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. LHCb detector and data
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Bl LHCDb detector 2010-2018

= Single-arm forward spectrometer focused on heavy flavor (b, ¢) physics

- Effective as multi-purpose detector in forward region JINST 3 (2008) S08005
Vertex Locator(vertex reconstruction) Tracking system(particle reconstruction) JMPA 30 (2015) 1530022
* Impact parameter resolution: * ¢(Tracking) ~96%

20 pym *  Op/p ~0.5%-1%(5-200 GeV)
*+  Decay timeresolution j,f’ / o o(Mmgopn) ® 22 MeV \ \\

45 fs (1g~1.5 ps) Ma M5 \ O\

M3

M2
SPD/PS HCAL

ECAL =
M1

T3 RICH2

Ny

RICH: particle ID 10m 15m 20m
© &K - K) ~95% Muon system
* Mis-ID: g(m — K) ~5% Magnet o pID: e(u = p) ~97%
* Bending power: 4 Tm * Mis-ID: g(t = p) ~1-3%
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B Data taking 2010-2018

2 Run | (7-8 TeV, 2010-2012) and Run Il (13 TeV, 2015-2018)
= Average efficiency of the data taking > 90 %
= Various systems: pp, p-Pb, Pb-Pb, SMOG (fixed target)

— 2.3 . 2018 (6.5 TeV): 2.19 /ib 5 2—01 B
o N 2017 (6.5+2.51 TeV): 1.71 /ib + 0.10 /b 201 2

2.1 = 2016 (6.5 TeV): 1.67 /b e L A
: 2015 (6.5 TeV): 0.33 /ib : :

1.8 _'_ . 2012 (4.0 TeV): 2.08 /b """""""""""""""""" """"""" 201 7

. 2011 (3.5 TeV): 1.11 /ib
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. Measurement of charm at LHCb

» Large charm cross section at LHCb: NP 871 1 (2016), JHEROS 074 (2017)

(1419 £ 12 (stat.) & 116 (syst.) =65 (frag.)|ub @ 7 TeV

(2369 + 3 (stat.) £ 152 (syst.) £ 118 (frag.)|ub @ 13 TeV
pr < 8GeV/c,2.0 <y < 4.5

o(pp — cc) =

= Significant statistics collected already during the Run I:
- About 5x 10" D? and 2 x 10'* D** collected

= Run II: higher collision energy and improved trigger— more statistics than Run |

T T T T T | T T T T

-t LHCb 107 IJH%@VD; Em GvvEns
- —— Fit ) ] ol o |
- X s=13TeV |

8000 [ o i+ Sec. Vs _ _ e 20<y<25.m=0 |
t [ ] Comb. bkg. ‘ ‘ : : '

10°2L %T \—i;—‘—| . 25<y<3.0 m=2 i

S 107k e ————

1074 — s 30<y<35 m=4 1
@

6000 -

I

(26)/(dydpr) - 107" [ub/(GeVe )]
S

4000

Candidates / (0.05 MeV /c?)

1073
2000 | S e 35<y<40,m=6
1077 - H_VIE ':I=l;‘—‘ i
1078 e 1
~t v, 0 s, 40 <y <45, m=8
0 O " L : " PRl TTT T N n - J 1079k I S
140 145 150 155 | | | | | —
— ot — 2 0 2 4 6 8 10 12 14
m(K~ntn") — m(K~n") [MeV/c?] pr GV /d

JHEP 05 074 (2017)
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. Experimental aspects at LHCb

2 Flavor tagging: prompt vs secondary - LHCb uses both methods

primary / secondary

decays o< decays
” +
D/O,f s 5
7,
~ -
p > - p P : - €

= Production asymmetries (charge dependent):
- Different cross-section for D, /D, AT/AZ, ...
2 Detection asymmetries (charge and momentum dependent):

- Different interactions with the detector material (K™ vs K=, 7t vs 77)

T - T v T v T - r T
-0.2 LLHCH F LHCb

= ' & . :
:‘_.l o1 g 0.005 - (a) _
|:: _0:6 { zu O:— /—f
< . g 70.0055— =
2 _g E .
4 £ -oo01f + g
g -0.015F + _
2 1 1 L B 10 s -
20 40 o ?JO[G':V.’C] p. [GeVic]
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Il. Charge-Parity Violation
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B Mixing of D° — D°

2 D% mesons are produced as a flavor eigenstates, but decays as mass

eigenstates D, and D,: |D;) = p|D°) + ¢|D°), |Do) = p|D") — ¢|D%), |g|*> +|p|* =1

- Mixing occurs in the case: AM = M; — My #00r AT =T; — Ty, #0

AM AT ' + T

2 Associated mixing parameters: = = - Y= Sp where: T = 5

= Influence of short and long distance effects

C

U
. Ak
w Hw Hw c

short distance long distance

3|

- For the small mixing parameters (z, y < 107%) the time-dependent asymmetry
can be approximated as:

I(D°(t) = f) —T(D°(t) = f) dir, f /
Acp(t) = _ ~ A~ — Ap—
U= F Do) o )+ T ) e T _
where Ar is the asymmetry between effective decay widths of D’ and D°
I(D° = f) =T(D° — f)

"T IS ) +T(D0 = f)
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. CPV classification

iy

< CPV is present in the SM via Cabibbo-Kobayashi-Maskawa (CKM) mechanism,
but is too weak to explain the Baryon asymmetry of the Universe

2 CPV has been firstly observed at Strange [PRL 13 138 (1964)] and Bottom [NP
A 675 (2000), 398-403] sector, first observation in Charm sector (PRL 122

(2019) 211803)

2 Two types of CPV: Indirect (CPV in mixing, CPV in interference) and Direct

CPV in mixing CPV in interference
> Independent on final > Possibility of
state interference between
> Different mixing rates mixing and decay
DY - D% and D° — DY amplitudes
] # 1 14
p

¢ =arg(=—)
> Accessible via the using

pAy
2> Can be observed as a
flavor specifics decays
> SM prediction: O(10™%)

decay-time-dependent
difference in decay
rates and as a time-
integrated difference
> SM prediction: O(10™%)

2019/08/17 HADRON 2019

Direct CPV
2> Only possible CPV for
charged hadrons
2> Occurs in the case:

A
Ay |
> Typically (for SCS
modes): Acp < 1074 — 1073
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. Charm sector and CPV

Charm is unique, gives sensitivity to new physics coupling to up-type quark
Charm is also difficult for theory calculations
Complementary to direct searches for BSM particles

BSM contributions could be hidden in loops

R R 2R S A 2

Assuming generic BSM scenarios, much larger scale are accessible with
respect to direct searches

=2 Flavour physics and CPV lead to breakthrough in particle physics many times

1964 2001
1956 Strange particles: Beauty particles:
Parity violation CP violation in K CP violation in B
T.D. Lee, meson decays meson decays
C. N.Yang and J. W. Cronin, BaBar and Belle
C.S.Wu et al. V. L. Fitch et al. collaborations

2019

Charm particles:
CP violation in D°
meson decays
LHCDb collaboration

1963 1973

Cabibbo Mixing The CKM matrix

N. Cabibbo M. Kobayashi and
T. Maskawa
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Il. Recent LHCDb results on CP
violation in Charm

1. Measurement of the mass difference between
neutral charm-meson eigenstates
(PHYS. REV. LETT. 122 (2019) 231802)

2. Search for time-dependent CP violation in D°-»K*K~
and D%-nt*nt- decays
(LHCB-CONF-2019-001; INSPIRE: 1735332)

3. Observation of CP violation in charm decays
(PHYS. REV. LETT. 122 (2019) 211803)
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1. Measurement of the mass difference between
neutral charm-meson eigenstates
(PHYS. REV. LETT. 122 (2019) 231802)
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. D? mass eigenstates Am: introducti

2 CPV is an interference effect o e
L. S 140:_ D*+—)D0(—)Igoﬂ" )" LHCb =
- How to enhance our sensitivity? s F :
— 120 —* Data =
) - ) =
2 LHCb Run | full sample g 100 — Fit -
B 80 - Background _:
2 Prompt and semileptonic production of £ _f E
2= 60: -
D KS7T T 5 40 =
6 201 =
- Around 1.3 X 10" signal candidates for ok .
. 140 142 144 146 148 150
prompt g)roductlon and around Am [MeV/e?]
1.0 x 10" for semileptonic decays
PHYS. REV. LETT. 122 (2019) 231802
< Channel with a rich resonance % L —
spectrum > 90F BoD(—KYw muwX
cpr . . E 80« Data
2 Good sensitivity to mixing and time- MR (N
. [ - — Fit
dependent CPV parameters via g 60
. 2 = I Background
varying strong phases E LE
8 _F
- Experimentally complicated (decay g %

dynamics and acceptance effects)

1800 1850 1900

m(K& ) [MeV/c?]
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. D? mass eigenstates Am: method %

= Bin flip method (Phys. Rev. D 99, 012007): a novel approach minimizing
dependence on amplitude model and detector acceptance

=2 Data are binned in Dalitz plane (R;r_/g_) to keep strong phases approximately
constant; input is taken from CLEO (Phys. Rev. D 82, 1120006)

=~ Data are also binned in decay time (20 bins)

- Ratio of yields in opposition bins across the bisection is measured
- Cancellation of acceptance effects, also a good sensitivity to x

g 3__|||||| 8 ..2 g 3F ?E
o - b} o~ ~=
> - < > T
§ 25 b 7 E § g
o : 6 5 s "
B =
s 2- +b 5 g ;
; E 5
15) 1l 2 5
B 75}

: E

1~ _
§ 112
0.5F {|l1
05 1 15 2 25 3
) V2/ch 0.5 1 1.5 2 2.5 3
m [GeV7iet] m2 [GeV?/c4]

PHYS. REV. LETT. 122 (2019) 231802 HADRON 2019 14 / 30
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. D? mass eigenstates Am: fits

