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1. CP violation in beauty
2. CP violation in charm

Outline
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Indirect CPV in B? decays to non-flavour-specific f.s.
*in absence of penguin contaminationé, » — 25, = argl — (V,,V¥)/(V,,V¥)]

Expected to be very small: CKM -25, = —37.04 £ 0.64 mrad

Classic mode for ¢,: B?— Jiy¢
-admixture of CP-even and CP-odd t-dep. angular analysis
*most precise measurement uses s - Jiyk*k-from LHCD: 31~

¢. = 60 + 49 + 6 mrad & o P08 o
S Z 68% CL contours

(Alog £ = 1.15)

0.12
@Y ) CMS 19.7 fb!

Significant x'k~ S-wave present
»sscan manifest in £(980) [ - #*77]
*BC = Jlyntn~ IS > 97.7% CP-odd at 95% CL0.06

0.10

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

6 [rad]
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Data 2015 - 2016: 2fb~! @ 13 TeV

Trigger:
- Hardware: high pr muon or high Et calorimeter deposit

- Software 1: High p+ & )(IZP muon or muon-pair with m(u*u~) > 2.7 GeV/c?
» Software 2: Full reco; good dimuon vertex, well-separated from PVs, near 11,

PV origin
Decay time >3ps  good

pr > 0.5GeV
muon ID

EPT > 0.25GeV

... and a BDT

decay vtx
no PV
origin
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1. CP violation in beauty &=

Data 2015 - 2016: 2fb~! @ 13 TeV

Trigger:
- Hardware: high pr muon or high Et calorimeter deposit

- Software 1: High p+ & )(Izp muon or muon-pair with m(u™pu™) > 2.7GeV/c?
» Software 2: Full reco; good dimuon vertex, well-separated from PVs, near 11,

9000F  — T T~ "~ . T T 1

(;: 1 ;— h _; <> 8000 LLHCDb —e— RS data and fit
é) 16000 | LHCb = % A — — B> Jlyrrm
- 1 < 7000 | /
) 14000 :— - Total _: E ------- B’— Jlyrx
g/ 12000 ;_ _; N 6000 \mm [ Physics background
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decay time, flavour tag,
(m_. /mgbin), BY helicity angles
- Efficiencies in angular variables (andm_, ) taken from simulation

e. g forBO — J/l//ﬂ' 4
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. Decay time acceptance determined using B° — J/l//K*(892)0 and known Tgo

- Decay time uncertainty calibrated with prompt J/yw+ h™h~
- effective resolution: 40 — 45 {s
- Flavour tag
a) decays of ‘opposite side’ b-hadron
b) jet fragments on ‘same side’ containing a kaon

oallbrate with B — D al

Total:

€ta§

(78.5x0.7) %
= (5.06 =£0.38) %
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1. CP violation

Results BY — JIyK K~ pT——
¢, = — 80 + 41 £ 6 mrad b= — 57+ 60+ 11 mrad
main syst: factorisation of mass and main syst: it amp. model

helicity angle

Combined, including Run 1 results: (/28 2aSER=000 11 val¢

Most precise determination of ¢, to date!
..consistent (0.50) with expectation assuming SM, and 20 from zero

HFLAV fo(980) dominates BY — J/yntn~

T
2, 0.14 DO 8 fb! [ spring 2019 | -
‘—%' . Spring 2019 > i . f(980)
z 68% CL contours O LHCb J-o D ana s - fZ(lSOO)
0.12 (Alog £ =1.15) E 10% E ' £790)
CMS 19.7 fb ! T — £,(1270)
B ' Z — £(1525)
0.10 " E
CDF 9.6 fb ! T 10°E
o
0.08
LHCb 4.9 fb!
ATLAS 19.2 fb !

