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Is the Unitarity Triangle a triangle?
Crucial flavour physics goal: experimentally test consistency of the CKM mechanism by over-constraining parameters

o Constralnts from' tree level observables o Constralnts from loop level observables
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The case of the CKM angle y (= ¢3) [CKMFitter]
_ +5.4° = _ +0.97°
Ydirect = 72.1157 ? Yindirect = 65647325
Measured in B — DK decays and friends Indirect determination from other CKM
* Theoretically clean: §yineory/y = 1077 parameters
[JHEP.01(14)51] * sin2p from B® - J /YK
* SM benchmark: NP contributions to tree level * Amgz and Amg from B?s) mixing
process expected to be small (although not * ¢, from neutral kaon CPV measurements
excluded by data: [PRD.92(15)033002]) * Uncertainties from LQCD
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http://ckmfitter.in2p3.fr/
https://link.springer.com/article/10.1007%2FJHEP01%282014%29051
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.033002

How to measure y in BT - DK*: “the text book example”

Favoured b > ¢ Suppressed b 2> u

Access to y via interference between b — ¢ and b — u transitions

« y is the EW (CP-violating) phase between the B¥ - D°K* and B* —» D°K* amplitudes
(up to relative corrections of 0(A*) =~ 2x1073)

A(BB~ - D°K™) 5 ) A(Bt - D°K™)
A(B- > Do)~ "rexplilds = V)] A(B+ - DOK+)

= rg exp[i(6p + V)]

2 Phase-space dependent

With D — K5h+h final state: interference « cos|[dg £ ¥ + Adp (m 0 _,mKon+)] D9 —DO decay amplitude

phase difference
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The model-independent GGSZ method

Divide phase space of D - Khth™ decay into bins and measure yields in each

* Analysis is independent of modelling of D decay
« Sensitivity from phase-space distribution, not overall asymmetries
— overall production/detection/KJ-CPV asymmetries have no impact

rg exp[i(6p V)] = x4+ +iy+

/\ 07 [JHEP.08(18)176] 8
N;i OcFii_I_ ( )F$i+21/FiF—i( Cii"' Sii) 2.5 - 7
— 6 —
\/ % E 2.0 8
F; : Fractional yield of flavour - 5§
L tacoed Doyinto bin i c;/si ¢ Strong phase difference of 2 15- 4 g
— | B
&8 D% — DO decays ¢ 5 —
1.0 1
o . -2
2T EMENESER IMERUTEe External input from CLEO-c/BESII| 0.5 1
control channel: S —— : l . . . L
= o, — 0.5 1.0 1.5 2.0 2.5 3.0
B® > D"y VX s+ [GeV?/ct]
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https://link.springer.com/article/10.1007%2FJHEP08%282018%29176

[JHEP.08(18)176]

CP asymmetries > > LHCb
O | 2 |
Q2 o of -
Overall CP asymmetry <n | ¥y |
% )
small =~ 1% | S
S S
1 1+ .-
But large in certain regions of 1
phase-space 1 2 3
m(K ") [GeV¥c*] mXK ) [GeVZ/c*]
LHCb has published two model- o B2 DO KmnOK®  Bin: 4 o ZPOKURK  Bin: 4
independent GGSZ I LHCb 3 ., Lo
measurements with B* - DKT 2 = o
* Run 1 data: JHEP.08(18)176] < 2 SR | Combinatorial
3 2 -- B bkg.
+ 2015+16 data: JHEPOS(18)176] £ g o Bl e
= =
O O

5600 5800 5200 o s400 5600 _ 5800
m(DK ") [MeV/c?] m(DK ") [MeV/c?]

