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Why Study Charm Mixing and CPV

What should you remember tomorrow, or a year from now?

m Flavor physics, generically, allows searches for manifestations of New
Physics at the highest energy scales by studying rare and forbidden
decays and and searching for CP violation beyond that described by the
Kobayashi-Maskawa phase of the CKM matrix.

m CP violation in D% K° B, and B mixing provide
complementary sensitivities to BSM physics;

m We are collecting fully reconstructed charm samples 100 x to
1000 % larger than previous experiments, and expect to collect
another 10x to 50x more in Run 3;

m We are already probing mass scales higher than can be
searched for directly at the LHC.

m Direct CPV may provide complementary insights related to new
amplitudes. SM predictions are notoriously variable; observations at the
edge of our sensitivities might (or might not) signal BSM physics. In any
case, these measurements will anchor our understanding of CPV in the
interference of suppressed and mixing amplitudes.
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Flavor Constrains BSM Physics

Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A =1 TeV) | Observables
Re Im Re Im
(5.9"dL) 9.8 x 10 1.6 x 107 9.0x 1077 34x1077 Ama: €
(5rde)(5Ldr) | 1.8 x 10* 3.2 x 10° 69x107°  26x107" oK
[CRZ) 12x 10 29 % 10 56x107  10x10 " .
(érus)(cLur) | 6.2 x 10° 1.5 x 10* 57x107°  11x107° Amp; - la/plp, ¢p
(bLy"dL) 6.6 x 10 9.3 x 107 23x10° LIx10°° o K
(brd)(brdr) | 2.5 x 10° 3.6 x 10° 39%x1077  1.9x1077 Ampy; sin(25) from Ba — yK
(b sL)’ T4 10 25 x 10 50x10°  17x10° ;
(brst)(brsr) | 4.8 x 102 8.3 x 10 88x10°°  29x10°° Amap,; sin(g,) from Bs = 49
Flavor Structure in the SM and Beyond AF=2 CU u
- AL E QL/’Y QLJ)
l#}
10°F ob Lom+ 55— (Q Q)(QiQ))
ot . m Table above from Isidori and Teubert,
-
E ol . . Eur.Phys.J.Plus 129, 40 (2014).
& Bounds on representative
102F . . .
. dimension-six AF = 2 operators.
101 L
b>d  B=d b= @39 m Image to the left from M. Neubert
Amg, ek Amg,sin28  Am,, Ay, D-D . '

EPS-HEP-2011.

Generic bounds without a flavor symmetry
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Direct CP Violation

adapted from Khodjamirian and Petrov, PLB 774 (2017) 235 - 242

Observables sensitive to CP-violation are most often written in terms of asymmetries
D —f)—T(D—f) (1)
r(D—f)+7(D—Ff)

formed from the partial rates of a D-meson decay to a final state f and of its
CP-conjugated counterpart. --- the asymmetry in Eq. (1) could be a function of time,
if DODO-mixing is taken into account. The measured time-integrated asymmetry
contains a direct component, [which] occurs when the absolute values of the D — f
decay amplitude, which we denote by Af = A(D — f), and of the corresponding
CP-conjugated amplitude Az = A(D — f) are different. This can be realized if the
decay amplitude As can be separated into at least two different parts,

Af = A(fl)e’-‘sle’-“ﬁl + A(f2)e’-52 el (2)
where ¢1 # ¢ are the weak phases (odd under CP), and §1 # §> are the strong
phases (even under CP). The CP-violating asymmetry is then given by

) AL
adlL (£) o 7A(f2) sin(81 — 82) sin(¢1 — ¢2). (3)
f
The amplitude pattern of Eq. (2) naturally emerges in SCS nonleptonic decays such as

acp(f) =

D% - K=K and D° — n—nt. [as penguin amplitudes augment tree amplitudes]
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Tree Amplitudes and Penguin Amplitudes
Strong and Weak Phases
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Neutral Meson Oscillation and CP Violation in Mixing

Short Range w Long Range N —
c - » P12) = p|P%)£q|P°); pPt+q’ =1
d;s.b d,s. b
u o c Tk Am Al
T X = — = —
r ’=2

IMP? %efrt{|¢4a|2<coshy rt+cosxrt>

+ | Aaf? ‘ﬂ‘2 <coshy It — cos x Ft>
p

+2 {%((g) AQZZ) Sinhyl'tfi}((g) AQ.ZZ) Sinxrt}} .

