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Introduction

* The Standard Model remarkably successful
at describing the particles of nature and the
forces between them.

* But, it cannot be the end of the line.
e Dark matter ?
* BAU (Baryon Asymmetry in the Universe)
* Hierarchy problem
* Explanation of family structure, and masses
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Complementary approaches

* Worldwide push to uncover “New Physics”.

 Indirect precision measurements

complementary to direct detection.
* Even if Ayp > E| ¢ (can’t produce directly),
NP particles can appear in quantum loops,

* Examples

* Precision EW 2 my
* B mixing 2 m,,,

General idea

* Identify/measure “SM-clean” observables to high precision.

* Pattern of (non-)deviations = possible NP explanations.
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CKM Matrix

1 CKM matrix connects weak interaction eigenstates to the mass eigenstates:

U 3 x 3 unitary transformation = 4 free parameters
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“bd” Unitarity triangle: Sides

¢ Unitarity of V iy = Triangles in complex plane (5 others, incl. one for B decays)
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‘bd’ Unitarity triangle: Angles

(] Interference between two amplitudes that have different weak and strong phases.
cp _ T(B-f)-T (B-f)
Q4 = I(B-f)+T(B-f)

exposes weak phase!
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‘bd’ Unitarity triangle: Angles { ‘N
J Interference between two amplitudes that have different weak and strong phases. |
0 A]CcP _ IB-f)-T (B~f)
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‘bd’ Unitarity triangle: Angles { 2K
(] Interference between two amplitudes that have different weak and strong phases. |
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‘bd’ Unitarity triangle: Summary
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Both sets of measurements
THEORETICALLY CLEAN
(very small hadronic unc.)




‘bd’ Unitarity triangle: Summary

 TREE.LEVEL N (" LOOP-MEDIATED A
b - (c,u)v: p2 + 72 Amg, Amg: V(1 — p)2+7?
\CPVin"B > DK™y ) \CPVin"B - K" sin(2) )

CKM Objectives:

O Precision measurement of (p, 17) with
different modes.

Q Does (p, ﬁ)Loop = (P, M 1ree ?

Both sets of measurements
THEORETICALLY CLEAN
(very small hadronic unc.)
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Gamma, Introduction
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O In multi-body D decays, e.g. GGSZ, (rg ,0 g ) vary across the phase space.
Integrating over full phase space dilutes sensitivity to y.

O Often, independent amplitude analysis used to bin D phase space to maximize
sensitivity to y
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O In multi-body D decays, e.g. GGSZ, (rg ,0 g ) vary across the phase space.
Integrating over full phase space dilutes sensitivity to y.

O Often, independent amplitude analysis used to bin D phase space to maximize
sensitivity to y

Bottom line: Each analysis has a number of CP observables that are
sensitive to the B, D decay parameters, and .
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LHCb, arXiv:2301.10328

Gamma measurement in
B - [K*K ntrn ™ |p{K*, mt}
and
BT > [mtn ntr]p{KE, nt}
decays



LHCb, arXiv:2301.10328

B > [K*K ntn ,ntn ntn]p {KE, nt} [1]
0 Four-body self-conjugate mode
Ap- = Ag- [ADO (D) + 15 ei(‘SB _y)ABO (q))] @ = position in 5D phase space (PS) of D decay

[1] LHCb, JHEP 02, 126 (2019)
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0 Four-body self-conjugate mode
Ap- = Ag- [ADO (D) + 15 ei(5B _V)ABO (q))] @ = position in 5D phase space (PS) of D decay

Q Yields of B*, B~ in a phase space bin i:
Xy =1g cos(bp )

Bt > fDK+: N-:-l = hB+ [F—i + ((x+)2 + (y+)2)F+L' + Zw/F+iF—i(x+Ci B y+5i)] Vi =7 Sin(SB + ]/)

B~ - fpK™: NI = hg-[F; + ((x2)* + (v)?)Fyy + 24FriF_i(x_c; — y_s))] “ J, d®|ApollAgo] { cos ASp, sinAs, }
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U5 a0l §, dolar

[1] LHCb, JHEP 02, 126 (2019) 12
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B > [K*K ntn ,mntn ntn]p {KE, nt} [1]
0 Four-body self-conjugate mode
Ap- = Ap- [ADO (D) + 1 ei(5B _y)ABO (q))] ® = position in 5D phase space (PS) of D decay

Q Yields of B*, B~ in a phase space bin i:

B* > fpK*: N = hp+ [F—i + ((x+)2 + (}’+)2)F+i + 2y FpiF (e — 3’+5i)]

Xy =1g cos(bp )

Y+ =1g sin(ép )
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Ci)Si =
O Use indep. D? amplitude fitl!! to B~ - [K* K wtn™ |p u~vX to \/fi d®|Apol? [; dPlApol?

optimize binning for max sensitivity to y and obtain c;, s; and F;
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B - [K*K ntn ,mntn ntn]p {K%, nt} [1]
U Four-body self-conjugate mode
Ap- = Ag- [ADO (@) + 15 ei(SB —V)AEO (q))] @ = position in 5D phase space (PS) of D decay

O Yields of B*, B~ in a phase space bin i:

B* - fpK*: N = hge|Foi + ((x)? + (V) ?)Fay + 24 FiF_i (e — yis))]

—
/

Xy =15 cos(bp Ty)

Y+ = 7B sin(ép )

B~ - fpK™: NI = hg-[F; + ((x2)* + (v)?)Fyy + 2FriF_i(x_c; — y_s))] o J, d®lApollApol { cos ASp, sin A }
Ci,Si =
O Use indep. D? amplitude fitl'l to B~ - [K*K n*n™ |p p"vX to - \/fi d®lApol* i dPlApol?

optimize binning for max sensitivity to ¥ and obtain c;, s; and F;

\AD\’ 820

AD (mKK: My, 971:) QKJ ¢)
(B~ > [K*Kn*n™ ]p uvX)

D
mp = |Ap/Apl,
Abp(P) = 6p — 6p

[1] LHCb, JHEP 02, 126 (2019) 12



LHCb, arXiv:2301.10328

B - [K*K ntn ,mntn ntn]p {K%, nt} [1]
U Four-body self-conjugate mode

Ap- = Ag- [ADO (@) + 15 ei(SB —V)AEO (q))] @ = position in 5D phase space (PS) of D decay

O Yields of B*, B~ in a phase space bin i: ~
xy =15 cos(0y +7)
B* - fpK*: Nj; = hp+ [F—i + ((x+)2 + (J’+)2)F+i + 2y FpiF (e — y+5i)] _ :
< y+ =15 sin(dp tv)
B~ - fpK™: NI = hg-[F; + ((x2)* + (v)?)Fyy + 2FriF_i(x_c; — y_s))] o J, d®lApollApol { cos ASp, sin A }
Ci,Siy =
\/fl. d®|Apo|? [, d®|Apo|?

