6 7 8@10 -50 .'-l....l....|....|....|;|5

1.5 2 1.5 2 2.

lmax( Mg, ) ' Mg, [G;?V]
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A > ]/ Pppr™

= Cabibbo-suppressed decay A — J/ypr™

m 2is ~8% of the favored A} — J/ypK~ decays
PRL 117 (2016) 082003

- . | ' I |

= - LHCDb + Data

2 400F  1,885:50 T e E
B - signal events Signal
L£300F 479 2




rach Possible exotic contributions

| = P.(4380)" and P.(4450)" observed in the

favored mode by LHCb

m 7.(4200)" - J/ym~ observedin B® - J/Yyrn~K*

by Belle
d -
W {E}ﬂ
A {E E}PE
b d_:_h'""'-——p—u

T
(not present in a1
Cabibbo favored

case)
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ach  N* resonance models

State JP  Mass (MeV) Width (MeV) RM EM « LS couplings
NR pr  1/27 - - 4 4

N(1440) 1/2F 1430 350 3 4 allow for
N(1520) 3/2- 1515 115 3 3 reduction of
N(1535) 1/2- 1535 150 4 4 the number
N(1650) 1/2- 1655 140 1 4 of free
N(1675) 5/2~ 1675 150 3 5 parameters
N(1680) 5/2F 1685 130 -3 by excluding
N(1700) 3/2- 1700 150 -3 high L values
N(1710) 1/2F 1710 100 |

N(1720) 3/2* 1720 250 3 5

N(1875) 3/2- 1875 250 -3

N(1900) 3/2F 1900 200 -3

N(2190) 7/2- 2190 500 -3

N(2300) 1/2F 2300 340 -3

N(2570) 5/2= 2570 250 .3 } BES-II
Free parameters 40 106

Reduce Model for central value, Extended model for significance and syst.
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&% Full amplitude fits

m Significance of the two P;* and 3 “F © LHCb 7
Z.(4200)~ together is 3.1c. %23 w/ exotics
s Evidence for exotic hadron @ 25F E
- - 0 — ' T_)QO;
contributions to Ay —» J/Yypr~ ! £ 15l
o ——— 10f
> [LHCb {4  ——Daa | 50
(b} . x4 7 4 :
=102} wry AVl A meet 1
To N Y B W e P.(4450) - 4.5 5
N ~m> P(4380) i m,, [GeV]
> [ & 0 e Z.(4200) . — I
& > 40F (b) LHCD E
>°__> 1ok 1' gar | E 350 :
A e = 30F E
e ] ;'_3 20 T T 3
1 2.5 10F AT e
Mpr [GEV] o il e |
PRL 117 (2016) 082003 35 4 45
My [GeV] 45



&% Further results

= Individual exotic hadron contributions are not significant
More data are needed

s |f assume production of Z.(4200)is negligible, significance
of two P is 3.3c

“ Fit fraction | R, x = B(A) > Pin~)/B(A) - PEK")
(%)

Z.(4200)" 7.7 +2.8%%% —
P.(4380)" 5.1 +1.5%%1 0.050 + 0.016793922 + 0.025
P.(4450)*  1.6738+0¢ 0.03319:916 ¥3:033 4+ 0.025

[ H.-Y Cheng and C.-K Chua, PRD92 (2015) 096009 ] : R;/x = 0.07~0.08
[ Y. K. Hsiao and C. Q. Geng, PLB751 (2015) 5721 : R,k = 0.58 + 0.05

A} — J/yppn~ are consistent with A) — J/PpK~ results
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rgch  Physics (APS) Synopsis:

http://physics.aps.org/synopsis-for/10.1103/PhysRevl ett.117.082003

Synopsis: Pentaquark Discovery E2000
Confirmed

Evidence for Exotic Hadron Contributions|

0
August 18,2016 to Ay — J/yprDecays
— R. Aaij et al. (LHCb Collaboration)
New results from the LHCb experiment confirm the 2015 discovery that quarks can combine into groups of five. Phys. Rev. Lett. 117, 082003 (2016)

Published August 18,2016

Model-Independent Evidence for J /yp
Contributions to AY — J/ypK Decays

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 117, 082002 (2016)
Published August 18, 2016

CERN

Announcements

Neutrinos

Find out more about research on neutrinos in this

Pentaquarks are here to stay. Two new studies from the LHCb collaboration at CERN’s Large Hadron Collider quash K i i X
collection of articles from the archive of Physics.