[JHEP.08(18)176]
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https://link.springer.com/article/10.1007%2FJHEP08%282018%29176
https://link.springer.com/article/10.1007%2FJHEP10%282014%29097
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176

Phase-space
dependent efficiency

mAKom*) [GeV?/c4]

Significant variation in reconstruction efficiency over
phase-space

Handled in data-driven manner: Measure F; in control
channel: B® » D**(-» D" )u~v, X
« Flavour tagged D° from B decay: similar efficiency profile
— still correct for signal-control efficiency difference

 Signal-control channel efficiency ratio from simulation
— effects of simulation imperfections cancel to first order

* Naturally incorporates effects of bin migration and
D-mixing [PRD.82(10)034033]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034033
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176

Measurement results and interpretation M. Bjgrn, N.Jurik, S. Malde, G. Wilkinson

Interpreted and combined with Run 1 GGSZ measurement [HEP10(14)97] USING gammacomboO [JHEP.12(16)87]
y = 87113 Combined Run 1 and 15/16:  y = 80°%1%"

Most precise stand-alone determinations of y to date (at 2o level)

+H 1,2,and 30 confidence regions (stat. unc. only)
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https://link.springer.com/article/10.1007%2FJHEP10%282014%29097
https://gammacombo.github.io/
https://link.springer.com/article/10.1007%2FJHEP12%282016%29087
https://link.springer.com/article/10.1007%2FJHEP08%282018%29176

Dominating uncertainties, and potential for improvements M. Bjgrn, N.Jurik, S. Malde, G. Wilkinson

Statistical uncertainty dominates

(= 8°ony) Systematic uncertainties in 2015+16 B* - DK+ measurement
All uncertainties x10~2:

Leading systematic uncertainties Source o(zy) o(z_) o(ys) o(y-)
Statistical 1.9 1.7 1.9 2.2
* Strong'phase measurements from Strong phase measurements 0.4 0.4 0.9 1.1
CLEO (z 4° on ]/) Efficiency corrections 0.6 0.6 0.1 0.2
— Inclusion of forthcoming BESII %4?;5 fit PDFISD ) N 83 8; 8? 8?
ifferent misID shape over Dalitz plane . . . .

r X r rong-

ehSULt © [)EC'Cded to eduFe Stro ]?50 Different low mass shape over Dalitz plane 0.1 0.1 0.1 0.2
phase-related systematic to — 1. Uncertainty on BY — D°[rT]K~ yield 0.1 0.1 0.1 0.1
- Efficiency correction between Bias correction 0101 01 0l
) ) . Migration 0.1 0.1 0.1 0.1
Slgnal and Seml'leptomc control K°-CPV and material interaction 0.1 0.1 0.1 0.2
channels (= 1.5° on y) Total experimental source 07 07 04 05
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CP violation and material interaction of the K¢ M. Bjgrn, S. Malde

Dalitz-plot efficiency profiles expected to be very
similarin B - DK and B = Dm

B = Dm already included as control channel for

- A~y (degrees)
cross feed/shape fits [
Why was B — D not used as efficiency control mode? | e
a) Bias from non-zero CPVin B —» D& i e .
. . . - — = —__40__ ” ® ~ (degrees
b) Worries about effect of K9-CPV in Dt if ; N R
promoting to signal channel [
— Effect cf. JHEP03(2014)]: Ay /y = O(|€|/7B)
o[ [JHEP03(2014)]

le|/rPX ~ 2 % le| /B ~ 40 %
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https://link.springer.com/article/10.1007%2FJHEP03%282014%29008
https://link.springer.com/article/10.1007%2FJHEP03%282014%29008

Further studies: consider full phase-space dependent effect [JHEPO/(19)106] M. Bjgrn, S. Malde

Detailed studies of phase-space dependent effects

2 2 L
e CPV: ADO( KO .|.,ng7_[_) = ADO(mKo _,ngn+) 4____..---—]‘

» Material interaction leads to dependence on |8

04— -
D - K; w7~ amplitude thcx . l’j = B
Locato;/ 4],\ - _
i —> TT

< ﬁriﬂu
Effects studied using latest BaBar amplitude model &l
[PRD98(2018)112012] & simplified detector description

of LHCb (and Belle Il)

Time-dependent effects: different impact on
long track and downstream K. -decay categories of LHCb
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https://link.springer.com/article/10.1007%2FJHEP07%282019%29106
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112012

Results of K CPV studies [JHEP07(19)106] M. Bjgrn, S. Malde

Conclusions: leading order effects have no phase-space dependence:

« Effect on GGSZ measurements = O(|e|/r5*x0.05)
— negligible compared to statistical uncertainties for both DK and Dm observables
— feasible to promote Dr to a signal channel

LHCb LL LHCb DD Belle II
1.5 1 . .
107 - .
%D 0.5 7 | B e~ i - -
.E. 0.0 _% — - -
| NI
—1.0 - - -
1.5 - _ i [JHEP07(19)106]
0 100 200 300 0 100 200 300 0 100 200 300
6% [d 6% [d 6% [d
Relevant for B [deg] B ldeg] B |deg]
Bt o Dt r9 = 0.005 0 = 0.1 r0 = 0.25 Relevant for
—_ TL’ B . — - B el smmmamns B . BO N DK*O
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https://link.springer.com/article/10.1007%2FJHEP07%282019%29106
https://link.springer.com/article/10.1007%2FJHEP07%282019%29106

B - DK and B — Dn Dalitz-plot efficiency profiles identical

M. Bjgrn, S. Malde

m2Kshp : Kol-Smi p value: 0.7893 m2Kshm : Kol-Smi p value: 0.4409 m2hphm : Kol-Smi p value: 0.2037 s+ - s- : Kol-Smi p value: 0.8315
06 4 aft, K 06 4 M) K | N K | LIy K
giha, N il o | 07 Bl o |93 FH i pi
051 ﬂ LY 051 [I “b, 06 1 1 0.25 | |
04 1 J 9 04 1 ‘ 1'3 05 1 L'h 0.20 AJ AHL
Efficiency profiles identical ol | S L | o I D "
. e e N 9 03 ' | |
(given MC statistics) 02 Y| o2 R Y |ond '1
1 I
01 1| 0 Hti 01 005 ¢ 1‘
{ LHCb simulation | { LHCb simulation | LHCb simulation | J LHCb simulation 1
0.0 L , Y H 00l , . - 00 L ; : : — 000 . ; ; , :
. . 0 1 2 3 0 1 2 3 00 05 10 15 20 2 -1 0 1 2
Promoting D to signal channel maKsho maksnm manpnm ma2Kshp - m2Kshm

* Fit F; and CPV parameters
simultaneously

DK, D->KsPPiPi (DD) N=112751
LHCb simulation

DPi1, D->KsPPiPi (DD) N=130109

LHCb simulation

DK-Dpi ratio (p_agree= o.42)l1 3
12
Extra bonus: 1sl N
* Should be possible to o] . .
resolve multiple solutions m
for r2™/52™ in LHCb gamma s{ g Los
combination '_] '»08
0 -
0 5 10 15 07

05 10 15 20 25 30 0.5 10 15 20 25 30

Efficiency profiles in LHCb simulation
PHSP MC: distribution « efficiency profile
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A BT - Dh'™ measurement is feasible M. Bjgrn, S. Malde

_ 2 2 . . . .
Nap o Foyg+ (200 4+ y20%) Py 4 2, [FF_(xeyy — y2lsyy) Bin-yield parameterisation used for both DK* and Dnt*
Adding four extra free parameters (x27, y2™) R v I dpt ert 700- Im_xi_dpi pull

. . . 400 7 500 - 6004 519"
— large correlations/unstable fits with free F; N
300 A
400 4

200 A 300

The Dt CPV observables are parameterised 2001
using two nuisance parameters [1804.05597]: 1o

200 A

100 A

—0.06 —0.04 —0.02 0.00 0.02 0.04 0.06 0.08 0.016 0.018  0.020 0.022  0.024

T.Dne isPrm Im_xi_dpi Im_xi_dpi
Dm == X?n <+ ly?n— = W g: val g: err
TDKel mu :-0.0178 +- 0.017
600 + 600 - sig : 1.0178 +- 0.015
400 4
D _ ..Dm. DK D, DK 2007 500
Xi = Xf xi — yg yi 300 4 400 400
D _ ..Dm. DK D1, DK
yi - xf yi +yf xi 200 3007 300 4
200 A 200
100 A
100_ 100_
Fit stability has been verified in a series of toy ol il L LR 0 | L S— P =
. 65 70 75 80 85 3.0 3.5 4.0 4.5 5.0 -4 -2 0 2 4
studies 9 g o

