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Why study CP violation?

o The Standard Model (SM) does an excellent job of describing existing data, but it
is clearly an incomplete theory.

o Example: SM CP violation is not capable of generating the observed matter-
antimatter asymmetry of the universe.

o Most extensions of SM include new sources of CP violation.
» Likely that the CKM picture of flavour physics is modified, and hopefully at
accessible energy scales.

o “Indirect” searches have often provided first glimpse of new particles, e.g. the
discovery of the top quark.




Measurements at the LHC

o Each second LHC produces O(100k) b- and O(1M) c-hardrons.
» ATLAS, CMS, and LHCb take advantage for studying CP
violation and mixing.

o LHCb is designed for precision measurements of b- and c-
hadrons.

» Unsurprisingly the source of most new results.

o And there is a lot that is new!
» Happy to be able to show some results for the first time.
» Try to give an overview of the themes studied in context of

ict| - ) :
new results, but not a complete list! I, 1. Mod, Phys. A 30, 1530022 (2015]
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Beauty

o From unitarity condition V4V, + VgV + VigVip = 0

o Goal: precisely measure these triangles to test consistency of CKM description of
CPV
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Measurements of y

o A key part of the CP violation programme at LHCb is LHCb-CONF-2018-002

L R —
measurement of unitarity angl*e * o LHCb -
Y =arg[— VuaVun /VeaVep] — 0.8 relmne
0.6
o Accessed through exploiting the interference betweer i
b — cW and b — uW transitions. TR Y
o Combine the knowledge from several B decays and 0ak
subsequent D decays. | 95.5%
> Latest LHCb average y = (74.0729) ° % 50 100 150
Y [°]
0 +
o Asof summer 2018, the world average isy = (72.11’2"7L ° -Bj) decays B 5 decays
' B’ decays " Combination

> Indirect valueisy = (65.64f(3’j?£ ©



http://ckmfitter.in2p3.fr/www/results/plots_summer18/num/ckmEval_results_summer18.html
https://cds.cern.ch/record/2319289/files/LHCb-CONF-2018-002.pdf

CP violation in interference of mixing and
decay

o Excellent probe for physics beyond the SM.

HFLAV

léw 0.14 DO 8 fb!
z 68% CL contours
. . . (Alog £ = 1.15)
o Animportant example in the B system is that of "2 e 19”51

¢S ~ _Zﬁs Earg[_ VtSVtﬂ;?/I/CSV:b] 0.10 Combined CDF 9.6 fb
» Inferred with high precision from other measurements.
» Can be enhanced by new physics contributions.

0.08

LHCb 3 fb!

0.06 ATLAS 19.2 fb!
o Golden mode for measuring ¢ is B - J/W KK~ de ar de @ ee
» Measurements performed by ATLAS, CMS, and LHCb C

using Run 1 data

LHCb: PRL 114, 041801 (2015)
CMS: PLB 757 (2016) 97
ATLAS: JHEP 08 (2016) 147

o Also measured by LHCb in B - J /Y n*tr~, and similar
observables in other BY decay modes.



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041801
https://www.sciencedirect.com/science/article/pii/S037026931630017X?via%3Dihub
https://link.springer.com/article/10.1007/JHEP08(2016)147

[In preparation]

“Measurement of the CP-violating phase ¢ from
B? - J/Ymtm™ decays in 13 TeV pp collisions”

o An update has been performed using 1.9fb!

. 9000 F
of LHCb data taken in 2015-2016 < 5000 LHCh | —— rsmoum
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o Tagged, time-dependent angular analysis Y 6000 o R:Bo*b‘”l'f”” d
. ] . g K\ Fryr o Physics backgroun

needed, making for a complicated analysis: 2 5000 [ .=, Combinatorial background
» Acceptance modelling in 4 dimensions of the ‘g 4000F [ - || T WsJvan

decay phase-space. 5 3000F [ ‘

. . 5 20005 - !

» Decay-time acceptance and resolution. S ookl |\
» Tagging the flavour of the By at production. . o ettt sessrreores
> Description of the ¥~ resonance >300 2400 m(J/wn?tS)OfMeV]

spectrum.




[In preparation]

Detector response and flavour tagging

o Four dimensional efficiency determined i | F T
Simulation _ F Simulation

from simulation. | Preliminaryi o af Preliminary

o Data-driven determination of decay-
time acceptance and resolution
(average resolution of 41.5fs)

. , . Category Etag (B)  €tagD*(%)
o Flavour tagging uses information from decays of other b ogonly 110 0.6 0.86 £ 0.05

hadron produced in the event (OS) and fragments of jet  SSKonly = 42.6+0.6 1.54+0.33
: OS and SSK  24.9+0.6 2.66 +0.19
that produced B, that contain charged K Total T 07 506 L0.38




[In preparation]

Resonance model

o Several models considered, with second best used to assign associated
systematic uncertainties.

