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What is CP Violation?

C — Charge conjugation P — Parity

= 3
Ce, — e/

CP violation distinguishes matter from antimatter

Well established in the Standard Model, but searching also for
beyond-SM sources.
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Sources of CP violation

In first order:

CPV
in decay

direct CPV indirect, not decay specific,
decay-specific only neutral mesons

EIREEE

ACP = ddir + Omix + Qint

Interference between
mixing and decay

Tara Nanut (EPFL) CP Violation in Heavy-Flavour Hadrons at LHCb



CPV and CKM
All SM CPV contained in the CKM matrix (complex phase)
Unitarity gives a triangle in the complex plane:

VudVip + VeaVp + VidVip = 0
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Any discrepancies would indicate New Physics!
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LHCb

JINST 3 (2008) SO8005
One-arm spectrometer

Optimised for B and D decays
100k bb pairs per second
o(cC) =20 x o(bb)

Data samples:

Runl: 3fb~!, 7,8 TeV (2011,2012)
Run2: 6fb~1 13 TeV (2015-2018)
Run3: 25fb~!, (2021-2024)
Run4: 50fb~', (2027-2030)
Run5: 300fb~!,(2031-2034)
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CPV in charm
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CPV in charm

Not measured yet

» Unique: probes the up-sector

» ~Only first 2 generations of quarks
(b contribution is CKM suppressed)

» Relevant elements almost real

» SM prediction < O(107%) - high
precision needed!

» LHCb: world leading sample of
charm hadrons
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LHCb publications in charm CPV

Updated determination of D° — D° mixing
and CP violation parameters with D° — K + 7~ decays

PRD 97, 031101 (2018)
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Time-integrated measurements

v

In first order measure agir + Qjpg

Golden mode: D° — KtK—, ntn—

Start by measuring AAcp: other asymmetries cancel in first order
LHCb has the world best measurements to date!

v

v

v

D** Decays semileptonic B decays
(pion tag) (muon tag)

PRL 116 (2016) 191601 JHEP 07 (2014) 041
Runl data Runl data

7.7 x 108 (Kt, K™) 2.1 x 108 (K+, K™)

2.5 x10° (n*,77) 773K (xt,77)

measured also single-mode Acp
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Time-integrated measurements: AAcp
PRL 116 (2016) 191601, JHEP 07 (2014) 041

prompt
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Still no evidence of CPV... A Tra
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Run 1-5 (300fb 1): 0.003% S
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Time-dependent measurements

» Primarily probes indirect CPV

» Measure asymmetry in eff. lifetimes in decays to CP eigenstates
DO - KtK—, nta—

» Measure difference in (eff) lifetimes of CP and flavour eigenstates

D% - K—xt
T=0 — Tpo 1
D
Ar = —=——— ~ —Qing+59dirYcp
7'50 + Tpo 2

T (D% —flavour eigenstate)

P = -
ye T(D°—CP eigenstate)

How to interpret?

o= 3((8-[2)soes- (5] B )

o= (gl E)ene (-2 )
2 P q P q

» Need also precise measurements of mixing parameters
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Time-dependent measurements: ycp
Submitted to PRL, arXiv:1810.06874

¢,
=

g 50 » Runl data, semileptonic tag

§ » Extract ycp from ratios of decays

E 2 D° - K*K=(r*t7~)and D° — K—n*:

» Get ratio of yields in bins of decay time

» fit to extract AT
» 8782k KK~
|
|

N
(=]

=
(=]

3Mekrtn™
45795k K—nt

400 DO~ K mr* . Daa

zzz ;:;:k s ] * Calculate ycp from AT and W.A. value of
ool T I' = 2.4284 ps~

184 186 188 1.90
D° mass [GeV/c?]
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Time-dependent measurements: ycp
Submitted to PRL, arXiv:1810.06874
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» KK: best precision from single experiment.
» Combined: ycp = (0.57 £ 0.13(stat.) + 0.09(syst.))%
» As precise as the world-average value!

» Consistent with W.A. value and with no CPV
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CPV in B sector

Tara Nanut (EPFL) CP Violation in Heavy-Flavour Hadrons at LHCb



CPV in B sector

Everything we have mentioned so far, and more...

