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CKM phase y from B*—=DK*
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CKM phase y from B*—=DK*
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CKM phase y from B*—=DK*

DO K ®y |S a phase, therefore can
/v only measure through
B~ interference!
_ eNeed a final state f that is
ret(CE=7) DYK ™ accessible from DO and DO

D) = |D°) +rpe’®=7|DO)



CKM phase y from B*—=DK*

e | the final state is multi-
— A
/ DOK Q body p describes a
o point in the phase
B \ fp space of the decay
et DO K™ A (p)



CKM phase y from B*—=DK*

e |f the final state is multi-
— A
/ DOK Q body p describes a
o point in the phase
B fp space of the decay
r et (0B =7) DOK_ %

55,(p) = arg(A;(p)Ar(p)*)

\

D(B~ = DK, D — fp) < As(p)? + [As(p)]* + 75| As (P)As (P)| cos(65 + 67, (p) = 7)



CKM phase y from B*—=DK*

INn order to measure y one must
have external input for the -

magnitude and the relative phase

| of the DO~ f and DO —f ampntudes!
rpet@s=0" DY K 7 A, (p)

= arg(A



CKM phase y from B*—=DK*

INn order to measure y one must
have external input for the
magnitude and the relative phase
| of the DO~ f and DO ~f amplitudes!




GGSZ Method

GGSZ method concerns

final states that are self self-conjugate
conjugate e.g. Aur(p) = Asr (D)
° KS/LH_I_T[ A. Giri, Yu. Grossman, A. Soffer and J. Zupan, T
® KS /LK+ K— Phys. Rev. D 68, 054018 (2003).

All charges and
momenta of final
state reversed

To date only 3 body modes
have been exploited!

Exciting 4-body DOK— Aur (P)
opportunities: / \
OTITTITITTT (7T ),
o KSTT+TT TV
See next talk frszi(‘SB\V)A DO K {W(p)v

by Resmi! 10



GGSZ Method

D%ng’w

JHEP 10 (2014) 097

® G G SZ m et h O d | NVO | VeSS (https://arxiv.org/abs/1408.2748)
integrating over bins of .
phase space

eLxploit the fact that the
decay Is selt-conjugate
by choosing bins that
map to one another via

CP

— 0 W D L O\ OO

IBin numberl




GGSZ Method

| D — ng T
e|n each bin the D decay JHEP 10 (2014) 097

(https://arxiv.org/abs/1408.2748)

amplitudes are described
by 4 parameters:

— 0 W DA L O\ 00

IBin numberl




describe a single ci{ = CcOosSO07 : whensumming over several .~ — ?

h int . i
br with a phase = snos gtw'i,“f:,?eiii‘éiEf,;Téé‘Zi‘is. =
P1 L
e|n each [
amplitud:
by 4 pare
T\ | _
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GGSZ Method

D — Kdntr
eSymmetric binning JHEP 10 (2014) 097

(https://arxiv.org/abs/1408.2748)

choice leads to relations

between CP mapped
bins

K.,=K_

Ciq = C—y

— 0 W DA L O\ 00

S4q = —S5—4

IBin numberl



Model Inspired GGSZ Binning

Sensitivity to y is ~ proportional to \/cg 452

e\Vant to choose a binning scheme such that this is as
large as possible in each bin!

SOLUTION: Use an amplitude model to assign each event a op

Unbinned Binned

\5{;<p>




Model Inspired GGSZ Binning

\/03 +s7 is maximised when the phase difference between
amplitudes Is constant

A ®)As(p)dp [ 1A (p)I[Af (p) B ®)dp

Take from
amplltude model




Model Inspired GGSZ Binning

\/c? + 5?2 ig maximised when the nhase difference hetween

A Model is used to define the
binning, but the measurement of ci}:
and s; In each bin Is still model-
iIndependent. An incorrect model
just leads to a reduced statistical

uncertainty.
B

17 | | m? (.GeVZ/c‘;)



Wny T

* The single most precise y measurement comes from the Ksrr+m- final

JHEP 10 (2014) 097

state ( a(y) ~ 15°).

(https://arxiv.org/abs/1408.2748)

« Similar numbers of Ksmtmm- and 4m reconstructed at LHCb with 3.0 fb-?