= Simultaneous least-squares fit* to prompt and semileptonic data * details in backup

slide 40
2 Offset due to sample-specific efficiency variations across Dalitz plot
< CP-averaged vyield ratios as = Differences of D° and anti-D° yield
function of t/t ratios as function of t/T
2 Mixing measurement = Search for CP violation
¢ Prompt¢ Semileptonic — ---Fit . ¢ Prompt¢ Semileptonic — ---Fit
0-12F . 002 LHCb Ho2 |
0.11F X ‘% 2
£ — s T Wm%—
0.09 F —omk + + J002 =
008, i , A . vy .
(}.65; a5 | (}{:}i % —;01}5 | o
re’ 06f | e I 0F W—*i W#'_-—f“ I
i - +In—{}'[h +8 ‘}’ ‘}’ ] &
0.55F . 0. 1 --0.05
5 oy 005 ﬁ%’ i::f ™
ae” 0af ae | {}‘#ﬁ : Jo |
[ 1. B ﬁjl IH ’ i ﬁ 4}&? ' o1 &
025} 1. 0 302
0.5 1 _ 004 e Jo.0s
o8 . L=~ o02f H Lo
& e 5 e o of C— s LY
R —no2f + %f T Jﬂf S
0.44 omk . 1-0.05
0 2 4 700 3 3 LT 0 2 3 T30 )
PHYS. REV. LETT. 122 (2019) 231802 e ”’f
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2 The most precise measurement of x done by a single experiment, consistent
with CP symmetry scenario

. D? mass eigenstates Am: results

Parameter Value 95.5% CL interval
z [1072] 0.27 * 917 —0.05, 0.60]
y [1077] 0.74+0.37 [ 0.00,1.50]
q/p| 1.05 922 [ 0.55,2.15
b —0.09 t91¢ —0.73,0.29
2 Combined with the world average, first evidence of x > 0 larger than 30
CPT,—1_‘|"'|"'|"'|"'|"'_ S [T T T T T T T T T T T ]
S 1_ |:|Current world average LHCb - |:|Currer1t world average LHCb
— 09— + this measurement — 05 + this measurement ]
A —
0.8 ~ -
0.7 — 0 —
0.6+ . i
0.5_— — 05 _
0-4_ \.-.~.'.Inu.|\-. g -I"-.l‘i"" CL | | | ] | \iu'-.'.lnu_»I:ul'-\u.lfu‘-I‘-.‘!'l"'-‘.l. | I | I i
02 0 02 04 06 08 1 03 =02 01 0 01 02 03
x [107%] lg/pl -1
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2. Search for time-dependent CP violation in D°-K*K~
and D°-»nt*nt- decays
(LHCB-CONF-2019-001; INSPIRE: 1735332)
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Bl CPV(t) in D° - h+*h: introduction

D(D° - f) = (D" = f)
D(DY = )+ (D" = )

CPV in interference

~ y<|—| —1) —z¢y — yAL™(f)

CPV in decay
Negligible with current exp.
Precision (3*10* vs 1¥107®)

< LHCb 2015-2016 data, prompt D** decays utilized for a tagging of DO decays

Ar =

CPV in mixing

2 Analysis done using two signal channels D’ — KTK™ /7 7~ (17 x 10%/5 x 10°)

> DY — K~ #™ control channel (146 x 10°) used for a full analysis procedure

tag

2 Asymmetry measured in 21 decay time bins

< Current world average, (—3.2 + 2.6) x
measurement (Phys. Rev. Lett. 118, 261803)
HADRON 2019

2019/08/17

1074

1I03va||daltlon — T T T T T ] o ><1|03I T T T T — T T T T T ] o ><1|03I T T T T — T T T T T ]
&> 1200 — S o -1 %, 10000 1& F ]
= .‘ LHCb preliminary ] = C .‘, LHCb preliminary 1 < 350 3 .‘: LHCb prehmlnary
S 1000f . - 12t . 0 12 300f 0
— . +r— — —_ . — ] - LY ﬂ,'+ __
= i D'-K'K = 8000 . D'—=K n* = g .. D'—rtn ]
= B800F = . .. = 0p .. E
I Z 60001 . . 13 200F .. =
g O00¢ 8 - . ¢ - - ]
= B S 4000 . * -5 DOp T E
= 400 = C « ° = u e 3
B . il : . -
E »00F E J000f Pl 1 §S E
0 140 145 150 155 0 140 145 150 155 0 140 145 150 155
m(K*K nt ) — m(K*K™) [MeV/c?] m(K_iz'J“irgg) - m(K ") [MeV/c?] Tt ﬂ{;g) m(z*m) [MeV/c?]

