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1. Quick CKM overview

CKM picture is now well verified

UNIVERSITY OF
CAMBRIDGE

> Angle v is the least well known CKM constraint (although now only just)
SM benchmark - only CKM angle accesible at tree level

Theory uncertainty on v is very small §v/v ~ O(1077) - [arXiv:1308.5663]
7 can probe for NP at extremeley high energy scales O(102 — 10%) TeV
Use for “direct” vs “indirect” (“tree” vs "loop” disagreement)

New physics in C1 and C» can cause sizeable shifts in 7 - [arXiv:1412.1446]
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Current Status
Direct: v = (73.57%3)° Indirect: v = (65.3752)° Pre-LHCb: v = (737%2)°
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1. Quick CKM overview

The Ultimate Test

UNIVERSITY OF
CAMBRIDGE

Future projections: ([arXiv:1709.10308])
» LHCb expected precision in 2018 (end of Run 2) ~ 3-4°
» LHCb expected precision in 2023 (end of Run 3) ~ 1.5°
> Bellell expected precision in 2023 (end of Run) ~ 1.5°
» LHCb expected precision in 2029 (end of Run 4) < 1°

Future high precision CKM fits - [arXiv:1110.3920]

1= 0.6] 7 07 — T =)
3 8 8 3 " my& Amj ]
o5 L= : g &K Crer e
0.4 05 g : -
5 g solwloszp<o ]

F K = feoaciios
0.3 & 04 —3 <l —
F : 1= ¥ ' ¢ ]
0.2f / 03 : N ¢ -
o 3

01 amg e 02 =
F 0.1 \l

5 -

E J p Y

‘ BRB-) 0T . o, ) ) ) 3
O T 02 05 0 o 06 04 0.2 00 02 0.4 06 08 0

P World Average ~2025 $ World Average ~2030
v

Matthew Kenzie Joint BESIII-LHCb Workshop Status of - measurements at LHCb


http://arxiv.org/abs/1709.10308
http://arxiv.org/abs/1110.3920

2. Measuring ~

2. Measuring v

CAMBRIDGE

© Measuring v
o GLW Method
@ ADS Method
o GGSZ Method
e Dalitz (GW) Method
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2. Measuring ~

Measuring ~

UNIVERSITY OF
CAMBRIDGE

> = is the phase between V), V4 and V7,V
> Require interference between b — cW and b — uW to access it
No dependence on CKM elements involving the top = arg (_ 17 :b)
Can be measured using tree level B decays VeV,
Makes it a benchmark of the SM (no loops)

vvyy

u " . + o+
> The “textbook” case is B — D "K™:
> Transitions themselves have different final states (D° and D°)
> Interference occurs when DO and D decay to the same final state f

Reconstruct the D°/DP in a final state accesible to both to acheieve interference

» The crucial feature of these (and similar) decays is that the D° can be
reconstructed in several different final states [all have same weak phase 7]
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Measuring ~

> ~ is the phase between V), V.4 and V7, V.4
> Require interference between b — cW and b — uW to access it
No dependence on CKM elements involving the top v =arg (_ Vudvfb)
Can be measured using tree level B decays
Makes it a benchmark of the SM (no loops)

vvyy

u " . + o+
» The “textbook” caseis B~ — D "K~:
> Transitions themselves have different final states (D° and D°)
> Interference occurs when DO and D° decay to the same final state f

Reconstruct the D°/DO in a final state accesible to both to acheieve interference

re e% Do K \
B D
I S
» The crucial feature of these (and similar) decays is that the D can be

reconstructed in several different final states [all have same weak phase 7]
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2. Measuring ~

~ from theory

>

UNIVERSITY OF
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Vg Vi
=arg|— 7
v g ( VCdV:ZJ J
v is known very well

Can be determined entirely from tree decays

> Unique property among all CP violation parameters
» Hadronic parameters can be determined from data

v

v

Neglible theoretical uncertainty (Zupan and Brod 2013)