Ks’ﬂ- T

JHEP 10 (2014) 097

(https://arxiv.org/abs/1408.2748)
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Phys. Let. B 760 (2016)117-131
(https:/arxiv.org/abs/1603.08993)
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1497 = 60

* Therefore, one would expect to obtain a similar sensitivity to y
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Current i+ status

« The mtrrmmtm mode is already used to help constrain y at LHCDb -

but only a phase space integrated measurement i.e. GLW(ish)
rather than GGS/Z JHEP 10 (2014) 097 arxiv:1408.2748, arXiv:1611.03076

Requires the i+~ CP even fraction F+ which has already
been measured at CLEO-c (directly related to Ci) phys. Let. B 05 (2015) 043

* Need input from other B—DK decays to constrain y

+ =

A7t L AT B(DCP+ — 47‘(’) + B(Dcp_ — 47‘(’)

[ AT — 0.474 + 0.056] < Potential to increase

47T  _
SALL — OO

Phys. Let. B 05 (2015) 043
(https://arxiv.org/abs/1504.05878) 19
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nearing completion...

it Modgel

e A DO- it model, based on CLEO-c data, is

See Philippe d’Argent’
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T+ BINNING

One way to perform the binning is to use the
model directly to assign each event a &p

3.07

500x500

251l

20

* |n reality, this is not good for reusability -
amplitude models can be tricky to reproduce.

1.5

m2 (GeV2/c?)

1.0

Solution for Ksm+r- is to split 2D phase space s
iInto a 500x500 grid — 250,000 bins B

m2 (GeV3/c?)

The phase space of the DO - m+mrm+m- decay is 5D - what do we do?
500°~3 x 1013

e 500 per dimension is probably overkill, but even 100 would give
1019 bins!

Solution - adaptive binning...

22
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T+ BINNING

Phys. Rev. D 82 (2010) 112006

(https //arxw org/abs/1 01 0 281 7) https://github.com/samharnew/HyperPlot.git

D%KST(’ T

m* (Kgm™)

m*(Kgm™)

500x500 = 250,000 Bins 7945 Bins

~30x less bins and negligible loss of resolution!

23



T+ BINNING

* Jo describe a point in the -+ phase space we

use: bttt
1234

P = (m,127 m§47 cos 012, cos O3y, Qb)

Transformation ensures \ f k
the phase space has

. Angle between
rectangular boundaries

the decay planes
of 12 and 34

Helicity angle
of the ij pair

<
™

— S

/

/
Msy = M34 + 0

6 = min{mi2, M34} — Mmin

24



T+ BINNING

e This set of variables also has nice transformation
properties under C and P

P = (m/127 m§34> cos 012, cos 034, ¢)

(m’12, mézp — COS (912, — COS (934, —|—¢)

(9, mby, + 08 B12, + cos O34, — )

CP :p = (m}y, My, — cos g, — cos b34, — )

* This means the binning only has to be defined in ¢ > 0
then can be retlected to get the remaining bins

25
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TTHTTT+HT BINNING
cosfsy =0 P =m/2

M SO A==
-Fr\] -FN

+.
E 1400
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1000

~ 50 million bins, which is 200x less
than a regular binning with a similar
resolution.
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TTHTTT+HT BINNING

* From the preliminary D—4m model it is possible to calculate the
expected values of the ¢, and s, parameters in each bin.

 Clearly something to be gained though a binned analysis!

« Remember, sensitivity is ~ proportional to \/c,? + 57

# bin pairs =2 # bin pairs=3 # bin pairs =4

q-value = 0.63 g-value = 0.69 q-value =0.71




Model-Independent ¢; and s,

* Quantum correlated Y(3770) = D1D2 decays from
CLEO-c can be used to determine ¢; and sj model-
iIndependently

We thank the former CLEO collaboration for the
privilege of being able to use their data!

JEC =177
D; «—— ¢ (3770) —» D5
| |
a|D°) + b|DO) b| D% — | DO)

29



Model-Independent ¢; and s,

* Quantum correlated Y(3770) = D1D2 decays from
CLEO-c can be used to determine ¢; and sj model-
iIndependently

We thank the former CLEO collaboration for the
privilege of being able to use their data!

