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e Recent LHCDb results:

For a complete paper list on charm, see LHCb link

— A In D0—K+K- and DO— 7+t (pre 118 (2017) 261803)

— yep With DO—K+K-, D0—gr+m-, and Do—K-7t+ faiv:1810 06874

- Mixing and CP violation in DO—K=7t jpro 97 2018) 031101(R)

— A In D\KOK 0 with 2015-2016 data (2fb-1) arxivisos.01642)
- AAp I A +—pK-K+ and A #+—pm-m+  prep 03 2018) 182]

— Angular and CP asymmetries in Do—K+K-(m+m-) u+u-

PRL 121 (2018) 091801]

— Search for AC+—>pM'M+ [PRD 97 (2018) 091101(R)]

 Summary & outlook


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803
https://arxiv.org/abs/1810.06874
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
https://arxiv.org/abs/1806.01642
https://link.springer.com/article/10.1007/JHEP03(2018)182
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.091101

LHCb experiment
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Integrated Recorded Luminosity (1/fb)

2010 2011 2012 2013 2014 2015 2016 2017 2018

LHCb data-taking

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

. 2018 (6.5 TeV): 2.19 /fb
* 2017 (6.5+2.51 TeV}: 1.71 /fib + 0.10 /fb
. 2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /i
* 2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb
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« Run I:[1.0 fol @ 7 TeV (2011) + 2.0 fo'l @ 8 TeV (2012)
« Run 11]0.3 fb! (2015) + 1.7 fb-1 (2016)[+ 1.7 fb! (2017)

+2.2 b1 (2018) @ 13 TeV



CP Violation in Charm

* Only way to probe CP violation In

up-type quark

* Complementary to K and B ViaVea + VisVes + Vi Vp =0

mesons with observed CPV ~A  ~A ~A
. A=sin(f.)~0.23

» Difficult to calculate SM g R .
predictions, but small (~10-3) CP
asymmetry is expected — hints of —-_—
NP if higher values are observed  5®ected CPVvery smallin

» CPV in charm sector yet to be e generaton
found « 3" generation and CPV

enter through loops



Mixing and CPV in D° — D°

* Charm mixing: a well-established fact:

—Mass eigenstates are related to their flavor eigenstates via
ID, ,> = pIDo> + ¢gIDo>, with Igl2 + Ipl2 = 1

- Mixing parameters based on the mass and width differences:
x=(my-m)Il, y=T,-T)2C,withT' = [, +T'))/2

* CP violation contributions:
—-In decays: amplit_lz,ldes for a process and its conjugate differ

Direct CP 1 U d.&b

4 ~lxA, = ab=~-——A -~y
violation — cp n"d
W 0
=7}

A;

- In mixing: rates of Do— Do and Do - Do differ

no W

. +2 e d,5,b T
Indirect CP . A _ -
violation 4 1+ A = ail =-—"ycos¢+xsing ¢ weak phase,
p 2 A_: CPV from mixing

—In interference between mixing and decay diagrams
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Search for CPV: measuring A

Measure of indirect CPV in D° SCS decays to CP eigenstates:

r(D° — f)-T(D° - f)
(D" — f)+T(D° - f)

1
B2 ) e 1|
p q P q

[

Acp(t) =

T

)xsin(/)] x\,(‘i‘ — 1) — X
p

mAgiF[—AF( ) f=KK~. ntn

A.
with ¢ = arg( — if
IfA_#0 - indirect CPV Py
[PRL 118, 261803 (2017)] h+
At LHCb: measurement performed with Run 1 data (3fb?) h-
D° flavor tagged from strong decay D™ — Dt *
7~

)
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A_ results

[PRL 118 (2017) 261803]
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* Dominating world average
* Compatible with zero within 3x10*




Search for CPV: measuringy, .,

8 U A (D0 — hth—
[(D’ — h*h )2+FF(D hh) f=K'K~, n*n~ (CP-even)

2 2
s\ [ oo = (= ) oome] =z (=) =5 = (15
2[\Ilp q p q 2\lp 2 p
Ycp IS equal to y in the limit of no CPV (lg/pl=1and ¢ = 0)

 Differences are: ,//'
uf & "