DCS for x, y < 1 (valid for D°, not for B;):
pa = doubly Cabibbo-Suppressed (DCS) ~ x e~ "%;
-

DY . —rt 2
re)
My s m pure mixing o< e * X (
v» 50/

m interference =~ o< e~ "t x I't
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Time Evolution of D° — K=

RS = CF u i WS = DCS u
= T = K+
. d " s
w w
c S - [ d -
iy K 5
DCS

DCS and mixing amplitudes
interfere to give a “quadratic”

Do K
WS decay rate (x, y <« 1): My o3
Y Y v, 50/
Cs(t) =t (22 R ()2
e~ t/T o Bp +/Rpy (T) + 4 (T)
where @ =xcosd—+ ysind y =ycosd —xsing
and § is the phase difference between DCS and CF decays.

m;, [; & weak eigenstates; x=——; y=
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CPV in Mixing

0 1150 i DO|H|D° i
(D”|H|D%) = My — LR (DO|H|D®) = Mf, — 5'—1*27

q_ —2(Mj — 3Th) - aAr ‘g‘ Rpel(6+47) (_) _pCP ‘ﬂ eid>)
rix—iy) p Ar P i
—0 2 e 't 2 P .
((f\H|D (t))‘ ~ o Al {RD + H V/Ro [y cos(6 + @) — xsin(s + )] (rt) +
pl2 X% +y? 2
L r
o 222 )
_ 2 —rt _ — —
IGRACEO 62 \A7|2{RD + ‘g’ VRp [y cos(s — @) = xsin(s — )] (Tt) +

2,242
’E 4y (rt)Q}.

. qly x M2 q
no direct CPV +x, y <1 — tanp ~ (1 — |— - |Ma|, 12|, arg | — | — x, y, |—
P y M2 P
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LHC Detector Acceptances for bb Production

=—==== 4

m LHCb is a forward spectrometer, optimized for
accepting both B and B hadrons in an event;

m accepts about 10X as many triggers as
ATLAS or CMS;

m o(cC)~ 20 x a(bb);

m acceptance in 77 complements ATLAS and
CMS for many electro-weak studies.
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LHCb Detector [2008 JINST 3 S08005]

yertex Particle ID | |Calorimetry :“":t::ﬁon
[ ] F\ - o "
o i ep(p) ~ 97%
o(IP) ~ 20um epmp(K) = 95% . D PID .
Sp/p=0.4—0.6% MisID(K — ) = 5%  kpoge- Mg! > isID(m — p) ~ 1 — 3%
Etrack > 96%

| Covers 4% of solid angle but
contains 25% of bb pairs

TRACKER
P of charged
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Some Experimental Issues

The experimental observable is not directly Acp, but Araw :

Araw = ACP + AP + + Atag

The production asymmetry Ap : pp collisions have an initial anti-quark deficit
The detection asymmetry : meson and anti-meson cross-sections differ

The tagging asymmetry At.g : efficiencies depend on charge of tagging particles
The CP asymmetry Acp : What we want to measure

Detection asymmetry reduced by flipping magnet polarity regularly
Residual detection asymmetry due to intrinsic different cross-section between
particles of opposite charge when interacting with the detector's material

+Kd
+K'd

Cross-section in mb

. Patrignani et al. (PDG), CPC 40, 100001 (2016) and 2017 update.
L

1 10 10°
P, In GeVic
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Production and tagging asymmetries

At LHCb, we use 2 independent tagging methods :

