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Intro Angular Observables Sensitive to NP in B —» D*/ ™ i,

Intro |

m Evidence for NP in B — D*7 0, is mounting
= Next question: What kind of NP?
— New observables! (also good as cross checks)

= Here we consider the angular distribution of B — D*(—Dr)l~ .
Example: Forward-backward asymmetry:

¢ dr
AG = |:‘/71—/0:|dC0502m

3

m Generalization: Observables O, built from binned measurements of dil—
dX d@z dGD*

Similar to 12 observables constructed in 1602.03030" (using polarizations in addition to

angles)

1Becirevic, Fajfer, Nisandzic, Tayduganov
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http://arxiv.org/1602.03030

Intro

Angular Observables Sensitive to NP in B —

Intro 11

+ + 4+ + + +

However (so far): Only proofs of concepts, little experimental considerations!

Aim:

Characterize general form of 12 observables O,
Introduce experimental error estimate

Minimize expected errors using d.o.f. in construction of O,
Minimal number of bins required for construction of O,
Optimal bin spacing for each O,

Consider discriminatory power of observables on basis of operators
corresponding to relevant NP mediators
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Angular Observables Sensitive to NP in B —» D*/ ™ i,

The Differential Cross Section

Slightly adapted?® from 1405.3719%, we have* (with (pseudo)scalar, (axial) vector and
tensor NP operators, no CP average)

dxdwd&m Z Wa Ba(x, 0, 00+)

With 12 different
m Angle dependencies
B.(x,0¢,0p+) (known)
e.g. cos(2x)sin®(0p+)sin(0;)
m NP dependent coefficients
W, (unknown)

Fig. 1: The decay angles x, 0y, Op+

%In relation to the V, from 1405.3719: WY := V? + V3, W/ == V] + V], Wy
Wy, —2V,T; for the rest W, := V,. Furthermore W, := qu2 W.(q?).
3Duraisamy, Sharma, Datta

= =2V,

the kinematic variable q2 will not be considered, i.e. the relevant quantities are integrated over

Kilian Lieret
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The Idea (1)
3
Experimental measurements of dx dfr d0pe will be (published) binned:
bins: U; C [—m, 7] x [0, 7] x [0, 7]
w w w
X 7 Op~
bin content:  I(/) -—/ dy df,do d37F =
' mbe_asurgd o U; X P dxdel deD* o
(=3 _
=> Wa/ dx df¢ d0p= Bs(x, 0, 0p~) =
e, (1)
=y W, B
2 unknown known

NP-dependent “binned”
coefficient angle-dep.
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The Idea (1)
3
Experimental measurements of dx dfr d0pe will be (published) binned:
bins: U; C [—m, 7] x [0, 7] x [0, 7]
w w w
X 7 Op~
bin content:  I(/) -—/ dy df,do d37F =
' mbe_asurgd o U; X P dxdel deD* o
(=3 _
=> Wa/ dx df¢ d0p= Bs(x, 0, 0p~) =
e, (1)
=y W, B
2 unknown known

NP-dependent “binned”
coefficient angle-dep.

How to extract the W,?
* Linear algebra: Eq. (1): N linear equations with 12 unknowns
= there are weights w,(/) such that

W, =Y wl(i) T(i)

unknown A ight d
NP-dependent i weents m&ii;rj
coefficient CS
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The Idea (II)

The observables

O, T +— E wa(1) T(i) such that  Os(Tiheo) = W
measured ~ weights unknown
binned i 8 NP-dependent
cs coefficient

Sensitivity

Expected uncertainty \/Var(O,) as figure of merit — the smaller the better
(currently simplified setup with only statistical errors, studies of bin migration and flat systematics
ongoing)

Degrees of freedom

If more bins than required
= DOFs in weights w, (/)
= Use to improve sensitivity

Assumptions
1 “General bins”: Arbitrary subsets U; C [—7, 7] x [0, 7] x [0, 7]
2a “Product bins": Uy = UX x Ujge X UfD*

2b “Product weights”: Product bins with weights in product form
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Minimal number of bins (/ = 7)
(under conservative assumptions for the binning)

Min. number of bins in y X 0, X 6p= required to construct O,

S

O?r Ogr Ogv OlTl O3T

o7, o087, 037, off

Minimal # bins

1x3x3
1x5x2
3x3x2

oJ ol ol
3x3x2 3x1x2
3x3x1

bx1lx1

2x2x3
2x5x1
I3x2x2
3x3x1
bx2x1

All observables can be constructed for 3 x 3 x 2 binning.