O Use indep. D? amplitude fitl'l to B~ - [K*K n*n™ |p p"vX to N\
optimize binning for max sensitivity to ¥ and obtain c;, s; and F;

\ 50 : TR a e
, = E 7
\AD hE - Z 2 0,5/ \
§= 8
==k 5°
) o = |
4 4
AD (mKKJ My, 071:' QKJ ¢) 3 AN 5 /]
(B~ > [K*K~m*r™ |p pvX) B i 2
D° CI)5D = 0 p s 0 0s 1
/‘4 \/ AS,, [rad] ¢
* O O ~90% of sensitivity to y retained with optimal binning.

mp = |Ap/Apl,
Abp(P) = 6p — 6p

[1] LHCb, JHEP 02, 126 (2019) 12




LHCb, arXiv:2301.10328

B > [K*K ntn ,ntn ntn]p {K, nt} |2]

KEI Fit also includes CPV observables based on integrated yields N
yicknn _ F(B” = Dh™) —T(B* - Dh™) _ 2r5" K sin(65™) siny

" T T(B->Dh)+T(B* > Dh*) 1+ (rPM)?2 + 21Phg cos(85™) cosy

h=K,m

_ (B~ = fpK7) +T(B" = fpK™)

R K DK Rs=
KK KKnt DK~2 D ho) T e f +T - f T

RKmtn

O « = 2Fcp; — 1 = dilution from integration over ps’?!
O Similar expression for D - n¥n~ntn™

\_ J

[2] LHCb, arXiv:2209.03692, LHCb, PLB 747 (2015)



Bt - [K*K-mm, mtn ]y {Ki, Tl'i} 2] LHCb, arXiv:2301.10328

/EI Fit also includes CPV observables based on integrated yields N
KK I'(B~ - Dh™)—T(B* - Dh") 2rE M sin(65") siny
h = — _ = h=Km
(B~ > Dh™)+T(B* - Dh*) 1+ (1P™2 + 2rPMc cos(85™) cosy
- - + +
KKTTT RKKTL’TL’ DKA2 DK DK F(B - fDK ) + F(B - fDK )
Rip™ =———=14+(rg"*)“ + 215 Kk cos(85") cosy, Rf= — — m m
RKTL'TETC F(B - fDT[ ) + F(B - fDT[ )
. . . . 2
O x = 2F¢p, — 1 = dilution from integration over ps'?!
L O Similar expression for D » ntn~m m™ )
CPV observable | Fitresults (K"K mtm™)
§ — e — — —Eonrt o _2 . AKKmm (9.3+ 2.3+ 0.2)%
= ‘  bokmanad REKmm 0.974 + 0.024 + 0.015
= R H"‘ =D (D (7)) h* KK .
| — B D (— MKt —
S — v AK (—0.9 + 0.6 + 0.1)%
: !11)_”,)‘J{»",|fr|:
g il ot 8 CPV observable | Fitresults (mtm mtm)
=) s Combinatoria
E S Amrnn (6.0 £ 1.3 + 0.1)%
o : T 0.978 + 0.014 + 0.010
5200 5400 5600 5200 5400 5600
m(DK*) [MeV/c?] m(DK~) [MeV/c?] Ag™T (—0.82 £ 0.31+ 0.07)%

[2] LHCb, arXiv:2209.03692, LHCb, PLB 747 (2015)



Fit for CP Observables [3] LHCb, arXiv:2301.1038

Q Fit for best (x2%, y2) given N (xPK, yPKY = hg [F_y + (292 + (YPF)2)Fyy + 2 F b (xPK e, — yPKsp)] | x2" =78 cos(65" 1),
the observed yields in each bin i.

DK _ _.DK <; DK
N2 (2K, 2% = hp-[F_g + (292 + (72K)2)Fyy + 2y P2 — yPksp] | Y& = 7o sin(057 £7)

3< 4 ..
o 1 Statistical error
C {1 dominant on
0.05; xPK, yDK
(25530 O
~0.05F
- DK ,,DK
-0.1F =", y2%)
0.1
-0.2

14



Fit for CP Observables [3] LHCb, arXiv:2301.1038

Q Fit for best (x2%, y2) given N (xPK, yPKY = hg [F_y + (292 + (YPF)2)Fyy + 2 F b (xPK e, — yPKsp)] | x2" =78 cos(65" 1),
the observed yields in each bin i.

DK _ ..DK _.; DK
N (2K, yPK) = hy-[F_ 4+ (2202 + (PK)2)Fyy + 2 FF (P e, — yPKsp] | Y2 =75 sin@" £7)

E +| r f T \] ' St t. t. 1 Z\ o I I | I I I I I | | | I I L
- | ofy! 1 dominant on g 02 gpy! E
0.05F 1 1 xDbK DK = C ]
at’ : ] XY Z o *—— 4 < No CPV
DK .,DK C ] ]
(DK, y2K) of TN o
. F —— Data - __ +
_0'05—_ -0.4 B !?il[pmjcclinn ¢ ] AS m = Ni N—l
E ! 1 (xDK yDK) [ == No CPV prediction ] y - N_ + N+
~0.1f g+ B~ = - 0.6 B*—DK* | p t —t
Ly . e b g e owr e o om ow @ b o5 g =] - 1 1 1 | | 1 | 1 1 1 1 | | | -
-0.2 —0.1 0 0.1 8-7-6-5-4-3-2-1121345¢6 7328
xDK Bin number

14



Fit for CP Observables [3]

Q Fit for best (x2%, y2) given

the observed yields in each bin i.