Prompt Semileptonic
D*t — DOr ™ B~ — D°u v, X
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Prior Measurements of Direct CPV

m Most precise measurements to date

m Based on Run1 data
m Updated analyses with Run 2 data under way

ACP(DO — K+K7) =(0.4+£124+1.0) x 1073 [Phys. Lett. B 767 (2017), 177-187]
ACP(DO —7tr7)=(07+£144+11)x 1073 [Phys. Lett. B 767 (2017), 177-187]
AACP(DOH h+h7) =(1.0+£0.84+0.3) x 1073 [Phys. Rev. Lett. 116, 191601 (2016)]

m AAcp measured first; then Acp(KK); then Acp(7m) extracted,;
m systematic errors for AAcp are smaller than for either channel alone;

m statistical errors are also smaller — we had to use tighter cuts to
extract the absolute Acp(KK).

— on to the latest results: direct CPV first, then time-dependent
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https://arxiv.org/abs/1610.09476
https://arxiv.org/abs/1610.09476
https://arxiv.org/abs/1602.03160

AAcp in A decays
[JHEP 03 (2018) 182]

m Dataset : 3.0/b~ !, Run1l
m Production mode : A9 — AFpu~X

® Raw asymmetry :

AraW(f) = ACP(f) + AP(/\g) + Atag(:u) + AD(f)
where f = pKYK™, prtn~

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

AACP = Araw(pK+K_) - Araw(p7r+7r—)
=Acr(pPKTK™) = Acp(prn™)

m Assuming the kinematics is the same for the two final states
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https://arxiv.org/abs/1712.07051

AAcp in A decays
[JHEP 03 (2018) 182]

m The kinematics of the two final states are not the same

— Reweight the kinematics of prT7~ to pKTK~
m Reweight with decision trees with gradient boosting (GBDT)
m Reweight for A transverse momentum and pseudorapidity and
p transverse momentum
m limited by statistics of pK K~ final state

m Quote a weighted asymmetry:

AAE = Ay (pPKTK™) — AV (prt77)

m Weight function published in order to compare with theoretical
predictions
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https://arxiv.org/abs/1712.07051

AAcp in A decays
[JHEP 03 (2018) 182]

AF— pK— KT N — pr—nt
Nsig = 25190 + 200 Nsig = 161390 = 580
30001 LHCb +  Data 8000 LHCb -+  Data
r22500 _— T.olal fit rl\: —_— T.ola] fit
> ---- Signal Z 6000 -=-=- Signal
=20004 g e Background | = | [\ Background
< 1500 < 4000
g 8
£ 1000 2
g 2 2000
© 500 ©
e A
/ \\
2240 2260 2280 2300 2320 2340

2240 2260 2280 2300 2320 2340

m(pK~=K*) [MeV/c?] m(pr~z*) [MeV/c?)

AAE = (3.0+9.1+6.1) x 1073

m First measurement of CPV parameters in 3-body Al decays.
m No CPV observed

Michael D. Sokoloff LISHEP-2018

University of Cincinnati & LPHNE

iolation in Charm at LHCb 15/32


https://arxiv.org/abs/1712.07051

CPV in D°— ntn—ntn—
[Phys. Lett. B 769 (2017) 345-356]

l:;\180-110x T T B
§,60, LHCb 2012 ]
1 51407 Signal
m Dataset : 3.0fb™ , Run1l fizg: .Background:
= — Total
m Production mode : D** — DO+ 50 3
S 60F E
=]
— 3 5 40F E
m N, = (1008 + 1) x 10 2 3
0 lleO 14I15 150 155
Am [MeV/c?]

m Ordering of the particles:
m For the DO: mymomamy = ntn~mwtn~, where largest
m(rtr™) = m(m3my)
m For the D% CP is applied mimomsms = n-ntn—nt
m 5D phase space:
m m(mymo), m(myms), m(mams), m(mwymams), m(mymams)
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https://arxiv.org/abs/1612.03207

Triple Product Asymmetry Math

Parity reversing and parity preserving amplitudes interfere - producing parity violation

