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I. Charm physics and BSM
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. Charm physics and BSM

1) Charm hadrons are the only particles with the up-type type quark where
mixing and Charge-Parity violation (CPV) can occur

2) Standard model (SM) predicts little to none CPV in charm sector
3) Perfect place where to look for Beyond Standard Model (BSM) effects
4) Due to mass of charm quark theoretical calculations are challenging

5) In addition many studies in charm sector are important inputs for b-physics
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Il. CP violation theory
introduction
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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%) 4 ¢|D"), |Dy) = p|D?) — ¢q|D%), |¢|* + |p|* =1

- Mixing occurs in the case: AM = M; — My #00r AT =T; — T3 #0

AM AT 'y + 1

2 Associated mixing parameters: » = - Y= op where: T = 5

=2 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:

L(D°(t) = ) =T(D°(t) = f) _ ,dirs f
Acp(t) = — ~ A~s) — Ap—
PO= T 5 oo - p e T
where Ar is the asymmetry between effective decay widths of D and DY
I(D°— f) —T(D° = f)
(DY — f)+T(D° = f)

F_
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B Mixing of D° — D°: introduction
2 First evidence of D° — D° mixing measured by the BaBar and Belle experiments

[PRL 98 211802 (2007) and PRL 98 211803 (2007)]
2 Mixing observed by the LHCb experiment [PRL 110 101802 (2013)]

30 L | I I i [T Jm.h"l LB B I B S S B IS R R B
20 : EONN LHCb 1
- : ..'""q__h ;‘..:""x.' ]
_ ] 1.5 R .
2 10 - : o :
= | 1 & if :
- 0 [ ] -~ 0.5 [ e 56 g
: - I 3¢ AN .
-10[~ oF —Io +d N
- ] ) + No-mixing a ]

-1 .0 -0.5 0.0 0-5 1-0 L I 1 1 L 1 I 1 L L 1 I 1 1 1 L I L

x2 /103 -0.1 -0.05 0 0.05

xiz[%]
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B Mixing of D° — D°: introduction
= First evidence of DY — DY mixing measured by the BaBar and Belle experiments
[PRL 98 211802 and PRL 98 211803 (2007)]
2 Mixing observed by the LHCb experiment [PRL 110 101802 (2013)]

el | | [worv| 12
Bm 7| CKM2016 | & CKM 2016 No direct CPV
i3 ! - =
D ______ . No mixing = =
_02_ e ETe i 7o
, Saol oz l2o
—0.4: ; 4o i 30
_sh.':::::::::',:,'::L:::::::::l5U I L1 | L 1 | R — T ! 40
06-04-02 0 02 04 06 08 1 1.2 0.2 0.4 0.6 08 1 1.2
x (%) X2 (%)

2 Mixing established as a 11.5 o effect
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. CPYV classification

2 CPV is present in the SM via Cabibbo-Kobayashi-Maskawa (CKM) mechanism,

but is too weak to explain the Baryon asymmetry

2 Today CPV is confirmed at strange [PRL 13 138 (1964)] and bottom [NP A 675

(2000), 398-403] sector, no observation in charm

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

CPV in mixing
> Independent on final
state
> Different mixing rates
D' - DY and D' — DY

q
=l #1
p

»> Accessible via the using
flavor specifics decays

> No mass difference or
CPV in mixing observed
so far

> SM prediction: O(10™%)

2018/03/20

CPV in interference
»> Possibility of
interference between
mixing and decay
amplitudes

qAy
¢ arg(pAf)

»> Can be observed as a
decay-time-dependent
difference in decay
rates and as a time-
integrated difference

> SM prediction: O(10™%)

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

Af |
A—f| 7
> Typically (for SCS
modes): Aqcp < 1074 — 1077
»> Time dependent
measurements

»> Experimentally
challenging
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l1l. LHCb detector
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Bl LHCDb detector

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

JINST 3 (2008) S08005

Vertex Locator(vertex reconstruction) Tracking system(particle reconstruction) IJMPA 30 (2015) 1530022
* Impact parameter resolution: *  €e(Tracking) ~96%
20 pym *  6p/p ~0.5%-1%(5-200 GeV)

* Decay time resolution4
45 fs (tg~1.5 ps)

-
"
e

*  o(mpg_py) ® 22 MeV \ \,
M4 M5 \\1 \\

5m SPD/PS M2

HCAL
T3 RICH2

ECAL
M1

RICH: particle ID

10m 15m 20m :
* &K - K)~95% Muon system
L3 i b ~50
Mis-ID: e(m = K) ~5% Magnet e ulD: e(u - ) ~97%
* Bending power: 4 Tm * Mis-ID: e(mt = p) ~1-3%
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. Measurement of charm at LHCb