Theory uncertainty on ~y
57v/v = O(1077) - [arXiv:1308.5663] J

> ~ can probe for new physics at extrememly high energy scales (Zupan)

> (N)MFV new physics scenarios: ~ O(10%) TeV
> gen. FV new physics scenarios: ~ O(10%) TeV

v

NP contributions to Ci» can cause sizeable shifts (O(4°)) in v
(Brod, Lenz et. al 2014) - [arXiv:1412.1446]
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2. Measuring ~

~ from experiment

UNIVERSITY OF
CAMBRIDGE

> v is NOT known very well
> It is quite challenging to measure

> The decay rates are small

Branching ratio for suppressed v mode
BR(B~ — DK~,D — mK) ~ 2 x 1077 J

» Small interference effect typically ~ 10%
» Fully hadronic decays - hard to trigger on
» Many channels have a K2 or 7° in the final state - low efficiency at LHCb

> Many different decay channels, many observables and many hadronic unknowns make
it statistically challenging

v

Inputs for charm parameters are needed
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2. Measuring ~

Measuring ~

UNIVERSITY OF
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Categorise decays sensitive to v depending on the (5)0 — f final state
» GLW (Gronau, London, Wyler) [1991]
> CP eigenstates e.g. D - KK, D — 7w
ADS (Atwood, Dunietz, Soni) [1997,2001]
> CF or DCS decays e.g. D — Km
GGSZ (Giri, Grossman, Soffer, Zupan) [2003]
> 3-body final states e.g. D — K37
» TD (Time-dependent)

> Interference between mixing and decay e.g. BY — D5 K+ [ phase is (v — 285)]
> Penguin free measurement of ¢s?

Dalitz
» Look at 3-body B decays with D? or DO in the final state, e.g. B® — DK+ 7~

v

v

v
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2.1. GLW Method

2. Measuring v~ GLW Method

o Quick CKM overview

© Measuring v
o GLW Method

© 1 averages
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2. Measuring v~ GLW Method

GLW Method
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» CP eigenstates e.g. D — KK, D — Ko7® > [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
GLW observables

A — F(B~ — D%K™) —T(B* = DLHK*) +2rg sin(dg) sin(y) )
P T (B~ = DY K~) + (B — DO KT) 1+ r2 & 2rg cos(d5) cos()
(B~ — D%K™)+ (BT — D%KT) 2
Rep = =1+r2+2 s 2
® = T(B- = D'K—) + [(B* — D°K+) + 1 £ 2r5 cos(35) cos(7) @)
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» CP eigenstates e.g. D — KK, D — Ko7® > [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
GLW observables

A — F(B~ — D%K™) —T(B* = DLHK*) +2rg sin(dg) sin(y) 1)
P T (B~ = DY K~) + (B — DO KT) 1+ r2 & 2rg cos(d5) cos()
(B~ — D%K™)+ (BT — D%KT) 2
Rep = =1+r2+2 s 2
P~ F(B— = D'K—) 1 [(B~ — DOK™) + 1 = 21 cos(3) cos(7) )

800 o LHCb —
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» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D*°K~ in the same fit - [Phys. Lett. B777 (2018) 16]
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2. Measuring v~ GLW Method

GLW Method
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» CP eigenstates e.g. D — KK, D — Ko7® > [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
GLW observables

A F(B~ = D&HK™) — (B = DLKT) +2rg(2F " 4 1) sin(dg) sin(v) 1)
P T (B~ > DLK~) + [(B* — DL KY) 1+ rZ £ 2rg(2F* + 1) cos(dg) cos(7)
(B~ — D%K™)+T(B" — D%K™) 2 .
Rep = =1+ r2 +2rg(2F " + 1) cos(s 2
P~ F(B— — D'K—) + [(B~ — DOK) + 1 & 2r(2F7 + 1) cos(9) cos(y) 2
S 800 LHCb — LHCb |
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» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D*°K~ in the same fit - [Phys. Lett. B777 (2018) 16]