Kilian Lieret
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Performance Comparison (/ = 7)

- .
4k
%‘ L
O 3r &
Tl o
= [ only 27 bjins L 4
< f { ¢ * ¢
S L
! * ¢ *
S / .
- DA RS v
L \ ;% L 2 \K /{ L 4
1r K 2 ,{ L&
[ | =1000 bins as baseline - o o I "
-—o
0_ 1 1 1 1 1 1 1 1 1 1 1 1 1
& & & &S S s s SS w

@ 12 gen. bins 3x3x3 equidist. res. (1) ¥ 3x3x3 non—indep. prod. weights (3)

@ 9x9x9 non—indep. prod. weights (7)
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3x3x2 non—prod. weights (5)
A 1x3x3 non—indep. prod. weights (2) @ 5x5x3 non—indep. prod. weights (4) ¥ 3x3x3 non—prod. weights (6)
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Results
Finding optimal bin edges (example)
Example: 3 X 3 X 2 bins (prod bins, gen. weights) with edge points
{—71'7 X1; X2, 71'},\ X {O> 01, 002, 77}9; X {07 Abp-+, ﬂ'}f?‘m

— How does the optimal achievable sensitivity depend on Afp-?
— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Ao .. )

Z
&)
i — O} - 0§ e o5
o 1 2 3
= Ll or or oor
S Ca
S — 0 —— o5 e o5
—
- 5 — Oy - OF ----- oY1
;ql —_—— minz Var(O,)
a a
é% " —o— %Xa:min v/ Var(O,)
<
$ o5k . . . . .
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Results Angular Observables Sensitive to NP in B —» D*/ ™ i,

What can we conclude about NP contributions? (1)

Suppose we can extract all W, from
the angular distribution

ri) =Y. W, By

measured unknown known
binned 4 NP-dependent “binned”
(&5} coefficient  angle-dep.

Split up W:

13 )
Wa = Z Wg() Ci(gA,gV>g57gP7 TL)

i—1 known unknown
~* coeffER  quadratic in NP coupl.

Effective Lagrangian:
4GF Ve
V2

Hesr = [(1 + CVL [Evp PLb][l_’y“ Py + CVR [ev* PRb][I_'yu P+

+ CSL [EPLb][/_PLl//] + CSR [EPRb][/_PLV/] + TL[EO"“/ PLb][/_o"WPLIJ/] s

With gv,a = Cvg £ Cv,, g5,p = Csy £ Cs;, TL = Cr, Pryr = (1 F 75)/2,
Opuv = i('Y;L"/u - 'YV'Y#)/Z
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Results Angular Observables Sensitive to NP in B —» D*/ ™ i,

What can we conclude about NP contributions? (1)

Suppose we can extract all W, from Want to extract ¢; given W:

the angular distribution m System of linear equations

. YA/ e) . i w / I
(i) ZE : W, B.(i) m Sometimes W, «x ¢; = easy!
measured unknown known H
|asure 2 NP.dependent “nned” m Generally hard = additional
s coefficient  angle-dep. assumptions for NP coefficients
Split up W.:

13 )
W, = Z w? ci(ga,gv,gs,gp, Tr)

i—1 known unknown
~* coeffER  quadratic in NP coupl.

Effective Lagrangian:
4GF Ve
V2

Hesr = [(1 + CVL [Evp PLb][l_’y“ Py + CVR [ev* PRb][I_'yu P+

+ CSL [EPLb][/_PLl//] + CSR [EPRb][/_PLV/] + TL[EO"“/ PLb][/_o"WPLIJ/] s

With gv,a = Cvg £ Cv,, g5,p = Csy £ Cs;, TL = Cr, Pryr = (1 F 75)/2,
Opuv = i('Y;L"/u - 'YV'Y#)/Z
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What can we conclude about NP contributions? (I1)

