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® 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

Charm: hardly a triangle

d,s,b

1000 TeV
Probing highest scales :

— Isidori, Nir, Perez, ARNPS 60 (2010) 355
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® Use light-cone sum rules based on
quark-hadron duality to calculate

penguin matrix elements for two-body

decays

= Predict |Acp(KK)-Acp(TTTT)[<0.02%

= Current WA sensitivity 0.07%

® Using HQET sum rules to determine

dim-6 matrix elements and evaluate
lifetime ratios

+
"D 5536+ 0.010,
(DY) exp
7(D™)
=) — 2.704—0.74
r(D0) [pg — 100
#FPCP2018

Theory updates

Kirk, Lenz, Rauh JHEP 1712 (2017) 068
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Direct CP violation

Direct CP violation:
[(DO—f)-I'(DO— )
[(DO—f)+I(DO—f)
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® D+*—11*110 decays expected to have negligible SM
CP violation due to heavily-suppressed
loop contributions

= Equally useful to test D—TTTT sum rules (Grossman, Kagan, Zupan, PRD 2012)
= Only DO9— TTTT measured to sub-% precision

® New Belle measurement (phys. rev.D97 (2018) 011101
= Normalised with D*—=T1T*Ks

® Systematics:

Source D — D — 7
tagged untagged

Signal shape +0.02 +0.23

Peaking background shape +0.19 +0.22

AA;aw measurement +0.19 +0.32

Acp(D — K27) measurement +0.12

Total

(combined Acp measurement) +0.23

Result:

Acp(Dt — 7t70%) = [4+2.314+1.24(stat.)£0.23(syst.)] %

#FPCP2018 7

v%/DoF = 0.86

1.7 175 18 185 19 195 2 205
M, (GeV/c?)

_LL LLLLLLLL Jll!l'l.lJ_l lal l.l LLLLLLLLLL
1.7 175 1.8 1.85 19 195 2 2.05

M. (GeV/c?)
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® CP violation in D9—=KsKs predicted to be as large as
| .19 (Nierste, Schacht, PRD 2015)

= Suppression of Exchange (E) and Penguin Annihilation
(PA) diagrams allows for large interference

® Previous Belle measurement ¢rL 119 2017) 171801);

= Acp = (—0.02+1.53+0.17)%

#FPCP2018 8 @MarcoGersabeck
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D0— KsKs
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® | HCb 2015+16 data:

® Combined with 201 I-12 data:

JHEP 10 (2015) 055

#FPCP2018

arXiv:1806.01642

AP(D® — KOK?) = (4.2 + 3.4+ 1.0)%,

AP (D® - KOKD) = (2.0+2.9+1.0)%.

Normalised to D02 K+K-

@MarcoGersabeck
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® Four-body decays offer
= Spectrum of interfering resonances
= Several ways of searching for CPV

= Rare decays may have larger interference effects = CP violation

® Measure:

I'(cosd, > 0) —I'(cosf, < 0)
I'(cos @, > 0) + I'(cosf, < 0)’

['(sin2¢ > 0) — ['(sin 2¢ < 0)

Azp = ['(sin2¢ > 0) 4+ I'(sin2¢ < 0)’

I(D° — hth~ptp™) —T(D° — hTh—ptp™)
[(D® — hth—ptp~) +T(D° — hth—ptp~)’

Acp =

#FPCP2018 10 @MarcoGersabeck
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® LHCb 201 1-16 data (5 fb-)

® |ncludes significant signal in low-mass
region (<525 MeV/c?)

® Acp normalised to D02 K*K-

#FPCP2018 | @MarcoGersabeck
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=Y : -\ e
Cazzoli et al, PRL 34 (1975) 1125 T

° Ground state singly-charmed baryons known
ISl

& = Lifetimes between 3% and 17% uncertainties
Q

® Picture of doubly-charmed baryons still evolving

= Not to mention Qccc

C
Q
S
S
5
)

C.G.Wohl in PDG2014

® What level of CP violation should we expect!

#FPCP2018 13 @MarcoGersabeck
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® 2011+12 data
(3 fb-!)