Yep =

- Linear in mixing parameters D7 .5,
_ ‘ .............
5% of y or less B e
- Quadratic in ¢, lg/pl-1 ; @ p\ X

« Current precision not as competitive as A for CPV searches
* [tis a measurement of y independent of R(t) = Br(Do — K+11-)/Br(Do — K-11+)
« At LHCb: measurement performed with Run 1 data (3 fbt) tagged with B — DopX

« Extract y, from the time-dependent ratio between h+h- and K-t+ yields



[arXiv:1810.06874]

Y., result

[LHCb-PAPER-2018-038] (arXiv:1810.06874)

0201 KK LHCb
< ok t % | K& = (0.63+£0.15+0.11) %
§0.19%%—$ & { —yCF‘_(' +0.15£0.11) %
Qe - =

U8 £} =
_ - g, e Data 7
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x 0.070
¥ t 1 K= | ¥ =(038£0.28+0.15%
& +% + cpP

0.065 |- + I -

05 10 15 20 25 30 35
D’ decay time [ps]

yep = (0.57 £0.13 +0.09) %

* Compatible and with similar precision of world average (0.835 £ 0.155)%
* Compatible with y =(0.67*%%,)% within 1o [HFAG CHARM18]
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http://www.slac.stanford.edu/xorg/hflav/charm/index.html

[PRD 97, 031101 (2018)]

Search for CPV: the D°- K*1T case

 Mixing parameters measured separately for D° and D° DU DC5\+ B
decays , K'r

« Any different oscillation pattern between D° and D° decays i _ y
indicates CPV D

N decay  mixing/decay mixing 5
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[PRD 97, 031101 (2018)]

Mixing & CPV results in D° - K*1T-

_ FpY = e =
|' - —
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+ - ]
= af ~
6F =0 E
& - DY = e =
= sE -
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&
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" -
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= 15—
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x? =(0.039+£0.023£0.014) - 1073
y =(528 =045 £027 )-107°

py— . . .
6 20 * Twice as precise as previous

t/t

superseded LHCb measurement

[PRL 111 (2013) 251801] ,



[arXiv:1806.01642]

A, In D°- K K ° decay

* Penguin annihilation diagrams contribute to Do - K 0K 0 p
- Hint of NP if significant time-integrated A, found =
* LHCDb dataset: 2.0/fb, 2015-2016

« Reconstruct D* - Do+, with 11+ to tag Do flavor !
* Raw asymmetry:
Acaw (KOKD) = Acp(K2KD) + Ap(D*) + Ang (™)

* Control channel Do - K+K- to remove production & tagging
asymmetries:

AAcp = A (KPK?) — A (KTK™)
= Acp(KOKS) — Acp(KTK™)
Acp(KTK™) = (0.04 + 0.12 + 0.10)% measured by LHCD e 767 (2017) 177
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https://arxiv.org/abs/1806.01642

[arXiv:1806.01642]

Result of A_,(D° - K. °K_°)

K.% reconstruction
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LD: N, =308 + 26
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c Acp =(42+£3.4+1.0)%
- Compatible with Run1 result: Agp = (—29+52+22)%
* Average : Acp = (20£294+1.0)%
— Catching up with the Belle result [prL 119 (2017) 171801]
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[JHEP 10 (2015) 055]
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https://arxiv.org/abs/1806.01642

[JHEP 03 (2018) 182]

AA_, In A *—ph*h decays

* LHCDb dataset: 3.0 fb*, Run 1 gi Ep‘
« Production mode: A °— A *wX Ay P
* Raw asymmetry > >

PV

Avaw (f) = Acp(f) + Ap(AD) + Awg (1) + Ap(f)
where f = pK™K—, pt "t~

* Removing experimental asymmetries by taking the
difference between the two final states

AAWgt (AY - pK~K*) — AYS(AY — pr—nt)

raw

~ Acp(A} = pK™K*) — AMS(Af — paa™)

I'EI.W

®m Assuming same kinematics for the two final states
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https://link.springer.com/article/10.1007/JHEP03(2018)182

Yields

[JHEP 03 (2018) 182]

AA_ (A - ph*h’) result

A — pK~K™
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30007 LHCb + Data
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E
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=
=
]
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« First measurement of CPV parameters in 3-body A _* decays
* No CPV observed
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https://link.springer.com/article/10.1007/JHEP03(2018)182