LHCb-CONF-2019-001

, dominated by LHCb Run |
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. CPV(t) in D° - h*h: detector asymn%

2 Time and momentum-dependent asymmetries arise from two main sources

- Momentum-dependent detection asymmetry from tagging pion

- Correlation between the measured decay time and the momentum of
the D° due to trigger requirements

gO 025 _ LHéb p;‘ellirlnilna;r§i
8 D'sK 7+ ]
= 0.02- ]
. : S I
- Effect can be cancelled by weighting events between Zo01sf .
D° and anti-D° candidates £ ool ]
a4l [
- Separate weighting for different experimental 0.005| .
conditions (magnet polarity, year) AT
0 5 10 15
- 3D momentum weighting p,(D") [GeVIel
= 03pmer—r———————————— 0.1 S A ] S A ]
= :LHC_b Prg:hmlnr ot m e o -, 0.08 = 0.035F A'.. LHCb preliminary = 0.035F :\‘.. LHCb preliminary
= 020 it o ' ) 003F e D'>K mt = 3 003f e D'—=K =
/-in = P . = 3 0.06 ™ E . .'o. 2016 MagUp ! E . 'o. 2016 MagDown
E 01:_ : '.. e i LT : = dood go_ozs— ) % E c\:\_:oozs_— .... E
- 2 0015 D 3 = 0015 % N
OE Moo ve = = oo ve 3
—0.1F 0.005 ;— 3 0.005F- 3
sk g } } ; g SE | } ]
0.30— — — : 0.1 - : T W.W#%}ﬁ
B 02 0 0.2 B A: ] 7 st ]
9, (i) [rad] - T oD Gevid - T DDcevid
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B CPV(t) in D° - h*h: systematic

2 Contamination of D"+ by the secondary decays = sk

LHCb preliminary

- Measured decay time of secondary decays biased to
longer decay time

- Fraction of secondary decays increases as a function
of time 0 2 4 6 s

2 Kinematic weighting depends on the exact binning

- Bins has be to kept large enough to avoid large statistical fluctuations

— Control channel used for bin size optimization

Source Ar(D?— KTK™) Ap(D"— ntn™)
Secondary decays 0.4 0.4
Am background 0.3 0.5
m(h*h™) background 0.3 0.2
Kinematic weighting 0.3 0.3
Sum in quadrature 0.7 0.8

LHCb-CONF-2019-001
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B CPV(t) in D° - h+h: results

g e " y¥ndf=22/19 LHCb preliminary =
s = D’—K*K E
Ar(KTK7) = (1.3+£3.54+0.7) x 10~ “"E Uz_m;%_* - {, E
< 05 - + =
-1 | | | =
0 2 4 6 8
Slope equal to —Ar. 17T
g 13 - xlzlnldf - 13/ lé LHCb [I)rellimilnarly_g
s = YE "{"{' + + D>t E
Ap(rTn7)=(11.3+6.9+0.8) x 10°* & F E
TQ—D,S z— _f
-1 | | | =
0 2 4 6 8
1T

Ar(KTK™ + 7777 )=(34+3.14+0.6) x 10°*

LHCb-CONF-2019-001

Ap(KTK™ + 77, 2011 — 2016) = (0.9 +2.1 +0.7) x 104

=2 Systematic uncertainty reduced by 30 % with respect to previous LHCb
analysis (Phys. Rev. Lett. 118, 261803)

2 Consistent with CP symmetry

2 Dominated by statistical uncertainty — full Run Il analysis in progress
2019/08/17 HADRON 2019 21/30
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3. Observation of CP violation in charm decays
(PHYS. REV. LETT. 122 (2019) 211803)
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. CPV in Charm: introduction

= Full LHCb Run Il data set —~ 2200830 . T

% 2000F LHCb ] N\: coook LHCb |
> DY — K+K—/7T+7T_ decays E }288%: t Data Esoooi—  Data
6 6 — 1400F .Duﬂ*; — . Mo - kK"
- Prompt (44 X 10 /13 X 10 ) and 81200;— Comb.bkg.g 840005_ Comb.bkg.g
semileptonic production 5 ok i gaop ;
(9 X 106/3 x 10°) S 600F 3 8 2000F ]
2 400f 1 2 1000p :
- Using Turbo data stream - S — ST e

9005 2010 2015 2020 9005 2010 2015 2020

online reconstruction of data (D7) [MeV/e?] (D) [MeV/e?]
(Comput. Phys. Commun. 208 (2016) 35)

- Fit to invariant mass ~ e ~
PRI : % 600F ?Q
distribution to extract the raw SR >
asymmetries S 00 -
T 400 _
> However, raw asymmetries are 3 ;: 2
influenced by the production E oof ER:
and detection asymmetries % ool g : ]
1850 1900 1800 1850 1900
m(D°) [MeV/c2] m(D°) [MeV/c?]

