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Disclaimer

* Only highlights from LHCD in this talk, details can be

found in:

o IRYIEHRIRE (Jibo He)

» Hadron spectroscopy and exotics at LHCb (Jinlin Fu)

* LHCb EbiaFIEREFRTIRINBIANZ (Jiesheng Yu)

* Charm physics at LHCb (Liang Sun)

* Recent CPV results at LHCb (Yanxi Zhang)

* LHCb future (Hang Yin)

* A global picture of all experimental status can be found in Liming

Zhang’s talk

2021/11/11 2



Fundamental questions (flavor)

Structure of particles
* New particles or forces

 Matter vs anti-matter

Dark matter (not discussed in this talk)

Key players: LHCb, BESIII, Bellell + CMS, ATLAS

2021/11/11 3



A machine emeritus

.-/"'

bb correlated
Lorentz boost

* Running from 2010 to 2018
* Key for flavor program: excellent vertexing, PID, good momentum resolution,

tagging of B flavor
2021/11/11 4




A flavorful machine

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

— L ]

g o 2017 (54251 TeVE1.T1 b+ 0.10 T

- B 2016 (6.5 TeVy 1.67 /b

z, * 2015 (6.5 TeV)y: 0.33 /b

D - 2012 (4.0 TeV): 2.08 /b

g ° 2011 (35 TeVy: 1.11 /b

é 2010 (35 TeV): 0.04 /b
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* Collected around 9 fb-! pp collision data

* Around 10" b produced in LHCb and 10!2 ¢ at the same time
* Trigger and selection efficiencies around 1% level = access to very rare

decays and measure precisely CP violation
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Fundamental questions (flavor)

Structure of particles
* New particles or forces

 Matter vs anti-matter

Dark matter (not discussed in this talk)

2021/11/11 7



An era similar to 1880s

From F-K. Guo
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Towards understanding structures

* Searching for new states in new/old channels
* Properties better measured
* Confirm/deny previously observed states

* Better identify observed states: same state or conventional cc

Link to other studies in proton etc.

2021/11/11 9



PRL 127, 082001 (2021)

NeW Tetl‘aqu arks arXiv:2109.01056

arXiv:2109.01038

 Families of exotic mesons extend further

« SU(3) partners Z.5(4000)* (J¥ = 1) found in B* = J /Y pK™
decays (similar story in BESIII)

* An even striking one: very narrow peak at D**D? threshold (ccd i)
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arXiv:2108.04720

Evidence of new pentaquarks Science Bulletin 66 (2021) 1278

 Families of exotic mesons extend further

* Pentaquarks currently only seen in Ay, = J/YpK

* Looking elsewhere, and evidence found

BY - ] /ypp = > J/WAK*

9 -' — T T T T T T T T T T T T T T T ; - . l . . . . : : . : . | . -l
e {2 wuo =T
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: R t
L 5 N
3 20 : —ijf_“ -
=T ﬂi N T e L T
S b= - T H | ¥ Tt
O 0 *4*1**#‘4‘2 13 44 442 245 45
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m(J/y p) [GeV] My 1GEV]
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Proton!!!

Constituent quarks 30% of 5-quark
component in proton

Garvey & Peng, Prog. Part. Nucl. Phys. 47, 203 (2001)

* Deep inelastic scattering and Drell-Yan process
* Spin crisis of proton

Meson cloud picture: Thomas, Speth, Henley, Meissner, Miller, Weise, Oset,
Brodsky, Ma, ...

|p>~|uud>+¢g;|n(udd)n"( du)> .
+& AT (uuu ) w( ud)> +€ | A (uds) K" ( su)>...

Penta-quark picture : Riska, Zou, Zhu, ... .
|p>~|uud> +¢g|[ud][ud] d>+¢ |[ud][us] s > +...
From B. Zou
2021/11/11 12




New insights on particle structures

arXiv:2109.08084
* (Valence-like) Intrinsic charm: |uudcc >

* Study via Z boson + ¢ jet in forward region: Rj = o(Zc)/a(Zj)

—~ 0.1l T T T [ T T T T [ T T T T [ T T
' B ]
i === stat i
N LHCb — _
5 0.08- statPsyst |
\ = \/g - 13 TeV -
S e :
(& . A
0.04_ X —]
~  NLO SM ]
- e PDF4LHC15-No IC L] =
nnNH— ]
. P . , ®NNPDF 3.0-IC allowed |
g\ 4 CT14+LFQCD (z)1c = 1% i
R B RS S S S SR
g c ; \, 2.5 3 3.5 4 4.5
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Harvest of LHCDb
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* Many searches on other doubly heavy flavor baryons, though null yet, but

high possibilities with Run3 data
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New picture of lifetime hierarchy

arXiv:2109.01334

* LHCD results from semileptonic b decays quite different from known values

and lifetime hierarchy changed dramatically

*  Our new measurements with prompt production confirm semileptonic

results and new lifetime hierarchy cast in stone

PDG
2018

LHCb
Semileptonic

LHCb
Prompt
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Fundamental questions (flavor)