CP violation in B mesons confirmed since 200]1.

Main interest today:
New physics
Measuring also other parameters, like CKM angles
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LHCb publications on CPV in B sector
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B to charm: measuring CKM angle ~
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Measurements of v

> vis the phase between V4Vi, and V4V§,.

» Theoretically very clean: 6v/y = O(1077)

Excellent New Physics probe!

» Experimentally more challenging: from tree level B — DX decays
LHCb contribution is substantial:

v

v

World average LHCb combination Pre-LHCb
v=(73.57¢7)° v =(740728)° 4 =(73'3%)°
LHCb-CONF-2018-002

» Precision predictions:
» End of Run 3 ~ 1.5° uncertainty (~ 23 fb~")
» End of Run 4 ~ 0.9° uncertainty (~ 50 fb~)
» End of Run 5 ~ 0.3° uncertainty (~ 300 fb™)
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Many methods and techniques

D% — multi body

D° —CP eigenstates D — flavour specific
g e.g. K2rm golden mode ( P )

eg. KK, nr o1 : eg. Kr
. [ HELAV N .
very sensitive but ? o ot more susceptible
. . o Sew 7] .
multiple solutions s to systematics

06

= Combined |

(time-dependant)

eg. BY - DK+
interf. mix., dec.

B° — multibody

eqg. B® - DOK*n~
will become important
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GGSZ: D° — Krm, KK
JHEP 1808 (2018) 176
» GGSZ observable:

dlg:(X) = Als ) + TBAG 1) + 2A0 A F. ) X2 G + Y15))]

» Single solution, excellent sensitivity from interference between
various contributions.

2.

|Bin number|

<
2
o
#

X4 = rgcos(dg £ ) Ci = cos(dp, ) 2 :
Y+ =rgsin(dg +7) Sj= sin(éD(i;)) :
> 2fb_-| at 13 TeV * 05 1 15 2 25 1

me [Gev/ci]

» Method: model-independent fit of the Dalitz plot in bins.
» Bins from CLEO-c, minimised dp variation; ¢;, s; given.
» Compare D Dalitz plot distribution for B*, B~.
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GGSZ: D° — Krm, KK
JHEP 1808 (2018) 176
> B+, B~ ylelds inbini: f(Ntot; Fi, c,,s,-,er(,),yH,))
» Simultaneous fit for both B charges, D decay modes (and Kg
categories)

£ o
o o
3 < ~ , ,
o} > g
O o, RS
3 = % 40 LHCb
k& = 2
own o0
3 3 %) — B*—DK*
(é % < —— B*—=Dna*
~ 1|
S 20HEr. W O Combinatorial
e R T —‘3 1 ---- Part. reco.
1 2 3 1 2 3 =
m?(K(s)lT) [GeVZ/CA] mZ(Kg#) [GeVZ/C4] 8 J o
0

5200 5400 5600 5800
m(DK*) [MeV/c2]

» Yields: 3900 K277 and 530 K2KK
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GGSZ: D° — Krm, KK

JHEP 1808 (2018) 176

r_=( 9.0+1.7+0.7+04) x 1072,
yo=( 214+22405+1.1)x 1072
ry = (—77+£19+0.7+04) x 1072,
Yy =(-1.0£1.94+04+0.9) x 1072,

CP violation: (x4,y4+) # (x_,y_) : 6.40 deviation!
First observation of CPV in B* — DK%, D — K2h*h~.
Fit x4, y+ to obtain ~, rg, dg:
v =87t (P5),
rp = 0.086 10013 (15.037) -

65 = 101° Mo (33:) .

v

v

v

» Most precise ¥y measurement from a single analysis
» Can combine result with previous LHCb analysis (Runl)
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Charmless B;): measuring ¢




s

v

Bs unitarity triangle: VisVi, + VesVE, + VsV, = 0

¢s = phase diff. between amplitudes decaying to CP eigenstates and
those that do after mixing

SM: ¢S€ ~ —20s

Recent first evidence of CPV in Bs — KTK~! PRD 98 (2018) 032004

» Golden mode: Bs — J/1¢ measured by CDF, DO, ATLAS, CMS

v

v

v

D0 8 fb-! » LHCb taking it further: Bs — J/yKK,

4 Tirom | Bs—(25)9, Bs — I/, Bs — DsDs
CMS 19.7 fo~! » LHCb Bs — J/¢KK dominates the

_CDF 9.6 b world-average. PRL 114, 041801 (2015)

» LHCb also measured ¢ in Bs — ¢¢ PRD
90, 052011 (2014), LHCb-CONF-2018-001

ATLAS 19.2 fb !

