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® Mixing
® |ndirect CPV
® Direct CPV

® Rare decays



Mixing discovery

PRL 110 (2013) 101802
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® Mixing established with 2007 B-factory measurements

® Here: first single-experiment measurement with >50

® Rotation of mixing parameters by strong phase
difference between CF and DCS amplitudes: x,y = Xy’
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On strong phases

® Measurements of strong phases are only possible with
quantum-entangled charm states

= (3770)—DD
® Only running experiment
= BESIIl at BEPC collider in Beijing

® Essential input to exploit large LHCb charm samples
fully

= Need best possible sensitivity to measure tiny effects
in charm
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® What are we measuring here!
® No precise theory prediction in sight
® Dearly missing: Lattice input

= Martinelli @ June 2016 LHCb week:
Working on mixing with DO—>53-body

= Full predictions are extremely challenging

= Need to ensure predictions are available when Belle-

Il & LHCb upgrade results come in around early/mid
2020s
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Mixing-related
CP violation

P

D, 2)=p|D%+q|D%

3 CP violation:
nz=mi)/T |q/p|#0
z-I'|)/2F d=arg(q/p)+0,TT

lirect CP violation:
cp™ = -am y cos® - x sind

with am = £(|9/p[*-1)



=¥ ndirect CP violation

0 -+ 0 -+
® Measurements based on D 2K K and D =11 1T decays

® Measure asymmetries of effective lifetimes of decays to CP eigenstates:

= Ar=a,ycosP + xsind = acp
® Measures ability of both mass eigenstates to decay to CP eigenstate
® Prompt D*+-tagged, Ifb” [PRL 112 (2014) 041801]

= Ar(KK) = (-0.35 ) ; Ar(TTTT) = (0.33+1.06£0.14) % 10°

® D from semi-leptonic B decays, |J+-tagged, 3 b [JHEP 04 (2015) 043]

= Ar(KK) = (-1.342£0.77£0.30)x 10; Ar(TTTT) = (-0.92+1.45£0.29)% 10~
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CP violation with DCS

PRL 111 (2013) 251801

® D—KTT again
e Update with 3 fb”

® Split by flavour to search for CP

violation

= x'*=|q/p

= y'*=|q/p

® Very good sensitivity to |g/p| for small ¢

il(x’ cos®P t y’ sind)
i'(y’ cos® F x’ sin®P)

® No indication for CP violation
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Dalitz plots
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Magnitude

Phase
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® Dalitz plot is a sum of complex amplitudes ® CP violation requires non-zero strong phases

A. . = )>A, with r summing over resonances o :
or = 24 & = Plenty phase variation available
® |nterference regions contain rapid phase ,
variation 5 PSP ® Direct access to x,Y, |a/p|, P

e Mixing sensitivity e.g. through K*+Ti— and = Decay-time dependent Dalitz plot analysis

K*—TT+ resonances ® Run | results expected soon
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CP violation overview

CP violating weak phase
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Can we do better?

CP violating weak phase

® Superweak constraint

= Assumes no new weak phase
= Cuichini et al. (2007)
= Kagan, Sokoloff (2009)

20

Arg(g/p) [deg.]

® Reducing to 3 parameters
= tan® = (|-|q/p|)x/y
® Consider WS measurement with ®=0

* +1

- y’_=|q/p| (Y cos® F X’ sin®)

® Different parametrisation

T ' | \ | | M
0.6 0.8 1 1.2 1.4 1.6
= X2 Y120 P12

lo/p!
e Current sensitivity already very good j
= og(P,,) =1.7°

Asymmetry in mixing rate



Can we do better?
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® Superweak constraint

= Assumes no new weak phase

= Cuichini et al. (2007)

= Kagan, Sokoloff (2009) -
. 6 (b) N S
® Reducing to 3 parameters — - ]
S R _
= tan® = (|-|q/p|)x/y |: 5: * — CPVallowed
% r

® Consider WS measurement with ®=0 4
+

£
= vy’ =|q/p| (Y cos® F x sin®P)
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® Different parametrisation

- XIZ’YIZ’CDIZ

® Current sensitivity already very good

=» g(P,,) =1.7°




Can we do better?