Structure of particles
* New particles or forces

 Matter vs anti-matter

Dark matter (not discussed in this talk)

2021/11/11 16




New Physics search

* All SM particles, including Higgs, have been found;

* However new mechanism needed for DM, matter-antimatter asymmetry,
hierarchy problems etc.;

* Two ways to search for New Physics: direct search and indirect search through
precision measurements;

* Examples in history: many beyond “current” model New Physics first found

through indirect search

| SeS—
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New Physics search at tlavor sector

» Sensitive to New Physics scale much higher than direct search: 1-104 TeV
— Couplings O(1) to avoid fine tuning

i (d)
_ 1
Leg = Loy + E = O, (SM fields).
expected region for new increasing mass
particles (hierarchy problem, >
WIMPS)
proton decay -
neutrino properties PO =
mutoe -
flavor (quarks) .
dark matter
—_— e === - o terra incognita
LHC =
- z
Tevatron a ? - '?_‘:, g searches for light particles
| i 1'-% | | ; | ; | §| ; L9 | ; ;E 2N
I 1 T I I L | ' | I i I ) I y
I 3 5 7 9 1 13 15 17 log(Energy[GeV]) g
Experimental reach (with significant simplifying assumptions) 8 M N
v . Neubert

* Also “tasteful”, not only can tell there is New Physics, but also tell properties of
New Physics based on flavor it couples to

e Statistics or precision is key for flavor program: New Physics scale, i.e. Dim = 6,

proportional to V/statistics or 1/,/Uncertainty,

2021/11/11 18




O + — arXiv:2108.09284
B s U U arXiv:2108.09283
(;‘:’ E LHCb —e&— Dala
v 40 9 fp-! Total
E [ BDT 0.5  — ﬁz‘;_’w“_
~ — B'opurum
& 30 . .y
:; LU N Y | (NECCEEE B—sh™h™
&aj 20 N 1Yy e X, —huv
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= 10F '
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TSTETA 2t L s
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* Legacy LHCb measurements with full Runl+2 data:
branching fractions of B - utu=(y), B® - u*u~, + lifetime
of B > utu~
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New violation of symmetry?

* Symmetries at low energy could be violated at higher energy

* Three identical replica of leptons at gauge (however already
broken when interact with Higgs)

* Current anomalies from b - sl*l™ and b - clv

b — clv: anomalies found between 7 and u

« b - sl*l™: anomalies found between u and e (driven by p) +
p channel alone on angular variables, Br. etc.

 Possible new physics explanations: leptoquark, Z' etc.

2021/11/11 20




SMEFT fits

B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl @ LHCb implication workshop

1.50
—— ACDMN
1.25 A AS
' —— CFFPSV
—— HMMN
1.004 # SM
0.75 1
o
Z 2 0.50 A
O
0.25 1
0.00
—0.25
—0.50 T

-1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
CNPp,
9

fit to LFU observables + Bs — uu
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Highlights on new LU test results arXiv:2110.09501

R-1 B(B— K®ete / B(B— K®putyu™)
K B(B— Jh (ete™) (*)) B(B— Jh) (utp~—) K™)
!
. ' R, Belle
1. 1 < q?<6.0GeV?c*
R, Belle
&
0.045 < g2< 1.1 GeV?¢*
N RK.; Belle
10 < ¢2<6.0GeV?*c*
° R,..LHCb 9 fb"
) 0.045 < g2 < 6.0 GeV?/c*
RK*; LHCb 9 fb’!
i 1.1 < ¢2<6.0GeV*c*
| 1 1 1 | | L L | . I L L
0 1 2 3
RK(*)

* Results on R KO Ry~ recently released

* Same pattern as Rg+, Rp+o
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Interplay with other measurements

 Ifleptoquark or Z', would be interesting to search directly

in ATLAS or CMS

1pp—o O:Log‘all contours at 95 % confidence level June 2021
= LA s o S 7
— . = -1 ~
1 |/ ATLAS Preliminary = &2.00— r .‘3”" ’.201620.18“3T8.V]
- Vs=13TeV,1391b" 3z CMS
— S 1.75F
observed 3 E
....... — = 1.50F
expected = b -0~ Median expected
— %1 o5 #= Observed
trtr 3 o [ ™ 68% expected
arXiv:2101.11582 — o N 95% expected
&2
ttbv E pre 1.0
[ATLAS-CONF-2021-008]
sbottom-0¢ = 0-75¢
[arXiv:2101.12527] 3
3 0.50F
' ATLAS, 36.1 fb' (obs) 3 - 4 _ ]
RI= [JHEP 06 (2019) 144] 3 ‘ A e et
— el = -
0 L Ly - 0.00 1 1