LHCb, arXiv:2301.10328

N ORE, y2KY = hgo [Foy + (2% + V)2 Fyy 4 2(Fpi Py (25 c; — y2Ks))]

N—_i (XBK, y_DK) = hB_ [F—i + ((XBK)Z + (yPK)Z)F_H' + 2‘/F+iF_i(Xl_)KCi - yPKSi)]

0.05F
DK .,DK C
(X, y+7) oF
Q

—0.05F

3 Statistical error
1 dominant on

1 DKk ..DK

] xi > y i

(x25, y21

L ML fit to obtain physics paramet

T T

—
o
—

100

PS integrated
50+ Binned
[ LHCb 2021

n 1
% 50

ers (se

100

50

Asymmetry

F —&— Data
B Fit projection
 — — No CPV prediction

|
- B DK* |

[N [N S I [ S S S NN N AN [N [N N

8-7-6-5-4-3-2-112345%6 738
Bin number

¢ LHCb, JHEP 12, 141 (2021)

0.05 0.1

xPK =% cos(65% £ v),

YR = 1" sin(3p* £ )

< No CPV
A _ Ni_ - le
YN

Model-dependent result
y = (116712)°

0 Future: Model independent analysis;

BES III can measure directly the

¢, S; using quantum-correlated DD pairs

14



Overall LHCDb y combination
+ fit for D mixing parameters
Q Including D mixing important in B¥ - Dr®, where x,y ~ .
[w b mix(BE = Dh*) o« Tio b mix + AlD mix
Tho b mix(BY = DhE) < 15 + 12 + 2kpkgrprs cos(8g + 8p £ ¥)

ATp mix= —a[(1 + r8)kprp cos(8p) + (1 + 15)Kprs cos(8g £ ¥)]y
+al(1 —r§)xprp sin(6p) — (1 — 15)kpre sin(dp £ y)]x

LHCb, JHEP 12, 141 (2021)

B decay D decay Ref. Dataset Status since
Ref. [17]

BE 5 Di= DR 20] Run 1&2  Updated
B* — Dh* D — hta=mtn=  [21] Run 1 As before
B* — Dh* D — hth~n° [22] Run 1 As before
B* = Dh#* D — 1\'gh+h’ (19] Run 1&2 Updated
B* — Dh* D — KYK*77 23] Run 1&2 Updated
B* — D*h* D — h*h~ [20] Run 1&2 Updated
B* — DK** D — h*h™ (24] Run 1&2(*)  As before
B* = DK™+ D = hta—wata— (24 Run 1&2(*)  As before
B* - Dh*rtn— D — hth™ [25] Run 1 As before
B’ = DK*Y D — h*h~ 26] Run 1&2(*) Updated
B" = DK"Y D— hta-ata- [26] Run 1&2(*) New

B — DK*Y D — Kirtr™ (27] Run 1 As before
B — D r* DY — K-ntrnt (28] Run 1 As before
BY - DFK* D s hth ot [29] Run 1 As before
BY - DFfK*ntn~ D} - hth—=* [30] Run 1&2 New

D decay Observable(s) Ref. Dataset Status since

Ref. [17]

DY — h*h~- AAcp (31,32,33] Run 1&2 New

D — hth~ yep (34] Run 1 New

D = h*th~ AY (35,36,37.38]  Run 1&2 New

D® = K*n~ (Single Tag) R*, (/)2 y'* (39) Run 1 New

D - K*z~ (Double Tag) R*, (2/*)2, y'* [40] Run 1&2(*) New

D o K*aFata— (22 +y%)/4 [41] Run 1 New

DY — Kintm~ T,y [42] Run 1 New

D° - K8ntrn~ zep, yor, Ax, Ay [43) Run 1 New

D’ — Klntn~ zop, Yyop, Az, Ay [44] Run 2 New

15



Overall LHCDb y combination
+ fit for D mixing parameters

O Including D mixing important in B — Drt, where x,y ~ 1.

l-‘meix(Bi - Dhi) X Iho D mix T Ald mix

Tho b mix(BT = DhE) &< 12 + 15 + 2kpkprpry cos(85 + 6p £ 7)

Al mix=

—a[(1 + r2)kprp cos(8p) + (1 + 13)kgrg cos(8g £ 7))y

+a[(1 —1r2)kprp sin(p) — (1 — 13)kprg sin(p £ y)]x

I-CL

70 80

90

LHCb, JHEP 12, 141 (2021)

v [°]

L T LA LA LA AL NELAL L IO

LHCb

LA L L L L L LA L LA L ) BN

B decay D decay Ref. Dataset Status since
Ref. [17]

B — Dh* D — h¥h~ [20] Run 1&2 Updated

B* — Dh* D — hta=mtn=  [21] Run 1 As before

B* — Dh* D — hth~n° (22] Run 1 As before

T B* — Dh* D — K2hth~ (19] Run 1&2 Updated

B~ B* - pi* D — KeK*a7 (23] Run 1&2 Updated

B* — D*h* D — hth- 20] Run 1&2 Updated

B* — DK** D — h*h- (24] Run 1&2(*)  As before

B* — DK** D= hta—mte (24 Run 1&2(*)  As before

B* - Dh*rta— D —hth™ [25] Run 1 As before

" B - DK*? D — h*th™ 26] Run 1&2(*) Updated
BO< B" - DK"Y D — hta-nta= [206] Run 1&2(*) New

‘ B = DK*Y D — Kdxtm~ (27] Run 1 As before

v BY - DFxt Dt - K-mtrat (28] Run 1 As before

B BY - DFK* D s hth ot (29] Run 1 As before
s\ B DFK*ntn~ D} - hth—nt (30] Run 1&2 New

D decay Observable(s) Ref. Dataset Status since
Ref. [17]