» Large charm cross section at LHCb: NPB 8711 (2016), JHEROS 074 (2017)

[1419 + 12 (stat.) + 116 (syst.) =65 (frag.)jub @ 7 TeV

o —r CC) =
(pp ) (2369 + 3 (stat.) £ 152 (syst.) £ 118 (frag.)|ub @ 13 TeV

pr < 8GeV/c,2.0 <y < 4.5
= Significant statistics collected during Run | (2011-2012, 7+8 TeV, 3 fb1):

- About 5 x 10'? D° and 2 x 10'? D** collected

2 Run Il;: higher collision energy and improved trigger— more statistics than Run |

S o+ T e | | | + | (| GMVFNS _
% boD LHCb L1 LHCb D]
[om— it 1 ® 1 L Vs=13TeV |
> o% _ 13T V \C_)/ 10
2 8000 ... Sig. +S Vs = ¢ 1 = 20<y<2.5 m=0
S I ig. + Sec. 1 =2 100f ‘ i St )
0 - [ comb. bk o) H—Hﬂﬂﬂ::!iﬁ: -
= : :
N [ S T T e 250 <302
F k=] e e S —
§ § 107 :E‘E e ==
< el ‘f‘f‘:‘:jl__‘ _ |
= 4000 - g 10 e 30<y<35, m—4
g 1075 1 \—{E':‘ _':"t'vi"z,f_
Q _ e
107 T S L 35<y<40,m=6 1
2000 - 0| %:F——'—‘f — |
: 0 B —
“““ b, 40 <y < 4.5 m=8
0 ~Arer T i s | " N ' '."n"llnlu . " " 4 1079 - T
140 145 150 155, | | | | | ——
— Y — 2 0 2 4 6 8 10 12 14
m(K~ntn") — m(K~ ™) [MeV/c?] pr[GeV/d]

JHEP 05 074 (2017)
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Bl Experimental aspects at LHCb

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

primary / secondary
decays

1
decays @ .
DU / il T[+s . ,.__—)
2= B .- §‘* X
A P
N - T I -"—p

= Production asymmetries:
- Different cross-section for D{, /D, AJ/A;, ...
2 Detection asymmetries:

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

- Depends on the particle momentum

— U T T T T T T E‘ I I l I I l l :
o L | 1 ia (a) 7
E 02 LHCb g 0.005 E
04 i
s 06 . 7 o0 /
—= -0.8 I ' g - :
= -l S -0.005F =

. = L

"d -
' E 0.01F 3
_'2 : : | -0.0155 -

20 40 60 T T
Kaon p [GeV/c] P, [GeV/c]
JHEP 07 041 (2014) PLB 718 902 (2013)
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IV. DY — D® mixing and indirect
CPV
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B Mixing of D° — D°

-

The latest results from LHCb using data from Run | (3 fb-!) and from part of
Run Il (2015-2016, 2 fb!)

Using the prompt charm production: D** — D%(— K7™ )zt

Study of D - K—#T (Right-sign) and D' — K*#~ (Wrong-sign) decays:

------- > N0 R 0 .
D* = DOt mix DCS ™ right-sign events D** = DOt " mix C?‘ +Wzong-3|gn events
DO K—1t* ~— DO K*11
~_ CF ~ - DCS .7

Significant yields: 1.77 x 10°RS and 7.22 x 10°> WS decays
The CP-averaged decay-time-dependent ratio of WS-to-RS rates:

/j:2 /112
+ ¢
R* NR%—H/Riy’— Y (2

T

where 2’ = zcosd +ysind and v = ycosd — zsind

Fit obtained by minimizing a y? variable

2018/03/20 15/35



B Mixing of D° — D° s ¢ 4 T

4 T
Rt #£ R~ direct CPV
't # 2/~ CPV in mixing

2 Three scenarios were studied: y'+ ¢/~ and interference
a) CPV allowed - direct and indirect CPV allowed 4, — Bb=Bp
. . . R} + Ry,
b) No Direct CPV - imposed condition R = R},
c) No CPV - CP-conservation b(\)/pothesis fit (all mix. parameters
same for D%and D")
8 L L L L e G G L L L L L L
L LHCb (a) CPVallowed 1} (b) No direct CPV } (c) No CPV ]
7k + 3 .
S 6F ' + ‘ I " h
= . ] S [ ]
= 5k T T ;
[ 1 }o-99.7%cL ]
4L --D°68.3% CL 1 --D°683%CL 1 --955%CL SRR
F —D%68.3% CL } —Dv683%CL } —e6839%cCL i ]
P R BRI BRI SR BT R RS SN NP SR SRR R
3 -0.1 0 0.1 0.1 0 0.1 0.1 0 0.1
x?[107] PRD 97 031101 (R)