N(C:>0)—N(Cz<0) - N(—Cz>0)—N(-Cz <0)
A~(C=) = T T A~(C-) = — 77‘ _ 7T
7(C7) N(Cz > 0)+ N(C7 < 0) 7(C7) N(—Cz>0)+ N(—Cz<0)
?—Odd o 1 A Z ?—Odd o 1 A Z
ap o (A7 +Az) acp 5 (Az — Az)
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CPV in D°— ntn—ntn—
[Phys. Lett. B 769 (2017) 345-356]

The energy test  [J. Stat. Comput. Simul. 75 (2005) 109]
m Sensitive to local CPV in the phase space
m Model independent unbinnned method

m Define a metric to compute the distance between 2 points in the
phase space

m Define a test statistic, T

i oy i
T= Z (n i 1) Z ni 1) Z nrJ7
ij>i ij>i

m Build the "no CPV " hypothesis as a set of random permutations of
the data

m Compare the value in data to the "no CPV " hypothesis
This is the first application of the energy test to a 4-body decay
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https://arxiv.org/abs/1612.03207
https://arxiv.org/abs/math/0309164

CPV in D°— ntn—7ntn~ : Results
[Phys. Lett. B 760 (2017) 345-356]

P-even test statistic P-odd test statistic P-odd details for m(my 72)
BooE" . — BooE™ . — 35
o LHCD @ So LHCD ® :
& & 2

708 E 708 E g
605 E 605 E L=
50E E S0E E &
40F E 40F E g °5
=i -1
30 | 30 | k]
20F E 20F E 3 2
2 0 2 4 6 2 0 2 4 6 04 06 08 1 12
Tvalue[10% Tvalue[10% M GevIe]
p-value = (4.6 +£0.5)% p-value = (0.6 +0.2)%

m data are marginally consistent with CP symmetry hypothesis

m more data and full amplitude analysis may be able to observe direct
CPV in this SCS decay
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https://arxiv.org/abs/1612.03207

o 0 40
Acp in D” — KJKS decays
[arXiv:1806.01642]

removing backgrounds

Track and K? categories

magnet T stations

log X2 (K(,)

T track
VELO

upstream track
[

VELO track

long track of

st " t N
2 (i)
downstream track

DO > i DO >KL

For this analysis:

dataset: 2.0 fb~! 2015 - 2016
m production + tagging: prompt D**

m LL: the two K? decay in the VELO and both form long tracks

m LD: one K? decays inside and one decays downstream of the VELO
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https://arxiv.org/abs/1806.01642

o 0 40
Acp in D” — KJKS decays
[arXiv:1806.01642]

DO s KOKO DY KOK?

soff 1 2w ) 3
wb D’ = KK LHCb Preliminary S wf DKk LHCb Preliminary
+Data 2 1 +Data
—Total “ 60l — Total
NLE = (759 £32) LL %
- = g 40
sig 3
2 ]
E E S wf E
R L ittt kit b btk
140142 144 146 148 150 152 154 W02 1 146 148 150 152 1S4
m (MeV/e?) Om (MeV/e?)
T owf
LD D~ KIKY LHCb Preliminary S W Pk
NLD — (308 + 26) LD :
slg ol z
Bkg 2
s £ s
2
Lo i I l
I el 3 SE A A
s - i s
R R T ¥ T R T T T

A (MeVie) i (MeV/e?)
" A = (42+3.4+1.0)%
m Compatible with Run1 result: Agp = (—2.9+5.24+2.2)%
m Average : Acp = (2.0£2.9+1.0)%
— Catching up with Belle: [Acp = (—0.04+1.5+0.2)% [PRL 119 (2017) 171801] ]
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https://arxiv.org/abs/1806.01642
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.171801

Mixing + CPV: Context and History

y (%)

April 2013

=)
=

. % ‘ CPV allowed
April 2013 L

Arg(a/p) [deg.]
\é;\ TT

n
(=]
T

=]
T

/
0 _4: y 4

O T T s S T I s =
-05 0.5 1 1.5 02 04 06 08 1 12 1.4 16 1.8
x (%) lg/pl

The interpretation of experimental results often depends on prior knowledge
and impact on underlying physics parameters.