E DY — h*h~- AAcp (31,32,33] Run 1&2 New
D — hth- yer (34] Run 1 New
DY = hth- AY (35,36,37,38] Run 1&2 New
D® = K*n~ (Single Tag) R*, (/)2 y'* [JJ] Run 1 New
D — K*n~ (Double Tag) R*, ( p'E)3, J'* [40] Run 1&2(*) New
D o K*aFata— (22 +4%)/4 [41] Run 1 New
D — Klntrm T,y (42] Run 1 New
D° - K8 ) ta zep, Yo, Ax, Ay [43] Run 1 New
D" - K. ““r*?r wep, yop, Ax, Ay [44] Run 2 New

e b by b By by

ECurrent World Average
E:LHCb Beauty and Charm
vl v b s by by by by oy
02 0 02 04 06 08 1
z [%]

O B* decays currently dominate average

direct
YiHCh —

= (65.43%

L Most precise single experiment measurement

O Consistent with WA indirect measurements: y = (65. 667"

L More measurements in the pipeline (LHCb, Runl, 2)

[1] CKMFitter,

PR D91 (2015)

1.30
1.20

)’ [1]
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Gamma timeline

Summer 2004

FUTURE (Underway) Phase 1 23 fb ! LHCb 300 fo-'! CMS/ATLAS

06

0s

04

03

02

Summer 2008

A
Uded area has CL >

%
e

i K
i ]
2 _fitter ! b sal.wicos 2 < 0
Summer 08 1 (el tCL 0.95) o
PN R i | L ]
-1.0 -0.5 0.0 0.5 1.0 15

Summey .20 1 2

| clused area has GL > 085 -

Summer 201 6

SK

wu\Hunlnumiuuuw\muulmu

od area has CL> 0.95 -

¥
2047

diter
{EP 16

P

\
L
g

:

P SR RN R S AL

i SK
i r ! sol w/cos2B<0 -
Spring 21 H (excl. atCL > 0.95) —
e b b b b By

excuded amahas CL> 095

yle) Pt

TREES

- lIlJlHJIIIllilli]llllllllllll!lll

07

06

05

04

03

02

0.1

(13

@
F
&

excuded amahas CL>

IlwTI]IITIII]IIHI]]II[I‘I—I'Twlll

_\n\,& Am,
Am,

]
g
&o

LOOPS

= lllllllllllllllllllll.lllllllhll

Y

00

&
>

0.4

ol

-3

21

LA N N L B

Spring 2
omsmes] A

-O

%
%
e
S,
)
N

% Amy & Amg

1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Today: o, ~4°

Phase1(~2032): o¢,~1.5°
Phase 2 (~2038-40): 7,~0.4°
LHCb 300 fb!, CMS/ATLAS 3000 fb"!

Precision test of CKM paradigm!
16



Loop Processes

*k

V;b u,c,t VtS

W giiiﬁ g W

@ v,
N uc,t th
U Depending on NP model, heavy particles can also enter at tree-level

(e.g heavy Z’ that allows FCNC, see Bause ef al, EPJ C§2, 42 (2022))

S

17



BY/B, mixing: Side of UT

* Occurs through box diagrams, sensitive to heavy NP particles.

.M
‘ L, U Mixing frequencies
e 2
@l - - Am Vid
[ Re= AP || Vis

(0,0) 1-p) (1,0)

18



BY/B, mixing
* Occurs through box diagrams, sensitive to heavy NP particles.

.M o .

AN/ U Mixing frequencies
P 2
Amdl x th

%'ky
J T Re= YAt ] o

(0,0) P

B, » D;m*

0 -+
B > D u"v,X
LHCb, EPJ C76 (2016)

11 OAm, = 17.7683 £+ 0.0051 + 0.0032 ps~?!
(~0.03% precision!)

11 QAm, = 0.5050 + 0.0021 + 0.0010 ps~*
(~0.4% precision)

A(r)

1 UR; uncertainty dominated by QCD
matrix elements, but improvements in
coming years expected, 0(1%) on

[Vial, |Ves| achievable.

R
18




Phase of B mixing: Side of UT
L Access by interference between By — fcp and B — E(S) - fcp
L Mixing diagram brings in Arg(Vt"‘thb)2 = % = exp(—i2fs))

 Expose phase through time-dependent decay time asymmetry

~

B —
~ B

/\A
0




Phase of B mixing

L Access by interference between By — fcp and B — E(S) - fcp

L Mixing diagram brings in Arg(Vt"‘thb)2 = % = exp(—i2fs))

 Expose phase through time-dependent decay time asymmetry

B 70/_\‘ 0 7 T
q/p fep At) =
Z] E/—\A + 30/7\‘
\pBO_/" \b BO_/'
CPV interference between Direct CPV
direct decay and mixing + decay (in Ar/Ap)

A(t) = Ssin(Amgyt) + Ccos(Amg t)
_2m() 122 qA
[S__HW} [C_HW} A=pa

Q For fp = J /YK, expect single decay amplitude dominant - 4| = 1
O ExpectC =0 = A(t) =sin(2p) sin(Adm,t)

19



Phase of B mixing ) wat Vig_g

O Access by interference between By = fcpand By — E(s) - fep B W 1% B

U Mixing diagram brings in Arg(Vt"‘thb)2 = % = exp(—i2fs)) . , R
 Expose phase through time-dependent decay time asymmetry

~

=7 T gos >+
B \’BO—/' - \;E_/V .
o, Al = O Previous measurements
P o v+ B°® (sin2B)2%21 = 0.699 +0.017 (2.4%)
g 0.2']_! T T T T T T T T T T T T T T T T T T T T
/ G - |3c!—]|c‘ I zt'rzal | | | HPI‘L AV 1
st § e _-
CPV interference between Direct CPV "HJ; . :iflimhﬁ
direct decay and ;bzd/ngwecay (in A7 /Ap) oof 3
A(t) = Ssin(Amgyt) + Ccos(Amg t) 0.05F 1
. 2Im(Q) P |A12 qA 0.00 .
T 1+ 2]2 A=5a :
—0.05F -
L contours hold 39%, 87% CL
| I Lo o b v v by | L

Q For fp = J /YK, expect single decay amplitude dominant - 4| = 1 L L1,
0 EXpeCt C =0 > A(t) _ Sin(Zﬂ) Sin(Amd t) .55 060 065 070 075 080 085

S:

0.90

kY



Measurement of sin(2p) in B® — ¥+ ,- Ko

Jiy, Ko

20



Measurement of CPV in B® — 1 ,+,- K9 [1]

