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Road most travelled (to new physics)
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Road most travelled : The good
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Abundant signal allowing
for high precision.

Good control over

theoretical uncertainties.
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Road most travelled : The good, the bad

Abundant signal allowing

for high precision. Missing neutrinos

e)"'LJT

Ve,p,t

Good control over Large and perfectly calibrated
theoretical uncertainties. simulation samples
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Road most travelled : The good, the bad and the “ugly”

Abundant signal allowing

26.09.2024

for high precision.

e?l"l’TﬁT

Ve,p,t

Missing neutrinos

Require good
knowledge bkg

(Most time-
consuming part)

Good control over

theoretical uncertainties.

Large and perfectly calibrated
simulation samples



Road most travelled : The good, the bad and the “ugly”

Conduct analyses not so sensitive Require good
to this, yet provide smoking-gun knowledge bkg
signal to NP? (Most time-

consuming part)

26.09.2024 6



Road less travelled (to new physics)

Tests of CKM
unitarity, LFU and
angular analysis.

CP violation

26.09.2024 7



Types of CP violation

CPV In mixing

g/p f p/q _é ‘

BO EO EOBO

PB — B°) % P(B" — B

-

Measurement of a/, and prospects

26.09.2024

* Not covered CPV

CPV in decay in interference

A J il Af 2
—e<| - | 6|
P(B — f)= P(B— f)

» Direct CPVInB — D™y
» Triple product asymmetriesin B — D*lv



Measurement of a!, and prospects
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CPV 1in mixing

CPV In mixing

(B — f) - T'(B

— f) AT

sl

~ —— tan @12

- I(B— f)+I(B— f) Am

New physics sensitive in the loop.

Explore the flavour-specific decays B® —» D™~ u*X and
BY — D™—y*X i.e. u charge identifies B flavour at decay.

Explore asymmetry in untagged decays I.e. no need to
determine the B flavour at production.

26.09.2024

[M. Grabalso thesis]



https://cds.cern.ch/record/1456804?ln=en

a%: Fit to for B® and B° samples

2D fit to charm mass and decay time for B® and B simultaneously

Apply corrections to decay time (acceptance, resolution and missing energy)

[y}

Events / (2.8 MeV/c?)
— )

P(nflav: t) X [P(nflav» ttrue) ® R(t o ttrue)] ® F(k) ® E(t)

0 00000000 .. o
" LHCb ¢ Data 1 = R ]
00 - + —— Total — [ LHCb e Data .
= Dy i ] Z - _ 4+ —Total .
C —- Sl+gnal ] S 1000 D u - Signal -
ok /] & B” bkg. = S . Bobke -
N Comb. bkg. 1 = - ~ . ]
00 = C :
. & T N ;; --------------------------- - -

1850 1900 0 1 T

M(D ", D°) [MeV/c2] ! Ips]

26.00.2024 [Phys. Rev. Lett. 114, 041601 (2015)] 11



https://arxiv.org/abs/1409.8586

a% extractions

Nuissance asymmetries (covered later)

N(f,t) —=N(f,t) ag
= ——=—(1 —cos(Amt)) + |Ap + Ap cos(Amt

raw N(f,t)-l—N(f,t) 2 ( ( )) [ D P ( )]

S
Ap + Ap =,
I v
I =B Y, 1 A
........ S

Asy

26.00.2024 [Phys. Rev. Lett. 114, 041601 (2015)] 12



https://arxiv.org/abs/1409.8586

a3;: Fitto for BY and B, samples

Fit charm mass for BY and BY decays simultaneously.
Three measurements of varying bkg in D, - K* K~ ~ Dalitz plot.

'3; j% 2.5
> [\
= % f 10°
) g "
ol ~ I
T J}‘ 1.5F 10°?
L
S X
£ T 1k
S i = 10
~ -
0.5_— —
T Lyttt YT _ii----l----l---__l
1800 1850 1900 1950 2000 1 2 3
m(K'K™ ") [MeV/c?] m2(K=K™) [GeV?/ 4]

26.09.2024 [Phys. Rev. Lett. 117, 061803 (2016)] 13



https://arxiv.org/abs/1605.09768

a;; with fast oscillations

Nuissance asymmetries (covered later)
Agp
fAraw(t)dt = B3 (1 _W) + [4p +W

Due to fast BY integral is almost zero 0(1073).