' L o | "1 ol b b by gy 1 1 1 1
600 800 1000 1200 1400 1600 1800 2000 2200 2400 © 1000 1200 1400 1800 1800 2000
m( LQg )[GeV] Leptoquark mass (GeV)

* Currently null results from direct search
* May be interesting to look for symmetry breaking at flavor

sector, i.e. B-L processes
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Precision measurements of CKM

-value
d 1.0

0.0060||||||1]|||||||

- Bos ¢ LongsagaofV,, and V

o L
E \Vcb \SLM (dashed)

0.0055

0.0050

puzzles from inclusive and

I|IIII|IIII|I

0.0045

exclusive measurements

>-g0.0040
0.0035 =S ';" """""""" : : -
| ' : * Disaster for new physics

0.0030 =
00025 |- : 1 Ko, searches if we don’t

[ [spring1 excluded area has CL >0.95 | -
o.oozo—llllllllllllll N B R BT R 0.0

0.032 0.034 0.036 0.038 I({;MOI 0.042 0.044 0.046 0.048 understand CKM elements
cb

Changing |V,,| : [39-10° = 42.10°° precisely

changes |Vcb|2: by 16% (BM| - pu, AMs,a)
Vool 1 by 25% (K > 7'vW,5,)

V.| : by 35% (K,_ - 1’w,Kg - u*u')
From A. Buras

2021/11/11 24




Highlights on Vub’ Vcb PRL 126, 081804 (2021)

* Two new measurements, one |V,,;|/|V ;| from B; — Kuv, vs B; > Dgu*v,

[Vup| /| Vep|(low) = 0.0607 + 0.0015(stat) + 0.0013(syst) + 0.0008(D,) + 0.0030(FF) LQCD
Viw|/|Vey [(high) = 0.0946 + 0.0030(stat) 4% (syst) + 0.0013(D.) + 0.0068(FF) LCSR
.|....|....|..Ill|
‘I . ' ALEPH [PLB 395,373 (1997)] i
LHCb prehmlnary CLEO [PRL 82, 3746 (1999)] o ¥ BEES
Belle [PRD 93, 032006 (2016)] an e
BaBar [PRD 79,012002 (2009)] e
BO - K ut vy ren BaBar [PRL 104, 011802 2010)] o
using LCSR, q <7GeV2/c4 gt;glzli;ii;?géf;(i;;:gg?{i] [ SO
B >K u'v, — CeAL (P8 482,15 G0l T
using LQCD, ¢ >7GeV /et DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)] e
Ao —=p W v —— BaBar [PRD 77,032002 (2008)] o |
e L 215GV e b i oo T
Belle [PRD 100, 052007 (2019)] % rol
|V | /|V | (PDG) I~ BaBar [PRL 123, 091801 (2019)] & ref
b loger 17 b logy LHCb [LHCb-PAPER-2019-041] gaiaots
| " L L " " L L 1 L —Exclusive average (HFLAV 2019) I
0 00 5 0.1 «=Inclusive average (HFLAV 2019) |
|V|/|V| P PR BRI BRI |
b b
R 1020 30 40
V7,1 [107%]

* Discrepancy found in high and low g2 region with different form factors,
further investigation from both experimental and theoretical parts needed

* The other one, |V,,| from B — Dg*)_ pv,, using branching fraction information
from B® - D™~ putv, (set scale)
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Fundamental questions (flavor)

Structure of particles
* New particles or forces

e Matter vs anti-matter

Dark matter (not discussed in this talk)
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CP violation and CKM matrix

 Predicted matter antimatter difference much smaller than observed in Universe

* Need new CPV mechanism needed to explain

* CPVin SM from CKM matrix (closely linked to Yukawa couplings)
CHIR— RYRE R b

d S
H@E ;=
positive charge negative charge

CP: HfriiEf=F
FRAT $R

O 0L

electron positron

* Though successful, still many puzzles with CKM matrix
* Large hierarchy between elements, similar to hierarchy of masses = s| m

* Very different from neutrino sector t . b\ H
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Ways towards discovery

1-5IIIIIIIII|IIII|IIIIIIIIIIII

I~ | excluded area has CL>0.95 |

1.0

0.5

IIIIIII/

|l|l||llll|l|l|

IS 00—
-0.5 — —
-1.0 — =
- > ' sol. w/cos2p<0
- Spring 21 E (excl. at CL > 0.95) —
-1.5 RN B R R | N B R R S S RN AR ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P

* Probe new physics by over constraining CKM triangles

* Key elements, |V |, |V,3|, angles etc.