‘Tag’ D1 with a final
statg of known DO°
D0 content 30



CP+ tags

JPC =17~
11T 4—— D) +—— (3770) — D,
| I
DY) + | DY) D) — [DO)

(rtrmtn [HID:) [ x Ko+ K, — 200\ K/,

CP+tagsused: KTK~ w'm™ K Krw Kipror©

31




CP-tags

JPC =17~
Kgm’«—— Dy «—— 1)(3770) — D
| I
DY) — | DY) D% + |DO)

‘<7T+7T_7T+7T_|7'[|D2>‘2 x K, + K, + Qci\/KiFi

CP- tags used: Kow K% K% K2%n°

32




DY tags

TPC _ |~
K~ ety +—— Dy «+—— ¢(3770) —— D»
| I

|<7T+7T—7T+7T_W|D2>|2 x K;

Ditagsused: K 7t K 7t7° K ata gt

33




DO tags

JPC =17~
KTe y — lﬁl +— Y(3770) ——— D,
|
Do) D)

‘<7T+7T_7T+7T_‘H‘D2>|2 x K;

Dotagsused: KTr~ Kt r 7' Ktrata Kte v

34




Mixed tags

JPC =17~
(K3m 7™ )j4——— Dy +——— (3770) —— D>

|<7T+7T_7T+7T_\7-[]D2>|2 x K;K! + K, K| — 2\/KZFZK;F;(CZC£ + 5;5%)

NI

Phys. Rev. D 82 (2010) 112006
(https://arxiv.org/abs/1010.2817)

Mixed tags used: sz — Kgﬁﬂr— B |

35




Mixed tags

Mixed tags not yet included In this

analysis, so preliminary result
poresented Is only sensitive to ¢

‘<7T 7T+7T_|7‘[|D2>| ocKK’—l—K K’—Q\/KK K, czc + 5,5,

N ///'

Phys. Rev. D 82 (2010) 112006
(https://arxiv.org/abs/1010.2817)

Mixed tags used: K{n 7™ K%w*w— | R e S




Event Yields

Background subtracted
vields for each
reconstructed decay

CP-

CP+

~ CP+ (F+=0.973 £0.017)

Not yet included == Mixed

Pseudo Flavour

Where possible,

single tags used for

normalisation

/

Decay Mode | nfn wtn~ All
K3n 57429 | 13104 44
Kgn(ﬂ+7r ) | 5.7+£27 1269 + 45
KOn(v7) 1804 5.0 | 2859+ 80
ng 49.8 + 8.0 | 8064 £ 101
K3r° 108 =12 | 19946 + 156
KemVr! 14.3+£6.0 | 6465+ 110
o 1.7 £ 8.7 5620 £ 97
KtTK~ 12.7£7.3 | 11899 £ 115
K070 47.5 4+ 12 -
K 17.7 + 6.7 -
T 73.6 = 15.4 | 30107 £ 286
Kirtn 486 + 28 -
Kentm 193 £+ 18 =
Tt 47 + 17 —
K*nt 545 £+ 28 —
K*nTq0 1120 £ 41 | cLEO=c Data
K*masmt 80241 | preliminary
444 4 26 —

Flavour i=:7,

37




Preliminary Results

* From a fit to CP and flavour tags we get the following results.
* First model-independent test of a D—4h amplitude model

 From these preliminary results it looks promising!

Stat. Err Only Stat. Err Only

- L | ! C ' '
7 [ _ 0 4 CLEO-c Data
| e R . ] " E Preliminar
| , 2 s ] 0.35F Y, |
L A i b 0-3F
Of L MﬂO.ZS 3
[ ‘\\ Il' i 02 ;_
“05p S 0.15F
e L ; 0.1E —
~!f cLEO-c Dat ' 0 Osi_—'—li
- Preliminary B
—1.5_ PR T I T T T T NN T TN TR TR ' O - L
-1 0 1 3 2 -1 1 2
C, Bin Number

Currently no sensitivity to si 38



Simulated Tests

e Simulation study used to estimate the sensitivity
once Ksm+1-, Kum+1- and 1+ tags are added.

7ol L L A
| %2/NDoF = 0/0,_

0 5:_ I/@

~0.5}
-1F TTreeeee
. Simulated data ]
—1.5'..|....|....|.'
-1 0 1
C.



B-—=DK-, DKt



B-—2DK-, D=2 K+ 1+

Doubly Cabibbo
Suppressed

1
300

S

AK+37T(p) 2>
zK‘|‘37T(p) 2>

_ (TgSW)Q -~

e K-ttt is an ADS mode: [

\ Cabibbo

Favoured

/ DK~
ra 6%(53 Y) DOK ]

7T_7T+7T_)p

» Larger interference, at the expense of less statistics!