B B1600F X :

d F1600F 3 LHCb E

1 ; = 1400 , 0 Iyt ot

FProb| Bd|(t) Nt — B,—»D wtrtn 3

o8 Prob[Bg](8 5 1200 | — BoDimtntn

e [Bd G 1000F o

| M. Grabalso thesi 800
0.4 [M. Grabalso thesis] 600k
0.2 400
200_

05 1 15 2 25 3 e S

26.09.2024 Proper Lifetime p [pS] 14


https://cds.cern.ch/record/1456804?ln=en
https://arxiv.org/abs/2011.12041

Bkg decays

26.09.2024

a;; with bkg asymmetries

Nuissance asymmetries (covered later)

Amw=%<1 - ) ﬁ->+[AD+ D fiAb)

lEbkg lEbkg

2R IO
0 0 7y (*)+

B D"DI' X z fi= (18 £ 6)%

B D

s nleE s .
£ o At x z £, AL = —0.045 + 0.033)%

lEbkg

B D% L€bkyg
B LK

[Phys. Rev. Lett. 117, 061803 (2016)] 15



https://arxiv.org/abs/1605.09768

Nuisance asymmetries

a
Argw = 751 (1 —cos(Amt)) + [Ap + Ap cos(Amt)]

Production asymmetry Detection asymmetry
p _o(pp » BX) —a(pp - BX) Asz(B_’f)_E(?_’f)
P o(pp - BX) + o(pp » BX) e(B-f)+eB-/)

@ B-field
Negatively
Positively
charged muon

Muon
chambers

26.09.2024
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Production asymmetry

Measured for all B species as function of p and 7.

£ 025 P ——
S 02pLHCD E A, 0.2FLHCb E
<01spis=8 eV & 0.5} 5= 8 TeV :
0.1F E z ;

T . 01-_ =
0.05F ; 3 :
0:{— L T % --------- e 0'055 ____________ .

S L g gl : OF n E
-0-(;)51; E -0.05F E
O E -0.1F =
_Oblgg— BO E _0.15;_ Bg E
'0.2.5 é L L Ié -0.2 g_ PR R S T A T T S TR N T TR SR T | t
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26.09.2024 [Phys. Lett. B739 (2014) 218, Phys. Lett. B 774 (2017) 139-158]


https://www.sciencedirect.com/science/article/pii/S037026931400728X?via%3Dihub
https://linkinghub.elsevier.com/retrieve/pii/S0370269317307219

Detection asymmetry

[Phys. Rev. Lett. 117, 061803 (2016)]
[Talk by Jacco Devries]

Pion track asymmetry

- LHCb —— Magnet up 3

Atrack (ﬂt) [%]
T

—— Magnet down

Apip(K*) [%]

PR T R T
20 40 60 80 100
p [GeV/c]

Kaon PID asymmetry

_ LHCb —— Magnet up _
3 ——Magnet down 7
T S E
R ]
:_ 1 1 E
0 5 10

P, [GeV/c]

26.09.2024

Tracking

& h D o 0w o~ o

Muon trigger asymmetry

: LHCb 2012 - Magnetup

- - Magnet down B
- — Average =
0 5 10

Well established data-driven methods to evaluate these effects!
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https://cds.cern.ch/record/2154244
https://arxiv.org/abs/1605.09768

d S
ag; and ag;

e I T LT T T
3t Standard Model | g
> Both results use LHCb Run I data. = [ [ > "0 :
d S o I ------------------------ (\\' ity
a% = (—=0.02 + 0.19 + 0.30) % S :
B ~ .
as, = (0.39 + 0.26 + 0.20) % e .
»Nuisance asymmetries dominate L | O ]
systematics but scale with sample 2 =~ | 7
! E LHCb DOuvX - ——a—— .
SIZe. a[ Q DO D®Ouvx ! . -
' - o BaBar D"/ ———— -
» Full Run 2 updgtes_m-progress. B sl L | :
» 50% reduction In gg¢q¢ . -  Belle 1l — = -
. Al L L b
» 30% reduction In gy . -3 L) -1 0 1

[Phys. Rev. Lett. 114, 041601 (2015)]
26.09.2024 [Phys. Rev. Lett. 117, 061803 (2016)] 19



https://arxiv.org/abs/1409.8586
https://arxiv.org/abs/1605.09768

New physics induced CPV 1n decay



CPV 1n decay

Direct CP asymmetry (CP-odd):

A% « sin(Ag) sin(AS)

Requires A¢p # 0 and A§ # 0.