* Full Run 2 data sample (6 fb'!)

e J/Y o utu,ete” and Y (2S) -» utu

T —

2 MeV /)

— e

Candidates /

100

—
=
)
TTT

— Full fit
— B Jh{— K
— B $(25)(— pp)KE
— B — Jhi{—+ ee)K}
BN B —+ v &)k
Combinatarial BG
I Partial BG

e

M [
5350 5400 5450 5500

m(PKg) MeV /]

5200 5250 5300

B° - (cc)K? | signal (10°) &tagD?
[with tag]

J/ - utu 306 471+ 0.01
J/Y > ete” 23.6 462+ 0.04
Y(2S) » putu 42.7 6.48 + 0.03

LHCb-PAPER-2023-013

(in preparation)
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Measurement of CPV in B® — 1 ,+,- K9 [1]

 Full Run 2 data sample (6 fb™)

e J/Y o utu ,ete” and Y(2S) - utu”

2 MeV /)

\-_.fl[]q:_

Candidates /

100 £

T —

Ay

— Full fit
B — Jh—+ pp) K
—— B — {25) (= pp)KE
— B — Jhi{—+ ee)K}
B o E)K]
Combinatarial BG
I Fartial BG

e

L
ST

5200

5250

P L SR I [
5300 5350 5400 5450 5500

m(2KQ) [MeV /e

B° - (ct)K? | sSignal (10°) EtagD?
[with tag]

J/p = putu”
J/p —ete”
PY(28) > ptu”

306 4.71 £ 0.01
23.6 4.62 + 0.04
42.7 6.48 + 0.03

LHCb-PAPER-2023-013
(in preparation)

P(t,d,n) e‘rt{[l +d(1 - ‘2w+(77))]PB_o(t) +14+d(1- Qw_(ﬁ))]Pgo(t)}
P£07(Eo)(t) & (1 F @)(1 F Aérag) (1 F Ssin(Amgt) £ Ccos(Amgt)),

0 d=+1(8%,-1(BY

O o*(#@),w (#): Calibrated mistag rates for B, B°

O-t~60 fS

QO a, A€tqq account for production, flavor-tag asymmetry

Candidates / 0.0592 ps

100

10

=
=
r
TT

LHCb

— Full fit
— B TR I

—— B ${28){— pp) KY
—— B Jhi{— ee) K]

O Simultaneous fit
to flavor-tagged
B° and B decay
time spectra.

S and C are free
parameters in the
fit.
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Measurement of CPV in B® — 1+ ,- K9 [2]  LHCOPAPER2023-013

(in preparation)

Tlme dependent asymmetry

1.00

? o St 2 tumye = 0.714£0.015 (stat) £ 0.0074 (syst)
5 o + Ry A Chm? jgo=0.013£0.014 (stat) £ 0.0025 (syst)
0.50 SR(“Q‘;)QKO = 0.647 £0.053 (stat) £0.018 (syst)
0.25 C o = —0.083 £ 0.048 (stat) = 0.0053 (syst)
0.00 Sywiaeteyxe = 0.752%0.037 (stat) £0.084 (syst)
05 Ol 3 eteyio = 0.046 +0.034 (stat) £ 0.0077 (syst)
~%F LHCb
~OBE B (= ) KY(— )
—1.00

1 1 1 1 1 1 1
0 2 L 6 8 10 12 14

LHCb Run 2 (Preliminary)

SRun2 —0.7158 + 0.0133 (stat) = 0.0078 (syst)
S

Ciws? =0.0120 £ 0.0123 (stat) £0.0029 (syst)
pK

O ~2X more precise than, and compatible with B-factories
O Preliminary WA ~ 1.5% precision.
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Measurement of CPV in B® — 1 ,+,- K9 [2]

LHCb-PAPER-2023-013

(in preparation)

Time-dependent asymmetry S A utuyrg = 0-714£0.015 (stat) £ 0.0074 (syst)
g M — Sn 2 euyio = 0.013:£0.014 (stat) % 0.0025 (syst)
5 0m SH P Shm2 o= 0.647 %0.053 (stat) +0.018 (syst)
wsob CRun2 = —0.0830.048 (stat) =+ 0.0053 (syst)
- St aeteyxo = 0.752£0.037 (stat) +0.084 (syst)
- 2 remyko = 0.046£0.034 (stat) = 0.0077 (syst)
—0.25 7z 0.06 7177 HFLAV Summer 2023
L HFLAV 2015 (Belle + BaBar) imi
~0%F LHCb > ® HFLAV D Preliminary
o 0.04F ® LHCbRun2 . -
—0.75F B = (= )K= 1) HFLAV 2023 (preliminary) LHCb Run 2
— 1005 2 1 G g 10 12 11 0.02 7]
t [ps] «
— 0.00 = .
LHCb Run 2 (Preliminary)
SRun2 — () 7158 + 0.0133 (stat) £0.0078 (syst) —0.02F 7
Q'UI{S b
Cis? =0.0120 % 0.0123 (stat) 3 0.0029 (syst) s Preliminary
E WA
[ contours hold 39%, 87% CL
7[].06||||||||||||||||||||||| ||||||-I
. . . . cor o =l rd rD1= b=
0 ~2X more precise than, and compatible with B-factories 0020650 06T DI 0.7 O"‘JUS,KU
O Preliminary WA ~ 1.6% precision. WA WA




CPYV phase in B, mixing: @
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CPV phase ¢,

O In SM, @ = -2, the phase of B, mixing.
Q Global fits (w/o direct m’ment), ¢ = —36.870:02 mrad (<< 28 ~ 800 mrad)
L New CPV phases can lead to large deviations

O Ideal modes: J/AWh*h~, no additional CKM phase b — c¢s (V,,V, real)

O Must disentangle CP+ and CP— contributions (except D D;)

I/

h*h-
TU) HFLAV
= DO 8 b~
€u 013 68% CLcontours | (] Statistical uncertainties still dominant.
< Alog £ =1.15 .
(4 log ’ O New results from LHCb using
-1
0.1 €MS 116.1 710 full Run 2 data sample (6 fb!),
SM no penguins . .
CDE 9.6 fb-1 1n preparation.
0.09
2021 e} — _
[ @5 “*(all b - ccs) = =50 £ 19 mrad
0.07
ATLAS 99.7 b1
9925 -0.3 -0.1 0.1 0.3
¢s=°[rad]
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Measurement of CPV phase ¢ [1]

Q Use By = J/WK*K ™ near ¢.
O Fit time-dependent decay rates.