41



Current status D= K-+

* As for D—=m+mrm+, only a phase space integrated measurement

has been performed, which contributes to the LHCb y combination.
arXiv:1611.03076

 The D decay parameters have also been determined at CLEO-c

Phys. Let. B 757 (2016) 520-527
ps://arxiv.org/abs/1602.07430
(https:/arxiv.org/abs/1602.07430) Phys. Lett. B 76 (2016) 117-131

[ (https://arxiv.org/abs/1603.08993)
CLEO-c Data, M _
;: LHCb
e _|
=
- _—>[31:_K+31:+TI:_]DK_ ] i
£ _|
= }
gl gty
150 LHCb | LHCb |
0.10.20.30.4 0.50.6 0.7 0.8 0. F? 1 1oy Bkl | Bk |
K+ 3 Ksn 50 3 l‘\ - 1
7T
CALL RKgﬂ- COS 5K37“' S e’ NN, b P .,,H;‘ .......... T
i 5100 5200 5300 5400 5500 5100 5200 5300 5400 5500 ,
K™3m . m(Dh*) [MeV/c?]
SALL RK37T S111 5K37T

Just ci and si in a different
parameterisation 42



https://arxiv.org/abs/1602.07430

Current status D= K-+

 For D—=K-trmit the D decay parameters also come from D-mixing!

d din: Phys. Let. B 728 (2014) 206-302
€a proposed IN:  (htps://arxiv.org/abs/1602.07430)

T~

time-dependent

/V DK~
\

et (0B—7) K

43

In principle could
also do the same

for D mmmmt

Phys. Rev. Let. 116 (2016) 241801
(https://arxiv.org/abs/1602.07430)

C L | 68.3% CL LHCb
- B 954% CL
— [ ] 99.7% CL =
L I I L L I L L L I L L L :
0.2 04 0.6 0.8 1
K3m
RD
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https://arxiv.org/abs/1602.07430
https://arxiv.org/abs/1602.07430
https://arxiv.org/abs/1602.07430

Future D= KTt

e |deally the next step is a binned D—= K-+ measurement

 Amplitude model needed to inspire the binning (in progress at

LHCD)

0.2

Toy simulation with expected 015

LHCB statistics at the end of
Runll

H

-0.05}
-0.1}
-0.15}
-0.2}

JHEP 03 (2015) 169
(https://arxiv.org/abs/1412.7254)

Simulated Expected

BESIII Input

0.1}
0.05¢

| Toy Simulation LHCb Runll ]
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0.2

0.15
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-0.05¢
-0.1}
-0.15¢
0.2t

0.1}
0.05
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Future D= KTt

* |deally the next step is a binned D—= K-+ measurement

* Best sensitivity to y when using input from both BESIII and D-Mixing

Simulated Expected BESIIl and LHCb (Runll) D-Mixing Input

0 aaion "
15¢ ' - | =59.8" . .
0.1 S Runll LHCb simulation
005 % 1 studies indicate y could be
> onl S J‘ measured to
01l _ A e ._ ~9° with combined input!
-0.15} : of 2 1 (or 12° with BESIII=CLEO)
-0'2-. PP I BT L] l ---------------------------------------------- ] ----- :
0.2 -0.1 )? 0.1 0.2 100 200

JHEP 03 (2015) 169
(https://arxiv.org/abs/1412.7254)
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Conclusions

e GGSZ measurement of D = i’ final state could give one of the most
precise single measurements of y.

 Measurement needs external input to describe the D decay amplitudes
* First measurement of binned c¢; (and soon s;) inthe D = n'mm'm decay.
* Adaptive binning scheme developed to describe 5D phase space bins
o Preliminary results show good agreement with the model predictions
e (Good news for four-body amplitude analyses!
« With combined input from BESIII / CLEO-c + D-Mixing, the four-body D°
— K™ final state offers another y measurement with similar/better
sensitivitytoD = i

47



BACKUP



#bin pairs = 2 #bin pairs =3 #bin pairs =4
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TTHTTT+HT BINNING

2
# bin pairs=3 miz = m3qs = 1GeV /c




TTHTTT+HT BINNING

2
# bin pairs=3 miz = m3qs = 1GeV /c

- - '/
-. S gk

I(6 2)

~ 50 million bins, which is 200x less
than a regular binning with a similar
resolution.

..........




Model Inspired GGSZ Binning

Sensitivity toy is ~

Pro

nortional to

v

2 2
C3 —I—S,L-

Want to choose a

binning s

cheme such

that this Is as large as

possible

In each bin!

