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Future programs for flavor physics

e 10 years ago
adron and lepton colliders Future programs: LHCb, BESIII, Belle2...

Yuanning Gao
Center for High Energy Physics (TUHEP)

Tsinghua University

Why future programs (1)

(A far from complete list)
Search for hits of new physics.

- Further (over) constrain the CKM matrix from tree
levels (less sensitive to NP) and from loop levels
(sensitive to NP)

- Rare decays of charm, bottom and tau; charm EDM,
kaon interferometer, FCNC decays ...

Thanks to: F. Bossi, S. Eydelman, F.Harris, N. Katayama, S.E.Mueller,
Y.F.Wang, M. Yamauchi ...

(. Understanding the perturbative/non-perturbative h
nature of QCD. Improve theoretical predictions
- Hadron spectroscopy (quark+gluon), form factors ...
- R measurements
\. J
August 17, 2007 Y.Gao /LP07 9
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LHCb Detector

LHCb, Int. J. Mod. Phys. A30 (2015) 1530022; 1JMPA 30 (2015) 1530022

Forward spectrometer running in pp collider

* Excellent tracking and vertexing
 Excellent Particle ID
* Efficient trigger with u’s
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Comput. Phys. Commun. 208 35-42
Int. J. Mod. Phys. A 30, 1530022 (2015)

LHCb Trigger

» Versatile two stage trigger

* Efficient trigger for hadronic channels

~

Efficiency (%
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RUNII Turbo stream: Candidates

reconstructed at trigger level

saved for offline analyses directly

100
90
80
70
60
50
40
30
20
10

0

2 —~— ;

4 I

3 L LHCb Trigger Preliminary E
5 10

0 20
pT(D ) [GeV/c]

~ ~r =~

: 40 MHz bunch crossing rate
|

LO Hardware Trigger : 1 MHz

readout, high Et/Pr signatures

450 kHz 400 kHz G F

h!:

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alighment

of inclusive and exclusive triggers

T I3 17

[ Full offline-like event selection, mixture]
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Integrated Recorded Luminosity (1/fb)

Data Samples

LHCD Integrated Recorded Luminosity in pp, 2010-2017
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Hadron spectroscopy studies at LHCb

Benefit from excellent tracking, particle identification
and efficient trigger system, LHCb is a unique
laboratory for hadron spectroscopy studies.

In this talk, only focus on most recent results on
- Pentaquark studies
- Observation of excited . states

- Discovery of doubly charmed baryon Z2.*



Pentaquark studies

Ay, — J/YpK

Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58 Ay

decay point

Ap —

PP
collision point
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Discovery of pentaquark states

LHCb, PRL 115(2015) 072001

» Two pentaquark states observed in A}, - J/ypK~

% 2200 —=a— data
S 5000 t —e— total fit

background

9.4I 1.8 2.4 2.6
My, [GeV]
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Discovery of pentaquark states

 Amplitude analysis reveals the properties LHCb, PRL 115(2015) 072001

P.(4380)* P.(4450)*
J P %_ %+  rest frame A, rest frame
Mass [MeV/c?] | 4380 =8 +29 4449.84+1.74+2.5 ///Wﬁ B
Width [ MeV] 205+ 18+ 86 390+5+19 < /u ol — o P
. = - b —m
Significance *lej 120 O p st fra

* Confirmed by a model independent analysis

lab frame

LHCb, PRL 117 (2016) 082002

* Production & decay incb, chin. Phys. ¢ 40 (2016) 011001

B(AY — PT(4380)K™
B(AY — P (4450)K~

11/08/2017

)B(P — Jjpp) = (2.56 £ 0.22 £ 1.28 17 32) x 107°
)B(PF — Jipp) = (1.254+0.15+0.33 7 -22) x 107°
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Study of /1,, - J/Ypr~

LHCb, PRL 117(2016) 082003

e Cabbibo suppressed mode with less statistics
* Exotic Z contributionsin J/Ym
* Fit with 2 pentaquarks + Z.(4200) favored by 30 compared to

no exotic contributions ~ AT — —

= 40F () LHCb
= 35F —=— Data "
O ~Af —— RM N*+Z_+2P, :
\L(_)/SOE_ _______ EM N* —E
B 25F NN P(4450) =
38 F .. ~n> P (4380) ]
© 20F ] e Zo(4200) 3
> 150 | It s

1ok 'E';: My > 1.8 GeV

5_ ‘ s t 5 %.