Signal only toys: expected uncertainty in final measurement is larger
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https://arxiv.org/abs/1804.05597

Status of BT - Dht measurement

M. Bjgrn, S. Malde

Total yields in D —» Kdntm™ channels:
e Dt = 220k
DK =~ 15k

Toy studies suggest expected statistical
uncertainty o(y) ~ 4.5 — 6°

- Depends on central value of 12X

Inclusion of forthcoming BESIII result
expected to reduce strong-phase-related
systematic from 4° — 1.5°
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B* — Dn* (long tracks)
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Combined model-independent GGSZ measurement with B¥ - DK* and B — Dr®
decays and the the full Run 1+2 LHCb dataset well under way

Avoids relying on semi-leptonic control channel for efficiency profile
* removes a leading systematic uncertainty and the need for large MC samples

Expected single-measurement precision on y comparable to current world
averages
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Neutral Kaon CP Violation

CP violation in the kaon sector changes GGSZ equations — AP(s_,s.) # Al_)(s+, s_)!

dl’ « |l/)5(t, S S+) 1 E l/JL(tr S—, S+)|2

/

K¢ is not an exact CP eigenstate Contribution from K — K} interference

A2(s_,s;) x Alg(er, s_) + 26A§(S+,S_) AP(s_,s,) x —ALE (s4,s-) — 26A?(S+, S_)

Corrected yields simple to calculate in terms of A!f/z = A(D0 - K1/2n+n_)

AD(s_,s) = AP (sy4,52) AR o AP — eA?

AP o AD — AP € = (2.2x1073)e0-24mt

CP K, = K, CP K, = —K,

Ag (S—r S+) — —AQ(S_H S—)
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Kaon regeneration in matter

000 =% (o) + (6 7),1, (0

x (¢) is proportional to K° (K®) forward scattering amplitude in material

Kaon regeneration in matter introduces further dependence on A(D - KPntm™):

Non-zero K < K9 transition amplitudes in matter

. 1 X—X
To lowest order inr, = -
X 2(mp—mg)+i/2(TL-Ts)

[£.Phys.C.72.543]

For LHCb and Belle II:

~ 10-3
<rX>—10

Ps(t) = e7/20H ((Ebg — r)(l/)(L))eust+TXl/J(L)emLt)
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https://link.springer.com/article/10.1007/s002880050277

The Al and A2 amplitude relations

The amplitudes 4; = A(D° -» Ky;n*tn~) and 4, = A(D® - K,n*n™) are related
under the assumption that they are well described by isobar-like models (10102817

AIZD(S—JS+) — —A?(S_,S+) + TAAA(S_,S+),

r, =~ tan® 0.

AP =a® + Z a;A(K*"nt)
CF

+ Z ajA(K™ ™) + Z arA(Kymtn™)

| DCS

Tt

— K9: relative “ — "

— K9: relative “+”

— K% & K°: but K° coupling is DCS

|

CF

|

DCS

v

|

A = a% — z a;A(K*~ ") + Z o A(K* n™) + Z —(1 = 21 e’ A(KymF ™)

Where the DCS amplitudes satisfy : apcs/acr = 1% = tan? 6, =~ 0.05

3 April 2019
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https://arxiv.org/abs/1010.2817

Modified Dalitz bin yields

Ny; =h~ {Kyi + (x2 + y2)Ks; + Zﬂ/kiﬁ—i(x—éii +y_81;) + 0(re)}
Nf:- = ht {Kii + (XE + yE)E;l + 2 Eiﬁ_i(x_éii + y—'§ii) + O(TE)}

Dalitz-plot distribution is only changed at O(r¢)
— expected impact on GGSZ measurements is O(re/rg) = permille level

. . O(re) =
— need to look at higher order terms to assess bias

0(rye) + O(rArX)

Well known overall yield asymmetry [eg. 1110.3790] +(rg€) + 0(rp1y)
* Here shown for infinite time-acceptance

* And including contribution from material interaction

I 1+pu-Imle+ rX]/Re[e + rX]
I+ I} 1+ u?