These plots illustrate the status of charm mixing/CPV results compiled by the
Heavy Flavor Averaging Group, circa April 2013 (before LHCb's first K7
mixing + CPV results were announced [PRL 111 (2013) 251801].
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Ar with D — hh decays

Phys. Rev. Lett 118, 261803 (2017)

T

Acp(hTh™it) m A (W hT) + Ac(hThT) <£> + [< 0(10~°%) (5)2]

A (HTh™) = Acp(t=0) = 4@ = w0 ) = [a@® - wth )

|A(DO — hth=)2 + |A(D = hth— )|

U | |
R AT H R (R
2 Ip q pl q

5
o Bt < 1o Dataset
30 ey foADm g RN o s ] m 90MD— K KT &30M
= 2s0f — Fit (x*/ndf = 1.40) > L — 2ndf = > ! 3¢
e Tk Lkk Signal [C - Signal D—m " 7" from 3 fb~" of Run 1
< 200 [ Random pions £ eop I Random Pions | data (collected 2011-2012)
z oF i i E wf E m prompt D* — D™ xt 4+ cc
5 100 = = H i
g i i E b i i = cut on m(K~); study Am
O 50 H = o H i . X X

; ; H m combinatorial background is

40 142 144 146 148 150 152 154 1 -
i Mev/& 140142144146 148 IAiO ”\l/?zv/l;ﬁ sideband-subtracted
3 g = 4 m asymetry is measured in decay time
0 . .

= 3 £ :3’ intervals spanning [0.6, 20] 7(D°).
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Ar with D® — hh decays: Experimental Challenges
Phys. Rev. Lett 118, 261803 (2017)

k=1/\/p2+p2 O.= arctan(p,r/gzl)

k [c/GeV]

Instrumental Asymmetries

* Soft pion charge reconstruction asymmetry
Time dependent correction due to correlation between soft
pion kinematics and DO decay time

* Reweighed the soft pion kinematic to recover left-right
asymmetry of the detector
Validated on D'—K-1r* decays

%2[ d]

q,0, [ra

D? from B decays (Secondaries)

¢ Undetected B decays mimic a larger D decay time
Dilutes the asymmetry

* Applied requirement of the D? pointing to PV
Residual background from B decays estimated with a

60 F —— 2, (D")<9 (data) '
F— xIZP(D”)<9 (model)
F ——No xfp(n") requirement (data)

40 ; —— No xfp(D“) requirement (model)

LHCb 3

oI

model calibrated by the yield of secondaries at higher 30? A
decay time 20E o 3
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Ar with D® — hh decays: Results
Phys. Rev. Lett 118, 261803 (2017) + JHEP 04 (2015) 043

S
=
<

F T T 1T
F LHCb D'— K*K-  + Data
:_ — Fit
L)
C 1 1 1 1
0 2 4 6 8 20
t/Tp
F T T 1
F LHCb D= atn + Data
E — Fit
i‘ﬂww&*‘gﬂf\]
EoTTY %
PRI B | PRI P TR
2 4 6 3 20
t/T/j

Michael D. Sokoloff LISHEP-2018

The data are consistent with hypothesis
that CP symmetry is exact (in this
measurement) at the level of 3 x 10

B Ar(KK) = (—3.0£3.24+1.0) x 10
m Ar(rm) = (—4.6+5841.2) x 10

A complementary analysis of the same
data using per-event acceptance
calculations produces compatible results.