¢ In terms of coupling constants

a 11— gal®

o2 lgv +1|°

& lge®

c |Te|?

cs Re((1 —ga)(gv +1))

S Re((1 — ga)gr)

c Re((1 —ga) TT)

cs Re((gv + 1) 1)

o Re(gp T1")

Ci0 Im((1 - ga)(gv +1))

c Im((1 —ga)T7) _
- |m((g\/ I l)gﬁ) drop out in CP average

a3 Im(gp T1")

Fig. 2: ¢; — coupling constants
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Results Angular Observables Sensitive to NP in B

What can we conclude about NP contributions? (IlI)

Consider base of operators with®
m Renormalizable couplings relevant for B — D*I~ 1
m Dimension 4 or 6

m Non-flavor universal couplings = right-handed vector current not considered

Denote operators by transformation under SU(3) . x SU(2),, x U(1):
(17 2)71/2

7

SUB)c  SUR)y  U(1)y
singlet  doublet

Ssource: Freytsis, Ligeti, Ruderman 1506.08896

Kilian Lieret Ludwig Maximilian University of Munich
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What can we conclude about NP contributions? (1V)

Considering base of operators corresponding to relevant mediators

G | a2 5
SM Al NP g 3;2/3. G.2)5ss | @D | BDys | Gl
»93)1/3

Colors: | W,=0 | W, ci-indep. - (W, — const.) « ¢; _

Bold: Contributes to fully integrated CS; Parenthesized: Drops out in CP average

Fig. 3: All operators with dim. 4 or 6 and renormalizable non-flavor universal couplings
relevant for B — D*/~p; (cf. 1506.08896) applied to observables for | = 7.
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Summary Angular Observables Sensitive to NP in B — D*/

Summary
O,: [ — E wa(i) T(i) such that Oa(Theo) = W,
measured — Wweights unknown
binned i NP-dependent
cs coefficient

Some key points

m Can construct some of the observables even for very coarse binnings
(especially relevant for the experimentally challenging | = 7 case)

m The same strategies have been applied to | = e, 1
(both experimentally and theoretically easier, but less suspicious of NP so far)

m Can also consider the same observables with g dependency
(but will need a new figure of merit to optimize against and discriminating between NP
models will be more complex)

m To cancel systematics: Consider ratios of observables or use a
normalization mode

Kilian Lieret Ludwig Maximilian University of Munich
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Summary
O,: [ — E wa(i) T(i) such that Oa(Theo) = W,
measured — Wweights unknown
binned i NP-dependent
cs coefficient

Literature®
m Some simple expression of weights to extract (combinations of the) W,
(on a “proof of concept” base)

m Studied the NP dependency by considering the g? distribution of W,(g?),
considering only one of ga, gv, gs, gp, T1 to be non-vanishing

New results

m Characterized the construction of the observables O, for several
assumptions on binning and weights

m Determined the min. number of bins to construct each O,

m Introduced a figure of merit for the obtainable sensitivity

m Used degrees of freedom in the weights to optimize sensitivity
m Studied the influence of bin widths on the sensitivity

m Studied the NP dependency of W, based on a base of operators
corresponding to relevant mediators (better physical motivation)

SBecirevic, Fajfer, Nisandzic, Tayduganov 1602.03030 (ref. closest to our work to best knowledge)
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Summary Angular Observables Sensitive to NP in B —

Backup Slides

Backup slides overview

m General bins

m The angular functions B,
m Correlation

Plots 3 x 3 x 2 edges

m Plots 3 x 3 x 3 edges
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Summary

General binning

6r :' “. Entries: 50192 ]
PN min 5 3/ Var(0,) = 2.99 - 107 5GeV

[1000]

Count

Fig. 4: 12 bins, 3 X 3 X 3 cubes
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Summary

Angular Observables Sensitive to NP in B

General binning

Entries: 286536
min 35 >,/ Var(O,) = 2.25- 10~ 8Ge\/

SPIIE

20

[1000]

Count

Fig. 4: 12 bins, 3 x 3 x 3 cubes (equidistant)

Kilian Lieret
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General binning

T '! AT S S B B B R L S R LN R R S BN L R B R 1

I \\ Entries: 255728 1

20k | = min 15 3/ Var(0,) = 3.48 - 107°GeV ]