PHYS. REV. LETT. 122 (2019) 211803
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. CPV in Charm: experimental issues%

< Detection and production asymmetries can be cancelled using suitable
experimental procedure for prompt / semileptonic decays:

Avaw(f) = Acp(f) + Ap(D°) + Ap(m/p) + Ap(D*F/B)

A (f ~ N(D° = f) = N(DY — f) | |
> Anw(f) = N(D® 5 ) LNDO o f) experimentally accessible asymmetry

Acp(f) - physical CP asymmetry of final state f
AD(DO) - D°detection asymmetry, cancelled due to symmetric final states
Ap(m/1) - detection asymmetry of tagging particle

Ap(D**/B) - production asymmetry of mother particle

b v d

Under the assumption of small experimental asymmetries, CP can be
obtained as

AAcp = Acp(KTKT) —Acp(nT77) = ALaw (KTK ™) — AL (77 7)

2019/08/17 HADRON 2019 24/ 30



Bl CPV in Charm: fiducial selection e

2 Due to LHCb geometry, low momentum particle can be kicked out from the
detector acceptance

= Such a regions of phase space generate very large raw detector asymmetries
PHYS. REV. LETT. 122 (2019) 211803

E150{): ILﬁCIbI : (1)8 : 3150{): Al
- =l ) - 0.8 <
% 1000 = R % 1000 =
= - =os = - 0.6
— - 1 Ho4 — u 0.4
~ 500 = ~ 500
& 1402 & TF 02
= ofF 4 0 =~ of
- 1 4-0.2 - -0.2
-500F 3 04 —500 0.4
~1000F 06 _jo00E 0.6
- ~4p4-0.8 - -0.8
~1500 ————— T -1500 ————— ~ ol
0 5000 10000 15000 0 5000 10000 15 :
p(r) [MeV/c] pz(:»'r) [MeV/c]

2 This part of phase space must be removed in order of kinematic equalization

2 Same procedure for prompt/semileptonic decays (/1)
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B CPV in Charm: kinematic weighting%

2 Detection and production asymmetries depend on the kinematic of the
reconstructed particles

2 Weighting procedure between modes to assure same kinematic
-+ Variables prompt/semileptonic: pr(D*), p(D*), ¢(D*) / pr(D°), p(D°), (D)

@ F~ T ~ ~ T * 7 T T T T T T 3 17 T 4 T 3 B A B 3
So018F "~ 3 L .
SO0 LHCb 3 = oasE LHCb 3
5 0016 E N S 0.16F —D s 3 5
S0.014F n° e g E 0 g
gV —D' KK S 0.14F —D' 5 KK 4 s 0.
S0012F E 5 0.12F E g o
S ool E S of 3 8
= 0.008F- E Z 0.08F 3 g 008F LHCb E
£0.006F E 5 0.06F E S 0.06F Y v
Z0.004F 3 0.04F 3 Z 004 kKt
0.002p 3 0,02 3 0.02F 3
1 1 1 b 1 1 bu | 0 1 1 1
%0 100 150 200 0 5 10 5 20 ) 0 2
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®w 2FT T T T T T T T T T T T T = @ F~ T -+~ T T T T T T T 3
5] E L il = .
5 oasf LHCb 3 SO0 LHCb ] .
3 016F Y T 5006 —D srr ] S 0.
5 014 D’ K F004E 0 3 =
S 0.14F — D' S KK 3 3 E —D' KK S 0.14F
o 0.12f 3 SoonfE E 3
5] [5} E ] P> . [
Nooaf 3 N 001 E S
E= 3 £ 0.008 E £ 008F LHCb E
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. CPV in Charm: systematic

2 Prompt mode dominated by:

- Fit model

T

* Default model: Sum of three Gaussian and Johnson Su function
(prompt) and two Gaussians convolved with a power-law function (sl)

* Alternative: Fitting pseudoexperiments with alternative models

- Misreconstructed background

2 Semileptonic mode dominated by mistagging of muon

2019/08/17

- Evaluated using control sample B — D%(— K~ 7 ")uX

Source m-tagged [107%] p-tagged [10~7]
Fit model 0.6 2
Mistag 4
Weighting 0.2 1
Secondary decays 0.3

BY fraction 1

B reco. efficiency 2
Peaking background 0.5

Total 0.9 D

HADRON 2019

PHYS. REV. LETT. 122 (2019) 211803
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. CPV in Charm: results

2 Run Il results:
AARTIMPY — [18.2 4 3.2(stat) £ 0.9(syst)] x 104

AAHEPEOME — g 4 8(stat) + 5(syst)] x 1074

2 Compatible with the previous LHCb results and the world average values

- When combined with Run | LHCb results:

AAZ Rl — 11544 2.9] x 1074

- CP violation at 5.3 o level

> AAcpis mostly sensitive to direct CPV
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. CPV in Charm: world average

< Updated HFLAV fit

Aok, = (—16.4+2.8) x 10~*

0.0100
HFLAV S | = 0 noCPY
BaBar

ind __ —4 Belle
Aacrp = (2.8 £2.6) x 10 0.0075 CDF Kkrr | i
LHCDb SL KK+77m 1 LHCb
0.0050 | LHCb prompt KK Belle

LHCb prompt zx

2 Compatible with SM 0.0025 L
- Most predictions on 58 0.0000
10% - 107 level 3
—0.0025 |

=2 Progress in theory

calculations needed —0.0050 |

—0.0075 |

LHCb SL
LHCb prompt

< Observation in other
channels could provide a —0.0100 |
confirmation of this effect