O e Ar——— —

m o [GeV]
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Observation of /12 — Xc12PK™

LHCb, PRL 119 (2017) 062001
Pc(4450) close to y.4p threshold, triangle singularity ?

. . .. Guo et al., PR D92(2015) 071502
Study with radiative y; — J/Yy decays

Mass constraint on . to improve resolution, forces y., to lower mass

First observation of this mode,
full amplitude analysis foreseen
with RUNII data added in

B(Ag — Xe1pK ™
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—-Comb. ~

Events / ( 5 MeV/c?)

- m(x pK ) [MeV/c?]
Belle, PRD 78 (2008) 072004

Suppressed in B = x;K decays BaBar, PRL 102 (2009) 132001
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LHCb, NPB 874 (2013) 663
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Observation of E;, — J/YAK™

LHCb, PLB772 (2017) 265

* Look for udscc pentaquark in this mode Wuetal, PRL105 (2010) 232001
Chen et al., PRC 93 (2016) 065203

* First observation with RUNI data —

| —<4-Data |
* ~300 candidates seen 40|~ — Total fit LHCb |
[ ;’;//Slzgor;?l A decays |
— = - I In vertex |
I B, - JlvAKT) —(4.19+ 0.29 + 0.15)x102 £201 comb. bk detector -
fg  BAY = JhyA) <7 |
= #, 4
m(Z;) —m(Ay) = 177.08 £ 0.47 £0.16 MeV/c* S — —
O L
( one of the two world best measurements) %’80;— A decays 3
=60 - after vertex
© 40f detector
* Fullamplitude analysis foreseen with | 2 !
RUNII data added in T T

75900
m(J/wAK") [MeV/c2]
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Observation of exited (). states

Jaffe, Phys. Rep. 409 (2005) 1
* Single charmed baryons predicted to form SU(3) multiplets: 3 ® 3 =3®6
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» All ground states are observed; Excited A}, X, Z. states have been reported but

no excited (Y states were observed before LHCb
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Observation of exited ). states

LHCb, PRL 118 (2017) 182001

e 3fblRunl+0.3fb™*Run Il pp collisions data

e Decay: U0 > EXK~, Ef > pKrm?

d > Cabibbo suppressed ¢ —» dW**
c - p decay, but much higher
—_t Wt U reconstruction efficiency
=c
> S 80000
S > K = 0 | o = 7 MeV
> | Purity = 83% LHCb
Selections: particle ID, displaced vertex E 600001
Q
17(EY) ~ 0.45 ps, EF decay vertex well 5 i
. . < 40000
separated from primary pp collisions (PV) = I
@)
Note: decay time resolution ~ 45 fs -
20000
K* I
PV - =t 0_‘.|...|..‘|...\.
T p K-, 2440 2460 2480 2500
PTy -~ m(pK %) [MeV]
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Observation of exited ). states

LHCb, PRL 118 (2017) 182001

5 narrow states & evidence for 6" broader state at high mass

Resonance Mass ( MeV)

[ (MeV) Ny =+Ax? Fit quality improves when

2.(3000)°  3000.4 £ 0.2 £ 0.1793
2.(3050)°  3050.2 £ 0.1 £ 0.1

2.(3066)°  3065.6 £ 0.1 + 0.3%0
2.(3090)°  3090.2 + 0.3 £ 0.5702
2.(3119)°  3119.1 £ 0.3 £ 0.9793

454+0.6+£03 204 including a broad

0.84+0.24+0.1 204 structure or multiple

< 1.2MeV,95% CL
S 04400 930 states around 3200 MeV
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e
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Observation of exited ). states

LHCb, PRL 118 (2017) 182001

* Matching between observed peaks and predictions requires spin-
parity information: studied with three-body decays or in decays

of heavier baryons
See backup pages for the references
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Doubly charmed baryons

+
* Predicted to form two SU(4) baryon 20-plets with J¥ = % and JF = ~ , each

contains a SU(3) triplet with two charm quarks: 2/.(ccd), EX (ccu),

QF.(ccs)
p 3'F 14' . . . .
e JP = E expected to decay to > states via strong/electromagnetic interaction