® Superweak constraint

N
= Assumes no new weak phase B, 20 CHARM 2015
= Cuichini et al. (2007) o 15;_ ][ No direct CPV I |
= Kagan, Sokoloff (2009) 10—
® Reducing to 3 parameters
= tan® = (|-|q/p|)x/y
® Consider WS measurement with ®=0
= y’i=|q/p|il(y’ cos® F X sin®) 1 ,Oi“
e Different parametrisation ‘ i:
= Xy o5+
e Current sensitivity already very good X, (%)

=» g(P,,) =1.7°



Is there more?

® Additional potentially powerful channels available

= e.g. D’ — Kmtrtr, D— KTTTT

® Require time-dependent phase space analyses similar to

D°—> IKTTTT

® Can LHCb exploit these!?

= Need phase-space model or measurement of CP content

(CLEOC/BESIII)

= Can sufficient purity be achieved in su

® Will Belle-ll have enough data to be com

opressed channels!?

betitive!
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PRL 116 (2016) 241801

® Measure phase-space integrated
WS/RS ratio in bins of decay time

® Clear observation of mixing (8.20)

phase-space averaged
strong phase differences
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® Can obtain constraints on R & 0 from fit including

external mixing input
= Useful for CKM Y measurements

® 3 observables, 5 parameters

= Phase-space dependent analysis would have more

Impact on mixing parameters
16
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Phase-space models

® Models to describe multi-body decay phase-space relevant
to many mixing and CPV analyses

® Pure isobar models lead to unsatisfactory results

® Few alternatives, which will be insufficient for high-precision
datasets

® Need effort from across the community

= Bigi @ June 2016 LHCb week:
Combine input from hadrodynamics and high energy

= Need to collaborate across experiments:
Joint efforts from low and high-energy experiments
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Hajime Muramatsu

For the case of “CP tag vs Ksrt'it

U of Minnesota

FPCP 2016 JUN/2016

4

BESIII CP content in KsTTTT - |

26

\

D decay, D° — Ksp!!
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BESIII CP content in KsTTTT - |l

Hajime Muramatsu U of Minnesota FPCP 2016 JUN/2016 27

BESIII: Results on ¢; and s; A

- Based on BESIII 2.93fb! at E.m, = 3.773 GeV.

- Only statistical errors are shown.

- Consistent with the previous CLEO measurement.

O Model prediction 00
® BESIII 350
V CLEO-c

— BESIIl: RMS 2.165
— CLEO-c: RMS 3.927

33 T D5 0 05 T s 4 :
oo e ————r—— LS A T | 1
{- What this result could do to the y/ds is, S . - P

if we take the Belle’s Dalitz result (PRD85, 112014 (2012)), P
v (in degrees) = 77.3*1>1 15 9 (stat.) £ 4.2 (syst.) + 4.3 (ci/s)) > £ 2.4 (ci/si)
We expect the uncertainly would be reduced by ~45% t




Connection to B

® CKM angle Y measurements
® Charm mixing constraints important

® For multi-body D final states

= Similar requirements to charm measurements

= BESIll impact on gamma uncertainty from
KsTTTT nearly 50%

20



' Future sensitivities

® Scaling sensitivities with +/N

= Assumes scaling of systematic uncertainties

= |gnores potential improvements in selections and analyses
® Aacp: uncertainty IO-4 at 50 fb~

® Mixing and indirect CPV sensitivities of current world average + LHCb

009 | yr0T | pIli0% | e
1 1.22 0.53 99 89

2 0.92 0.37 44 70

Belle I
@ 50/ab
4 0.25 0.09 12 20 from Paolini, FPCP16

3 0.42 0.15 20 30 33 26

21



8 The need for the upgrade

< 1 WA+ L[-::Cb extrapoiation, LHC run 1
WA + LHCDb extrapolation, LHC run 2

0 .2 —H== WA + LHCb extrapolation, LHC run 3

- — WA + LHCb extrapolation, LHC run 4

22
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Direct CP violation

act CP violation:

[(D°—f)-r(D°—)
[(DO—f)+I(D°—f)

dir —

dCP




The Aacp saga’

® What is Aacp?