® Measure
difference in

CP asymmetries

= Cancel
systematics

= Apply

reweighting to

improve
cancellation

#FPCP2018
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LHCb —— Weighted average LHCb —— Weighted average
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CPV in decays

® Summary so far

= Multiple lines of attack

= All results in agreement with CP symmetry

#FPCP2018 |6 @MarcoGersabeck



Mixing-related
CP violation

ID12)=p|D0+q|DO)

Mixing: CP violation:
x=(m2-m )/l la/p|# |
y=(2-I'1)/2I P=arg(q/p)#0,T

Indirect CP violation:
acpi"d = -am y cosP - x sin®
with am = £(|9/,[2-1)




Mixing discovery

BABAR, PRL 98 (2007) 211802
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® Discovery
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(a) KK
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BABAR, arXiv:hep-ex/0607090

Mixing discovery
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Wrong-sign DO—K*1T-

\,

\,/

Ny s(t t a4yt . I
R(t) = = t) ~ R;+ Rpy — + i J (—)? o 0 2011 data: ',fb,'_:
rs(t) " T N
. o e 6 ----- No-mixing fit
® Rotation of mixing parameters by strong st L

phase difference between CF and DCS
amplitudes: x,y = x’,y’

® Can get strong phase difference from
external input (BESIIl) or global fits

19 PRL 110 (2013) 101802
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Split by flavour to search for CP

violation

CPV in WS Kmt

Latest measurement based on
2011-2016 data

decays

Twice as precise as
previous results

Still no sign for CPV

o e =
= ‘ LHCb
. & b E
- x’i=\q/p\“—“'(x’ cos® * y’ sind) * ;
_ kL o
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S
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& | E L / / E
0 2 6 20
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20 @MarcoGersabeck
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CPV in WS K1t - I

® Results

Results [1077] Correlations PRD 97 (2018) 031101

Direct and indirect CP violation
Parameter Value R} AN AaNE R, Yy~ (2'7)? = LS—r———— T
Rg 3.4544+0.0404+0.020 1.000 —0.935 0.843 —0.012 —0.003 0.002 g L LHCb -
y't 5.01+ 0.64 £0.38 1.000 —-0.963 —0.003 0.004 —0.003 < 1F -
(z'1)? 0.061 +£0.0324+0.019 1.000 0.002 —0.003 0.003 : -
Ry, 3.454 % 0.040 £ 0.020 1.000 —0.935  0.846 osk ]
y'~ 5.04 4+ 0.64 +0.38 1.000 —0.964 ~+ CPV allowed .
(z'7)2 0.016 £ 0.033 & 0.020 1.000 - -
No direct CP violation O o
Parameter Value Rp v (@) Y= (2'7)? - -
Rp 3.4544+0.028 +20.014 1.000 —0.883 0.745 —0.883 0.749 _05F N
y' T 5.01 4+ 0.48 +0.29 1.000 —-0.944 0.758 —0.644 T ]
z'T)? 0.061 +0.026 +0.016 1.000 —0.642 0.545 - ]
y(/_ ) 5.54+ 0.48 -+ 0.29 1.000 —0.946 _[68.3% CL ]
(2'7)? 0.016 £0.026 +0.016 1.000 - 95.5% CL ]
No CP violation s+ . w1

Parameter Value Rp Y’ ik T 05 1 1.5

Rp 3.454+£0.028 £0.014 1.000 —0.942  0.850 lg/p|

y’ 5.28 4+ 0.45 £0.27 1.000 —0.963

z'? 0.039 £0.023£0.014 1.000
#FPCP2018 @MarcoGersabeck




Multi-body decays

® Give access to full set of mixing and CP violation observables
= |n particular: sensitivity to x

= Require amplitude models

Realistically
need both ™ Or quantum-correlated measurements

® |n last ten years time-dependent measurements almost only in
DO0— KsTT+TT- Potential of DO—KTT+TT+TT- at LHCb

o 04 | ‘ \ ‘ \ ‘ \ ‘ |
| I HFLAV World Average 2017

= A missed opportunity!? - s work

WA + This work
02

&

08 09 1 11 12
D. Miiller, CERN-THESIS-2017-257 la/p!

= Recent work by BABAR on DO—=1r*11- 110

= Surely something for Belle I

= Very promising studies at LHCDb

#FPCP2018 22 @MarcoGersabeck



SR DO— K-1r+11-1T* at BESIII
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Sl I - ; () ] Zof i}?q (© - __
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& th} | |H M\ @ [ i & F )) 4‘ DV([S] — I{"pl" 235+0.06+018 650508
o I'ij i ' J \ 200F- y \ 3 D°[P) - K*p° 225+ 0.08£0.15 2.3+0.2+0.1
r‘ h‘l‘ 1T L ] : W % ] D°[D) — K*p° 2.49+0.06+011 7.9+0.4=0.7