+
o« JF = % states decay weakly with a ¢ quark transformed to lighter quarks
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Doubly charmed baryons

* Masses of ground state and excitations by many theoretical models
> Predicted 227" masses in range 3.5 — 3.7 GeV, M(Q}.) =~ M(Z,.) + 0.1 GeV
> Mass splitting between E}. and £XF only a few MeV due to u, d symmetry

* Lattice QCD computations:

M(E_ ) ~36GeY. M(@Q:) ~ 37 GeV

> 3750
D]

= 3700 F

3650

3600

3550 F

3500

HQET: two charm quarks considered
as a heavy diquark, doubly heavy
baryon similar to a heavy meson Qq

J T T T T I T T T T I T T T T I T T T T I T T T
Predicted E:C’H mass O
[ .. - D_ ______________________ ]
]
DDD ulin) . m
n b m o
o O . s -
B u | (] t O 0 = :.
n i o ] )
0O iquark
—— D —
n U =
= O o O
C U O 0
3450 1 1 1 1 1 | | | 1 1 |
See backup pages for the references
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Doubly charmed baryons

 Lifetimes known to be affected by spectator decays + non-spectator decays
and Pauli interference, qualitatively

c s c s
Spectator (Is) d <W*(u5) W-exchange (W) 4 I w' u

u/s u/s U U

Particle | 7 (ps)
 Expectation: T(E}F (ccu)) > 1(E}.(ccd)) DO 0.410 + 0.002
Df 0.500 % 0.007
. Caleulat _ - 200 — 7001 § DT 1.040 4 0.007
alculations give 7(2¢) € | — 700] fs D (BF) | 0.507 + 0.009
ATt (cud) | 0.200 + 0.006
See backup pages for references =0 (csd) 0.112 & 0.012
=+ (csu) | 0.442 + 0.026
Q0 (css) | 0.069 4 0.012
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Results from SELEX

* SELEX (Fermilab E781) collides high energy hyperon beams (X7, p) with
nuclear targets, dedicated to study charm baryons

* Observed Z}.(ccd) inE}, > ALK n" and £}, - pD*K™ decays

> Short lifetime: 7(E/.) < 33 fs @90% CL, but not zero

o(E})xBF(E{~ALK~1tt)

» Large production: R = — ~ 20%
a(A¢)
» Mass (combined): 3518.7 + 1.7 MeV
5+ — AYK~mt  PRL89(2002) 112001 =+ - pDtK™ PLB 628 (2005) 18
IS D'K
o 8 r $ 4 K p—4b'P‘ Prob
N . ® [ pe€ak mass: -D1n Fo1sson rro
% 7 - 15.9signals Sa5  3516Mev || <64x10®
= 6 - g | Lio>10
0 g | w 3: |
X 25 5.62 signals
24
E 4L ﬂ’ 2
> L
" 2 '"'ll'— JI -IJl O "Jn:J 15
1 N gl L 1 [ (LI ’JH 1
0 :HJ | __"_I. | PO N | P 1 | 0.5
- 342 347 352 357 3.62 :

%46 348 35 352 354 356 3.58
M(p D" K)
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Results from FOCUS

* FOCUS (Fermilab E831) studies charm hadrons produced in photon-nuclear
fixed target collisions

« FOCUS didn’t confirm £/, observed by SELEX in Af K~ m*decay

Decay Mode
Experiment
—cc Bvents

Relative Efficiency
Zee/ NS

SELEX Hcc
TO0uS Rel Prod

= > ATK 7t
FOCUS  SELEX 3
<221@90%  15. 8

5% 10%
<0.23% @90% 9.6%

>42 @ 90%

* Other modes also studied: . - AtX, DX
D*X, no SELEX-like signal peak observed

11/08/2017

Events /4MeV/02

oo

Nucl. Phys. Proc. Suppl. 115 (2003) 33

6l

E FOCUS: Sum of all E__ decay modes

SELEX E/.