< CPV parameter: Ap = (—0.14+9.1) x 1073

» Determination of |¢/p|: 1.00 < |¢/p| < 1.35 at 68.3 % confidence level
0.82 < |q/p| < 1.45 at 95.5 % confidence level
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B Mixing of D° — D° s ¢ 4 T

4 T
Rt #£ R~ direct CPV
't # 2/~ CPV in mixing

2 Three scenarios were studied: y'+ ¢/~ and interference
a) CPV allowed - direct and indirect CPV allowed 4, — Bb=Bp
. . . R} + Ry,
b) No Direct CPV - imposed condition R = R},
c) No CPV - CP-conservation bg/pothesis fit (all mix. parameters
same for D’and DY)
8 L L L L e G G L L L L L L
[ LHCb (a) CPVallowed 1 (b) No direct CPV } (c) No CPV ]
7F + 'y ]
S 6F + i :
= . ] . § I ]
= 5k T T ;
[ 1 }o99.7% CL ]
4L --D°68.3% CL 1 --D°683%CL 1 --955%CL SRR
L —D%68.3% CL } —Dpv683%CL ] —e683%cCL O
P R BRI BRI SR BT R RS SN NP SR SRR R
3 -0.1 0 0.1 0.1 0 0.1 0.1 0 0.1
x?[107] PRD 97 031101 (R)

2 The results are twice as precise as previous LHCb results based only on Run |
data [PRL 111 251801 (2013)]

- No evidence for CPV observed
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B Ar measurement: direct charm

< The SM prediction: ©(107%)
- Enhancement possible by the several NP models up to the order O(107°% — 107?)

- Measurement done via D’ - K"K* and D° — #~#x"decays from D*

. t
=2 Full Run | data set (3 fb!) Acp(t) = A%, —Ar;
— 2T T 1 T} — 2T v T
= FLHCb D" K'K~- +Data 1= F LHCb D°—xtr + Data  :
— _ R 1 —~ 1F oL =
> 1k Fit 1 = - Fit .
< Z ; _ 1T g dusimuedt E
0= + ——— | ____ T+,i ____________ — ;
SRR :
—1CL | I | | vy
0 2 4 6 8 20 8 20
t/TD t/TD
2 Previous measurement improved by nearly a factor of two. PRL 118 261803 (2017)

Ar(DY - K™K*) = (-0.30+0.32 4+ 0.10) x 1073
Ar(D? = 77 71) = (+0.46 £ 0.58 £ 0.12) x 1077

< Single combined value: Ap = (-0.134+0.28 £0.10) x 1073

< No evidence for CPV observed
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B Ar measurement: muon tagged

2 Using the secondary charm production for cross-check of direct charm
results -» prompt and secondary charm results are uncorrelated

2 Used the b-hadron decays, data set is dominated by the B~ — Du#,X and
BY — D%up,X (around 40 %) decays, full Run | data-set (3 fb)

- D meson reconstructed via K"K, 7#—«% channels
® I1SFLHCb o '4'33&5 'f'—; 8 ISFLHCb o '41'1?_&5 'f'—; JHEP 04 043 (2015)
) — o+ — Linear fit 7 C O gt — Linear fit
25 10 DOKK Wlobad] 9 10F DOKT 1+ 16 band
SE + ' SE ]
0 fouy 0f PR S
F Mp;;ﬁ o ———— 4
SE SE E
:: o—-r-'l--'-n"'-"‘-'-'-Jr'-.——_ . E 0—--'---',|-"‘.r-'-‘|-'|-.——-l— ;
_50 1000 2000 3000 4000 5000 _50 1000 2000 3000 4000 5000
t [fs] t [fs]
< ISFtHCD = |+Daa _
ol IL)IE:;_W " Linear it - The K~ 71 decay used as a control
< F i+ lo band channel (no CPV expected)
BTN : > lifetime fixed to 7 = 410.1 fs
0 il 'i[--~'—~ --------------------------- ?; = Time dependent fit:
SE 3 : t
E | : _ 4d
] S BN T Acp(t) = Agp — Ar—
= of—-r.-'-".-l.,'-r.l-u-—‘.-u—- a T
Q-' E 1 | | 1 E
_50 1000 2000 3000 4000 5000
t [fs]
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B Ar measurement: muon tagged

2 Using the secondary charm production for cross-check of prompt charm
results -» prompt and secondary charm results are uncorrelated

2 Used the b-hadron decays, data set is dominated by the B~ — Du#,X and
BY — D%up,X (around 40 %) decays, full Run | data-set (3 fb)