Aacp = acp(K"K") —acp(A™ ") = araw(K K") — Graw (T~ 7).
e ——— -- . _

® [nterplay of direct and indirect CP violation

. B\ = Al
Aacp = A(l((l},') (] +.\‘(p<7>) +/\r%>.

® |ndividual asymmetries are expected to

have opposite sign due to CKM structure
AD" = ntn, KTK™) = :F%(\;.S\'* — VedViy) (T £6S) — Vo Vi (P F %(51’) .

us ud ub

“after A. Lenz @ CHARM 2013, arXiv:1311.6447 -, EPJC 73 (2013) 2373
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= (A)acp results

® |gnoring contribution from indirect CPV

| g [ 1 L L] L I 1 L ) L] I I L 1 1 I 1 L 1 I I 1 i

no &, 0.6F BaBar £

QOA;—AHCb E

. — ! (muon tagged) .

N 0.2 . -

B.—"\Iﬂ S WA Belle preim.

———— S b WA Bellc i
< g/
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P 0 - D ]
‘D SF o ~» -
‘ - A >, CDF .

LY
A
] 1 1
S © O
¢ o, N " S
|} | IIIII LB
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L \:‘“( '////
&
|

acp (K~ K™) = (—0.06 £ 0.15 (stat) & 0.10 (syst))%, 5 JHEP 07 (2014) 014
e —— —————— R
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PRL 116 (2016) 191601

® D*-tagged (201 I+12 data)
® Completes Run | Aacpanalyses

® Fit dm = m(D™) - m(D)
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Systematic uncertainties
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PRL 116 (2016) 191601 Test alternative signal and background
Source uncertainty [%)] / models, extend fitting range
Fit Model 0.016 — | Exclude smaller edge & beam pipe regions; select
Multiple candidates 0.015 events closer to the high-asymmetry regions
Peaking background 0.011 / 1000 . :
Reweighting 0.004 N "7 R 1%* HCb %o g~
Fiducial cut 0.017 ' _ ER
Secondaries 0.004 reject s
Total / 0.030 S a0
3.4 102
j R 04
Reject randomly events with multiple :_; : ﬁ:gg
candidates, keep only one candidate ~1000 ——— T S L e
Magnet down P, () [MeV/c]

AaCP = ('01 0+ 0.0Sstat + 0.0Ssyst)o/o

The most precise measurement of a time-integrated

CP asymmetry in the charm sector




Latest HFAG averages

0.015 . .
BaBar - © no CPV
Winter 16 Belle N ! BaBar
0.010 | CDF KK+77m Belle
' LHCb SL KK+7rr CDF
LHCb prompt KK LHCb
LHCb prompt #x
0.005
SR I
=5 0.000 i
<
-0.005 | _
52t |
I o
-0.010 | ~ 3
5
—0.015 ' ' '
—0.015 —0.010 —0.005 0.000 0.005 0.010
az’nd
CP
acpnd = (0.056 + 0.040)% Compatible with CP
Aacpdr = (-0.137 £ 0.070)% symmetry at 6.5% CL
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What'’s next?

® More individual asymmetries
= Requires control of production and detection asymmetries
® CPV in (charm) baryons
= Requires knowledge of proton detection asymmetry
® Relying on large Cabibbo-favoured control samples
= Require detailed understanding of subtle detector effects
= Analyses will never be plug (data) and play (publish)
® General aim

= Measure CP asymmetries in as many complementary channels
as possible

= Keep in mind interplay of direct and indirect CPV observables

29






Rare and charming

Phys. Lett. B745 (2016) 167

10— e e e "

® Search for D’—efp™

Candidates / [1.7 MeV/c?]