_T(BS ~> f)—T(B) > f)
Aer®) =T @IS P+ T @B )
=15 D(t) D(w) sin(2p;) sin(Amgt)

O 1y = CP of final state

1
Q D(t) = e 2™ . 5 ~42 s > D(t) ~0.76
U 9(w) = (1 —-2w) dilution due to mistag of flavor@production

Candidates / (3.5 MeV/c?)

LHCb-PAPER-2023-016 (in prep)

[ —

(e (@]
T =
T T

[a—
]
N
IIIII

§ LHCb preliminary
- Run2,6fb’

¢ Data
— Total fit
— — Signal
- --- Background
- B/ y K*

III | Illlllll L L1

K

10° 3 / \ E
; / \ 1
2 I ™ / \ ]
R T N E
. —— ,,.— ‘- \\ .
e il ! b o

5200 5300 5400 5500
m(Jy K*K™) [MeV/c?]

Ny;4~350,000
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Measurement of CPV phase ¢ [1]

Q Use By = J/WK*K ™ near ¢.
O Fit time-dependent decay rates.

[(Bs - f)—T(BS - f)

Aer(®) = TGS H+ GBI )

=15 D(t) D(w) sin(2p;) sin(Amgt)

O 1y = CP of final state
1r02 2
Q0 P(t) = e ™% .

o~42 fs 2 D(t) ~0.76
U 9(w) = (1 —-2w) dilution due to mistag of flavor@production

Q B, - JAPK*K™: [p: L=0,2(CP+), L=1 (CP-)] or [K*K~ in S-wave |

O Decay rate PDFs also include decay angles, to determine CP
composition of K*K~

Candidates / (3.5 MeV/c?)

LHCb-PAPER-2023-016 (in prep)

106 E ! | T T T T g
C LHCb preliminary ¢ Data ;
10°k Run2,6fb’ — Total fit _:
E — — Signal §
10* B ---- Background |
- B’ J/y K*K3

10° 3 / \ E
i / \ :
10°f AN \ )
g i/ \\ E

- 4 ]
- /,“ “ \\ N
=L L L | R L . il | | i R T

5200 5300 5400 5500
m(J/w K*K~) [MeV/c?]
Ngig~350,000
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Measurement of CPV phase ¢ [2] LHCb-PAPER-2023-016 (in prep)

gm ? LHCb preliminary %’; 'Em°§ LHCb preliminary ; Flt prOJ eCthnS
3" F Total fn " eof E
- ol 1 @, =-39+ 22+ 6 mrad
ma; S f."ﬁ--". oé'-%"ﬁj;g. ST T .0‘50..-.“.“.0'{;’;‘?;5 Parameter Value with uncertainties
Decay time [ps] - . . - .  cos O Qés [lad] —0.039 4+ 0.022 + 0.006
E :I\II|IIII|II\I|IIII|III\|IIII|IIII\IIII: ’,-‘é‘-goooi_\\ll|lllI|IIII|IIII|\\I-I|.\III_]__ |A| 1.001i0.011i0005
5 9000; LHCb prellmlnary E 2 5005 LHCb prellmlﬂary E l—\ _ Fd [I)S_l] _0 0059 + 88813 :t 0 0014
= 7500 - e RS 3 4 ) = U.0014 :
: MM% 5 ol AT, [ps!] 0.0848 * 90044 4 () no4
< CRE 1 Am, [ps7] 17.743 4 0.033 & 0.009
mog ] °© I 1 |AL? 0.2463 == 0.0023 % 0.0024 KK~
“E : 1 |Aof? 0.5179 4 0.0017 & 0.0032  polarization
B N R ey et q 0y — o [rad] 2.903 + (071 £ 0.048 parameters
S T T Y Ty ol e ) — do [rad] 3.146 = 0.060 + 0.052
cos g, ¢n [rad]
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Measurement of CPV phase @, [3]

L Most precise single ¢ analysis

O Consistent with no CPV, and with small value of —36.8%3-02

prelimina
68% CL contours

0.13
(Alog £ = 1.15)

Tm 011 CMS 116.1 fb~1
2
A4
X CDF 9.6 fb™!
= 0.09
<
LHCb 9 fb~!
0.07
00%5 0.3 0.1 0.1 0.3
¢/¥K[rad]

LHCb-PAPER-2023-016 (in prep)

009 mrad, based on global CKM fit.

QD (] ) = —39 4+ 22 + 6 mrad

QO Still statistically dominated.
O Will improve with LHCb Upgrade 1 & 2, CMS & ATLAS

2021 WA: ¢2%21(qll b — cés) = =50 + 19 mrad

2023 WA: @2°23(all b - ccs) = —39 + 16 mrad
(Preliminary)
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Future projections: y,sin(2f;), sin(2)

< 9 fb-! —> <4—— Goal: 50 fb-! > <+— Goal: 300 fb! —>»
Upgrade I Upgrade Ib Upgrade II
| |
Runl | LS1 Run 2 LS2 Run 3 LS3 I Run 4 LS4 Run 5 LSS| Run 6

2011 2012|2013 2014|2015 2016 2017 201842019 2020 202120222023 2024 20252026 2027 2028'2029 2030 2031 203212033 203442035 2036 2037 2038|2039(2040 2041