AN LA 11

35 36 3.7 3.8 39 4 4.1
— GeV/c
M(E)
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Results from Babar & Belle
« ete” colliders working at Y(4S) mass /s = 10.58 GeV
* Large A} yields: ~ 0.6 M at BaBar, ~ 0.8 M at Belle

 SELEX-like . signal not confirmed in £}, - A K™ decays

+ —
R = “<~cc)xBFfj~(Zc+)AcK ™) < 2.7%x10~* (BaBar) 1.5x10~* (Belle) @ 95% CL

BaBar: PRD 74 (2006) 011103 Belle: PRL 97 (2006) 162001
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s S f | |||||| I )€Y f- W 100 |

SRR O £ 9 1 "u.l”i" it ¥ I

R T . » L ]

I 0 I ]

. 09 10 11 ]2 ]% ]4 15 3.4 3425 345 3475 3.5 3.525 3.55 3575 36 3625 3.65

+ 2
AM(Ece — A¢) GeVie M(ALK %) GeV/c?
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Previous studies from LHCD wic, mep 12 2013 050

* LHCb searched for E}. - ALK ~n™ decay with 0.65 fb'! of 7 TeV data
> N(AY) =~ 0.8 M, requiring high-py
» No significant peaking structure observed with m € [3.3, 3.8] GeV
> Experiment sensitivity strongly depends on Z}. lifetime

o(E¢)XBF(Ef.~AfK 1)

R = .013 fi = 100 f
s < 0.013fort 00 fs,
< 3.3x107*fort =400 fs @ 95% CL
;T\ Lt e e ] 10 T : T T T T : T : 3
RS 12 . LHCb @) § LHCb . —100fs —150fs —250fs §
% 10E SELEX E¢. I E § [ SELEX EZFCI —333fs —400fs .
:S B I ] =)\ 02 b —
N2 | 3 5 107E E
g | ] ~ | | ]
§ of I s TN VNG N
g b J E0°F E
SIS ] | | E ¢ 5
2l g \ | i \ \ i 1 _
N I 1 VM i s, b3
400 500 600 700 800 . 200 500 200
dm [MeV/c?] dm [MeV/c?]
dm = m([pK‘nJr]AérK‘nJr) — m([pK‘n“L]Azg) —m(K™) —m(n™")
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Search for £5F (ccu) at LHCD Lemeenonras

(accepted by PRL)
 Expected to have longer lifetime than E}., higher sensitivity at LHCb

* Decay: E5F - AYK~n*n™, branching fraction up to 10%
Yu et al., arXiv:1703.09086

=+t =+
Zoe = NACK nun

>

IS
A\

>
»
»

S
u
<Z:

+
A Eft > K ntntAf (- pK~nnt)

et

(AY) = 200 fs
o,.~45 fs

e Data sample: LHCb run Il at+/s = 13 TeV, ~1.7 fb!

» Dedicated exclusive trigger ensuring high efficiency, full event reconstruction at
trigger level

» Run | data (2012) also analyzed for cross-check
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IVI aSS S p ectrum LHCb-PAPER-2017-018

« A significant structure in right sign (RS) combinations: A7 K "™
* Not present in wrong sign (WS) combinations: AZ“K_T[+7T_

* Not observed for A background candidates % oo

> 8005— LHCb 13 TeV _

. . . . . . = E E

* Distributions similar except the peak in RS GI0p Csiat

2600 ideban 3

£ soof E

2 400F 3

200 E

A significant peak! 0} |

T T 0 2350

PRGN m,. (A7) [MeV/c?]
— L30T T T T ,( L \\ T =
%, 2340 = . LHCb 13 TeV ¢ \ .
= 2 300F \ =
) - I \ .
= 2320 = sob —Data RS I 1 E
" 5 2 - ~+ Data WS I | :
E 2300 %200;— -+-Data SB '| | ,'* i f
< 5 F Voo b e R
g 2280 2 150 F Vool T TR
RN AT T
£ 1960 S 100F ;f AL R 3
o Fr == ]
2240 30 s E

3300 3400 3500 3600 3700 38000 3%06 - é40(l) - 3I»50(I) - é60(I) - é7O(I) ~ _;5800
m, (52 [10 MeV/c?] m, (E55) [MeV/c?]
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Fitting the mass peak

* Studying Af-mass corrected mass: meana(BéH) = m(AfK~n+) — m(AE) + mppg (AY)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value
» Local significance > 120

m(E2 ) =362140 4 0.72(stat) £ 027(syst) £ 0. 14(A7) McV
m(22, ) = m(A:) = 113494 + 0 72 (stat) + 027 (syst) MeV

