PANIC Lisbon, Portugal, September 2021
Particles and Nuclei International Conference

Searching for New Physics
with BY — DK+ Decays

Eleftheria Malami
Nikhef, Theory.Group




Nikhef-2021-017

Based on the following paper

Using B? — DFK¥* Decays as a Portal to
New Physics

Robert Fleischer ¢* and Eleftheria Malami @

®Nikhef, Science Park 105, NL-1098 XG Amsterdam, Netherlands
*Department of Physics and Astronomy, Vrije Universiteit Amsterdam,
NL-1081 HV Amsterdam, Netherlands




'_‘n‘«‘:‘h"r,‘m’a;gs.cww dops Pt i |




Introduction

@ Decays B — DK : particularly interesting laboratory for the
exploration of CP violation



Introduction

@ Decays B — DK : particularly interesting laboratory for the

exploration of CP violation

@ Only tree diagram contributions

b |

™~
~J

g0

s
Ir\@ «
w <5
~J u
T
() Ds




Introduction

@ Decays B — DK : particularly interesting laboratory for the

exploration of CP violation

5
Ir\@ “
~J
L/ ™~
~J u

™~

R,

@ Only tree diagram contributions O R O +

@ Both BS and Bg : may decay into the same final state




Introduction

@ Decays B — DK : particularly interesting laboratory for the
exploration of CP violation

s
5
: K~ N
wo ) @ N )
5 wo
u \

7[\.‘; o~
b ~ C ~J

@ Only tree diagram contributions O O . . O = O i

@ Both BS and Bg : may decay into the same final state

. W * t

v V, Vib Vi
tb q
Refipe: TG b

pri=lsy

Neutral B mixing effects in the SM % %
q_?q\/v}/\/‘g_b T % th




Introduction

eDecays B — DIKT :particularly interesting laboratory for the
exploration of CP violation

@ Only tree diagram contributions

@ Both BS and Bg : may decay into the same final state

Neutral B mixing effects in the SM “a

Vib

ol = s

Vg .

A Al

Yq

Vib

Interference effects between the B — B
and the decay processes arise

mixing




Introduction

eDecays B — DIKT :particularly interesting laboratory for the
exploration of CP violation

@ Only tree diagram contributions

@ Both BS and Bg : may decay into the same final state

Neutral B mixing effects in the SM “a

Vib

ol = s

Vg .

A Al

Yq

Vib

Interference effects between the B — B
and the decay processes arise
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Measurement of CP asymmetry in
BY— DFK £ decays

Motivation
Intriguing value of y

LHCb collaborationfl

Abstract

‘We report the measurements of the CP-violating parameters in BY— DF K* decays
observed in pp collisions, using a data set corresponding to an integrated luminosity
of 3.0fb~! recorded with the LHCb detector. We measure Cy=0.73+£0.1440.05,
A7 = 0.39£0.28+£0.15, A7Ar =0.31£0.28+0.15, Sy = —0.52 & 0.20 £ 0.07,
ST = —0.49 £ 0.20 = 0.07, where the uncertainties are statistical and systematic,
respectively. These parameters are used together with the world-average value of
the BY mixing phase, —2;, to st mmagasurement of the CKM angle « from
BY— DFK* decays, yieldingfy = (128 nodulo 180°, where the uncertainty
contains both statistical and sySvesastia ributions. This corresponds to 3.8
evidence for CP violation in the interferenc®etween decay and decay after mixing.

v=(128:13)°

Published in JHEP 03 (2018) 059
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@ For t=0, "switching off" mixing effects and for Bg, B? decaying into the same final state,
we introduce the

1 =
Bih = 5 [955(3(5) — DK )y, + gg(BSO - D:K_)th]
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average of the B and B decays
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between the two definitions is the following:
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@ So, with the help of §, we obtain:

BB - DIK )y, =2 <

B(BY - DIK )y, = 2
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@ In SM we have the relations:
{f