2021/11/11 28




New Yy combination

arXiv:2110.02350

* Using all LHCb measurements on y

* Charm contributions important, also including results from charm factories
and LHCb (CP violation in charm, W. Wang, PRL 110 (2013) 061802)

* Not only constraining y, but also on charm mixing parameters

= (65 4+ )

— SRS EAEE RS L na s 0.52 -3
— = 08 » ]
osf i = (6.30t8;§3) x 1073
0.4 N E
F ] Kr _ +4.2y0
0 :_W":‘“‘”""”"'EQMR'{g\';vwi‘c'i'}{ ...................... - © ;
- urren or verage g —
02k IIILHCbBeautyandCh%mn ] T'DE = (58-67 + 0-15) X 10
1. | PR BPETEE ATRTEr A Ll
02 0 02 04 06 08 1

z (%]

* Uncertainties still twice larger than obtained from indirect measurements

* Need more channels to further constraining it
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MiXing p arameter JHEP 03 (2021) 137

arXiv:2104.04421

b Vi, u,c,t Vis s , ,
- .- o Together with BY —» Dy mr™, yields
BO W E E W BO the most precise determination of
S ' ‘ S oscillation frequency!!!
¢ * Better precision from lattice needed

$ Wswol Vo b

* Mass eigenstates different from flavor eigenstates: Am
— B - D7t =— BY— D;n" — Untagged

17.64 17.66  17.68 17.70 17.72 1774 17.76  17.78
Am, [ps™!]

—~

0 R o ; ; ; ; : ;

a, verage " [ HCh B
g Dynt 6fb '} =
o’ Dyntrta 9fb~ 1
N—
~— Dynt 1fb7 1|
?, J/WKYK~ 2fb™
8 J/YKTK~ 3fb~1F
A

17.7656 £ 0.0057 ps~—!
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Future data taking plans

L~1 —3%103°cm2s! L~4 — 6x1035cm2s-! L~4%103%cm2s"!

Start taking data RF power and IR upgrade 50 ab-1 250 ab-!

Belle 11 1 l 20 ab! l l

Belle Il Running period Upgrade

2015-2018  2019-2021 2021-2025 2025-2027 2027-2030  2030-2031  2031-future

Phase 1 Phase Ib Phase 11
-1 -1 1
LHCD Upgrade 231b Upgrade S0 b Upgrade 300 b
Z~4X10%2cm—2s~1 ZL~2X10%3cm2s1 L~2X103%cm—2s™1
Data ~ 9 fb" Data ~ 50 fb"" Data ~ 300 fb-"
~1 interaction/Xing ~5 interactions/Xing ~50 interactions/Xing
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LHCD potential in near future

Observable Current LHCb Upgrade 1
(up to 9fb~1)  (23fb~1)  (50fb~ 1)
CKM tests
v (B — DK, etc.) 4°  [9,10] 1.5° 1°
¢s (B2 — Jhpo) 49mrad (8] 14 mrad 10 mrad
[Vas|/|Veo| (A5 = pu=v, ete.) 6% [29,30] 3% —
ad (B —» D~p'ty,) 36 x 1074 [34] 8x107* 5x107*
a$ (B = Dy utv,) 33x107%[35] 10x107* 7x107*
Charm
AAcp (D° - KTK—,ntn~) 29 x 1075 [5] 17 x 1075 —
Ar (D° - KtK—,7nt7n) 13x107°[38] 4.3x107° —
Az (D° — Kont7—) 18x107°[37] 6.3x107° 4.1x107°
Rare Decays
B(B® — utp™)/B(B? — putu~) 71% [40,41] 34% —
Suu (B = ptu”) — — —
AR (B - K*0cte) 0.10 [52] 0.060 0.043
Alm (B — K*0¢te™) 0.10 [52] 0.060 0.043
AZT(BY — ) o4 [51] 0.124 0.083
Spy (B2 — ¢y) 0.32 [51] 0.093 0.062
(A = Ay) 03 (53] 0.148 0.097
Lepton Universality Tests
Ry (Bt — Ktote-) 0.044 [12] 0.025 0.017
Ry~ (B — K*0¢+4-) 0.10 [61] 0.031 0.021
R(D*) (B° — D* {*u) 0.026 [62,64]  0.007 —
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Conclusion

* A flavorful era of particle physics

Particle zoo Flavor anomalies CP violation

1.50 1.5 11 LI B Y L LI — -
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XQ@00) v y655) L excluded area has CL > 0.95 ] g i
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