- D meson reconstructed via K"K

®
2S5 10F D'>K K
< o

ISE LHCb

" 4-Data
— Linear fit ]
{i+ 1o band {

5 +
0 z N %0 ) LLEEEEErTrrEr
— SF
g °F :
5E ] I ] ] 3
0 1000 2000 3000 4000 5000
t [fs]
g I5F LHCbI ' | +Data -
. F 0 - — Linear fit 3
2 5 10 3 D —>T T i+ 1o band]
ol '?
0 o A
SE | :
_ Sy |
E 0;‘—"'l""-|'|-1l'rll""'—‘r"-_- E
5E 1 | 1 1 =
0 1000 2000 3000 4000 5000
t [fs]

2018/03/20

AL 1%) -

7~ channels
P AL B R B S B AL
15 LHCb +Data 4 JHEP 04 043 (2015)
10f DK B 10 band.
SE | .
0 M' +‘L ++ 3 ‘l.........::::::::::::_
A Fopr = >
SE E
£ 0t e ——— :
sE I ! | ! 3
0 1000 2000 3000 4000 5000
t [£s]

= Final results:
Ap(K"KT) = (=0.134 £ 0.077 T0-02) %

Ap(r— ) = (—=0.092 £ 0.145 T0-023) %

=~ Compatible with prompt charm
measurements of Ar
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Bl HFLAV Ar average (2016)

III|IIIIIIIIIIIIIII
TN B8

2 The world average value of Belle 2012 }} . }I -0.030 = 0.200 = 0.080 %
Ar measurements
- SM prediction: @(10—4) 0.088 = 0.255 = 0.058 %
2 Measurements entering the
SM area -0.120 = 0.120 %
2 Overall combined LHCb
LHCH 2015 p tag -0.125 < 0.073 %
Run | value: :
Apr = (—0.294+0.28) x 107° *
LHCh 2016 D * tag H -0.013 = 0.023 = 0.010 %
The most precise
measurement to this day
2 The average is compatible World average H -0.032 = 0.026 %

with the no-CPVhypothesis R T PP ST ST R
02 01 0 01 02 03
A (%)
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B Multibody decays

2 Measurement of time evolution of phase space — time dependent Dalitz plot

- Direct access to many variables: x,y, |q/p| ¢ ; access to amplitudes and
phases, sensitivity for mterferences D’ - f& DY —f

2 However the description is model-dependent

6 ?(1()' I | I I . 0
- — . > DY - K¥n~7#7t7n~ Run | data
>F 1 = Time-integrated study
% St 4 = Wrong-sign: D* - KTnr 77~
% 45;— ,«" » Data ‘ 2 Right-sign: DY - K~ #ntatn™
- —— Unconstrained 4
4 F .. Mixing-constrained ] 2 Most precise measuremer_1t of |
' - No-mixing ] DY — Ktnx—xt#x~ branching ratio
3.5 g ol - . . :
- - 2 Mixing in this mode: 8.2 ¢
n I | I Cl | .
3 2 4 6 8 10 12 > More thorough study including
t/T Run Il data is in progress

PRL 116 241801
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V. Direct CPV
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.AACP(DO — K"K*/7~77) muon tagged
< Secondary charm production: B? — D°(— K Kt /7 7")uy, X, Run | (3 fb!) data

2 Individual raw asymmetries depends on muon reconstruction efficiency Ap(u™)
and asymmetry in B hadrons production Ap(B): Ayqw = Acp +Ap(p™) + Ap(B)

- Difference of asymmetries: AAcp = Argw (K"KT) — Ay (n )

EQ,, 3-_ —*— Data = 13;3 3 - —*— Data _:
% C Total average LHCb E *;\ C Total average LHCb ]
é ) :_ Average of 2011 resp. 2012 — 'M 2 :_ Average of 2011 resp. 2012 _:
S :
1:—‘ . ] ue - < IF .
aF ] IE 3
ok 2F0 S
5 10 5 10

Data taking period Data taking period

AAcp = (+0.14 £ 0.16 £ 0.08) % JHEP 07 041 (2014

Acp(K~ K1) = (-0.06 £ 0.15 £ 0.10) %
Acp(n~ 7)) = (-0.20£0.19 £0.10) %

2 Result from the prompt charm production:AAcp = (—0.10 + 0.08 + 0.03) %
[PRL 116 191601 (2016)]

2018/03/20 24/ 35




Bl LHCb summary average (2016)

- Average of the CPV searches D° — h—ht at LHCb

X103
xa 10 :
S A .SLKK*and nn* —
5:3] —— A prompt K°K*
A prompt Tttt
5t . PRL 116 191601
e no CPV (2016)
0f ‘ i
—~ a
2=
< £
O
s 8
; Cb
-10 . . X107
-10 -5 0 -5 w 10
I
CIC?3