' ]

I ]

= [ 1

o ] -
o

=, ! ]

= ]

g ]

5 i

© ]

Fig. 4: 12 bins, 5 X 5 X 5 cubes
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Summary Angular Observables Sensitive to NP in B —» D*/ ™ i,

General binning

8 Entries: 80941 —
min 15 3 v/ Var(0,) = 1.76 - 10 5GeV

6F i

Fig. 4: 27 bins, 5 X 5 X 5 cubes
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The angular functions B, (1)

B = sin®(0p+)sin (6;)
BY = sin (6p+ ) cos® (Ap~) sin () B, =sin® (0p+)sin’ (6;)
BY = sin (0p+ ) cos” (0p+ ) sin® (6;) B3 = sin®(0p+)sin () cos (6,)
BY = sin (0p+) cos” (Op=)sin (B¢) cos (Be) B/ = cos(2x) sin® (0p-)sin® (8¢)
B = sin(2x)sin® (Bp~)sin® ()

BY" = cos(x)sin (0~ ) sin (20p+ ) sin (6¢) sin (20,)
BY" = cos(x)sin (6p+) sin (20p+ ) sin” (6;)
B = sin(x) sin (8~ ) sin (20p+) sin” (6¢)
BET = sin(x) sin (6~ ) sin (20p+ ) sin (6¢) sin (26;)

Table 1: The functions Ba(x,0¢,0p+)

Kilian Lieret Ludwig Maximilian University of Munich
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The angular functions B, (Il)

X

Fig. 5: Combinations of the angle

functions.

0
Bl

(2

Op+

- A(x) =1,

} f(x) = sin(x),

b f3(x) = cos(x),

— fa(x) = sin(2x),

fs(x) = cos(2x),

—n g1(00) :=sin (6)),
j_— g2(0e) :=sin® (6)) ,

:=sin (6;) cos (6;),

(
:=sin (6)) sin (26)) ,
(h2) (( Jsin (201

hl(ao*) = sin3 GD*) s
L h2(6p~) := sin (6p=) sin (260p~) ,
h3(0p~) := sin (p+ ) cos” (Op~) .

Kilian Lieret Ludwig Maximilian University of Munich
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Angular Observables Sensitive to NP in B

Correlation

B
BT
B‘_% T
B

Correlation (%)

1
H ~16.-3. 1. 2. 00
I -3. 12. 1.

50
[ 0
[ —50
r 1. 1. 1. —=100

S &

R R R R R R A

°
(a) Unbinned angle functions

BT

B"
0T

B

Correlation (%)

Fig. 6: Correlation of angle functions resp. observables

[l —6.=52. 49. —-11. 14.

H 5. 48.-51. 9. 1. -12. 8.
5. .—12. 9. =52, 2. 7.

=52 48. —12] 34 1. -2

[ 49. =51, 9. -27. -3. 2. -2.

F-11. 9. =52, 34. —27.. . -1

s 1. 1. -3. . 1. 6.

: I

F14.-12.20. —2. 2. -3. 1. -11.

F 8 T -2. -1 6. —11,.

[ 6. -11.

F 2. —11

PSS IL S aQ

(b) Optimal observables 3 x 3 x 3

100

=50

—100

imilian University of Munich



Angular Observables Sensitive to NP in B —» D*/ ™ i,

Summary

3 x 3 x 2 (prod bins, gen. weights)

{=m,x1,x2, 7}y X {0,001, 00, 7}e, X {0, Abp+,m}a,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

Z
O
el JE— 0 ————- 0 oo 0
é oY 03 (@
~ 10} of of oyr
S e
S — of ---- Of oo or
=
s 00 o ofF o
Iy [ -
& — 5 IIllIlXa:\/V‘dl(Oa)
g :
= 1
E“’? 1t —— Z min /Var(O,)
Q? a
< 0.5 = L L L L L

Kilian Lieret Ludwig Maximilian University of Munich
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Summary

3 x 3 x 2 (prod bins, gen. weights)

{=m,x1,x2, 7}y X {0,001, 00, 7}e, X {0, Abp+,m}a,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