0.06
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¢ [rad]
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1. CP violation in beauty
2. CP violation in charm

Outline
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2. CP violation in charm

Expected to be very small O(10~* - 107

v —1x2 - 1) A AN (p — in) 6
| -2+3 A2/\5 [1—2(p+in)] 1— 322 — 3A%(1 + 4A2?) AN
CkM ( AN 1= (p+in) (1-3X2)] - AN + %A)\‘? [1-2(p+in)] 1—1A2x ) T 0(/1 )

Opportunity to probe NP effects in up-type-quark sector

Imprecise predictions:
small m. = long-distance effects are significant

Time integrated asymmetry difference
many systematic effects cancel a4, =4,0° — Kk - AD° = 7*a)

Experiment AAcp

CDF (—62 4+ 21 £10) x 10~*
Much sought! BaBar (+24 + 62 & 26) x 10~

Belle (—87+41+ 6) x 1074

LHCD (3.0 b~ !, muon-tagged) (+14+£16+ 8) x 1074

LHCb (3.0 fb™!, pion-tagged) ( 10+ 8+ 3) x 1074

Aspen 20149;W|nter Conference
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D*(2010)*

Systematic cancellation: A ()~ A(f) + A, + A,
independent of final state

AArp=A_ (D - KtK™)—A_ (D - ntn)

raw raw

Trigger:
- Hardware: significant calorimeter / muon system deposits

- Software 1: High p+ & )(Izp track or 2-track secondary vix consistent with D’

(Nearly) real-time detector alignment and calibration

- Software 2: Full reconstruction; kinematic/topological/PID selection

o e
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2.CP ioltion

» Exclude regions with large Ap(rttag, pitag)
» Mass window for )°

- Require good )"+ vertex, close to PV
» Correct different KK/mirt tag-kinematics

Muon-tag only:

» Dedicated BDT to suppress comb. bg.

- Explicit veto for b — [c¢ = pTp~1h( = 7, K)X

Simultaneous fit

- m(D*(2010)™) for pion-tagged
- m(D") for muon-tagged
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2.CP ioltion

Systematic uncertainties

- Signal/background mass models R
LHCb ]
Pion-tag: ¢(AA;p) = 0.6 x 10-4 o0or o
5000 s
- B - k&1
- Muon mistag 1000
Main syst. for muon-tag: 6(AAcp) = 4 x 10-4
- Tag KK/mtrt kinematic reweighting Y03

600

- Bg peaking in m(D% ") but not m(DO)

R I

500}
DY —>7t,u 1/

400§
DO = re U

300

Pion-tag:6(AAp) = 0.5 x 10-4

200f
100

1850

Ut
1 900

m(D°) [MeV/c?]

0 7222

* Fractions of B% and B+ in KK or nint
- different Ap and reco. effs.
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2. CP violation in charm
m AAT 884 — [—18.2 + 3.2 (stat.) £ 0.9 (syst.)] x 1074

AALSP8Ed — (9 4 8 (stat.) + 5 (syst.)] x 1074

- In good agreement with world averages and previous LHCb results
- Combining with previous LHCb measurements:
AAcp=(—-154+£29)x 107
5.3 standard deviations
First observation of CPV in charm hadron decay

ir t At in
AACPN Aad (1 | <1)>0 ) i (DO an

~1.71 ~0.115 i 5
- Primarily sensitive to direct CPV  previously... Qe al sttt

now... (GIRERRIPS (e
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Outline

3. EXxotic hadron spectroscopy

e 2 e
TR
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Back to 2015...

- 6-dimensional amplitude fit to Ag — J/wpK with Run 1 ("11-’12) data

2200 —=— data
—e— total fit
2000 background
1800 --- A(1405)
--3-- A(1520)
S 1600 A ---4--- A(1600)
s 4 --x-- A(1690)
O 1200 b -->-- A(1800)
N = --Er-- A(1810)
@ 1000 3 ] --4e-- A(1820)
- '
c ; " v-- A(1830)
o 800 ¥ ~--a--- A(1890)
L i ----- A(2100)
A s A(2110)
N A(2350)
o A(2385)
IS,

2.4

800 } Data
700 (b) ++ m] / wp

! “#* Fit With

S
)
o known
2 states
()
>
(N1

- All-known A* states, and new ones tried

* Floated masses and widths

« Tested non-resonant terms/x>*

* Cannot be a reflection
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- new BDT, including hadron ID, doubles Ag signal efficiency; still 94% pure
- resulting dataset is 9 times larger than that of the earlier analysis
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- new BDT, including hadron ID, doubles Ag signal efficiency; still 94% pure
- resulting dataset is 9 times larger than that of the earlier analysis