2018/03/20
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Bl HFLAV world average (2016)

0.015
% BaBar o noCPV
mmer 1 Belle BaBar
i CDF KK+7m Belle
0.010 LHCb 5L KK+mx CDE
LHCh prompt KK LHCh
LHCh prompt ==
0.005 |
ER
"&J 0.000 -.
<]
—0.005 | A
O o E
U B
5 (=3
—0.010 8
5
Contours co
—0.015 : : .
—0.015 —0.010 —0.005 0.000 0.005 0.010
ald a4 = (0.056 + 0.040) %

Aa®?, = (—0.137 4+ 0.070) %
Compatible with no-CPV hypothesis in the charm sector at 6.5 % CL
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V1. Future prospects for Run Il
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(¢) [mrad]
HFAG 2016 1.4 0.7 80 173
Run Il 0.8 0.6 47 83
Run I 0.3 0.2 17 32
Belle Il (50 ab™)! 0.8 0.5 60 70
S 0.012 — T 1 T T ' 1 T T T T T 7 = T ' | T ‘ T ‘ T
i HFAG World Average Jan 2017 i HFAG World Average Jan 2017 ]
0.01 L B HEAG WA Jan 2017 + LHCb 300/fb 0.4 — [l HFAG WA Jan 2017 + LHCb 300/fb -
0.008 |- ] 0.2 J
- @ i N
0.006 - 5 0 -
0.004 — — 02+ |
000200002 " 0.004 0006 0008 0.0 04708 09 L 12
X CERN-LHCC-2017-003 l4/pl
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. Prospects for direct CPV searches

2 Precision is already at O(1073) level, so far no evidence for CPV in charm

2 With the the Run Ill data (50 fb! in combination with Run I+1l) the precision
will be comparable with the SM prediction atO(10™%) level

< Need for precise BR input by Belle II/HIEPA: D' — 7%, DY — KgKg, D° — n07nt

1) Multibody decays [slide: 30-31]

2) Rare decays (radiative, leptonic) [slide: 32]

3) Double Cabibbo Suppressed (DCS) decays (e.g. D™ - KTnt7#~ /KTK"K™)
4) Exploring charm baryons [slide: 33-34]

> Measured 1* evidence for CPV in baryons: Ay, — p37m [Nature Phys. 13, 391-396 (2017)]

2 Need of detector upgrades [slide: backup]

2018/03/20 29/ 35



. 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:

Binned approach

> S, approach
> Significance of asymmetry in Dalitz

2018/03/20

plot
[PLB 728 585 (2014)]
€35:| REEL Y] EE UL
T 3f .
l:
32.5:—
A 2;_ ‘ o
15f .-'
R s
0k LHCb
e
S [GEV7?]

Unbinned approach (Energy test)
> Testing data consistency with no-CPV

hypothesis

> Significance of asymmetry for each

event

[PLB 740 158 (2015)]

< | S

mi(r 1) [GeV¥ct]

Lt

]

1

m¥{(r* 1) [GeVict]

Significance
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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
AC’P

P—odd
AC’P

~ sin A¢weakz sin A¢str0ng

~~ sin Aqbweak: COS A¢strong

< First measurement: D° — 777~ 77~ , P-odd CPV with the 2.7 o significance

[PLB 769 345-356 (2017)]

O S S S U w—y

Candidates / (0.02 GeV/c?)

2018/03/2

S D B~ N

x10”

' LHCb

S DB~ N ©

0.4

T T I T T

0.6

T I T T T I T T T I -

(f) -

08 1 12
m(7,75,)[GeV/c?]

—_ N W

(@)
Significance [C]

Mode Ag;odd [10—3] E)(p Ref.
- PRD 84
+ + o+
DT - KsK™ntn™| —124+10+5 | BaBar 031103
JHEP 10 005
D s KTK 7t7~1.84+29+0.4| LHCb (2014)
0 + — 0 +0.2 PRD 95
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Bl Prospect: CPV in rare decays

-

-

Large contribution from penguin diagrams — larger values of CPV expected

Two main categories: Leptonic and Radiative decays

15F ' ' ' ' 1
[ Low-m(u+u) n LHCb

Leptonic decays F
sk
First observation of DY — KK~ pu*u~
+ = ¥F
and D' > 7t T » a EN
w s
5.4 o signal ¢ u ¢
DO{_ + _}h+ g 20f
CPV up to O(1072) NS
p \ q High-m(u*u™) —— Data
_}h_ or T — Fit y
Y 1 |:|D“—nr+.frp+y'
H H el [ - D'srtnatn ]
Radiative decays gibimpiic lLlll e Coms e
0 L P PR BRI
. . 1850 1900 1850 1900
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®: A¢p(D% — p%y) = (+5.6 £ 15.1 £ 0.6)%

1: PRL 118 051801
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. CPVin A7 —pK " KTand Al — prto™

Full Run | (3

v v I

fb1) data used

T Araw (pﬂ-_ T

in order to cancel production and detection asymmetry

3000{ LHCb

Candidates / 1 MeV/c?