=) [\ L )} [ee]
LI WL R R
: }
Nt
-
n
@
on
I I I

® Normalised to D= K 11t

..................................................
1820 1830 1840 1850 1860 1870 1880 1890 1900 1910
m(ept) [MeV/c?]

® BDT selection to suppress
combinatorial background

= Analysis in 3 bins of BDT T
O utP ut 140 142 144 146 148 150 152 154

m(eun) - m(ep) [MeV/c?]

—_
=)
T

Candidates / [0.27 MeV/c?]

=) ) e o)} [ee)
TJILT[TTT TT[TT1

. 1 0g—————————————————

® Peaking background DO 117t © o ey T
g2 SR

0.4 de Boer, Hiller,

0.3E arXiv:1510.0031 |
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® Limit set via CLs method o5t \§ Leptoquartks in

e
S
~oo

= |.3x10° at 90% CL i N

0.0E
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First charm decay into electrons,

many more to follow

Other possibilities arise
= e.g.lepton universality tests

32

magnitude improvement

= More than one order of
= Not far behind D= p*u”

D°—>e+|.l



Future challenges



Challenges ahead

® Challenges driven by charm

= Expect e.g. O(IOIO) reconstructed DO—> KTt by Run 4
® Data size

= No storage capacity for full event information

= Need to store high statistics samples with reduced information

= Need to maintain high selection efficiency and purity
® Simulation

= May become increasingly important to understand data
features

= (Generating very large samples that accurately describe
detector effects will be key

34



MANCHESTER M
1824 r ’ l
The University of Manchester O e WO (
e & o

® Analysis processing
= Most fits have 50-100 parameters
= Unbinned fits may be prohibitively slow

= Often benefiting from data-driven checks with control
samples

= Can commercial computing help?

= Can we learn from colleagues (astronomy, meteorology, ..

® Systematic uncertainties
= Second order effects may become important
= Decay-time dependence of detector effects

= Detection asymmetries

35

)?



Conclusions

Charm mixing long established
= Sign of x should be confirmed soon by LHCb
No hint for indirect CP violation
= Tight constraints with superweak approximation
No hint for direct CP violation
Future work
= |mprovement of phase-space models
= Measurement of CP content in phase space
= Explore new decay modes
LHCDb exploring reach in rare decays
= Also for electrons in final state
Significant technical challenges ahead

= Several solutions for LHCb upgrade already being commissioned

36
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Charm: hardly a triangle

® Only up-type quark to form

weakly decaying hadrons

= Unique physics access
Mixing

= Huge cancellations

= Theoretically difficult
CP violation

= Predictions even smaller
Need highest precision
Huge LHCDb dataset

= Blessing and a curse

39

D-D MIXing

1000 TeV
Probing highest scales :

— Isidori, Nir, Perez, ARNPS 60 (2010) 355



MANCHESTER
1824

The University of Manchester

Mixing

= q| M)

|A‘i[1’2> = p|ﬂ[0> -

Mass eigenstates Flavour eigenstates

MG, PoS FWNP (2015) 00
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= p|M°)-

|M; 2)

Mass eigenstates Flavour eigenstates

MG, PoS FWNP (2015) 00

: Mass difference
e~ *(cosh(yI't) — cos(aI't)) — QOscillation

Am = mo — ml'
“ r = Am/F'

_ 1
P(M° — M t) = - lq
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= p|M°)-

| M 2)

Mass eigenstates Flavour eigenstates

Width difference
— Lifetime difference

AT =T, -Iy| y=Ar/@D)| |
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Charm mixing:

Need ~1000 Ilfetlmes
to see a full oscillation!
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B [HCb summary of CPV searches in D°—h*h-