-0.4 -0.2 -0.0 0.2 0.4
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¢<® 1 BY — (KTr™)(K77)

JHEP 03 (2018) 140

» 3fb~!, 7and 8 TeV
» First measurement of ¢2¢

» 9 quasi-two-body states are
considered; CPV effects assumed to
be same for all, and CPV in mixing is
neglected

> ¢d9 = ¢ — 2¢p expected small in SM

> ¢um = Bs — Bs mixing phase, ¢p = CPV
weak phase in decay
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¢<® 1 BY — (KTr™)(K77)

JHEP 03 (2018) 140

» Fit to 4-body invariant mass; obtain signal weights through sPlot to
perform the CP fit on a sample representing only signal.

» Extremely complex fit
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¢<® 1 BY — (KTr™)(K77)

JHEP 03 (2018) 140
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CP violation in baryons

» First evidence of CPV in baryons:
LHCb, Ap, — pr~ntn™ 330
Nature Physics 13, 391-396 (2017)
» In general expected CPV in baryons to be of similar levels as in mesons
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Triple product asymmetries

» T-violation + CPT conservation -> CP violation
» Construct a triple-product Cr, odd under T-reversal

» Complementary dependence on the strong phase difference than
decay rate asymmetries

Largely insensitive to production and detection asymmetries

v

P(X, CT > O) — F(X, CT < O)
P(X, Cr> O) + F(X, Cr< O)
ZT _ F():(, —CT > O) — F():(, —CT < O)

I'X,-Cr>0)+I'(X,-Cr < 0)

Ar =

v

The CP-violating observable:
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—

T-odd asymmetries: A — pK-h"h™ZY - pK K 7"

JHEP 08 (2018) 039

» Rich resonant structure enhances sensitivity to CPV
T-odd observable:

v

Cr = Pp(Pn X Pn,)
h]’z = Kt (Ag—>,OK_7T+7T_)
M2 = KooK (A — pK KTK™)

hy = Kot (Ep—pK K nt)

ast™"

v

Simultaneous fit to m(pKhh) to 4 samples for each mode.
9877 £195 (A — pK nt7™)

5297 + 83 (A — pK~KTK™)

709 + 45 (22 — pK~K~7t)

A\ 4

v

v
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T-odd asymmetries: A — pK-h"h™ZY - pK K 7"

JHEP 08 (2018) 039

<~1400 T T <~1400 T T
j;:uoo—ﬁ('cc‘fm e 15 1200{\%%:0) T e NSk ot Mo pk B'K- S5 pK K a'
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200¢ 200 » CP asymmetries may vary over

8554 s 58 8 %a 58 phase-space due to interference
m(pK ) [GeV/cZ] m(pK ') [GeV/cZ] 0 0

P 00 ‘ between resonant contributions
Re) TR rul it k) _C.< —Full fit - .
Elzooffﬁgg 9 i 510 T Ceo x| » Repeat analysis in specific phase-space

000k ~ Comt 1= 10000 wwcomb.bkg. - 4 o 0 . 3 &
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5 ool A SN - P B SR No CPV observed
g N prm 2 M- prmT
6] 400 —B. K’K’zrnfg 400 — B KK ]

200 2001 B

2.2 514 5{6 5‘.8 6 g,Z 5‘.4 5.‘6 518 6
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Summary
CHARM
CPV not measured yet!
Approaching SM sensitivity
Many LHCb results still only with Run1!
Main issue: huge statistics, controlling systematics...

B SECTOR

Not probing only CPV directly, but also other parameters: CKM angles
Searches for New Physics

Extremely rich field

BARYONS
Still largely unexplored
Expected similar CPV levels as in mesons

LHCb is an invaluable player in the CPV field
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