Overview of charm rare decays

D' > ute” DY) >t D' >z x'V(-> 1) D® - K"
D" - pe” | LM ol D’ >p V(=) D' > p0) ¥y
D, > h'u'e” DV KT D> KKV |, 9 2
. Flavor Changing ™ ¢7 " . - D54 Vo) D77 $(—> 1)
Neutral Currents VVector Meson Dominance
LFV, - BNV FCNC VMD Rad'ive
0 10 10™ 10™ 10" 10" 10" 10° 10° 107 10° 10° 10
0 +_ = + +
D{Z] S KT p° Suu D ox D“ —}E*Dﬁr V(=11) D,, =1 ¢—=1)
’ o D" > ee Dsprrr D'SKV(EI) DoK'V
D X ue . 0 .
D’ s K*kI'1- Doy D' - K"'V(-> 1)
1 T G b . il
D’ 54 Il

[PRD 66 (2002) 014009]
» Short-distance FCNC contributions to ¢ — u processes are tiny < 10-°

— Only possible at the loop level
- More suppressed than B decays due to GIM mechanism
- Up-type quark FCNCs complementary to those in B and K sectors

* Branching fractions of D — X¢&+- are dominated by resonant long-
distance VMD contributions
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D° — h*h u*u decays

SD contributions, good for NP probes

4+
r C PR U‘ a— ] -9
Kﬁh‘cj\“\\xm r\ iﬁ%\__,—#l'—+_____ i_ = O(lo )

L X

'“““E" L‘r {:f”f h *

8 11 ‘ T h—

DY« R\*H_"ﬁ.ﬁ[;
~_u .. _—h'
U

LD contributions, hard to predict
theoretically

d. s

c 1 : at, Kt
IV“'L/--\ 1 & V -
’L/l/w (l‘- ¥ < 1 [X -
|
D{J
: u V! < H’+
y “_

“ - O(107 - 10%)

» Short-distance FCNC contributions to ¢ — u processes are tiny < 10-°

— Only possible at the loop level

- More suppressed than B decays due to GIM mechanism
- Up-type quark FCNCs complementary to those in B and K sectors

* Branching fractions of D — X¢&+- are dominated by resonant long-

distance VMD contributions
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[PRL 121 (2018) 091801]

Asymmetries in D° - K*K-(TT*10)u* -

e Recent LHCDb resultSpre 119 2017) 191805

LHCb 2012 2 fb*

B(D" — W+W_/I+/I_) = (96.4 + 4.8(stat) + 5.1(sy
B(D" - KTK ptp™) = (15.4 4+ 2.7(stat) £ 0.9(sys

$) + 9.7(Bporm)) - 107
) :I: L. 6( nmfm)) ) 10_8

— Rarest charm decays observed so far

* Angular and CP asymmetries in SM are
expected to be negligibly small

F(cosép 0) —F(cosﬂp < 0) I" (sin2¢ > 0) —TI"(sin2¢ < 0)
*" T (sin2¢ > 0) +T (sin2¢ < 0)

AFB=
r (cosgy > O) +T (cos Qy < O)

Forward backward asymmetry Triple product asymmetry

 _LHCb dataset: 5/fb, 2011-2016

e Reconstruct D*+ - Dort+, with 11+ to tag Do

flavor

/ /

= Wthptp™) =T (D° = hthptp”)

A~p =
“r r(D > Wthptp) + T (D0 — hthptp-)

CP asymmetry
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801

[PRL 121 (2018) 091801]

Results of asymmetries

Results integrated across m(H p ")

3005 LHCb ﬁ P
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L \ , ]
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5 200}
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L 150¢
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8 ]
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O———T T 1 T T
© LHCb o ] Acp (DY = KK pu*p™) = (0% 11£2)%
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' N, 11013
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801

mi(p )