Complicated A* structure

S
()]
= 18000 LHCb preliminary
= 16000 ‘.
(2]
2 .
& 14000
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- new BDT, including hadron ID, doubles Ag signal efficiency; still 94% pure
- resulting dataset is 9 times larger than that of the earlier analysis

Complicated A* structure

Clearly visible P. states
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—a— data
* LHCb —e— total fit
Run 1 — packground

* (old selection) T §:§j§§3§
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4 <= A(1600)

5§ Run 1 A(1670)
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. 200 .
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5 ). .
Strategy
* new, narrow, J/yp structures can be investigated without full model

» binned ,* fits performed tom(J/yp) in range 4.22 < m(J/yp) < 4.57 GeV
prewous broad, P_(4380)" state too broad to be studied for now
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9 Penta uarks

- Fit with full dataset, A*-veto, and cos(6p )-weighting
- 1-D fit strategy validated on toys sampled from 6-D amp. models
dominant systematic from possible P interference, not probed in m(J/yp)
- In all fits, 3 narrow BW P.” terms + smooth bg description
- results insensitive to background models
- m(J/yp) negligibly impacted by detector efficiency

- Systematic uncertainties account for:
* background model
» PT interference
* mass resolution
- S-/P-wave production/decay
- alternative (non-BDT) selection

€
iy
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3. Pentaquarks
Results_

State M [MeV | I' [MeV | (95% CL) R
P.(4312)% | 4311.9£0.7758 | 98+ 2.7 37 (< 27) | (0.30 £0.07793)%
P,(4440)* | 44403 £1.3%41 | 20.6 £4.97 57 (< 49) | (1.11 £0.33792)%
P.(4457)% | 4457.3£0.6741 | 6.4+2.07 37 (< 20) | (0.53 £0.16791)%

high-order bg

Candidates/(2 MeV)
o
8
=3
A\
©

(1]
o

P_(4440)*

. P.(4312)" .
W

Significance of P:(4312): 8.20
including L.E. effect

Candidates/(2 MeV)

/\

cosBpc-weighted

Pc
b
- . -
4

4200 4300 4400 4500 46
m,.., [GeV]

Significance of two-peak: 6.20
resolve P;(4440) & P(4457)

p)

—

o

o
-

Broad P;(4380) awaits amp. analysis

1]
(=)

Weighted-candidates/(2 MeV)

fAspen, 201W|nter Conference
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State M [MeV | I' [MeV | (95% CL) R
P.(4312)" | 4311.940.775% | 9.8+£2.7F 37 (< 27) | (0.30 £ 0.07793)%

P.(4440)" | 4440.3 £1.3741 | 20.6 £4.97 37 (< 49) | (1.11 £0.33702)%
P.(4457)% | 4457.3£0.6741 | 6.4+2.07 37 (< 20) | (0.53 £0.16791)%

—e— data
— total fit .
—— polynomial + broad Pc

P_(4440)* — polynomial

P.(4312)" R
c \ brcjici P \
1 LHCb

preliminary

Candidates/(2 MeV)

Significance of P¢(4312): 8.20
including L.E. effect

Significance of two-peak: 6.20
resolve P;(4440) & P(4457)

p)

cosBpc-weighted

1000

Broad P:(4380) awaits amp. analysis

Weighted-candidates/(2 MeV)

4200 4300 4400 4500 4600
my.o [GeV] my.o [GeV]
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Outline

4. Lepton universality
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4. Lepton flav. universality

“Electroweak couplings of

charged leptons are universal”
Standard Model, 1970s

FCNC b — s/~ decays proceed via electroweak loop diagrams
sensitive to virtual contributions from BSM particles

Predictions rely on calculation of hadronic effects
focus on BF ratios below g(Z*#~) where charmonium plays a role

+ Ri(1.0 < g% < 6.0GeV?/c*
* Ri0(0.045 < g% < 1.1 GeV?/c%)
* Ro(1.1 < g% < 6.0GeV?/c*)

At such low ¢?, predictions have (1%) precision
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Data 2011 - 2016: 5fb~' @ 7,8,13 TeV

Very different reconstruction strategy for muons and electrons
electron bremsstrahlung; different triggers; so:

R — B(BT— K utu) B(BT— Ktete™)
T BBYo I (= ptu KT/ B(BT— Jip(— ete KT
(J/y decays lepton-universal at 0.4% level)

Improved reconstruction wrt earlier measurement and higher qﬁﬂn

Identical selections for resonant/non-resonant: exploit topology & PID
J/y constraint reduces mass resolution (MeV) 140—24.5 (e) & 30—17.5 (u)
Efficiency ratios from simulation, calibrated using the resonant mode

Simultaneous, unbinned fit, constraining resonant yields, fitting Ky
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4. Lepton flav. universalitys

Systematic uncertainties

- Mass shape models: fit pseudo experiments with alternative models

o(Ry) = 0.01

- Efficiency uncertainties inserted via constraints in the fit
non-e-triggered events: data-derived trigger efficiency calibration
e-triggered events: calib sample statistics and data/MC differences

. qzmigration studied in MC; negligible impact of data/MC differences

* Negligible uncertainty due to simulation decay model
(Wilson coefficients, form factors, other hadronic uncertainties)

- Consistent cross-checks:
ryy =B(BT—= Jip(—= ptu)KT)/B(BT— Jip(— efem)KT) = 1.014 £0.035
. B(Bt— ¢(25)(— ptp )Kt) /B(Bt— (25)(— ete ) K)

v T B(BY = Jp (= pt ) K / B(B*— Jfp(— et )K)

= 0.986 £ 0.013
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Fit to selected candidates

red-dashed line shows Rk=1

Ry = 0.846

1.5F

LHCb

LOE

0.5F

= BaBar
A Belle

e LHCb Run 1 + 2015 + 2016

+0.060 +0.016
—0.054 —0.014

(ggonsistent with SM at 2.5¢

0.0 ————

d 8 TeV
R7 an
K
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13 TeV
Ry

10 15 I 20 O
q? [GeV?/c4

+0.083 +0.017
0.717 0.071 —0.016

+0.089 +0.020
0.928~ 0.076 —0.017

Candidates / (12 MeV/c?)

—4— Data —4— Data
—— Total fit - —— Total fit
250¢ Total Ry =1
------ B* > K*utu-
Combinatorial
wl B BV y(ee)K* 1S0F
Combinatorial 100 1 9k
20 C
0 L X ! : L Y N *i s B & s 0 ------ I S e T -
5000 5500 6000 5200 5300 5400 5500 5¢
m(K*ete~) [MeV/c?] m(K* ) [MeV/c®
3 3
100 210 ~ 220 %10
90 LHCtl)) § 200 LHCII;
—4— Data = —+— Data
80 — Total fit § 180 — Total fit
70 L e B> J/y(ee)k™ | 160 gy B'— J/ y (@)K
60 [ ] P:irt. Reco. . g 140 B = J/y(wu)r
B'— J_/ y( ee )t o 120F Combinatorial
50 Combinatorial Q F
w 100
40 2 sof
30 g 60 E
20 O 40F
10 20F
0 0 . L

75400 5600
m,, (K *etem) [MeV/c?]

5200 5200 5300 5400 5500 5¢

m, (K Tutu-) [MeV/c?

Consistent across trigger samples
7,8 TeV consistent with 13 TeV at 1.90
Reproduce earlier result at < lo

2017/2018 analysis still to come!
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Prospects

O
You arge here!
3] +5f0 1 | +50fb! +300 fb™]
[ Run 1 }[ Run 2 ][ Run 3 J[ Run 4 }[Run 5]
2070 2075 2@27 2027 2057

Sample L (fb~1)  Units of Run-1

Run 1 3 1

Run 2 6 3 o(bb) — 20(bb); 1 €(trig/offline)
Upgrade ~50 ~60 epadrons _, D¢hadrons

Phase-2 Upgrade ~300 ~360

- Many Run 1/2 legacy results in preparation

- Installing and commissioning of the new detector well-underway
- Watch this space!

Wi i
TR
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 World’s best measurement of ¢s

- Discovery of CP violation in the charm sector

* New pentaquark discoveries Released today!

- Search for lepton non-universality

journal details, hi-res plots and more at cern.ch/go/X7sX
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http://cern.ch/go/X7sX