\‘ e \“\ 100 mx}"" m B 0 — 4 i100 +(10a( 0.+ .
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T R T TR ol S Y S R 7 S - S DY - K—a(1260), af (1260)[D] — p%+  —211£0.15+£0.21 0.3+0.1+0.1
m(K ;) (GeVic?) m(K'75) (GeVic?) m(t;r) (GeVic?) DY - K (1270)x+, K; (1270)(S] = K*0x— 1.48+0.21+0.24 01%0.1=0.1
3 L D W S L 2 N DY - K (1270)x*, K (1270)[D] - K*x~ 3.00£0.09+0.15 0.7+0.2=0.2
@00l | 6 Il ]N @ | &7F {H{ﬂua”h () Sao0l- w ) ] DY - K (1270)x+, K; (1270) = K—p°  —246+0.06£0.21 3.4+0.3+05
5 | l|+1| I'( | gaoof H Ty g - L) 1 : DY = (p"K~)axmt, (" K~)a[D] - K—p° —043£0.09£0.12 1.1+0.2+0.3
Qb }fﬁ | 4 F 9‘“{ ‘X ] & , i DY = (K—p%)pnt ~0.14+0.11+0.10 7.4 +1.6=+5.7
oo ! 1 1 F S O i LR D° = (K~ 7% )s—wave P’ ~2.45+0.19+047 20+0.7+19
i \\ ] 100 ¥4 i‘x. 3 L A/{ \ ] D“—>(1§'*p“)\m+ ~1.34+0.12+0.09 04+0.1+0.1
N} l L - L i By T DY = (K*'n~ )pmt —209+0.12+0.22 24+0.5+05
T N P 12 LI S ! K ) (GeV/c? D° = B*(x+n)g ~0.17+0.114£0.12 2.6+ 0.6+ 0.6
> e o) (GeVI) _DKxx) (V) S D G €) DY — (R*0n— )yt ~213+0.10+0.11 0.8+0.1%0.1
Soof bo(g) 3L ‘l‘u.(h) ém,_ ——— H Q) DE—;((}i ﬂ‘)g__“.;,\.‘f"'. Jam™ —‘1.:1?:0.0&?10.:3.7 af.(;il].S):%.Y'
st ,}“Jlfm“ 15 i‘uﬁr o ] EF wan= 1282000 D" — K~ ((zx*n")smt)a —223+0.08 4022 13.1+1.9+22
Sl J)} w1 T }[lu[ 1 5 f ] DY o (K~ 7 )s_yave (® 7 )s ~1.40 £ 0.04 £0.22 16.3+0.5+0.6
= N \ =T g .. “or ] DY[S] = (K~ a )y(nta )y 1.59+0.13+ 041 54+1.2+19
ook /,ﬂ “ 1 b #,f h . mi_ ] D:j—>(K:_w:)g_wr.l,(rr'*'vr_)\a ~0.16+0.17£043 19406+ 1.2
g 'J‘f‘u \ ] g \Q - : D(J—}(K’_Wo)\z(vr’w_)s 258 £0.08+0.25 29+0.5%17
L A e v RS L 1 " D" — (K~n¥)r(x*n~)s —292+0.1440.12 0.3+0.1£0.1
OO ) (GeVID 08 ! Ko (GaVicd 4 2 0 - oy DY = (K~ 7% )s— wave (77~ )1 2.45+0.1240.37 0.5+0.1+0.1

® Based on 16000 RS candidates (99.4% purity)

= Double-tagged sample via DO—=KTT decays
® First study of this decay in this millennium

® Paving the way for time-dependent amplitude analysis

#FPCP2018 23 @MarcoGersabeck
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DO—=K*1T-1T- 11+ at LHCDb
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® 2011+12 data (3 fb-!)
® Based on 2500 WS events

(82.4% purity)
= Suppressed by factor of ~300

® Also measured RS model with
~900k events (99.6% purity)

= Broadly similar but some
disagreement on NR
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® Joint BaBar and Belle
amplitude analysis of
DO— KsTTTT

® | 2M candidates

® Prime candidate to
perform time-
dependent analysis to
measure X

= Feasible both for
Belle Il and LHCDb

#FPCP2018

The golden mode

arXiv:1804.06152
arXiv:1804.06153
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The golden mode

® Joint BaBar and Belle
amplitude analysis of

DO0— KsTTTT
® | 2M candidates

® Prime candidate to
perform time-
dependent analysis to
measure X

= Feasible both for
Belle Il and LHCDb

#FPCP2018

arXiv:1804.06152
arXiv:1804.06153
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Mixing howadays

& - |cPVallowed
g 1_2 CHARM2018 ------------------ ------------------- ................... g

® Mixing established

= x*0 still open question

-06-04-02 0 02 04 06 08 1
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® No sign of CP violation

#FPCP2018

...yet

CP violation overview

CP violating weak phase

& 60| cramuzois] No €P violation -
g 40_ .....................................................
5 1
< B

| | | | | ‘ | | | I | | | | | | | I | | | l |

0.6 0.8 1 1.2 1.4 1.6

Asymmetry in mixing rate
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Can we do better?