Triple Product asymmetry (T-odd):

Ar_odqa = Vg [Vp X 1]

AT—Odd X SIH(AQ')) COS(AS) /TT—Odd = Vg- [UE X UC—-]

slow

Maximal when A§d = 0

26.09.2024




Which specific decay channels?

Direct CP asymmetry (CP-odd): [Y Grossman et al]
A‘ég o Sin(Aq[)) Sin(A5) SL decays with excited charm(less) states

Mesons: B~ —» D*% I"vand B~ - (m*tn™) [7v.
Requires A¢p # 0 and A§ # 0. Baryons: Ap - Actl7vand A, —> N*17v)

[D London et al]

Triple Product asymmetry (T-odd):

SL decays with charm(less) states

AT—odd X Sin(A¢) COS(A5) Mesons: B® - D™+ [~y and B? - it [ v,
Baryons: A} —» Afl"vand A, - pl™v)
woMaximal when A =0 .


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035022
https://link.springer.com/article/10.1007/JHEP05(2019)191
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2000

A% - Strong phase in B~ = D**tv

Predicted spectrum of cu resonances

___D,*(3084) 4"
B D,*(2806) 3" D, (3079) 3*
I D,(2806) 2 D, (3074) 3'
[ ___D,(2801) 2 D.*(3074) 2*
~ D(2796) T
: :31'(25‘8) 5 D,*(2479) 2*
B ,(2558) 0 __Dioaso) T
- —D,2419) T
- D,*(2380) O
_ D*(2023) 1 I E
- D(1864) 0
1S 25 1D 1P 1F

Candidates / (8 MeV/c?)

~

— D,(2420)
D,(2460)
Background

[Guy's talk]

2350

2400

2450

2600 2650 2700
m(D*) [MeV/c2]

2500 2550

Various ¢ resonances with same J* interfer to give strong phase Aé.

26.09.2024
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https://indico.cern.ch/event/1345421/contributions/6089528/

A% - Weak phase in B~ — D**1v

4Gk
V2
+ [ gs cb -+ gp f’y‘r’b} Py, + gricot” PLb?ch Pive + h.c.}

Herr = Ven{ [( 1 + 8l )" P.b + [gRcy" Prb| v, P,

[Vlad’s talk]

New physics with different Lorentz structures give rise to weak phase Ag.

26.09.2024 24


https://indico.in2p3.fr/event/30476/

Ad” Problems and Solutions

Problem 1

»Large uncertainties in BFs by B-factories
[1,2,3] and now LHCDb [Guy’s talk].

» Form factors not-so well known [E.
Bernlochner et al].

— Investigate observables insensitive to these
effects e.g. corrected mass.

Corrected mass [Units of energy]

25


https://arxiv.org/abs/0808.0333
https://inspirehep.net/literature/2512112
https://arxiv.org/abs/1803.06444
https://indico.cern.ch/event/1345421/contributions/6089528/
https://arxiv.org/abs/1711.03110
https://arxiv.org/abs/1711.03110

A% - Problems and Solutions

Signal:
Problem 2 * Semitauonic: B~ — D**tv
« Bkg double charm: B™° - D*X.(—» uX)X

»Hard to disentangle B~ — D**tv from bkgs.

— Don’t, bkg’s don’t exhibit no CP violation
(highly suppressed).

Corrected mass [Units of energy]

26



Ad‘r Problems and Solutions

Control channel:

e Semimuonic: B~ - D™ u~v
Problem 3

»Require control over nuisance asymmetries.

— Use control channel with same initial and
final state to cancel the nuisance asymmetries.