E i CMS 17-18 ﬁD.DSS_— ]
=, I LHCb Run 1 - B 4 = F 1
g O%r T ’ = T Lcon Sesar ] LHCb CMmS ATLAS
S &0.030 un UT fitter based on SM 7 - . .
A ATLAS 1e0s R e based on ] 300 fb2 | 3000 fb! | 3000 fb?
© .04 v . 1 4 L Belle ]
I g 0.025 . LHCB-PUB-2018-009
i LHCb-PUB-2018-009 1 i Ao 1 o) (qos) 3 4 4
L e pac e moar | 00200 -. ] (mrad)
0031 tlemh SPIRTS: 2 ] i HFLAV 2018 World Average |
i LHGbII:,J.-"l]JKK 15-18 (preliminary) ] 0.01 5'_ LHCbI..\15-1 8 (preliminary) h 6 (Sln(Zﬁ)) 0-003
0 02‘ . HFL)Z\I’ 2021 World Average 1 ' C ]
el \ . ) L HFLAV 2023 World Average (preliminary) (35%) 1
HFLAV 2023 World Average (preliminary) (15%) —
_ : 1 oonf N ] 5() 0.4°
0.01F . LHCb Run 4 § . 0055 LHfb Aun 4 Belle |1 (50 ab-)]
r CMS Run 6 Aer “--._LHCbRun6 -
LHﬁb._Eun 6 : ] [ e ]
I CKM fitter based on SM ATLAS Run 6 | L
0,00 ol ol oo 0.000 , .. Ll Ll Ll
10° 10 102 10% 104 10° 10! 10? 10% 104
L fb" LHCb L fo~"
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V;p (t-channel) ATLAS-CONF-2023-026

U Cross-sections measured for each.
O o(tq) =137 £ 8pb
Q o(tq) = 84fg pb

o(tq + tq) 5 5
— 3 3
fLVthbl ‘_‘24C'x'1p"l'"'I""I""I""I""I""I""I""I"" v e
| ATLAS  Preliminary ¢ data t [ ATLAS  Preliminary ¢ data 7
Otheo S o0 B < 200 B
@ \5=13TeV, 140 o' W5 @ @ {5 =13Tev, 140 10" W @7
€ 200} sRp T o € iaof ) i i ]
] plus W V+bb W =cfc) @ SR minus 7 +bh W +cfT)
Otheo = 214+ 3.4+ 1.8pb 0 180} PostFit O/ Zijets Wmjer ] W gof PostFit 07, Z+jets M) -
[CImj fe~ W mj p+ [Cmj fe- B mj u-
Campbe” et a/, JHEP 02 (2021) 160p /7 Uncertainty ] 140F /// Uncertainty

Q Ignoring Wts and Wtd vertices:
Q fiylVi| = 1.016 + 0.031

O Allowing for Wts and Wtd vertices:
O 0.955 < fiy|Vip| < 1.045 @20

¢

0 o1 02 03 04 05 06 07 08 09 1 -0 01 02 03 04 05 06 07 08 09
Dnn Dpy

Neural network output
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V¢p (t-channel)

[ Cross-sections measured for each
process.
Q o(tq) =137 £ 8pb

Q o(tq) = 841 pb

o(tqg + tq)

Otheo

_ 2
= iV |?

Otheo = 214+ 3.4+ 1.8pb
Campbell et al, JHEP 02 (2021)

O Ignoring Wts and Wtd vertices:
Q fiy|Vip| = 1.016 + 0.031

O Allowing for Wts and Wtd vertices:
O 0.955 < fiy|Vip| < 1.045 @20

-

ATLAS-CONF-2023-026

ATLAS+CMS Preliminary G meas June 2023
LHCtopWG I Viel = GCiheo
Siheo- NLO+NNLL MSTW2008nnlo !—|—-—|—|
PRD 83 2201 1; 091503 PRD 82 (2010) 054018, total theo
PRD 81 (2010) 054028
Ac, .- scale® PDF
top 2172.5 GeV
. Vil £ (Meas)t (theo)
t-channel: .
LHC Comb 7+8 TeV"” [ 1.020 + 0.040 + 0.020
JHEP 05 (2019) 088
CMS 13 TeV? —tef—oip 0.98+ 0.07+0.02
PLB 800 (2019) 135042 (35.9 ft™) :
ATLAS 13 TeV™ . - 1.02+ 0.03 (meas® theo)
ATLAS-CONF-2023-026* (140 fto™) :
tw:
LHC Comb 7+8 TeV"” ——— 1.020 + 0.090 + 0.040
JHEP 05 (2019) 088 :
ATLAS 13 TeV? I : - 1.14+ 0.24+ 0.04
JHEP 01 (2018) 63 (3.2 fo')
CMS 13 TeV —t——— 0.94+0.07+ 0.04
JHEP 10 (2018) 117 (35.9 fo') :
s-channel:
LHC Comb 8 TeV"” ; et N 0.970 + 0.150 + 0.020
JHEP 05 (2019) 088 :
all channels:
HC Comb 7+8 TeV"” e 1.020 + 0.040 + 0.020
EP 05 (2019) 088 :
: |nc|ud|ng top-quark mass uncertainty
o G jheo: NLO PDF4ALHC11 (NPPS205 (2010) 10, CPC191 (2015) 74)
* Preliminary 4mcludmg beam energy uncertainty
| | | : oot NILO PDF4LHC21 pl Phys. G: Nuc Part. Pys. 49 08050) |
04 0.6 0.8 1 1.2 1.4 1.6 1.8

Ifiv Vil




Summary

O Study of loop-mediated decays a critical part of search for NP.
U Impressive progress in recent years in testing CKM paradigm

0 Many measurements still statistically limited

—> future LHCb upgrades critical, along with important

contributions from CMS, ATLAS on sin(2,).

L Theory/LQCD communities crucial part of this program,
to shrink uncertainties on relevant hadronic matrix elements.

Phase I, precision, by ~2033 arXiv:1812.07638
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B QDK vS B-D LHCb, arXiv:2301.10328
T
1 Why do we emphasize usage of the Cabibbo suppressed mode?

=sinf, = 0.22
CKM
\ factors
b | A4 ] cqud“'O(/12 cqus“'O(/13
A [zl VipVea~0@Y) Vi Ves~0(A)
/ |A,/Aq| 0(0.01) 0(0.1)
O A, is (also) color-suppressed

O In B°decays, can have A,/ A; ~ 0(0.4)

0 To maximize interference term, we want the two amplitudes to be of the same order
—> maximize sensitivity to angle (y) between them!
U B> DK much more sensitive than B->Dm, even though event rate is ~10X lower!