_ 2Am
T+

= 2Re[e -+ rX] <1 -2 > + O(re), U
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https://arxiv.org/abs/1110.3790

Bias on y measurements from the integrated-yield asymmetry

N-—N* 2Yc;/K;K_;rgsin 6gsiny + = = = Default GGSZ
~ N-+N+ 1+ 1 + rgcos 8 cosy | T Alleffects LA

Effect of K& CPV and material effect: Ah
Non-trivial phase Adp(s_,s,)
- K =) /K;K_; =0.1 < 1 (small coherence fact

Asymmetry [%]
o

Ay is large

— Ay = 0(]e|/(0.1xrg)) = 10’s of degrees —213 . ; . . .
—90 -60 —30 O 30 60 90
, _ 7 [deg]
Corrections are possible, but
. depends significantly on experimental time acceptance [1110.3790]

. depends on experiment material budget and geometry
* Terms of O(ryry) and O(r4€) lead to % level biases and must be included

Not an issue in current experiments: overall asymmetry is not used to determine y

3 April 2019 TUPIFP - Durham - Mikkel Bjgrn - KS CPV in GGSZ measurements 21


https://arxiv.org/abs/1110.3790

(Simplified) Experimental time-acceptance

Time-acceptance (Tgecay € [71, 72]) for kaon with p = (p,, pr) determined by geometry

* LL LHCb/Belle II: require kaon decay products to cross at least 3 vertex detector segments
* DD LHCb: require kaon decay before the TT tracking station

/./ 2 |"_' ) - TT 15 F SuperKEKBVI'X(r—pﬁw)/ —
im ¢ rte ol // o \\
v N

ocgato

X
[T 15 mrad

Interaction region ¢ = 5.3cm not required for LHCb RV |
acceptance coverage A 4 E

°f \\ - //
sh Thc~——
/ 1l5....1I0....Is....(l)....é....1lo....1I5
zy; € [0,280] mm zpp € [280,2350] mm Tgelte 11 € [0,80] mm
< TrL > = O'HKg < Tpp > o~ 0.81-1(2 < Tgelle Il >~ O'7TKg
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Calculation procedure and input requirements

1. Model for A;(s_, s,) used to get

Ay(s-,s4) and then A0 (s, 5..)

Belle 2018 model [1804.06153] used to represent A,

2. 3, (ts_,sy) calculated keeping all
orders of 5, and €
e Forinputs (y°, 12, 62)

Material parameter Ay from average material
budget cf. technical design reports

+ . .
3. N7 from integrating dT'* over Ay and (ty, t,) depend on momentum
- experimental time-acceptance distribution, estimated using RapidSim [1612.07489]

e Dalitz-plot bins
Time acceptance(tq, t,) from

4. Fit (x4, y,) with default GGSZ eq. detector geometry and py

5. Interpret (x4,yy) in terms of (y, 7, dp)
- Ay =y—y°
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https://arxiv.org/abs/1804.06153
https://arxiv.org/abs/1612.07489

KJ CPV study results for DK channel

LHCb LL LHCb DD Belle 11
0.5 4 [JHEP07(19)106] . .
= 0.4 - . (“"4_‘—“““-~-~-~-~-,_>_1 .
< 0.3 1 7 D_g_;_A_;_;__‘___‘___j 1 *_“"*‘*“j
=~ 0.2 - L L L L T 40 _;_;__‘_‘_]-
0.1 - Jmmm e | L e P TPy
00 | —mmm e
50 60 70 & 90 50 60 70 80 90 50 60 70 80 90
Yo [deg] Yo [deg] Yo [deg]
- All effects === Neutral kaon CPV only  =**--* Mat. int. only

Negligible bias on ¥ from neutral kaon CPV and material interactions in analyses of B¥ - DK*
decays basedon D — KSQnJ’n‘ phase-space distribution
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https://link.springer.com/article/10.1007%2FJHEP07%282019%29106