~+ Data

—— Total fit
—-=—- Signal

------ Background

2240

2260 2280 2300 2320 2340
m(pK—K*) [MeV/c?]

DAL [%]

First measurement of CPV parameters in three-body Aj decays

The A} — Atp~X decay channel used in order to reduce prompt background
Two SCS decays studied: A7 — pK~"K* (25 k) AF — pr~ 7" (160 k)
Measurement of difference AAcp = A, qw(pK~K™)

)

1 LHCDb

—— Weighted average

¢ Data

71TeV
Up

> Final result: AAcp = (0.30 +£0.91 +0.61) %

2018/03/20

7TeV
Down

8TeV
Up

8TeV
Down

LHCb-PAPER-2017-044
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. CPV in charmed baryons

-

-

Several theoretical works about CPV in charmed baryons

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

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

Suggested channels: A. — prTn~ /pKTK~, EF — pK~ 7"

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

Suggested channel: A7 — pKtn~

2018/03/20
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. Conclusion

-

-

Charm physics is still of a great importance
Precision measurements of CPV are a fundamental tools to probe SM
at energy scales and couplings unaccessible at the energy frontier

Still no signal of CPV (Direct or Indirect) in charm sector observed

- obtained strong constraints for many BSM models

Key measurements are mainly limited by the statistics — with Run Il data
the O(1072 — 10~*) precision is now becoming possible

Several new analysis methods are now used for Run Il data

With several major upgrades planned for Run Il and Run V, LHCb will be one
of the main driving forces in the heavy flavor physics during coming years

- after 2025 only dedicated heavy flavor experiment!

2018/03/20 35/35



Thank you for your attention
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Planned LHCb upgrades
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Bl LHCb upgrade Phase | (Run IlI)

2 Hardware upgrade for Run llI:

- VELO upgrade: 40 MHz readout (1 MHz), 790k channels/module (4096),
CO, internal cooling

- New Scintillating Fibre Tracker (SciFi)
=~ Software upgrade for Run 3:
- Fully software trigger, 40 MHz event rate frequency
- Full event reconstruction at the HLT level - output rate in Gbs!
2 Upgrade | construction on track for Run Il
< Expected recorded luminosity: 5 fb! per year
- Before Run IV (LS3):
- Phase I(b) upgrade: consolidation of Phase | upgrade
- Replace of innermost parts of ECAL
- Adding of Magnet side stations

- Same luminosity as during Run lll
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Bl LHCb upgrade Phase | (Run IlI)

+ Upgraded electronics

and trigger
New detectors LRt EcaL HCAL \a MS

SciFi  RICH2 M2

ol . o
= ¥ i .
Vertex )/ 2 H /-

LHCb-TALK-2017-232
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Bl LHCb upgrade Phase | (Run IlI)

Type Observable Current LHCb Upgrade Theory
precision 2018 (50tb™)  uncertainty
B? mixing 203, (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
An(B) 64x10%[15]  0.6x10% 02x10% 0.03x 1073
Gluonic 28T(BY — ¢9) - 0.17 0.03 0.02
penguin 26T (BY — K*0K*0) 0.13 0.02 < 0.02
26°1(B® — ¢ K?) 0.17 [15] 0.30 0.05 0.02
Right-handed 261(BY — ¢) 0.09 0.02 < 0.01
currents TM(BY — ¢v) /T - 5% 1% 0.2%
Electroweak  S3(B° — K Oup; 1 < ¢2 < 6 GevZ/cl) 0.08 [1] 0.025 0.008 0.02
penguin so App(B® — K*%u*p™) % [14] 6 % 2% 7%
Al(Kptp—;1 < ¢* < 6GeVE/ ) 25 [15] 0.08 0.025 ~ 0.02
BBt = ntutp)/B(BT — Ktptu™) 20? [I ] 8 % 2.5% ~ 10%
Higgs BB = ) 15x1092] 05x10° 015x10° 03x 107
penguin B(B° — )/ B(BY — putu) - ~ 100 % ~ 35% ~ 5%
Unitarity v (B — DWK®) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (B! - D,K) - 11° 2.0° negligible
angles B (B = J/YKY) 0.8° [1%] 0.6° 0.2° negligible
Charm Ar 2.3x 1073 [15]  0.40 x 1073 0.07 x 1073 -
CP violation AAcp 21x10°[5] 065x10° 0.12x103 —