Signal asymmetries

MeV/c?] Agg [%] Ay 1%] Acp [%]
DY = rtaputy

<525 242042 =28 £204 2 172042

325-5065

565-780 81+71+£0.7 744+71+£07 -129+7.14+0.7

T80-930 TH1041 —14+ 1041 17+ 1041

950-1020 3.1 65+ 0.6 1.24+644+0.5 7.5+ 65+0.7

1020-1100 0.9 £56+0.7 1.4+55+£06 99+55+0.7

~1100

Full range 33+£37+£06 =064+3.7L£06 494+ 3.8+0.7
DY - KtK utp

<525 13+26+4 9426+ 3 =33+26+4

525565

> 565 1 +12+1 22+ 12+ 1 13+12+1

Full range 01142 g+ 11+1 0112

[PRL 121 (2018) 091801]

Results of asymmetries

Results integrated across m(H M ")

Apg (D° - ntzp*tu~) = (3.3£3.7£0.6)

Ay (D° = mtzptp~) = (-0.6 £3.7£0.6)

Acp (DO - atrutuT) = (49+38+0.7)%

Apg (D° = K¥K ptu~) = (0 11£2)%
Ay (D’ > K¥Kp*p™) =911 £ )%
Acp (D’ = KK p*p™) = (0% 11£2)%

* All measured asymmetries are compatible with zero

* No observed dependency on dimuon mass
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801

[PRD 97 (2018) 091101(R)]

Search for A " - pu*pr

:g Z:JE: nonresonant I.HCIh
- LHCD dataset: 3/fb Runl data using < s J 1[ J
Act—po(- ) as reference mode £ :h . | 414
.. E 2 ] l p l E:
* Upper limit on non-resonant fi |
Component: - n; N S —
2 d0F
B(Act = putp-)<9.6 x 10-8 at 95% CL = BE
103x better than BaBar for the i3
integrated m(H+|J) [PRD 84 (2011) 072006] % IcE_
: : 10E
* First observation of A ;* — pw( - P+l-): sk
B(Act = pw)=(9.4x£3.2£1.0£2.0)x10-4 ‘f ”;_ ¢)  @region .
Uncertainties are: statistical, S of 13 events
systematic and due to the BF of the 3 4F
normalization mode. S 2
1 wosss@uhysaaaaessdALINNAE:
05500 0 2300 2400

mputu”) [MeV/ie?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.091101

LHCb Run2 and Beyond

* Many more Run2 analysis are
ongoing, and we aw :
10-4 precision on A

* Upgrade (2020-2023) will provide 3x
larger dataset, very similar to current

experiment

— Analysis strategies will follow
what’'s done in LHCDb

* Upgrade (2025-) will be for
HL-LHC to collect 300/fb

- Ambitious but extremely rewarding -o2\-
0.85

v

LHCh #1.3x 107*
—

Belle 1 #£3.5x 10*
[ ]

LHCDb

LS2

LHCb +4.3x 10>
—

LS3

Ar

LHCb #£1.0 % 1075
H

HL-LHC

d .
02—
0.1+

0

-0.1=

HFLAV World Average 2017

I LHCb 300/fb




CPVin D decays involving K
@ LHCD

 CPV in charmed meson CF decays to Ks 1s theoretically suggested to be
attributed to three parts:

Acr(t) = | AL () + AZL () + ABH (1) /D)

The current precision of O(10-3) has been pushed that interference part 1s not
negligible, as suggested by Yu et al. [PRL, 119 (2017) 181802]

+ontK +
* The CP asymmetry difference AAE;'H+ between A?P and ADS ~K"Ks

provide a mode-independent way to measure the interference part

=» a more realistic way to test the better-controlled SM prediction
=» NP can enhance the asymmetry

 LHCb will have a precision of sub-level of permillage
=» search for the CP asymmetry difference at the level of 10-3.

See Prof. Yu's talk this morning: link
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https://indico.ihep.ac.cn/event/7907/session/5/contribution/16

Summary

* LHCb is a charm factory and has the world’s largest sample of
charm decays

e High statistics and superb detector performance allow for high
precision measurements on A., parameters and search for

rare decays

* Many more charm results in the pipeline using Run 1 and Run
2 data, stay tuned!

* Longer term: LHCD's first upgrade begins at the end of the year
- Will allow for measurements with 10x larger samples

* Synergy with BESIII important for CPV searches in the charm
sector
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Charm flavour tagging

» In order to measure mixing and CPV, it is necessary to
identify the flavour of the D% meson.

» LHCb exploits two decays:
— D*+— DO 11+ decays

— semi-leptonic B-decays Charge

tag
flavour

28
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