CP violating weak phase

® Superweak constraint

= Assumes no new decay-specific
weak phase

= Cuichini et al. (2007) i
= Kagan, Sokoloff (2009) 20/

(o2}
o

CHARM 2018 NOCPv|0|atlon .............. . ...................

Arg(a/p) [deg.
8

® Reducing to 3 parameters ol

= tan® = (|-|q/p|)x/y

| | | | | ‘ | | | | | | | | | | | I | | | l |

0.6 0.8 1 1.2 1.4 1.6

Asymmetry in mixing rate
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Can we do better?

® Superweak constraint 6

~
jab)
~
-
H

R [107] RT[107]
~ N ~ N
\I_r\_*
|
£23
Q -
~N Q
<8 § 5
= o
N
lllllllllllllllllllllllll

= Assumes no new decay-specific
weak phase

= Cuichini et al. (2007)
= Kagan, Sokoloff (2009)

® Reducing to 3 parameters

= tan® = (|-|q/p|)x/y
------------ No direct CPV
® Consider WS measurement with ®=<0

= y't=|q/p|t'(y’ cos® F X’ sind)

R*— R [107]

PRD 97 (2018) 031101 t/T
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Can we do better?

® Superweak constraint

= Assumes no new decay-specific
weak phase

= Cuichini et al. (2007)
= Kagan, Sokoloff (2009)
® Reducing to 3 parameters
= tan® = (|-|q/p|)x/y
® Consider WS measurement with ®=0
= y't=|q/p|t'(y’ cos® F X’ sind)
® Different parametrisation
= X2, Y12, P2
® Current sensitivity already very good

= g(D) = 1.7°

#FPCP2018

o, [deg]
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CHARM 2018

| No direct CPV
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Future directions



Challenges

® Charm CP violation may well be discovered
soon

® Will require much more data to
= |dentify underlying sources

= Challenge SM level in both direct and
indirect CPV
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First charm signals
seen at Belle |l

LHCDb sensitivity on
charged two-body
decays not in reach

Can exploit strengths
with neutral final-state
particles

Multi-body decays may
benefit from lower
backgrounds

Be I I e I I See talk by T. Browder
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https://twitter.com/belle2collab/status/1013652963099721729
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LHCb Upgrades See talk by T. Szumlak

1200 [

® | HCb Upgrade | in construction &,

@ Wi” COIIeCt very high_rate r’eal_ § 6007_ +Hadronicse|ecti<;n efficiency
time calibrated data :‘
- Huge POtentiaI for Charm O20‘10 2015 2020 2625 2630 2635

Year

® Need to dig a lot deeper to
reach SM-level precision

= | HCb Upgrade |l

® | HCDb is the best bet for charm
for the foreseeable future

= Best shot at BSM physics in

Opportunities in flavour physics,

th e U P-q uarl( SeCtO r and beyond, in the HL-LHC era

Expression of Interest
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LHCb Upgrades See talk by T. Szumlak

1200 [

® | HCb Upgrade | in construction

1000

Collision rate
+ Production cross-section
—— + Hadronic selection efficiency

800 ¢

® Will collect very high-rate real-
time calibrated data

Relative yield w.r.t. 2011
[@)]
S

= Huge potential for charm
Year

® Need to dig a lot deeper to
reach SM-level precision

= | HCb Upgrade Il Oy v
j- LHCb 300/fb

® | HCDb is the best bet for charm 011 ]

for the foreseeable future T , .

-0.1= —

= Best shot at BSM physics in R e
0.85 09 0.95 1 1.05 1.1

the up-quark sector v
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Conclusion

® Several new measurements of direct CP violation
= D+ 17770
= D0 KsKs
- DO—rhhuH
= A.—phh
® Fewer news on indirect CP violation
= New WS KTT measurement

= New amplitude analyses

® Belle Il starting and LHCb undergoing upgrade starting in a few months time
= Significant increase in charm samples over the coming years

= Need to stay in for the long haul (LHCb Upgrade Il) to reach tiny CPV
predictions
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