2018/03/20
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Bl LHCb upgrade Phase Il (Run V)

New muon chambers

Side View Tungsten M4 M5
/ / Magnet & Neu‘ﬁgAL M3 . \
/ Magnet Stations  g¢jF; TORCH  ghieiging M2 \
/ &Silicon , _RICHZ, .. \
faf Tracker 18 "{‘\
/ ; .?~ . ) {\\‘ X

Vcrta:)uff--"' '
Locator

« vio0E 'j'-.. ‘; e

--------------------

Phase-Il Upgrade

CERN-LHCC-2017-003
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Bl LHCb upgrade Phase Il (Run V)

2018/03/20

Topics and observables

Experimental reach

Remarks

EW Penguins

Global tests in many b — spp~ modes
with full set of precision observables;
lepton universality tests: b — ditl™ studies

Photon polarisation
A% in BY 5 ¢y BY 5 K*ete™:
baryonic modes

b — ¢l lepton-universality tests
Polarisation studies with B — D™ 7
T /p~ ratios with BY, AE and Bi‘f modes
BE, B sputp~

R=B(B" = utu ) /B(BY = ptp )

TRO_ s+~ CF asymmetry

LFV 7 decays

T = ptpT T T = h e,

T = ap

CEKM tests

v with B~ — DK—, BY -+ Df K~ etc.
¢ with BY — J/YK+Y K=, J/pata
@** with B! — ¢¢

*ﬂrrij/rd

Semileptonic asymmetries n.:l""'
Vipl/|Vep| with AP, BY and B modes

Charm

C'P-violation studies with DY — hth—,
DY = K'rtr~ and D" — K¥ntatn—
Strange

Rare decay searches

e.g. 440k B — K*utp~ & T0k A — Aptu—;

Phase-Il b — dptp™ = Run-1 b — sptp~
sensitivity,

Uncertainty on A% ~ 0.02:
~ 10k A) = Ay, Zp — S, ) — Qy

e.g. SMB = D't v, 77 = p vy
& ~ 100k 7~ = vt (mes

Uncertainty on R = 20%
Uncertainty on TR sptpu— R 0.03 ps

Sensitive to 7= — pTp~u at 1079
JE P

Uncertainty on v &= 0.4°
Uncertainty on ¢ = 3mrad
Uncertainty on ¢%° = 8 mrad
Uncertainty on Aly/T'; ~ 103
Uncertainties on n.:I‘S ~ 101

e.g. 120k B} — D'y~ w,
e.q. 4x 10" D" = KYK—;
Uncertainty on Ap ~ 107?

Sensitive to K — ptp~ at 10712

Phase-II ECAL required for
lepton universality tests.

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-I1
ECAL and low-p tracking,
Approach SM value.

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

Access CF violation at SM values.

Additional sensitivity possible with
downstream trigger enhancements.

CERN-LHCC-2017-003
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B LHC timeline

LHC roadmap: according to MTP 2016-2020 V1

B Physics

- Shutdown
Beam commissioning

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

LS2 starting in 2019
LS3 LHC: starting in 2024

' ' Technical st
Injectors: in 2025 i Technical stop

2018/03/20

2015 2016 2017 2018 2019 2020 2021
Q1{Q2!Q31Q4|Q1102!Q310Q4|Q11Q2!Q3iQ4|Q11Q2!Q3!Q4|Q11Q2:Q3!Q4)Q1!Q2iQ3!Q4|Q1!Q2 ?_3}_@4_[
LHC
Injectors Run 2 LS?2
0 PHASE 1
2022 2023 2024 2025 2026 2027 2028
Q1iQ21Q3104|Q1iQ21Q3104|Q1iQ21Q3iQ4|Q1iQ2:1Q3iQ4|Q11Q21Q3iQ4|Q1 02102 Q4|Q1iQ21Q3 04
LHC LS 3 . Run 4
Injectors .
o > o— PHASE 2
2029 2030 2031 2032 2033 2034 2035
Q1 C2§-3!3§Q4 Q1iQ2:Q3iQ4|Q1:Q2:Q3iQ4|Q1:Q2:Q3:Q4|Q1 QZEQB 4|Q1:Q2:Q3 Q4 |Q1:Q2:Q3 |4
LHC 1S4 LS5
Injectors




Belle Il status
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. Belle Il - status of the experiment

2 Phase Il (2018): first collisions, measurement of background, no PXD

2 Phase lll (2019): Full detector, physical run
70¢

- Goal of Belle II/SuperKEKB

50F

40F-

(ab™)