0.010 . .
Ar SL KK+77m — @ no CPV
Ar prompt KK  —
Ar prompt 7w
0.005 | LHCb. |
preliminary
SR
=% 0.000 | )
< -
Qg
5§ o
5 8
-0.005 | 3§ |
< Consistent with CP
aci™ = (0.058 £ 0.044)% o Symmetryat0.32 L
Aace®™ = (-0.061 + 0.076)%
~0.010 ' . .
—~0.010 —0.005 0.000 0.005 0.010
ind
dcp
K) - Ace(7tm)

slide from E. Gersabeck, CERN EP seminar, 19/1/16 41
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W Extrapolations

Jsin | Lin L
Tev | fot | M9 | Fed =8 @ Calculate equivalent

luminosities to 7 TeV
2011

g 5 4 23 133 ® Extrapolate signal

(2012) , ,
yields accordingly
2 13 5 05 46 7.9

® Based on existing
3 14 15 2 60 68 run-| measurements

4 14 | 25 > 100 168 where available
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ESER Future charm measurements

® Ar,WS KT, AAcp
= |nherently robust against systematics due to cancellations
= Not all at the same level, but no limiting uncertainty known
® yep= Tin/Tkk- | =y
= Comparison of two different final states

= | ess robust but controllable if lifetime bias easier to account
for

® K TTTT

= | eading systematics are either model uncertainties or
measurements of CP content at threshold

= Relies on input from BESIII
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Results

® D*-tagged (201 | data, preliminary)

Aacp = (—0.34 £ 0.15 (stat.) £ 0.10 (syst.)) % .

R — e
LHCb-CONEF-2013-003

® muon-tagged (201 | +12 data)
Aacp = (

+0.14 +0.16 (stat) £ 0.08 (syst))% .
L e—— .

JHEP 07 (2014) 014
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B2 ndividual asymmetries
araw(KK7)| - Tacp(K'KT) 1 |

measure / want /
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S ndividual asymmetrles

-

.

araw(KK™)

acp(K"K")

measure / want /

D from B/
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S ndividual asymmetrles

-

.

araw(KK™)

acp(K"K")

measure / want /

DO— K-T1*

D from B/
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MANCHE ER I n d IVI d Ual asym metrl es
: araw(K'KY) | Tacp(K'K") ||

measure / want /

\ DO— K-11* N B/

ap(K117) /
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S ndividual asymmetrles

-

araw(KK™)

acp(K"K")

measure / want /

D from B/

\_ DO— K-t

ap(K-117) /
/ k D= K111 Prompt D\
\_ /
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S ndividual asymmetrles

-

araw(K K+) aCP(K K+)

measure / want /

D from B/

S DO— K-TT*
oy <
P S ——
ap(D™), ap(1TY) </
- /
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S ndividual asymmetrles

-

araw(KK™)

acp(K"K")

measure / want /

D from B/

\_ DO— K-t
ap(K-1T%) /
4 'LD+—>K'1T+1T+ Prompt D™\
ap(D™), ap(TT7) </
_ N D' KT )
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S ndividual asymmetrles

-

.

araw(KK™)

acp(K"K")

measure / want /

DO— K-11*

D from B/

ap(K-1T%) /

-

k D= K111 Prompt D\

ap(D™), ap(T1T") </




B8 ndividual asymmetries
apr(B) ||

araw(K-K+) aCP(K'K+)

measure / want /

;\aD(U+)‘

DO— K-11*
ap(K-1T%) / \ assume no CPV in
Cabibbo-favoured
kD+_,K--n-+-n-+ final states

ap(D*), ap(TT*) —
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® |.5mb x 3/fb =4.5el2 in acc/y in Run |
= |e8 D->Kpi selected (0.05% effy)

® 3mb x 2/fb = 6el2 in acc/y Run 2

® |.5el3 inacc/yin Run 3
= 2e9 in 3 years (0.1% eff)

® |el4inacc/y in Run 4/5
= 4e9/y selected (0.1% efficiency)
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