LHCb SL2
- LHCb prompt2

Contours contain 68%, 99.7_

—0.010-0.008-0.006—0.004—-0.002 0.000 0.002 0.004 0.006

2 Thorough study needs to be alg
done to decide if SM or BSM
effect

= Indirect CPV still missing
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. Conclusion and Outlook

Different mass between CP-even and CP-odd D° states
Direct CPV in Charm observed for the first time

9
9
2 Inconclusive if SM or BSM effects
9

Indirect CPV still unobserved

Future prospects

< LHCb has access to the world largest Charm sample - analyses now have to
exploit it

Belle-Il is now preparing for data taking

Ongoing LHCb Upgrade - 5x higher luminosity and new software trigger
50/fb will be collected by 2030

Expected statistical uncertainty: O(10™%)

b v v d

Also a possibilities to utilize rare and multi-body decays
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Thank you for your attention
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Planned LHCb upgrades
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Bl LHCb upgrade Phase I (Run Iil)

+ Upgraded electronics

and trigger
New detectors R pcaL HCAL w4 Ms

SciFi  RICH2 M2
racker

Vertex /i 149

=t =

LHCb-TALK-2017-232
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B LHCb upgrade Phase I (Run IiI)

Type Observable Current LHCb Upgrade Theory
precision 2018 (50tb™")  uncertainty
BY mixing 26, (BY — Jh) ¢) 0.10 [9] 0.025 0.008 ~ 0.003
28, (BY — Jh f(980)) 0.17 [10] 0.045 0.014 ~ 0.01
A (BY) 6.4x 1073 [15]  06x10% 02x1073  0.03x 1073
Gluonic 23°T(BY — ¢0) — 0.17 0.03 0.02
penguin 26T (BY — K*0K*0) 0.13 0.02 < 0.02
26°1(B? — ¢ K?) 0.17 [18] 0.30 0.05 0.02
Right-handed 28T (BY — ¢) 0.09 0.02 < 0.01
currents TM(BY — ¢7)/Tpo - 5% 1% 0.2%
Electroweak  S3(B° — K 0u p~;1 < ¢ < 6 GevZ/cl) 0.08 [1] 0.025 0.008 0.02
penguin so App(B® — K*%u* ™) 25% [14] 6 % 2% 7%
MKt ;1 < g2 < 6 GV 0.25 [15 0.08 0.025 ~ 0.02
B(BY - ntutu)/B(BT — Ktptu) 25 % [10] 8 % 2.5% ~ 10%
Higes B(BY — i) 15x10°] 05x10° 015x10° 03x10°
penguin B(B° — putu~)/B(BY — putu) - ~ 100 % ~ 35% ~ 5%
Unitarity v (B — DY K®) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (BY - D,K) - 11° 2.0° negligible
angles B (B = J/¢ KY) 0.8° [15] 0.6° 0.2° negligible
Charm Ar 2.3x 1073 [18]  0.40 x 1073 0.07 x 1073 =
CP violation AAcp 21x10°[5] 0.65x10° 0.12x103 —
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B LHCDb upgrade Phase Il (Run V)

o New muon chambers
Side View Tungsten M5 \
ECAL M4
Magnet & it M3 .
Magnet Stations SciFi TORCH Shielding M2 \\
&Silicon , RICH2 \
racker 18 BT
TR AR
.‘.\\. b
= AN
p
( \
st -
Phase-Il Upgrade g

CERN-LHCC-2017-003
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B LHCDb upgrade Phase Il (Run V)

Remarks

Topics and observables Experimental reach
EW Penguins

Global tests in many b — sptp™ modes
with full set of precision observables;

e.g. 440k BY — K*ptp~ & T0k AY — Aptp—;
Phase-Il b — dp™pu~ = Run-1b — sp™p—

Phase-IT ECAL required for
lepton universality tests.

lepton universality tests; b — diTl™ studies sensitivity.

Photon polarisation
A% in B” — @; BY = K*ete;
baryonic modes

b — ¢l 7 lepton-universality tests

Polarisation studies with B — D"~ u;
7 /p~ ratios with BY, A) and B, modes

B'} , B suty

R BB = 140 BBY — i)
TR0yt~ CF asymmetry

LFV 7t decays

T = pt T T = htp T,

T — o

CEKM tests

v with B~ —+ DK—, B! - DY K~ etc.

¢s with BY = J/WK+TK—, J/yntn~

Uncertainty on 4% = 0.02;

~ 10k Ag’ — Ay, Sy = By, =y

e.g. SMB — Dt ve, 77 = pu vy
& ~ 100k 7= = o~ rte~ (7,

Uncertainty on R == 20%
Uncertainty on TBOptp— ™ 0.03 ps

Sensitive to 7~ —= ptu~p~ at 1077

Uncertainty on ~ = 0.4°
Uncertainty on ¢, = 3mrad

Strongly dependent on
performance of ECAL.