Corrected mass [Units of energy]

B |
Measure AAZL = Agcontrol _ =9 in phase space bins.
CcP raw

raw

27



(Preliminary) Sensitivity to AAd”"

Vector New Physics
1 I I I ] | ] I T ] | ] I I ] I ]

Vector New Physics
T I T T T T I T T L) T I T T T T

|gv.| =08 (1+1)

CP asymmetry, Acp (%)

D; and D, included.

_3 1 L 1 L I 1 L 1 L I L L 1 L I L [ 1 L
-1.0 -0.5 0.0 0.5 1.0
cos(bp+)

» With Run 2 and Run 3 data expect around 300k events (0.1% sel. Eff).
» AA.p # 0 would be a smoking gun signal for NP! 28

1
o
o0

e
S}

ey
o

o o o
N BN (@)
Absolute error on Acp (%)

g
=



Triple products (TP) in B® - D*~ v

d'T G2|V|2(q )2 P~ [D London et al]
dg?dcosfydcos0*dy 87r 287 3

* 5 Dn) Ng + —Ng)

Interested only in terms Im(4;47)

Amplitude term Coupling Angular function

Im(A; Af) Im[(1+ g1 +9r)(1 + gL — gr)*] —V/2sin26;sin26p sin x 2 (Pp-)
Im(A;AY) Im[(1+ gr — gr)(1 + g1 + gr)*] 2 sin? @ sin? Op sin 2
Im(Asp Al ) Im(gpg7) —8+/2sin B sin 20 p sin x

Angular terms Im(A;A;) non-zero in two cases:

* Rel. strong phase only — fake CPV signal (= 0 in both SM and NP for these decays.)
* Rel. weak phase only — true CPV signal (= 0 in SM but = 0 in NP).

26.09.2024
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https://link.springer.com/article/10.1007/JHEP05(2019)191

Triple products (TP) in B® - D*~ uv

A Poluektov and Vlad Dedu
Ptot(Q) — Peven (Q) + Podd (Q) ' [ ]

Q= (q°,6p,0
( ) ( ) (q p) D’ E’X)
Poad(€2) = Pogysin x + P gy sin2x

Extract the two angular functions (P(l) and P% ) from total PDF

odd odd
Unbinned true observables Binned reconstructed observables
Y
1 i _ 1) _ IVpins N
S / Prot(£) sin ydx A = D sinxo = [m(ge) A, + [Im(gngr) A7,
n —Tr — n=1
1 [7 N N
Poas =~ / Prox(€2) sin 2xdx AT =g D sin2xo =~ [TER) A
—Tr signa

96.09.2024 Sum all N; events in it" bin of [g2, cos(8p) , cos(8))] 20


https://arxiv.org/abs/2304.00966

cos6p

TP: Asymmetries in BY - D* " uv

Trend in one of the two functions: A1) [A Poluektov and Vlad Dedu]

SM NP: gr = 0.1 NP: gpgr = 0.1

1.00_|||||||..|....|....

1.00 L T T T T T T T T T T T T 0.100

_ O —~ o 1.00
: x & T F SR T
0.75 004 £ 8 o075fF . 004 5 S 0.75 0.075
0.50 F B 0.50 g 0.50 0.050
i 0.02 § s 0.02 §
0.25 E £ 0.25 F £ 0.25 0.025
C 17 r w0
0.00 0.00 < 0.00 F 000 < 0.00 0.000
—0.25 F —0.25F ~0.25 ~0.025
—0.50F ~0.02 050 F . - —0.02 —0.50 —0.050
: _ _ . -0.75 —0.075
~0.75 | _0.04 0.75F —0.04
i T TN T TN N N TN N TN AN TN TN T TN AN SO N AN _ . IR TR N T [N TN T N [ T T S _100 _0100
—100 s 0.0 05 1.0 L0005 0.0 0.5 1.0 -6 -05 060 05 10
cos 6, cos 6, cos 6;

Clear trends when weak phase is non-zero

26.09.2024 31
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https://arxiv.org/abs/2304.00966

TP: Flt and SYStemaUCS [A Poluektov and Vlad Dedu]

1) (@) A 4®

[a}
> Perform y? fit considering correlation b/w Xeorr = Z ;E&A

sin(y) and sin(2y).
»Signal and bkg discrimination from 3D fit:
q%, MZyss and Ej.
» Systematics:
» CP asymmetry: Non-physics bkg.
* Instrumental effects (e.g., tracking o | —
system misalignment) I
* Non-uniform reconstruction efficiency.