30—

Integrated luminosity

20F-

10

*

—

o
Lo
w

B Phase Il Phase lll
L. [ 0 N R VPR D I
2%1 4 2018 2019 2020 2021 2022 2023 2024 2025

Calendar Year BELLE2-TALK-CONF-2018-012
2018/03/20 46 / 35

8
6
a4
2

(em2g)

Peak luminosity




B Ar measurement: muon tagged

=2 Results by the year and magnet polarity:

Mag. up 2011

Mag. up 2011} —
Mag. down 2011 LI(;ICb Mag. down 2011 LI(;ICb T
D>ttt D"—K K"

Mag. up 2012 Mag. up 2012~ —
Mag. down 2012 —e—] Mag. down 2012 —
All 2011 ——r All 2011 —
All 2012 All 2012~ -

PR el PR T T T | | -
-0.5 0.5 -1 -0.5 0.5 1

0.026

= Final results:

Ar(K~K4) = (—=0.134 £ 0.077 *

0.034

JHEP 04 (2015) 043

Ap(r~7t) = (—0.092 4+ 0.145 T9033) %

= Compatible with direct charm Ay measurements

< No CPV observed
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. CPVin A7 —pK " KTand Al — prto™
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

- More data required for more precise measurement
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. CPV in DEFS) — 't

- Study of CF D — »'#*and SCS D — »'x* decays:

Full reconstruction chain: Dy, — #'(— 7"

T y)mt
First measurement at hadron collider (very challenging photon background)

Measurement is done via the difference parameter AA-p

v v J

For difference (and for tracking and detection asymmetries canceling) the
control channels Dt — K7* and D — ¢x* are used

2 Systematics is very limited by the photonic background
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/ . E— . |
Bl cPVinD{, - y/rt v :
> ﬁ{ g HH# #Hﬂ{{ﬂ {{# |
= 600 i Wﬁﬂzﬁ*ﬁﬁ{ffg
> i 1 S 0 #
Data from Run | (2011-2012, 3 fb'1) 5 4000 LHCb {ﬁ{#{ﬁ -
- Full reconstruction chain: %’ i **H%%
DG = (= atay)rt 3 2001 ]
-2 First measurement at hadron collider

"i8s0 1900 1950 2000
(very challenging photon background) mn 7)) [MeVie')

% 8000~ LHCb .

< Data divided into 12 subsamples: E . Dj—»nn |
Energy (7 and 8 TeV) o 6000 i
Magnet polarity (Up and Down) § 4000 a

:'9 - -

3 Trigger selections E [ ]

. . O 2000 .

= Each subsample then divided into - ’
3(p;) x 3(n) bins based on bachelor pion N :
oi-df"*,-lJl.lll.ﬂ.nr, 'l"'l"T"llI'”J""'JTI‘

=~ Systematics limited by the background -2¢ T". -

1850 1900 1950 2000
m(n 7°) [MeV/c?]
Phys. Lett. B 771 (2017) 21
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. CPV in DEFS) — 't

2 Based on Run | data (2011-2012, 3 fb)
2 Systematics is very limited by the photonic

background

< CP asymmetries is then calculated as:
AAcp(DE = n/'nF) = Acp(DF = n'nF) — Acp(DF — Ko7F)
= Araw(DF = 0'1F) — Apau (DT — KgrF) + AK° — K?)
= Acp ~ AAcp(DF = /'n%) + Acp(DF — K27F)

A.ACP(DSi — 7]’7Ti) = .ACP(D;t — 77/7Ti) — .Acp(DSlL — gb?Ti)
= Amw(Dsi — n’wi) — A, qw (D;t — qﬁwi)
= Acp ~ AAcp(DE = /%) + Acp(DE — o)

2 The most precise results to date:

Trigger selections: T1, T2, T3

7TeVTI
7 TeV T2
7 TeV T3
8 TeVTI1
8 TeV T2
8 TeV T3
Average

7TeV Tl
7 TeV T2
7 TeV T3
8§ TeV Tl
8 TeV T2
8§ TeV T3
Average

-2.12 £2.39
320 £2.38

0.68 + 2.55
—0.83 + 1.43
LHCb —0.95 + 1.37

-1.32 £ 1.62

-0.58 £0.72

~0.14 +1.18
~0.16 +1.22
_1.54 +131
—0.57 £ 0.72
LHCb 0.21 +0.67
~1.06 +0.82

-0.44 £ 0.36

-5

AA ., [%]
Phys. Lett. B

Acp(D* — n'm™) = [-0.61 £ 0.72 (stat.) + 0.53 (syst.) £ 0.12 (K{75)] % -7 (2017) 21

Acp(DF = n'n%) = [-0.82 + 0.36 (stat.) + 0.22 (syst.) + 0.27 (¢o75)] %
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