» Can extend to quasi-CP-eigenstates (D° — KKn°) if fraction of CP content, F™, is
known
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2. Measuring v~ GLW Method

GLW MethOd NIVERSITY OF
"AMBRIDGE
» CP eigenstates e.g. D — KK, D — Ko7® > [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
GLW observables
A F(B~ = D&HK™) — (B = DLKT) +2rg(2F " 4 1) sin(dg) sin(v) 1)
P T (B~ > DLK~) + [(B* — DL KY) 1+ rZ £ 2rg(2F* + 1) cos(dg) cos(7)

(B~ — D%K™)+T(B" — D%K™) 2 "

Re» = =1 2rg(2F T+ 1 2

fed F(B- = DK~ )+ T(B' = DOK™) + rg £ 2rp( + 1) cos(dg) cos(y) 2)
a1 ‘ ]
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» Multiple (but very narrow) solutions 2N

» Require knowledge of F* from charm friends
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2.2. ADS Method

2. Measuring v ADS Method

o Quick CKM overview

© Measuring v

@ ADS Method
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2. Measuring v ADS Method

ADS Method
» CF or DCS decays e.g. D — K > [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) > [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables

n (B~ = [K'n |pK™) —T(BY = [K~7w'|pK") 2rgrp sin(dg + 6p) sin(7y) 3)

A5 T (B~ S [Kim oK)+ T(BY — [K 7IoK') 2 + 3 + 2rgrp cos(ds + 0p) cos(7)
M(B~ — [Ktn~|oK™) + T(BY = [K~nt1oKT) 5 )

R, = = 2 ) d 4
405 = F(B= - (K ]oK) 4 [(B7  [Kimpke) 2 0+ 2rerocosle +oo)eosn) (9

oo LHCb LHCb
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2. Measuring v ADS Method

ADS Method
CAMBRIDGE
» CF or DCS decays e.g. D — K > [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) > [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables
n (B~ = [K'n |pK™) —T(BY = [K~7w'|pK") 2rgrp sin(dg + 6p) sin(7y) 3)
A5 T (B~ S [Kim oK)+ T(BY — [K 7IoK') 2 + 3 + 2rgrp cos(ds + 0p) cos(7)
_[(B™ = [K'n oK)+ (B = [K nf]pK*)  , X
F0s = F(B= [K—nTloK~) + T(B7 — [Kin—Jokr) '@ 0+ 2armcosCaton)eos() ()
‘l; 1oo—Jr LHCb — LHCb
2
ST SN i ~ J
[ B KK o fee-ve- B[k K
£
2
M EEE e AT 0N
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> Much harder to extract partially reconstructed observables because of
B? — DK+ 7~ backgrounds.
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2. Measuring v ADS Method

ADS Method
CAMBRIDGE
» CF or DCS decays e.g. D — K > [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) > [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables
e (B~ = [K'n " ]pK™) —[(BY = [K~7f]pK") _ 2rgrpkp sin(dg + dp) sin(y) 3)
AP T (B~ = [Ktm oK)+ T(BY — [K- 7 IoK")  r3+r2 +2rerprp cos(d5 +00) cos(7)
(B = [K'n oK)+ T(BY = [K 7' loKkY) 5, N
Raps = FB- S K- oK) 1T (BT = K IoKT) rg+rp+2rprpkp cos(dg + dp) cos(y) (4)
s LHCb LHCb
2
ST RN i N U S J
[ B KK o fee-ve- B [TK KT
£
2
M EEE e AT 0N

5400 5500
m(Dh”) [MeV/c?|

> Much harder to extract partially reconstructed observables because of
B? — DK+ 7~ backgrounds.