Component Fit fractions (%) Transversity fractions (%)

n r__.~.+ '~ 1.~ 1 1. -
0 | 1 % - LHCb eData  * f,980)
Solution I B U — = f(1500) -
£0(980) 60.09 + 1.48 100 — — M E 10° F Preliminary o f2(1790) =
£o(1500) 8.88 + 0.87 100 - - o) - — £,(270) 3
£o(1790) 1.72 4 0.29 100 - - > i ,r — £U525) 4
f2(1270) 324+048  134+3 37+9 50+10 o 102 - _
£3(1525) 123+0.86  40+13 31+14 29+25 3 F E
NR 2.64 +0.73 100 —~ - ‘s - ]
Solution II B 7
f0(980) 93.05 £ 1.12 100 - —~ 10 it 1 E
fo(1500) 6.47 +0.41 100 E E | -
fo(1710) 0.74 +0.11 100 —~ - |l| 1
£2(1270) 3.22 +0.44 17+4 30+£8 53+10 L N
£3(1525) 144+036  35+8 31+12 34+17

NR 8.13 +0.79 100 - - m,. [GeV]




[In preparation]

CP-violating parameter results

Fit result Correlation
Parameter g —Tpo |} b
'y — Lo (ps™!) —0.050 £ 0.004 & 0.004 1.000 0.022 0.038
by 1.017058 +0.03 0.022  1.000 0.065
¢ (rad) —0.057 = 0.060 £+ 0.011 0.038 0.065 1.000

o A combination with the Run 1 measurement gives:
[y — Tgo = —0.050 £ 0.004 £ 0.004 psH,
|IA| = 0.949 + 0.036 + 0.019, and
¢, = 0.002 +0.044 + 0.012 rad

Consistent with inferred value of —36.5?{;3 mrad. (Phys. Rev. D91 (2015) 073007)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007

arXiv:1812.07041

“Measurement of the branching fraction and
CP asymmetry in BY — J /1y p™ decays”

o Analysis of 3fb-1 of data collected by LHCb in

2011/2012 o ’O

(7

o Gives estimate of imaginary part of penguin-
to-tree amplitude ratio in b — ccd transitions
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https://arxiv.org/pdf/1812.07041.pdf

Charmless B decays

o Suppressed at tree-level, significant higher order contributions.
o Known to exhibit large asymmetries.

o Several new results in multibody decays, some of which were covered in Cayo
Costa Sobral’s talk yesterday evening [link]

> Amplitude analysis of BY - K ~K™ decays (In preparation)
> Amplitude analysis of BY — KSOKinJ’decays [arXiv:1902:07955]

o And even more to show now!



https://agenda.infn.it/event/17057/timetable/?view=standard
https://arxiv.org/pdf/1902.07955.pdf

[arXiv:1812.07008]

“Study of the B® - p(770)°K*(892)° decay with an
amplitude analysis of B® - (w*n™) (K ™) decays”

o Analysed 3 fb! collected in 2011/2012 in the range of 300 < m(mw*m~) < 1100 and
750 < m(K*m™) < 1200 MeV/c?

o Tree level b = uus is doubly Cabibbo s/ |
suppressed

» Higher order diagrams contribute.

d

o Small longitudinal polarisation fraction and significant direct CP asymmetry found
fox+ = 0.164 £ 0.015 + 0.022 ASy- = —0.62 + 0.09 % 0.09

o Hints at significant contribution from penguin amplitudes.



https://arxiv.org/pdf/1812.07008.pdf

[arXiv:1812.07008]

Study of the B® —» p(770)°K*(892)° decay with an
amplitude analysis of B® - (wT ™) (K ™) decays
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https://arxiv.org/pdf/1812.07008.pdf

[In preparation]

Measurement of CP asymmetries in
charmless four-body A3 and decays”m

CP violation not yet been observed in baryon decays
» LHCb has seen evidence: arxiv:1609.05216

(o

o Measurement of asymmetries in six modes made using 3fb™! of data collected in

2011/2012.
o Construct difference between CP i};armlesf HiOd_e : CO‘;II_OI Cha‘nne}r
asymmetries in charmless decays and decays pRTm : = e TP )™
ith an intermediate charmed baryon with 4 > pKmm A, = (A = pK™m )
wi . . . Y A) - pK~ Kt~ A) = (AT = pr— )™
the same particles |.n the final stat.e. A0 = pK-K+K- A9 = (AF — pK-1+)m-
» Cancel out production and detection charge- =0 _, pg—r+r- 59 5 (5 = pK-1t)1
asymmetry effects 59 5 pKntK- 50 o (5 ot — pK 1)



https://arxiv.org/abs/1609.05216

Results

[In preparation]

o Asymmetries measured in full phase space as well as exploring specific regions of

kinematics.