BB = DK )y = BBy - Dy Ky,
BB — D}K )y = BB > DT KM,
RBih = ggth

i gl N7

@ Due to lack of information, we cannot test these SM relations through separate measurements
of experimental Branching ratios
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@® However, there are measurements of the average:
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@ Assuming the SM framework, as LHCb does, we obtain:
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@ Assuming the SM framework, as LHCb does, we obtain:
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@® We may determine the theoretical branching ratios of
B - DYk~ BY - DFK

which are equal to their CP conjugates due to our assumptions
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Branching Ratio Consistency
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BY — D*K~ and B% — D}r~ decays @ Different spectator quark

@ Originate from similar quark level processes
@ Do not receive contributions from exchange topologies

T: tree topologies
E: exchange topologies

_ T, Mp, [@(mD/de,mK/de)] -B(Bg — D:K_)th]

Tp,x| 7B, mp, |®(mp,/mp,,mk/mp,)| | B(B}— DtK~-)

TKDs ? 1 _|_ EKDS 2 — 7-Bd mBs Q(mDs/de7mW/de)- B(Bg —> D:-K_)th
®(mp, /mp,,mg/mg,)] | B(By — Din~)

T:p TKDs B, MpBy,

SU(3) flavour

Tp.x Ep .k

T ‘l-l— T =1.02 £ 0.08

Tk, | | Exp, | _ 1.18 4+ 0.34.

T’n'.Dg TKDS




BY — D*K~ and B% — D}r~ decays @ Different spectator quark

@ Originate from similar quark level processes
@ Do not receive contributions from exchange topologies

o - prendiy -
g S 7Y

\ '-> - A , ; : T: tree topologies
@® We determine the ratios E: exchangeptopglogies

T
DK | 17 4

EDsK 2 _ TBy M B, [@(mD/de,mK/de)] [B(Bg — D:K_)th]

Tp,x 78, mp, | ®(mp,/ms,,mk/mg,)| | B(BY— DtK~-)

Txp. | - Exp. |’ _ T, Ma, [fb(mps/mgd,m,r/mgd)] [B(Bg — D;“K‘)th]

T.p TKDS B, MpB, @(mps/mBs,mK/mBS) B(Bg — D;‘ﬂ'_)

SU(3) flavour

Tp.x Ep. .k

‘1 + =1.02 £0.08

TDK TDSK

Ip.xk =~ Tpk, Tkp, ~T:p,,

E
Tp, ||y | Exp,| _ 1.18 4 0.34.

T7r.D3 TKDS

@ Consistent with the smallest impact of the exchange topologies

)ﬁ F 5

B%Y — D*r~ and B? — Dfm~ BT lias W BY - DFK~ and B — DTK~

@ Working with similar ratios, we obtain consistent results within uncertainties




Factorisation
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@ Within the SM, we may write the decay amplitude of BY — DK~ as

G
SM o F B—D., . 2 9) 2) D.K
Agoprk- = NG VisVep Jx Fy* "mig) (m —mp ) a; oy

E
describes the deviation from naive factorisation non-factorisable exchange topologies

non- factorisable effects entering the colour-allowed tree amplitude T,k

@ The state-of-the-art results

aPK| = 1.070210010L  |gDam| = 1 07310012 |gPem| = 1 0727700128 |ap+K| = 1.07 £ 0.02

@ Can be used to calculate the ratios of colour allowed tree amplitudes we mentioned in the previous slide

FBd—>Dd (mz

0 K
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@ Within the SM, we may write the decay amplitude of B‘S) — DK~ as

G
SM o F B—D., . 2 9) 2) D.K
AB_?—>DS+K— V' \/5 VisVeo Jk B 0 (mi) (mBs P mDs) A etr

E
describes the deviation from naive factorisation non-factorisable exchange topologies

non- factorisable effects entering the colour-allowed tree amplitude T,k

@ The state of the art results

aPX| = 1.0702+3919  |aPem| = 107370912 |aPe"| = 10727199125 || = 1.07 £ 0.02

@ Can be used to calculate the ratios of colour allowed tree amplitudes we mentioned in the previous slide

@ No anomalous behaviour of exchange diagrams
@ Consistency



Factorisation
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BY — K*D; decayfl  the heavy-quark argument for QCD factorisation for the b — ¢ tree-level decays not apply in this case
we may expect larger non-factorisable effects in this case

" extract the |a;| parameters of the B — D} K~ and BY — K*D; from the data in the cleanest possible way

y =8  useful tool — semileptonic decays

‘ “ . N @ Vckm elements and
@ hadronic form factors
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DK
1

With the help of the rates of the Branching ratios with the semi-leptonic decays

T dB (BY - Dit0,)1dg oy b

@ We can calculate |g

i ) 2, DK |2

2
2 22
(mg — myp ) Fp 7 P(m2)

sK| __
[mg — (mp_+ mg)?llmg — (mp_— mg)?] | F7Ps(m2) |aP+%| = 0.82 £ 0.09.