Additional sensitivity expected
from low-p tracking.

Phase-II ECAL valuable
for background suppression.

Additional sensitivity expected
in CP observables from Phase-11

uf;“ with BE — had Uncertainty on q)"“ == 8 mrad ECAL and low-p tracking.
Al'y/Tqy Uncertainty on Alg/T; ~ 103 Approach SM value.

. . . dgs
Semileptonic asymmetries aj;”

Vil /|Vip| with AY, BY and B} modes

Charm

C'P-violation studies with DY — hth—.
DY - KYta~ and D" — K¥nbnta—

Strange
Rare decay searches

Uncertainties on n._fl""' ~ 1014
e.q. 120k B — D,

e.g. 4x 10" DY - KYK—;
Uncertainty on Ap ~ 107°

Sensitive to K — utpu~ at 10712

Approach SM value for nfl
Significant gains achievable from
thinning or removing RF-foil.

Access CF violation at SM values.

Additional sensitivity possible with
downstream trigger enhancements.

2019/08/17
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Bl LHC timeline

LS2 starting in 2019
LS3 LHC: starting in 2024

LHC

Injectors

LHC

Injectors

LHC

Injectors

2019/08/17

Injectors: in 2025

LHC roadmap: according to MTP 2016-2020 V1

=> 24 months + 3 months BC
=> 30 months + 3 months BC
=> 13 months + 3 months BC

I Physics

- Shutdown

Beam commissioning

- Technical stop

2015 2016 2017 2018 2019 2020 2021
Q1{Q2!Q3|04|Q11Q2!Q3|04[Q1{Q2 Q3|04 |Q1{02!Q3104|Q1|Q2!Q31Q4|Q1Q2!Q3!04|Q1{Q2!23!n4,
Run 2 LS 2 r
PHASE 1
2022 2023 2024 2025 2026 2027 2028
Q1iQ2i03|a4|a1ie2|a3|a4|Q1{Q2[@3]04|Q1]|Q2]Q3{Q4|Q1 [@2[Q3]Q4|Q1 02{03 Q4|Q1[Q2 Q3 |Q4
Run 3 LS 3 o =
> o—— PHASE 2
2029 2030 2031 2032 2033 2034 2035
Q1iC2:i25{Q4|Q1:Q2{Q3{Q4|Q1iQ2 Q3{04|Q1{Q2iQ3{Q4|Q1Q2:0:3{Q4|Q1{Q2iQ3{0Q4|Q1{Q2i{Q3 Q4

LS 4 I

HADRON 2019
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. D? mass eigenstates Am: fits

=2 Simultaneous least-squares fit* for prompt and semileptonic data

2 Offset due to sample-specific efficiency variations across Dalitz plot

_ (NYy — NSRG? (D, — NyRy)®
— y: y: y: ( + ) (ijR ) (J_bj)’a’—l—(ifbijj)Z_

Pr,SL LL,DD b, T —bj
Xx = Z [XELEO — X ] (VOLEO)ab [XCLEO Xb] ‘
a,b

2 Simultaneously applied for prompt/semileptonic data, D%anti-D°

= Two fits: CP symmetry scenario and indirect CPV allowed

2019/08/17 PHYS. REV. LETT. 122 (2019) 231802 HADRON 2019 39/30



V1. Future prospects for Run lil and
beyond
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. Prospect for indirect CPV searches

2 Results on the indirect CPV is already dominated by LHCb

1: BELLE2-TALK-
CONF-2017-080

o(z) [1077) o(y) 1077 o(q/p) [107%] | o(9) [mrad]
HFAG 2016 1.4 0.7 80 173
Run I 0.8 0.6 47 83
Run [lI 0.3 0.2 17 32
Belle Il (50 ab*)! 0.8 0.5 60 70
> 0.012 — T 1 T T T T T = | ' | | ‘ \ ‘ |
i HFAG World Average Jan 2017 i HFAG World Average Jan 2017 |
0.01E B HFAG WA Jan 2017 + LHCb 300/fb 0.4 — [l HFAG WA Jan 2017 + LHCb 300/fb N
0.008 |- = 0.2~ J
- @ i N
0.006 - 5 0 -
0.004 — — 02+ |
000200002 0.004 0006 0008 00 04708 09 I Ll 12
A CERN-LHCC-2017-003 Iq/pI
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. Prospects for direct CPV searches

< Precision is already at O(107?) level, one evidence for CPV in charm

2 With the the Run Il data (50 fb! in combination with Run I+I1l) the precision
will be comparable with the SM prediction at©(10™%) level

- Need for precise BR input by Belle II/HIEPA: D° — 77%, D% - KgKg, D° — 707

1) Multibody decays [slide: 42-43]

2) Rare decays (radiative, leptonic) [slide: 45]

3) Double Cabibbo Suppressed (DCS) decays (e.g. D™ - KT nt7#~ /KTK"K™)
4) Exploring charm baryons [slide: 46-47]