» Can extend to multibody-DCS-decays (D° — K77°) if dilution from interference, kp,
is known
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2. Measuring v ADS Method

ADS Method
CAMBRIDGE
» CF or DCS decays e.g. D — K > [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) > [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables
e (B~ = [K'n " ]pK™) —[(BY = [K~7f]pK") _ 2rgrpkp sin(dg + dp) sin(y) 3)
A2 T (B = [Ktr JoK ) +T(B* — [K—m']oKt) ra—+r3 +2rgrprp cos(6g+dp) cos(v)
(B~ — [K'n 1pK™) + (B = [K~wtoK?)  , X
Raps = = 2 S+ 6 4
ADS = F(B= o [K-n1oK=) + T(BT = [KTa—JpKT) _ 81 DF2reroro cos(ds +dp)cos(y) (4)
a1r I ‘ ]
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» A single (yet broader) solution
> Require knowledge of rp, dp, kp from charm friends
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2.3. GGSZ Method

2. Measuring v~ GGSZ Method

o Quick CKM overview
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2. Measuring v~ GGSZ Method

GGSZ Method

UNIVERSITY OF
CAMBRIDGE

» 3-body final states e.g. D — Kdnm

.. > [Phys. Rev. D68 (2003) 054018]
> Giri, Grossman, Soffer, Zupan (2003)

GGSZ observables (partial rate as function of Dalitz position)
2 2 42
Mg+ (x) = Ate,3) + AT, 2)
+ 2A(ﬂ:,¥)A(qi,:l:) [rB COS(5B eI ’y) COS(JD(i,q:)) + re sin(55 S ’y) sin(JD(i;))] (5)
N e N —— _

XL cj y4 S;

2 L sf ]
> | B ]
S Z 1
Ng- 2 j NSI oL ]
1; 1+ ]

[ PSS S S S NS S S | 1 1 1 ]

1 2 3 1 2 3
m2 [GeV?/c*] m2 [GeV?/ ¢t

» Essentially a GLW/ADS type analysis across the D decay phase space
» Excellent sensitivity from interference between various contributions
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2. Measuring v~ GGSZ Method

GGSZ Method

UNIVERSITY OF
CAMBRIDGE

» 3-body final states e.g. D — Kdnm

.. > [Phys. Rev. D68 (2003) 054018]
> Giri, Grossman, Soffer, Zupan (2003)

GGSZ observables (partial rate as function of Dalitz position)

2 2 42
Mg+ (x) = Ate,3) + AT, 2)
+ 2A(ﬂ:,¥)A(qi,:l:) [rB COS(5B e ’y) COS(JD(i,q:)) +rB sin(55 e ’y) sin(JD(i;))] (6)
—_—l Y

-

XL cj y4 S;

i(6p£~)

> Xt + iy+ = rge

» Uncertainty on ~ is inversely
proportional to central value of
7 fes = 1o cos(op +7) x hadronic unknown!!

T
i N
1y = rpsin(dp +7)
:

1 > Fluctuation in nuisance parameter =
Oy~ — fluctuation in error on parameter of
B interest!
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2. Measuring v~ GGSZ Method

GGSZ Method

UNIVERSITY OF
CAMBRIDGE

» Can be done by using a specific amplitude model (model-dependent)
» Can be done in a model-independent way by binning the phase space
> providing ¢; = cos(dp(+,)) and s; = sin(dp(+,+)) are known in each bin
Currently use extractions from CLEO-c data [arXiv:1010.2817]
Uncertainties on these quantities add a systematic contribution towards
LHCb has some sensitivity to these parameters from the B fits themselves
Systematic contribution from charm approaching other experimental systematics currently
At some point during the LHCb upgrade* these will become the dominant uncertainty

YyVYyVYYVYY

LHCb GGSZ uncertainties

Run 1 Run 2
(stat) (syst) (charm)  (stat) (syst) (charm)
Xy | £2.4+1.0+04 +20£0.7+£05
x- | £254+1.0+05 +£1.84+0.7+0.5
Y+ | £25£04+£1.0 £2.0+05=£1.0 I
y— | £29+05+14 +£23+04+1.1