@ Similarly, you calculate | alKDS

lalBe| = 0.77 £0.18 lafP| = 0.77 £0.19.

@ Similar pattern

@ Although factorisation may not work that well
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Puzzling Patterns

Parameter a;

Experimental Values

..... |a’]TDS|

Theoretical Values




B2l In view of
* the intriguing value of y and
* the puzzling picture following from branching ratios

we extend our analysis and

we search for physics beyond the Standard Model
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@ The New Physics amplitudes can be written as:

ABY - DIK™) = A(B! —» DK )gm [1 +p ei5e+i¢]
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@® The New Physics amplitudes can be written as: NP phase
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X

strength of NP contributions

with respect to the SM amplitudes
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f . NP phase
ABY - DIK™) = A(BY! » DK )gm [1 +p e’5e+’¢r

\ strength of NP contributions
with respect to the SM amplitudes
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@® The New Physics amplitudes can be written as: NP phase weak

f . NP phase
A(BO — DITK™) = A(BO — DTK™) 1+p el0eti
s S S S SM

\ strength of NP contributions
with respect to the SM amplitudes

ABY - DFK™) = AB? - DFK )am|l + p ePe
S S S S SM

AB? —» D7K*) = A(B® > DK Yem|1 + p ePe™i®
s Ry S S SM

ABY - DKt = A(B% - DK )em|1 + p eet®
S S Ry S SM
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@® The New Physics amplitudes can be written as: NP phase weak

. f . NP phase
& ABY = DFK™) = AB? - DK )gm [1 +p e’5e+’¢r

\ strength of NP contributions
with respect to the SM amplitudes

AB? > DfK™) = A(BY - DK )gm|1 + p €™

A(B® — D=K*) = A(B® — DK e [1 +p ei5e—i¢]

A(B? - D;KY) = A(B? — DT KMgm|1 + p eeti?]
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Generalising the'Amplitudes
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@® The New Physics amplitudes can be written as: NP phase weak

f . NP phase
ABY - DIK™) = A(BY! » DK )gm [1 +p e’5e+’¢r

\ strength of NP contributions
with respect to the SM amplitudes

AB? > DfK™) = A(BY - DK )gm|1 + p €™
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A(B® — D=K*) = A(B® — D-K*)an [1 +p eige_i@]

A(B? - D;KY) = A(B? — DT KMgm|1 + p eeti?]

N TRV EEN TR . NN @ ™

» ¢« @ We can introduce the direct CP Asymmetries:
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@® The New Physics amplitudes can be written as: NP phase weak

f . NP phase
ABY - DIK™) = A(BY! » DK )gm [1 +p e’5e+’¢r

\ strength of NP contributions
with respect to the SM amplitudes

AB? > DfK™) = A(BY - DK )gm|1 + p €™

A(B® — D=K*) = A(B® — DK e [1 +p eise_i@]
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. + @ We can introduce the direct CP Asymmetries:
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\ strength of NP contributions
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@ The generalised ratios with the semi-leptonic decays take the form:
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@ The generalised ratios with the semi-leptonic decays take the form:

93(39 = D;'K_)th ~z %(BS ~— DS_K+)th
[dgg (BY > D¢~i,)/dg? + d%B (B — Dy£+u,)/ dq2] l,

<RDSK> =

R

2—m?2
=mg

0%

\
%
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@ The generalised ratios with the semi-leptonic decays take the form:

B(B) - DFK™)y, + B(B) — D; KM,
[d%’ (BY —» Df¢~v,)/dg? + d% (B — Dy +u,)/ dqz] ,

<RDSK> =

W CWTR

2—m?2
=mg

o

|

BB - K*D ), + BB = KD,
[dgg (BY - K*+¢~0,)/dg* + dB (B — K—fw)/dqz] 4

<RKDS> =

2— 2
_mDS




@ In the presence of New Physics, we introduce the following quantities:
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@ In the presence of New Physics, we introduce the following quantities:

1 (Rp k) BB - DYK~ /
= ZDSKDKZ =< (_S s K =14+2pcosdcosp + p*
67 2| Vs P lal kP X BBY — DKM
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@ In the presence of New Physics, we introduce the following quantities:

b (Rp k) AB(BY - DK~ 4
E b = 2DSKDK2 =< (_s L) =1+2p‘cosécos(p+ﬁz
" 6ﬂ2f12<| Vusl |a1 off XDSK %(Bg = DS‘FK—)tShM
:
. = KD, _( (B, SO8) =1+2pcos§cos(p+p2

672(3 | Ves |2 lafs |* X, BBY — K+D )M




e 12

Generalising

) »
T o/
(. - A s
» 4
¢ (W » g
fac
g




Generalisin

9-

Ay F e T IS "
b g RN
. /‘r » N r ¥ L f‘. : ’
'\ g VB y ¢ ) ‘ ' T b
oy p F 4 5 ¢ S o8 /

@ Starting from the definition of ¢ and with the help of the amplitudes:

| X p eide+i?

3 1+ p eide=i

WINPT
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@ Starting from the definition of ¢ and with the help of the amplitudes:
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@ Starting from the definition of ¢ and with the help of the amplitudes:

R _ Wiag Ll |
£ —h —i(psty) 1 Lt pefe oy —i5,  —i(p.+7y) ,iAg
2 ' 1+ peide—ie | U

W CWTR
|
o
R
57
L

o

|

psin(p —8)+ psin(@ + 6) + ppsin(6 — S + o + @)
1+ pcos(p—05)+pcos(p+6)+ppcos(6—86+ ¢+ @)

tan Ap =
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@ Starting from the definition of ¢ and with the help of the amplitudes:

| ] 1+ peideti®
5 — ol e—l(Cbs"'V) . P e |§ | e—iése—i(¢s+y)eiAgo

Q 4 i5_+ip |
& E — e_i(¢s+7/) [x el(ss] 1 + p il

) S Aa . > o=
A '3 peoes'?

\
.'

psin(p —8)+ psin(@ + 6) + ppsin(6 — S + o + @)
1+ pcos(p—05)+pcos(p+6)+ppcos(6—86+ ¢+ @)

tan Ap =
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@ Starting from the definition of ¢ and with the help of the amplitudes:
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i*_ E = e U Pty) [xsezés] 1 +p_ S O, |5 I e Ti0so—1(sty) piAp
N peoe~
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.'

psin(p —8)+ psin(@ + 6) + ppsin(6 — S + o + @)
1+ pcos(p—05)+pcos(p+6)+ppcos(6—86+ ¢+ @)

tan Ap =
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@ Starting from the definition of ¢ and with the help of the amplitudes:

. | X p eide+i?
- x,e'0 1 + p edoe—i Sl

W CWTR

E — e_i(¢s+7/) X ei(ss = -
et 1+ p eide~i?

_ | E| etibiemildytn it

o

|

psin(p —8)+ psin(@ + 6) + ppsin(6 — S + o + @)
1+ pcos(p—05)+pcos(p+6)+ppcos(6—86+ ¢+ @)

tan Ap =

» ' @ Key relation for studying CP Violation:

; £ E = p-i2gtn | 1P (L R L
S == ., -,
1 + p eiPe—i¢
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@ Starting from the definition of ¢ and with the help of the amplitudes:

. | X p eide+i?
> T - xsei5s 1 + p edoe—i i1 S iy

W CWTR

1 + p eide=i¢

E = — ¢ UotD) [xseiés] — | E| etidiemilditn)pirg

o

|

psin(p —8)+ psin(@ + 6) + ppsin(6 — S + o + @)

tan Agp = B == = -
lL+pcos(p—0)+pcos(p +0)+ppcos(d—0+ ¢+ @)
b, D Key relation for studying CP Violation: Xgy O
: 3 . el T cancel in
% N i elée+zq0 1 + 15 ezée+zq) the ratio L}