Combining these results with those from
statisically independent sample
(B — D°u=X)

m Ar=(-29+28)x 1074

—4

—4

a
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D° — Km Samples: Prompt and Doubly-Tagged (DT)

m prompt signal trigger
™ becomes “fully” efficient

PV e
\‘ PV well above one lifetime;
wt K K m doubly-tagged trigger is
; ~ independent of D°
I
PRL 111 (2013) 251801 PRD 95, 052004 (2017) decay time;
X —~ T T T T
& aF] ! ! B 3 Flho « baa ]
S~ 60000 preliminar E
2 © RS,2012data | 8 fiminary — E PRD 95, 052004 (2017)
ﬁ 25F — Fit E £ Moo E 9‘ oF ‘ ' p Pmmpt‘ 3
3 ieht Sign—] S 10 " Doubly Tagge
; ok .Backgmund 3 .540000 DT nghtSlgnE @ 5:? Doubly Tagged E;
> prompt Right Sign 11130000 3 k= w0F LHCb Preliminary g
.‘L; 1.5 ] 20000 E g 104;5 3;
el 3 3 3
S 1P E 10000 E 10°F 4
% E E
O 0.5k E 4 107 4
o 2 E
0t L : 23 10 3
2005 201 2015 202 A 1 | ‘ Pl 0
M (D t) [GeV/c?] 200 205 W0 AB 00 2025 -5 0 5 10 15 20
* M(D°r) (Mev) D%
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D® — K7 Mixing and CPV Measurements

0= 350 () (£52) ()

PRL 111 (2013) 251801; PRD 95, 052004 (2017) S
L | e - Daa 2 gf—;l:g':‘"“y —a g F E
3 sk — Fit S wof. [ T— 2 “E E
s B Background 3 F af 3
4 a0b prompt WS g 400~ douhly-t_agged 2sE E
S & g0 wrong-sign . 3
R "
k] 3
S E
2 = E
é 10 % 7
02.005 2.01 2.015 202 E E
M(DOTl;) [GeV/(ﬂ 2000 2005 2010 2015M (D"Zroé)o(M 9\2/)25 35_. ‘ ; _._E
m ~ 54 M prompt RS, ~ 1.7 M DT RS; o o 3
m ~ 230 KWS, ~6 KWS DT; Dol d g 3

Sy o S T WL S _
m D°, D mixing rates are equal, +5%. o ozf{ﬂ“{ I i =
m adding DT sample [O(3%)] improves oE 3
precision by (10 — 20)%. ’ ’ o
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D® — K7 Mixing and CPV Measurements

0= 350 () (£52) ()

PRL 111 (2013) 251801; PRD 95, 052004 (2017)

o eox]fog T 3 ™ELucy —
© % hep + Data = oo preliminary e )
P — Fit S _F 5
] C E |Background x
s 50 B Background 3 SOE W &
< 0 prompt WS g 400 doubly-tagged
9‘/ E @ 200F wrong-sign
g
ko]
% 20
8 g
ow 5
z
0;
2.005 2.01 02.015 202
2000 2005 2010 2015 2020 2025
M (D) [GeV/c MO’ (Mev)

m ~ 54 M prompt RS, ~ 1.7 M DT RS;
m ~230 KWS, ~6 KWS DT,;
m D°, D° mixing rates are equal, +-5%.
m adding DT sample [O(3%)] improves
precision by (10 — 20)%.
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Impact: Run 1 K7 Mixing + CPV Measurement

[PRL 111 (2013) 251801]

£ 15 [cpv atiowed £ 15
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HFLAV World Averages
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D® — K7 Mixing and CPV Measurements — 2018 Update
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Impact: 5 fb~! K7 Mixing + CPV Measurement
[PRD 97 (2018) 031101]
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To Take Away

m We are measuring direct CPV in charm decays with sensitivities in the
range 10~ — 1072, Standard Model predictions are in the range
107% —107°.

m We are measuring the particle — antiparticle differences in mixing rates
(CPV in mixing) in D* — K at the few percent level.

m The super-weak constraint (that all CPV in mixing originates in
|Mi2]|, |T12|, and arg(F12/Mi2) dramatically reduces the uncertainties
on both |g/p| and arg(q/p) . This constraint should apply for mixing
with CF and DCS final states.

m The limits from these measurements constrain BSM physics at high
mass scales and complement the limits from direct searches.

m We anticipate > 4 X as much reconstructed charm in Run 2 as in Run 1,
and another 10 X —50Xx as much in Run 3.

m Flavor physics is fun.
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