D — ng+7r_

Phys. Rev. D 82 (2010) 112006

(https://arxiv.org/abs/1010.2817)
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~ully Reconstructed lags

e Plot the beam

constrained mass of A
each reconstructed D > | ggf DRI -
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determine flat : E
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Continuum Dom. Tags

For continuum

dominated tags we fit

the average of the two
beam constrained
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Partially Reco lags

o [or partially
reconstructed tags
(missing K or v) we fit
the missing mass
squared.
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miss

o Shapes taken from
MC samples

-

Red component is peaking
background (Ksrr). Majority of this is
later removed by a Ks veto
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Preliminary Results

* The agreement between the expected and
measured observables is good
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58 X TS| [ Pl x10% | x10%2 x10%2 x102  x102
run | 26 47 1.6 8.7 9.1 8.8 8.2
ranll Y & | 22 29 14 | 76 69 45 4.0
uper S | 15 14 017 | 47 52 056 098
run 1 S| 2 29 08| 64 57 66 59
run 11 Y S§ 15 19 062 | 54 3.9 2.5 2.7
upgr O % 11 10 0.16 3.8 2.8 0.44  0.50
run 1 ~ |19 25 078 ] 64 55 65 58
run 1T Y ;§~§ 14 18 057 | 54 39 24 27
uper M| 90 82 015 | 37 27 043 048
run 1 o ol 46 35 32 | 69 65 86 10
rn Il N &2 g 50 34 33 | 69 67 89 11
upgr O 3] 52 35 3.3 7.6 6.7 8.9 11
run 1 = | 40 24 26 | 41 50 57 62
run I N g § 34 17 25 | 36 41 50 5.1
uper MmE| 39 14 29 | 39 41 43 56
run 1 oo 16 18 07 [ 21 35 26 31
1Y A ;& 12 13 053 | 1.7 3.1 1.7 2.0
uper OE|78 72 015 | 1.1 26 040 046
run = | 12 14 068 | 1.6 26 20 25
run 11 Y g ;q) 86 9.6 047 | 090 2.1 15 15
uper m 5|41 39 014 | 053 1.3 035 0.38

B* & D(K3n)K* | D=
suppressed ‘ favoured D(K3m)n*
LHCb run I (3fb~! @ 7 — 8 TeV) 120 10k 8SM
LHCD run II (8fb~! @ 13 TeV) 800 60Kk 50M
LHCb upgrade (50 fb~! @ 13 TeV) 9000 700k 600M

Table 1. Event yields assumed in the simulation studies, based on reported event yields for
1fb~! at LHCD [31, 33]. The event yields are inclusive, for example, LHCb run II yields
includes those from LHCb run I. The fraction of WS events in D** — D(K37)n* depends

on the input variables; typically it is 0.38%.

Table 2. Uncertainties on key parameters, obtained based on the default amplitude model

in different configurations, averaged over 50 simulated experiments. All results are for the
binned approach applied to BT — DKT and, where used, charm mixing data. The first
column refers to the scenarios defined in Tab. 1. The second column defines whether charm

mixing input was used (Y), or not (N). The third column describes additional input from
the charm threshold. “CLEO global” refers to the phase-space integrated input from [14].
“BES III global” is the same, but uses the uncertainties predicted in [14] for a data sample

3.5 times as large as that collected by CLEO-c.

“CLEO binned” and “BES III binned”

extrapolate to a potential binned analysis of the charm threshold data described in Sec. 4.6.3.

S/



B* — D(K3m)K= D** —
suppressed | favoured D(K3m)m™®
LHCb run I (3 fb-t@7—-8 TeV) 120 10k SM
LHCb run 1T (8fb~! @ 13 TeV) 800 60k 50M
LHCb upgrade (50fb~! @ 13 TeV) 0000 | 700k 600M

Table 1. Event yields assumed in the simulation studies, based on reported event yields for
1fb~! at LHCDb [31, 33]. The event yields are inclusive, for example, LHCb run II yields
includes those from LHCb run I. The fraction of WS events in D** — D(K37)n* depends

on the input variables; typically it is 0.38%.
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Model Inspired GGSZ Binning

\/03 +s7 is maximised when the phase difference between
amplitudes Is constant

A ®)As(p)dp [ 1A (p)I[Af (p) B ®)dp

Take from
amplltude model
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