Misalignment of velo modules — Bias in
vertex position — Bias in sin(y)

26.09.2024 32


https://arxiv.org/abs/2304.00966

TP: Expected sensitivity in BY - D*~uv

[A Poluektov and VIad Dedu and Vlad’s thesis]

] ] ] Assigned systematic A Im(gr) A Im(gpg¥)
>Tr|ple-pro_duct-llke CP asymmetries (and P VIRY 085 w102 245 x 102
asymmetries) probed. Fake D* comb 0.40 x 10~3  0.70 x 10~*

- PR True D* comb 1.45 x 103 1.98 x 10—

»Run 2 data pIOV|des sensitivity to Im(gg) T 7 nm misalgnment 416 x 107 433 X 10~
and Im(ngT) Control sample 2.78 x 103 6.12 x 10— 4
Total 5.82 x 10>  0.92 x 10—°

»Dominant systematic is due to detector

misalignments.

. CP Ies:
> Future work to extend this B® - D*~tv. asymmetries

Im(gr) = (X.XX £ 0.51 (stat.) & 0.58 (syst.))%,
Im(gpgs) = (XXX & 0.13 (stat.) &= 0.09 (syst.))%.

Central values are blinded.

26.09.2024 33


https://arxiv.org/abs/2304.00966
https://indico.in2p3.fr/event/30476/

Summary and conclusions

« CP symmetry in SL decays offers powerful null tests of the SM.

« Signal and bkg separation in LFU Is replaced by established methods for
nandling nuisance asymmetries in CPV.

 Full Run 2 updates on CPV in mixing (ag;) with SL decays on the way.

* Prospects to explore direct CPVin B — D™ tv decays with Run Il and |
data.

* Triple-product-like CP asymmetriesin B — D*uv studied including
systematic effects.

* EXciting new precision tests with SL decays ahead!

26.09.2024 34
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Backup
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a;. bkg fractions

Mode B[%] Blc—p)[%] esig/evke  Sfore/ fsig [0 Apkg [70]
Bt — DMOpIITx 79414 6.5+0.1 4.34 584+ 1.1  —0.6+0.6
BY = DDt x 5.7+ 1.2 6.5+ 0.1 4.08 14+1.0 —0.184£0.13
BY » DD X 1.6 +£1.2 16.1+0.3 6.41 56+£1.5 —0.18+£0.13
BY — DM~ DIt 45+1.4 8.1+£0.4 3.68 1.0 4 0.3 -
A0 — AF DT X 10.31+2:4 45417 4.51 30414  4+05+08
B~ — DFK—pvX 0.061+0.010 N 2.43 1.3+£0.2 0.6 £0.6
B’ - DFKu=vX  0.06140.010 = 2.89 1.1+£0.2  0.184+0.13

26.09.2024
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ag; systematics

S

d

A
Source of uncertainty al  Ap(7TTeV) Ap(8TeV)
Detection asymmetry 0.26 0.20 0.14
BT background 0.13 0.06 0.06
AP background 0.07 0.03 0.03
B? background 0.03 0.01 0.01
Combinatorial D background 0.03 - -
k-factor distribution 0.03 0.01 0.01
Decay-time acceptance 0.03 0.07 0.07
Knowledge of Amy 0.02 0.01 0.01
Quadratic sum 0.30 0.22 0.17

26.09.2024

A

Source | Value Stat. uncert. Syst. uncert.
Araw 0.11 0.09 0.02
—Aprack (KK ™) 0.01 0.00 0.03
4 aliou ) 0.01 0.05 0.04
—Apip | —0.01 0.02 0.03
— Aiyig(hardware) 0.03 0.02 0.02
— Atrig (software) 0.00 0.01 0.02
— fokg Abkg | 0.02 - 0.03
(1 — fokg)ad /2 0.16 0.11 0.08
2 o - 0.18
as) 0.39 0.26 0.20
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