» In total 18 asymmetries measured.
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o No significant asymmetries found, the search for CP violation in baryons continues.




Mixing and CP violation in charm

o Interesting and unique opportunities:

» SM signal is very small due to CKM and GIM suppression.

» Only possibility for studying these phenomenon in up-type quark.
» Complementary to the strange and beauty systems.

o Challenges:
» Small signals require millions of candidates and good control of systematic uncertainties.
» Tricky theoretical uncertainties due to long-distance effects.

my;—my

r,-r, . [, +T
2L with[ = —=

Note: Mass and width differences denoted by x = T 5

and y=




Searches for direct CP violation

o We are of course actively pursuing searches for direct CP violation in charm

o Two such recent searches were covered by Tommaso Pajero yesterday: [link]

» Search for CP violation in D} —» K2n*, Dt - K2K*,and D™ —» ¢t
[arXiv:1903.01150]

> Search for CP violation through an amplitude analysis of D® - K*K ntm™
decays [arXiv:1811.08304]

o And another will be shown by Julian Garcia Pardifas this afternoon [[link]

> Measurement of angular and CP asymmetries in D° - ttm—utu~
[arXiv:1806.10793]



https://agenda.infn.it/event/17057/timetable/?view=standard
https://arxiv.org/abs/1903.01150
https://arxiv.org/abs/1811.08304
https://agenda.infn.it/event/17057/timetable/?view=standard
https://arxiv.org/abs/1806.10793

“Current” picture in time-dependent
charm analyses

o A few analyses out of date, but conclusion from 2018 HFLAV fit still true.

o Non-mixing hypothesis rejected at overwhelming significance
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[arXiv:1810.06874]
“Measurement of the charm-mixing

parameter yop”

o Analysis compares decay width of D to CP-even final
states (I'-p ) to the decay width to CP-mixed states (I'):
AF — FCP —TI

100

W
[e=]

Candidates per 2 MeV/c?
=

o Decays to CP eigenstates D° - K*K~ and D? - 't~
are reconstructed along with CP mixed D® - K~ ™.

[\
[e]
1

p—
o

o 3fb*of Run 1data, using Decay Signal yield [103]  o°F P I
0 . i — bt ]

D rr?esons.commg fro_rgl DO s K+K- Q789+ 19 29 [l Background
semimuonic B~ and B DO _y pto— 3116409 I | ]
decays D° — Kt 4579.5 + 3.2 I s 166V



https://arxiv.org/abs/1810.06874

[arXiv:1810.06874]
“Measurement of the charm-mixing

)
parameter yqp

o Fitratio of yields as a function of decay timeto o020 [ Hop, @ —
determine the best value of Ar. 5 W _
> Known DY lifetime used to extract yop = ApT & O B + —
0.18 = t t t t t t t -

o Combining the modes gives: _ » Data
£0070 |14 i + 1 — Fit _
E h+T++m:u'+ '—"_' |
Ycep = (0.57 + 0.13(stat)£0.099(syst))%. < 0065 4 + —

05 10 15 20 25 30 35

o As precise as the world average. D° decay time [ps]

o Also consistent with world average value of y = (0.62 + 0.07)% .
» No evidence of CP violation in mixing.



https://arxiv.org/abs/1810.06874

arXiv:1903.03074
“Measurement of the mass difference

between neutral charm eigenstates”
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o Analysis of DY - K.t~ decays in 1.3M prompt and 1M
semileptonic decays, corresponding to 3fb! of data taken
in 2011 and 2012.
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o Features a rich resonance spectrum. A e N

. e . 140 142 144 146 148 150

» Pros: Good sensitivity due to varying strong phase | Am IMeV/e?]
differences.