Var(Q,) [107% GeV]

min

00y 00y A0

ot

d((fﬂ-v X1y X2 ﬂ')a (77‘-7 771-/3: 71'/3, ﬂ-))

Kilian Lieret

Ludwig Maximilian University of Munich

----- oF o}
or oyr
————— of o
,,,,, O - ouT
1
minZ\/Var(Oa)

—_— % Xa: min /Var(O,)
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3 x 3 x 2 (prod bins, gen. weights)

{=m,x1,x2, 7}y X {0,001, 00, 7}e, X {0, Abp+,m}a,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

min

d((0,651,612,7), (0,7/3,27/3, 7))

Kilian Lieret

Ludwig Maximilian University of Munich

1 i —
—_— 13 min Eﬂ v/ Var(0,)

1 s .
—— Eﬂ min /Var(O,)
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3 x 3 x 2 (prod bins, gen. weights)

{7, x1, X2, T}y X {0,001, 002, 7}0, X {0, AOp=,T}o,,.

— Generate sample of toy binnings (i.e. random values x1, x2, 0¢1, 0e2, Do .. )

Y, \/Var(0,) /Gev)

L
12

|
=~
<]

Logyq

|
o
o

-6.5

|
=~
(==}

|
o
o

Glob.min |

1

2 3 4 5

dga2 (binning, equidistant)

Kilian Lieret

Ludwig Maximilian University of Munich

Toy Density

1.0

0.6

0
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3 x 3 x 3 (prod bins, gen. weights)

{=m, x1,x2, 7} X {0,001,002, 7}, X {0,0p+1,0p2,7}e,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

— 5l
3
> — 0y - 0y oo 03
= or or o7
= — of ---- Of oo or
= — 0" - o057 - oy
=
1
— 15 minZ\/V‘dr((’)a)
2| z
a3 1 .
EE — 20: min \/Var(O,)
=
0.0 0.5 1.0 1.5 2.0

d((0,0p=1,0p=2,m), (0,7/3,27/3,7))
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Summary

3 x 3 x 3 (prod bins, gen. weights)

{=m, x1,x2, 7} X {0,001,002, 7}, X {0,0p+1,0p2,7}e,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

= T : : : :
S
T — 0y - 0y e 04
= 5)
- o7 o7 oyr
S — of ----- OF oo or
E | — Oy - OgF e 03!
1
a — minZ\/Var(Oa)
) a
=
=7 1t 1 ‘
Eé 1 —— ﬁme V/ Var(0,)
S\é a
o] . . . . .
0 1 2 3 4

d((fﬂ-: X15 X2 ﬂ')s (77‘-7 77‘-/37 71'/3, ﬂ-))

Kilian Lieret Ludwig Maximilian University of Munich
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Summary

3 x 3 x 3 (prod bins, gen. weights)

{=m, x1,x2, 7} X {0,001,002, 7}, X {0,0p+1,0p2,7}e,.

— Generate sample of toy binnings (i.e. random values x1, x2, 641, 612, Do . )

= T T T T
o 45F
&}
T35 — o) 0y 4
—
2.5 OZ Og O?T
3 — of -~ OF oo or
= — OO ————- OO - o1
=
Sa.| 2 3 4
1
o —e— — min Z\/Var((ﬂa)
Tl Db 12 a
5 e
- Yt 1
=1 N —_—— Z min \/Var(O,)
ISEN ! 12 -
2
s . . . .
0.0 0.5 1.0 1.5 2.0

d((0,61, 0,2, 7),(0,7/3,27/3, 7))
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Summary

3 x 3 x 3 (prod bins

Angular Observables Sensitive to NP in B

, gen. weights)

{=m, x1, x2, ™} X {0,001,002,7}o, X {0,0px1,0p=2,7}0,.

— Generate sample of toy binnings (i.e. random values x1, x2, 0¢1, 0e2, Do .. )

— —6.4
%
QO -66
<
S -638
g
= -T7.0

1
ﬁza
|
-
o

|
N
W

|
=~
[=2}

LOglO(

|
=~
oo

dgi2 (binning, optimal)
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Backup slides

Backup slides overview

m General bins

m The angular functions B,
m Correlation

Plots 3 x 3 x 2 edges

m Plots 3 x 3 x 3 edges
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