> Measured 1° evidence for CPV in baryons: Ay, — p3m™ [Nature Phys. 13, 391-396 (2017)]
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. Prospect: CPV in N-body decays

= Strong phase vary in Phase Space - this leads to local CPV asymmetries
2 Need for detailed study of Phase space
2 Model dependent: amplitude analysis

2 Model independent approach:

Unbinned approach (Energy test)

Binned approach > Testing data consistency with no-CPV

> S_approach _
o . . hypothesis
> Significance of asymmetry in Dalitz > Significance of asymmetry for each
plot event
[PLB 728 585 (2014)] [PLB 740 158 (2015)]
e TP GRS EIRERNE bl A SEANGRIRRIRNLE
12 . RE T :
ZhSH: ot 2 S
“,3.32.5;— 2 Q “E:D
2 o | N E ) 1 2
sme Y 3 T
e e _2 |
0.5F LHCb - :
R EE AR I
S, [GEV/c?] 0 1 2 3

mi(r* ) [GeV/cH]
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. Prospect: direct CPV 4-body decays

2 The more precise detector -» more possibilities with the study of D multi-body
decays

2 The 2+3-body decays: only P-even amplitude accessible -» CPV via C-violation

2 The 4-body decays: also P-odd amplitudes —» CPV via P-violation

< We can write:

P—even
ACP

P—odd
AC’P

~ Sin Aqbweak; sin A¢str0ng

- First measurement: D — #t7~ 77~ , P-odd CPV with the 2.7 o significance

[PLB 769 345-356 (2017)]

S G G S U w—y

Candidates / (0.02 GeV/c?)

2018/03/2 .

AN o0

S DB

S N B~ N ©

510? I T T

0.4

RE

0.6

I0.8 1 1.2
m(7,75,)[GeV/?]

—_ N W

(@)
Significance [C]

Mode Ag;Odd [10—3] Exp Ref.
B PRD 84
+ + ot
Dt - KsKtntn7 —124+10+5  BaBar 031103
JHEP 10 005
D s KTK 77 1.84+29+0.4| LHCD (2014)
0 + _—.0 +0.2 PRD 95
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. Prospect: CPV in rare decays

9

9

Large contribution from penguin diagrams - larger values of CPV expected

Two main categories: Leptonic and Radiative decays

15F ' ' + ' ' i
[ Low-m(u*u) In LHCb

10f

Leptonic decays

sk

First observation of D' — KK u*tu~

80

and D - ntn put » : : o
I’ E_ g
5.4 o signal ¢ u ¢
p{ e £
) U q O
CPV up to O(10™7) ( . P e
_}h_ or T Fi
Y 1 |:|D"—nr+:r,u+p‘
. . S l ) - D'srtm ot
Radiative decays T . comb. backs
. . 0 1850 19;)0 IISISO I IQIOO =
Large CPV within SM, up to 10 % (D) MeV/c'

PRL 119 181805
With the upgrade, LHCb will be competitive in D — pv, ¢y, K*v

Belle measurement!: Acp(D° — p%y) = (+5.6 £ 15.1 + 0.6)%

1: PRL 118 051801
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. CPV in charmed baryons

2 Several theoretical works about CPV in charmed baryons

= Multibody decays are preferred due to larger BR and access to CPV-odd
observables

SCS
2 SM amplitudes are less suppressed, lower sensitivity to BSM amplitudes

< Suggested channels: A. — prTn~ /pKTK™, =Ff — pK~ 7"

DCS
= Significant suppression of SM amplitudes
2 No CP asymmetry from SM in such amplitudes

- Suggested channel: AT — pKtr~
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. CPVin AT - pK K'and A — prtn™
First measurement of CPV parameters in three-body Aj decays

Full Run | (3 fb') data used

The AY — Atp~X decay channel used in order to reduce prompt background
Two SCS decays studied: A} — pK~"K* (25 k) AF — pr~ 7" (160 k)

Measurement of difference AAcp = Aqw (PK KT) — A0 (pr~ 7 )
in order to cancel production and detection asymmetry

v v I

30001 LHCb + ?_ata| f 81 LHCDb —— Weighted average
. —— Total fit ¢ Data
25001 —-—- Signal 61

------ Background

BAZ" [%]

Candidates / 1 MeV/c?

. |
L —

2240 2260 2280 2300 2320 2340 TTaV TTev 8TV 8TV
m(pK~K*) [MeV/c?] Up Down Up Down

arXiv: 1712.07051
< Final result: AAcp = (0.30£0.91 £0.61) %
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. CPVin AT - pK K'and A — prtn™
2 Obtained results in the 4 bins: collision energy and magnet polarity

-~ First result of search for direct CPV search in three-body A decays:

AAcp = [0.30 £ 0.91 (stat.) = 0.61 (syst.)] %

81 LHCb —— Weighted average
¢ Data

MG [%]

1 TeV 1 TeV 8TeV 8TeV

Up Down Up Down arXiv: 1712.07051

- Result shows no sign of direct CPV

2 More data required for more precise measurement
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