~
IBin number|

m2 [GeV?/c4]

=)

W A~ O

0.5 . 2.5
m2 [GeV/c4]

* Definitely with possible Phase-1l upgrade
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2. Measuring v~ GGSZ Method

GGSZ Method

AMBRIDGE

> Improvement with sensitivity over time begins to hit CLEO uncertainty limit

» GGSZ provides a single and narrow solution

1 T 1 - :
o Ar ‘ ]
(@) F HFLAV [N
- 12 - < osl 1
© E s GLW Bl
10 Unofficia 1 L ADS 1
E e vinammaEog ;] 0.6 [eez
8 —o— With st improvement | L ]
°F E o4r 68.3% |
4F ] L ]
F ] 0.2~ s
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r ‘ ) 1 0 N\ 3 o SRR N N
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0 20 0 .
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2. Measuring v~ GGSZ Method

Dalitz structure of other multibody D modes

UNIVERSITY OF
CAMBRIDGE

» We have a good model for the GGSZ modes (D — Kdrm and D — KSKK) but
development of others (e.g. the 4-body charm decays) could prove very useful.

> Recent measurements of D° — K*7~ 7t 7~ amplitude model at LHCb -

[arXiv:1712.08609]
> Indeed equivalent knowledge of ¢; and s; for this and related modes allows for binned
Dalitz analyses in v (see Tim Evans talk later)

» For some modes (e.g. D — KK7° and D° — 47) there is a low F' value suggesting
a Dalitz analysis could offer considerable improvement

» Many recent developments in D° — 777~ 77~ and D° - KTK~n"n~ Dalitz
models with CLEO data - [JHEP 05 (2017) 143]

» Can one define optimal binning schemes for various D° — 4h and D® — hhn® from
which ¢; and s; equivalents can be extracted?
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2.4. Dalitz (GW) Method

o Quick CKM overview

© Measuring v

e Dalitz (GW) Method

© 1 averages
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2. Measuring v Dalitz (GW) Method

Dalitz (GW) Method

UNIVERSITY OF
CAMBRIDGE

» Use Dalitz structure of B decays > Gershon, Williams (2009)
» B 5 DKt » [Phys. Rev. D80 (2009) 092002]
> Get multiple interfering resonances which increase sensitivity to
> Dy (2400)~, D;(2460)~, K*(892)°, K*(1410)°, K (1430)°
» Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)
» D— KTK~, D — 7t7~ - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])

» D — K*xF - ADS-Dalitz (difficult due to backgrounds from B — D(*)0K+7—)
» D — KJrt7~ - GGSZ-Dalitz (double Dalitz!)

= ]
5 e T 7] g T 1 LHCb
2 f .. LHCb(b)] 2 o LHCb (@] os- ]
3 f Py, poepk] 3
—_ EH : 0
g B
% % 0.5 B
E N -17 7
E - 4] L L L L
0= 10 15 P 15 20 14 05 0 05 1
(DT [GeV/c] (D) [GeVcT X,
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2. Measuring v Dalitz (GW) Method

Dalitz (GW) Method

UNIVERSITY OF
CAMBRIDGE

» Some studies of future prospects of the B Dalitz method with GGSZ modes in
[arXiv:1712.07853]

» Can include GLW, ADS and GGSZ modes in single framework to improve constraints
on B Dalitz bins, »; and o;

» The double Dalitz method has sufficient information (large number of bins) to extract
¢ and s;

Double Dalitz observables (partial rate as function of both Dalitz positions)

|AI2 = |48 | Ao [® + A5 [*|Ap|? + 21As|1Ap| | As||Ap|[(2c — o5) cos(y) — (s¢s + oc) sin()]