any remaining doubts about the discovery of the exotic five-quark particles that was announced last year (see 12
August 2015 Viewpoint). One study demonstrates that the evidence for pentaquarks in the discovery data is model More Announcements »
independent. Another reports evidence for exotic hadronic particles—whose properties are consistent with those of
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CPV phase ¢

m Phase difference between interference of mixing and
decay in B system

bs = Oy — 2¢p
Pp
Aect defm
B, e fep
IXing an ecay
Mixing M B, D\ Decay
R 0 e 4
I/ I/
By W
. - dominate ) DA )
s Contributions to measured value [CKMFitter]
meas — pSM 4+ ApP"E + 5NP pSM = _0,0376+5:3997 rad
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results

LHCb, PRL 114 (2015) 041801
! B>Jvd , Jyntn:
S 8% CLoontowrs | ¢ =-0.010 = 0.039 rad

(Alog £ = 1.15)

[ [CDF 9.6 b~

) 10 In agreement with, much less
< 008 precise than
0.0l - .M =-0.038 + 0.001 rad
. ATLAS 19.2 fb
oo e 0 ad LHCb result most precise but
still statistically limited
Exp. Mode Dataset o= AT, (ps7™) Ref.
CDF Jo 9.6fb~" [-0.60, +0.12], 68% CL +0.068 £ 0.026 £ 0.009  Phys. Rev. Lett. 109, 171802 (2012)
DO Jhoo 8.0fb~! —0.55793% +0.16313983 Phys. Rev. D85, 032006 (2012)
Mgk ATLAS J/o 49" +0.12+0.25+0.05 +0.053 + 0.021 £ 0.010  Phys. Rev. D90, 052007 (2014)

< 1L.OSATLAS Jjko 14.3fb~! —0.123 +0.089 +£0.041 +0.096 + 0.013 + 0.007  arXiv:1601.03297
GeV  ATLAS  above 2 combined —0.098 +0.084 +£0.040 +0.083+0.011 +0.007  arXiv:1601.03297
1971 007540 3

fb~! —0.058 £0.049 £0.006 +0.0805 = 0.0091 = 0.0033 Phys. Rev. Lett. 114, 041801 (2015)
1 — Phys. Lett. B736, 186 (2014)

LHCb above 2 combined —0.010 + 0.039(tot) — Phys. Rev. Lett. 114, 041801 (2015)
LHCb D! D; 3.0/b~" +0.02+0.17 £ 0.02 — Phys. Rev. Lett. 113, 211801 (2014)
All combined —0.033 £+ 0.033 +0.084 £ 0.007
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ehb  Penguin pollution in ¢,

¢meas _ EM +A¢£eng _|_5NP

Penguin contribution is small, but cannot can’t be
calculated reliably from QCD

To reveal NP, necessary
¢peng

to know A d
Penguin in B - J /Y ¢ B? <

= |l = 0.22

b — CCS o

IS doubly-suppressed;
can be study Iin
enhanced process:

B® - J/yp°
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LHCh.  Measurementin BY — J/ymtn™

Time-dependent full z  E Gy [ o '
: : = 1200 - Si
amplitude analysis < oo - Baclground
] i T & f,(500)
= Large p? fraction ~65% 3 sof o 1270)
£ 600F 70
1/p°® _ +28)° | £ of
VP =(41.7 £ 9.61%%) £ f AT A et
0 s Y — X renesiouty
_ ]/lppo _ 4cCs 0.5 1 1.5 L 2‘
= A¢a = g ba [PLB 742 (2015) 38-49] "™ 10V
= (-0.9+£9.7%25 - - -
- Including theoretical uncertainty,
12 ApP" is limited in +£18 mrad @
ApPee = — A 68.3% CL. Better than o(¢s) =
+ 33 mrad

It becomes an important benchmark channel for LHCb upgrade
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LHCh.  Measurementin BY — J/ymtn™

= Time-dependent full ala .k
amplitude analysis A% ool
m Large p0 fraction ~65% “'~
JIVPT — (41.7 +9.6428)", i
JWp° _ e L
— CCS t' modulo 2t/Am, [ps
= Ada = ¢g _o(pd [PLB 742 (2015) 38-49] o Pl
= (-0.9+£9.7%25 - - -
- Including theoretical uncertainty,
12 ApP" is limited in +£18 mrad @
ApDTE = — ——3A¢a 68.3% CL. Better than o(¢;) =
B + 33 mrad

It becomes an important benchmark channel for LHCb upgrade
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LHCDb goals

m Find or establish limits on physics beyond the
standard model using CP violating & rare
beauty & charm decays

= Rare: B,—uy-, BO—K*utu-, B——Kete /Kutu-
m CP violation: determine Z£’s: v, B, ¢

0 v measured with B-—DP? K- decays

0 ¢, measured with B.—J/hy¢o & J/yntn~ decays

0 All B—J/hy nfn- & JIyKK- studied

o In study of B —>J/yK*K-" [arXiv:1308.5916], A,—J/wKp
was suggested as a potential background
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