Q L L | .
= ig: LHCb 13 TeV :
% 140E iTD;l:;l E Systematic uncertainties :
2120E " Signal Source Value [ MeV/c]
£ 100F -- Background Momentum-scale calibration 0.22
% 802 Selection bias correction 0.14
S 60F : Unknown =17 lifetime 0.06
JOFTTT J 1 Mass fit model 0.07
20F E Sum of above in quadrature 0.27
e AT mass uncertainty 0.14
m, (Ze) [MeV/c?]
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Fitting the mass peak

++

* Studying Af-mass corrected mas
» Signal yield: 313 + 33

S: mcand(Ec

c

LHCb-PAPER-2017-018

) = mALK~ ") — m(AL) + mppg (AY)

» Resolution: 6.6 + 0.8 MeV, consistent with simulated value

» Local significance > 120

m(="") = 362140 1 0.72(stat) & 0.27(syst) I 0.14(A7) MeV

m(Eg_c-l_

) — m(AF) = 1134.94 + 0.72(stat) + 0.27(syst) MeV

Value consistent with many theoretical calculations, especially LQCD

> 3750 e LA B S S B B B
é) : Predicted .. mass O .
3700 p-------------- S TTTTTTTTTTTmmmmsmmssmoooees —
E = DDD - O 0 E
3650 - O . b o . -
= 0 ]
3600 C LHCDH 5+ O - o ]
- =cc 00 1 See backup pages for references
3550 - - S
- - = O = -
3500 ------mmmm s —
- = O O ’
3450 1 ] L ] | IR S N
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Test with RUNI data

* Signal peak presents in RUNI data sample with significance > 70

50
40
30
20
10

Candidates per 5 MeV/c?

70E
60 F-

—+ Data

---Background

Ll

T T
LHCb 8 TeV E

C ] 1
3500

R P P B
3600 3700
m., (5. [MeV/c?]

N > NiKg ) =113 1 21
Resolution: 6.6 + 1.4 MeV

oM(runl,runll) = 0.8 & 1.4 MeV
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Signal properties

LHCb-PAPER-2017-018

* Peaking structure remains significant (> 120) after requiring minimum
decay time, t > 50y. It is indeed a weak decay.

Candidates per 5 MeV/c?

[E—
N
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[

(U
-
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Ny 5 O X0
o o o o O

I
LHCb 13 TeV

~+ Data
— Total
-------- Signal

---Background ][ .|

S -
- M B R S .

3500 3600 3700
m_, (5" [MeV/c?]




Comparison with SELEX e

* Large mass difference: m(Z27.7) hep — M(EZ)seex = 103 + 2 MeV

Hwang and Chung, PRD 78(2008) 073013;

» Inconsistent with being isospin partners Brodsky et al., PLB 698 (2011) 251;
Karliner and Rosener, arXiv: 1706.06961

 Production: N(E..)/N(A{) much smaller in LHCb result
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Summary

* LHCb has made important contributions to the understanding of hadron
spectroscopy

— Observation/study of excited B(D)mesons & b(c) baryons
B,(5721), B;(5747), B;(5840), B;(5960), E,,E,, Q...

— Observation/study of exotic states

X(4430), X(4140), X(4274), X(4500), X(4700), P.(4380), P(4450), ...

— Discovery of doubly charmed baryons

 Stay tuned with RUNII data + LHCb upgrade.
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Study of /12 - J/Ypr~

e Cabbibo suppressed mode with less statistics
* Exotic Z contributionsin J/Ym
* Fit with 2 pentaquarks + Z.(4200) favored by 3oc compared to

no exotic contributions

LHCb, PRL 117(2016) 082003
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Results from SELEX

* SELEX (Fermilab E781) collides high energy hyperon beams (X7, p) with
nuclear targets, dedicated to study charm baryons

* Observed Z}.(ccd) inE}, > ALK n" and £}, - pD*K™ decays
> Signal yields: 15.9 (A K n%) and 5.62 (pDTK™)
> Short lifetime: 7(2}.) < 33 fs @90% CL, but not zero

o(E¢)xBF(Ef,~»AfK~ 1)

> Large production: R = S0 ~ 20%
Cc
» Mass (combined): 3518.7 + 1.7 MeV Very puzzling
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Signal properties

LHCb-PAPER-2017-018

* Intermediate resonances: K*(892)°,%.(2455)**,2.(2520)**
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