End of Run 2 (~8fb) End of Run 4 (~50fb?)
~ 16 T T T ! o 3r T T T |
~ — Without D—K 7+ { ~ r —— Without D—K 7+ |
=B With D—K 7+ o2ski 0 - With D—K 7+
=~ =250
H —e— Fixed ¢;, s, E’ —e— Fixed ¢, 5;

—— Constrained c;, s,

—+— Constrained c;, s;
—=— Floated (o)

—a— Floated G, S;

15 —
6 iF
4 ‘
2f (a) 0s¢ (b)
L L L L C L L L L
0 5 10 15 20 0 5 10 15 20
Number of B bins Number of B bins
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3. ~y averages

3. 7y averages

© 1 averages
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averages

of v at LHCb

UNIVERSITY OF
CAMBRIDGE

[ S’:;gt\:f\scts } { Poorer sensitivity at LHCb } { (Da:tizg :trpl?ctteunrteiacif 8) } { (mﬂfbséitfs) }
B~ — DK~ | B~ — DYK*~ B~ — DK~ BY - DV K+7— B~ — D'K~rtn—
Method B Decay (6" 5 Kb (D70 DO, (D70 D)
D Decay
part-rec full-rec K0 res Dalitz
DY - KtK~ 5! 5! 5! . 3fb~"(e) 3! 3fh!
D° — mta 50" 56" 5! . 3fb (o) 3! 3!
.- DY — KK~ 7 3fb ! (e) - - - - - -
5] DO — qta—70 3! - - - - - -
DY = K*K-ntn~ - - - - - - -
D° - rtnrtm 3fh~!(e) 5fh! . . . - -
(=) |D® — Kor® o - - - - - -
- DY — Ktr— 3fh " (e) 56" . . 3fb () . 3!
2 DO — Ktaq® 3t - - - - - -
D° - K+r—mtn™ 3fh " (e) 5! . . . - -
D® — Kdntn— 3fh"(e) . - . 3fb~"(e) . -
P DY = KOKTK~ 3fh () . - . 3fh!(e) . -
3 D° — KOrtr—n0 . - - - - - -
D’ — KOK+ K70 . - - - - - -
KEY: o: (update) in progress
o: requires input from Charm sector (rp.dp, kp)
NOTE: LHCb has a 3fb~"(e) TD result with B? — Dy K+
LHCb has a 3fb ! (s) GLS result from B~ — DK~ with D° — K0K*r*¥
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Averages

LHCb Average
v = (76.8137)°

3. ~y averages
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v = (73.51%3)°

0.2
™ [18"~D%*, D~ hhrPhar PTEY
= | EB*-DK', D°-Khh i
[1B'=D°K*, D~ Wh /KK Sl K3
015 EBAI B'~.D°K" modes B
.15 [JWorld Average
0.1~ —
0.05- ‘ ‘ s
0 50 1

VERSITY OF
AMBRIDGE

Indirect constraints are: v = (65.3t12{g ° (~20)

Comparison between B and B* initial states ~ 2¢

Matthew Kenzie

Joint BESIII-LHCb Workshop
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3. ~y averages

Summary

UNIVERSITY OF
CAMBRIDGE

» CKM angle gamma an incredibly clean and becoming precise test of the SM

» Sensitive to NP both directly and indirectly

> Experimentally ~ is extracted by combining measurements from several channels
» The majority of observables require input from charm sector

> Model independent method with GGSZ modes in particular require knowledge of
strong phase difference (Jp) between favoured and supressed D® — K2hh decays

» The current systematic contribution from ¢; and s; becomes dominant during
LHCb upgrade

» The double-Dalitz method (with B — D°K ™7 ~) has standalone sensitivity to ¢; and
s; which becomes comparable to current sensivity by the end of LHCb upgrade

» Improved knowledge of ¢; and s; for D° — thh(ﬂ'o) decays will be vital to exploit
LHCb (and Belle-11) full potential for measuring -y

THANK YOU! )
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