£ E = b-i2gan)

1 + p eiPe—i¢




Generalising the product & X & RS ¢
LN, £ Y &\

@ We can rewrite the product & X E in terms of direct CP Asymmetries
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@ We can rewrite the product & X E in terms of direct CP Asymmetries

@ We utilise the relation:

A A b
) — —di )
1+ peideiv L+ ofdin
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@ We utilise the relation:
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— €
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@ We can rewrite the product & X E in terms of direct CP Asymmetries

@ We utilise the relation:

- 1 +p ei66+i¢ - i ddlr
: — =
1+ peideiv L+ ofdin
% @ having for AQ:
,,; 1 — A% 1+2pcos§cOS(p +p2C082(p_
i cos A®
1 + S 1 4+ 2p cos(6 — @) + p?

@ We obtain:
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@ We can rewrite the product & X E in terms of direct CP Asymmetries

@ We utilise the relation:

- 1 +p ei66+i¢ - i ddlr
: — =
1+ peideiv L+ ofdin
% @ having for AQ:
,,; 1 — A% 1+2pcos§cOS(p +p2C082(p_
i cos A®
1 + S 1 4+ 2p cos(6 — @) + p?

@ We obtain:

dir | dir |
1) A cp e Acp o i(AD+AD)
1 5 Q[dlr 1 4+ ﬂdn’ \\follows the

sum rule

CACD +AD = — (Ap + A@))




Generalising the product & X & B 4 f

i
i
@ We can simplify this expression:
E dir | [ ~rdir |
£ x E = e 20+ -4 < - *%7 CP | —i(AD+AD)
\ 1 + A




Generalising the product & X & R f ¢
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@ Taking the squares of the expression:
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@ We can simplify this expression:
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Generalising the product & X £ i
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@ Taking the squares of the expression:

@ Which leads to:
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@ We can simplify this expression:
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Generalising the product & X £ i
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@ Taking the squares of the expression:

@ Which leads to:
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@ We can simplify this expression:

EXE = e 2PN
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generalising the
LHCb assumption

of C, C
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® Taking the squares of the expression:

Generalising the product' & X £ RS
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generalising the

@ Which leads to: LHCb assumption
of C, C
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@ We can generalise this expression:

C+C
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® Taking the squares of the expression:

Generalising the product' & X £ RS
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generalising the

@ Which leads to: LHCb assumption
of C, C
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@ We can generalise this expression:
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® Taking the squares of the expression:

Generalising the product' & X £ RS

€ 1_ddlr 1_ddlr _
‘5)(5‘ 1_|_€Q[d1r 1+.£Z[dlr =lre

generalising the

@ Which leads to: LHCb assumption
of C, C

1 C+C
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2os AN EH €Y (1 C)
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@ We can generalise this expression:
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Correlations

New
v A Y >

@ Collecting the previous relations:

0 Al psing + psin@ + pp sin(@ + @) P onri he s
1 +pcose + pcose + pp cos(p + @) Vo SO 5V E ¥y




New Physics Parameters Correlations
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@ Collecting the previous relations:

0 Al psing + psin@ + pp sin(@ + @) P onri he s
1 +pcose + pcos@ + pp cos(p + @) Vo SO 5V E ¥y

@ And with the following expressions:

R

p =—cos¢i\/l_9—sin2gb

o

|

Vi = —cosgai\ﬁ?—sinzga

assuming that the strong phase 6=0, we get correlations between the NP parameters




New Physms Parameters Correlatlons
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New Physms Parameters Correlatlons
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* We can get such values of y without having
enormously large NP contributions



PV AR

vttt
RIS
2 s

PP
R AR
R

NI W




Final Remarks

@ Clean and unambiguous determination of the UT angle y
@ Determination of the individual Branching ratios of B — DK~ and B — DK~ from data

% Properly accounting for neutral mixing effects

R

@ Generalization of the LHCb assumption that direct CP Violation vanishes in B — DIK¥
@ Determination of a: parameters using rates with semileptonic decays

@ Generalization of the expressions of the branching ratios

el | e Y

@ Moderate NP contributions to accommodate the current data

High precision frontier of precision physics is ahead:

Can we pin down new sources of CP Violation?
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