Constraints on NP in B decays

—_ ( o ° ° ° \
d Does (P,M)iree = (PsMioop Model Independent constraints on NP in B mixing
. : . 0|y full| RO
= 0T 77 2idy, <Bq H Bq>
1 LHCP117 /. ams Cqu :< 0| rrsm| po
- B°|H"|B >
q eff q
i NP in B mixing NP in B, mixing
0.5 5 f I
I o~ 10:— &~ 15;_
L N summer C summer16é
ok 5— NP fit 1:_ NP fit
D C
05 4 5— // -52_
- A0f
B -10- -
L/, oo ) '15"0-'6"'03"5”'1{"'1-'4"'”6"'1’86'2 R R LR e T T
-1 0.5 0 0.5 1 B C
\_ ; B, __J

ol

0 No smoking gun yet ... but O(20%) NP contributions not excluded.
O Greater precision needed -- LHCb upgrade(s) and Belle II necessary.
0 Reduced theory errors on many inputs important & anticipated (LQCD)



CPV phase ¢

O In SM, @4 = —2f, the phase of B, mixing.
O Global fits (w/o direct m’ment), @, = —36. 8f8:82 mrad ( << 2f = 800 mrad)
O New particles in B, box diagram can lead to large deviations
O Can measure @4 via interference between B; — fp and B, > B, — fp.
O Ideal modes: J/Wh*h~, no additional CKM phase b — c¢s (V,,V, real)
O Must disentangle CP+ and CP- contributions (except DF Dg)
O Measurements from LHC

B9 - J/WK*K™ (near ¢) -39+22+6 —21+44+10 —87 + 36 + 21
LHCb-PAPER-2023-016 (in prep) 6 fbl (13 TeV) 116.1 fb? (8 TeV) 80.5 fb!
B = (J/Y) e KtK™ (near ¢) 0+280+70 PLB 816, 136188 (2021)  EPJ C81, 342 (2021)
EPJ C81, 1026 (2021) 3fbl(7.8TeV)
BY - J/WK*YK~ (Mgk > 1.05 GeV) 119 + 107 + 34
JHEP 34, 037 (2017) 3fbl(7,8TeV)
BY = (28)K*K~ (near ¢) 2307330 + 20
PLB113, 253 (2016) 3fbl(7,8TeV)
B = J/ymtm™ 2444 +12
PL B797, 134789 (2019) 1.9fb? +3fb?!
B? - DD 20 + 170 + 20

PRL 113, 211801 (2014) 3fb1(7,8TeV)

I/

h*h-



Integrated signal yields

Candidates / (6.20 MeV/c?)

Candidates / (6.20 MeV/c?)

[}
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T m -
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B pK:

K*K ntn|pht
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5200
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— DK zaa(a’)
— B’ =D (=D (7D ]
— 5D (=D [0 ]
w— Bt D (=D [y I
e B D (1] ]

B’ D"k [7) 3

Part. reco. mis-ID ]
s Combinatorial
—— Total

—a— Data

h=K*

5400 5600

m(DK*) [MeV/c?]

5400

5600
m(DK™) [MeV/c*]

T T

3000 = -

— B DKE =
— B* =Dt 3
— DK T[T -

— B D (=D [T K]
— B D (=D (D ]
— B D (5D [7]) K
e B D[ 7]

s Combinatorial

—— Total

—&— Data

h=mn"

5400 5600

m(Dr*) [MeV/c?]

h=mn"

5400 5600

m(Dx~) [MeV/c?]

AT (93+23+0.2)%
e 0.974 + 0.024 + 0.015
AKKmT (—0.9+£ 0.6 £ 0.1)%

Candidates / (6.20 MeV/c?)

800
700
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400
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200
100

LHCb, arXiv:2301.10328

B™ > [mtrn ntn|ph”
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e B D[] g
BY =D"K*[x] E
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e Combinatorial

Total
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- T 800 T T T
— B Drx E 3
— B SDK <4 700F LHCh 3
Charmless E 3 9 fbrl 3
— 8" s o 600F -
— " =D (=D (') b ] F

5200 5400 5600

m(DK") [MeV/c?]

T . T
B DK* k-

9000

— B* =Dna* o
— B’ =D (=D [
— Bt D (D (7)) T
— D (oD [P =
e B D[ 7]
mee Combinatorial
—— Total

—&— Data -

h=n"

5200

5400 5600

m(Dx*) [MeV/c?]

8000
7000
6000
5000
4000
3000
2000
1000

h =1
5600
m(Dr~) [MeV/c?]

5400

CPV observable | ___Fitresults ____

TITTTTTT
Ak

TTTLTCTT
RCP

TITTTTTT
A

(6.0 + 1.3+ 0.1)%

0.978 + 0.014 + 0.010
(—0.82+0.31 £ 0.07)%

O CPV in integrated yields for KT | very small for m* =» Low sensitivity to y
O Next up: Measure yields in the 8,5, X 2, bins



Semileptonic decays: |V, /Vep|
U Exclusive decays

QB - (m,p) v (Vy), B- DX p—y (V) “ ete™ > Y(4S) » BB (Many m’ments)

- 7 (* 1] LHCh, PRL126 (2021

Q Bs = K~u*v (Vup/Ven), By = D utv (Vo) {2} LHCb, PRDIOI((2020))

QA > pu v (Vup/Vep), A2 —>Afu=v (Vo) | [3] LHCh, Nature Physics 11 (2015)
O Form factor normalization of from theory

O Inclusive decays: B > X, o €7V
Q Only ete™ - Y(4S) - BB
O Requires theory input: HQE, shape functions (V,), etc.

O Tension between inclusive and exclusive determinations 50f o ]

Q |V, & |V, have inflated error due to this tension. | e

45p ] — |V:bl:d.l- [ VeblineL ]

PDG 2021 | nclusive | Exclusive | Average _ o -

L =

IVl (10%) 413 +012%913+018 370+0.10+0.12  3.82+0.20 Z,.| /ﬁggy —
IV, | (103) 422+ 0.8 39.4+ 0.8 40.8 + 1.4 ; e

T
O Ongoing activity to understand possible sources. —— || ]
(See Tues talks by Robinson and Lytle) %0 % 20 ®