» Cons: Requires good understanding of decay dynamics

and acceptance effects.
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https://arxiv.org/abs/1903.03074

arXiv:1903.03074

The “bin flip” method

o Uses novel approach for minimising the above challenges:
arXiv:1811.01032

8
o Datais binned according to Dalitz coordinates and external 23 7
e 4 i 6
measurements of strong-phase variation used as 3 20f .
constraints. s | :

. . . ~ 1.5
> Avoids modelling dynamics of D° decay. vl :
1.0} 2
- 1
o Binned also in decay time, ratio of yields in opposite bins 05} .

across the symmetry line formed in each decay-time bin.
» Cancellation of acceptance effects.
» Particularly sensitive to measuring x.

m? (GeV?/c*)



https://arxiv.org/cits/1811.01032
https://arxiv.org/abs/1903.03074

arXiv:1903.03074

Fit to ratios
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https://arxiv.org/abs/1903.03074

arXiv:1903.03074

Fit results

T T e s s e S
o I
Parameter Value 95.5% CL interval ~ 08F
z [1072] 0.27+017 —0.05, 0.60]
y [1072] 0.74+0.37 [ 0.00,1.50] jy —
q/p| 1.05* 07 | 0.55,2.15) T 955%
¢ —0.09 tgié —073, 029 0 02 04 06 0?10'211
1 T .
E.]’OSE_ LHCb
o Most precise measurement of x by a o -
single experiment h: .
041 68.3% ]
o Consistent with CP symmetry.



https://arxiv.org/abs/1903.03074

Effect on world average

arXiv:1903.03074

o The measurement helps to

significantly improve the limits on the

CPV paramters.

y [107]

__ |:| Current world average LHCb __

|| + this measurement —

0.5

Parameter Fit result Allowed interval

68.3% CL 95.5% CL  99.7% CL
z [1072] 0.384+0.12 [ 0.26 ,0.50 | [ 0.14,0.61] [ 0.02,0.71]
y [1072] 0.655 092 [ 0.588,0.717] [ 0.52,0.78] [ 0.44,0.84]
lq/p| 0.967 7009 [ 0.922,1.017] [ 0.88,1.07] [ 0.84,1.13]
) —0.070 ;005  [—0.151,0.009] [-0.24,0.09] [-0.33,0.19]

I R L E
|| Current world average
~ | | + this measurement

contours hold 68%, 95% CL
| ! | !

LHCb |

L1 L
-03 -02 -0.1

o Also note xis > 30
from O !

o Around 30 times more
data was already
collected during Run 2.



https://arxiv.org/abs/1903.03074

[arXiv:1812.07638]

"Opportunities in Flavour Physics at the HL-
LHC and HE-LHC”

o Prepared for the European Strategy for Particle Physics.
» Physics potential from future upgrades discussed.

o Projections of uncertainties for key measurements are shown.
» Too many to go through! A beautiful and a charming example:

| L
A0.105 M ¢ _[:] HFLAYV World Average 2017

9 0.2
Z 68% CL contours I - LHCb 300/fb
0.095 (Alog £ =1.15)

0.085

0.075 Current Exp. Constraint

0.065{ Combined Projection

-0.050 0.000 0.050
;" [rad]



https://arxiv.org/abs/1812.07638

Conclusions

o Making precision measurements of CP violation is important for testing Standard
Model description of CP violation.
» Promising area to look for new physics effects.

o There is a very exciting and active program pursuing these studies at the LHC.

o A lot (most) of data taken at LHC remains to be analysed.
» Higher statistics updates and brand new analyses on the way!

o And of course, we keep our eye on the future and much, much larger statistics.




Backup slides




CP violation in the Standard Model

o Weak interaction known to violate CP symmetry
» Not invariant under exchange particle with antiparticle and inversion of spatial
coordinates

o CP violation described in the SM by the Kobayashi-Maskawa mechanism
» Due to a single irreducible phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix

Vua Vus  Vup 1- /12/ 2 A AX? (p —in)
VCKM — (VCd I/CS VC ) — —A 1 - AZ/Z A}lz + 0(/14)
Via Vis Vi A1 —p—in) —Ar? 1

Expansionin A = 0.22 convenient way of viewing hierarchy.

T




Types of CP violation

o Direct CPV 0 2 2
— D
» Occurs if [Af/Af J # 1, i.e. amplitude for decay and its f :,t
CP conjugate have different magnitudes

o Only possible in flavoured neutral mesons which “mix” due to non-coincidence of flavour and mass eigenstates
> [ M) =p|M°) + q| M°)

o CPV in mixing o CPV in interference between mixing and decay

> Occurs if [4] # 1 £ b = arel YL

ceurs lpl * » Occursif ¢ = arg(pAf + 0
2 2
2 2 D f A 7
D° D° _ D° D°
il #F f 7+ +
D° D f Do Do ;




