Dir=i®” University of Chinese Academy of Sciences

G) T NIRRT

Recent CP violation results from
LHCb

Wenbin Qian (4% 3 R)
University of Chinese Academy of Sciences

(F BFFRRT)

FRYIE A B RIEA
2023/11/25



Outline

* Introduction
* Recent results on y and ff measurements
* New physics probes

e Conclusions

2023/11/25 2



New Physics

101° GeV 103 GeV 1GeV 1 MeV
1038g 10-10g 103 s 3 mins Today
Inflation EW Era Particle Era Nucleosynthesis Era

* SM is successful, however, we know there are new physics

e Matter dominated universe

* SM model gives 10-17, not enough

* Need extra sources of CP violation
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CP violation in SM

* Complex phases in CKM matrix and PMNS matrix

* CKM matrix: unitary matrix connecting interaction and mass eigenstates

KIEFERE, ArEAR R ME— PR ) 2% A

CKM PMNS
d! Vud Vus Vb d 87 & R
st = Vea Ves Vb S - = W -

b’ Via Vis Vi b c m N R
Interaction eigenstates Mass eigenstates ' ' v. H .
* Matrix pattern very different 1 1 1 in
: : 1\/_2'71' /6 1 \/—giﬂ' /6 V3 1
* Jarlskog invariant: — 3¢ 7¢ 7
Le—m’/G Lem’/G 1
V3 V3 V3

]exp"“ 3x10 Jmax = 1/6\/§~0.1

matrix with maximum CPV
* Related to mass hierarchy? Forth generation?
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CP violation in SM

Complex phases in CKM matrix and PMNS matrix

CKM matrix: unitary matrix connecting interaction and mass eigenstates

<1 PMNS
d* "
5 Mysterious and suspicious [+ /B -
b The more we know, the more *® B[
Interaction eige we donﬂt knOW v B
* Matri g D
s U
. Jarlskug, VAT Tannc ——c— - —im/6 %
k\}ge_i"r/G _%eiﬂ’/ﬁ %
]exp"“ 3x10 Jmax = 1/6\/§~0.1

matrix with maximum CPV
Related to mass hierarchy? Forth generation?
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Unitary test

* Closure test of unitary triangle etc Z ViiVij =1 Z ViiVie =0
i i
 All measurements consistent with each other? Yes

* Is current precision enough? No 107°
VudVLtd + VuSVu*s + Vup Vztb -1

1.5 —

1T | T T T 1T T T TXIg I

F o | \ B
| excluded area has CL > 0.95 \ %

. \%

5.

= —0.00230+3:99218 (1)
—0.00230%9:99237 (24)
—0.00230+9:00242 (34)

Direct measurements:

a+B+y=(1791))°

g ?:l;?;?;s{f&é’a 1 Global fits:
g Ao b e b o b b ARG ]
1.0 -0.5 0.0 0.5 1.0 1.5 2.0 a + ﬁ + Yy = (179 9+%3 o
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Energy scale

» Sensitive to New Physics scale much higher than direct search: 1-104 TeV

CsM |, CNP NP scale: A
v A
Flavor (quark) Energy scale for SM: v ~100 GeV
LHC I
Tevatron [ log (Energy
| I | | | | GeV
2 3 4 5 6 7

e Statistics or precision is key for flavor program: New Physics scale, i.e. Dim = 6,

proportional to V/statistics or 1/,/Uncertainty
* Also “tasteful”, not only can tell there is New Physics, but also tell properties of

New Physics based on flavor it couples to
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CKM angle y

* Measured through b — ¢ and b — u interference

A — alei(51+¢>1) +a26i(52+¢2) A= alei(dl—qbl) + azei(52—¢2)
AP - |AP |
Acp = :A:Z . :A:Q oc sin(dy — d2) sin(¢1 — ¢2)

* Tree level processes > SM candle, NP normally enters loop diagrams

* Loop level processes suppressed, theoretically clean, 8y/y ~ 107
JHEP 1401 (2014) 051

* All QCD parameters (hard to calculate) obtained from experimental

measurements (global fit)
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Global combination results LHCb-CONF-2022-003

q 1 I I 1 L3 L3 L3 L3 o o
Q LHCb{ + Compatible with indirect determination
— Ocmgre‘:l;oa%—_
i — +1.1\0
] Y = (65.5237)° crmiiter
: : « Dominant by B* decays
02k  Different decays contribute differently,
. global combination gives best sensitivity
0 50 60 70 80 90 o
Y [°]
— +3.5v0
y = (63.8%3%)
&0.16_| e T 1 5 160 T T T T 1 ]
Qﬂﬂ i | B*-D'W,D'-K; LHCb 4 — - LHCb 7
~ L BNINE B*>Dh*, D"—>hha'lh3n s i i # - W Prelimi .
0.14— 9008 B'—>D'n*, D"—>h*h'" xm«%— E 5140 - - gcttl)lbl:lrlggg__
C BB Al B'—D'h* modes ] « - ]
0.12 :_ Beauty and Charm _: 120 :— —:
B : 100~ -
0.1 | __ : - B+—*D°h+,D°—’K;hh :
i ] 80 [~ MR B'-D'', D'—hhr'/h3x ]
0.081 — L S B*—D"h*, D°—h*h'" ]
- i 60 |- DIBBR Al B"—D'h* modes ki
- - - | [ Beauty and Charm .
0.06 | | | I | | — E PR | T [ YR A N | A =
30 40 50 60 70 8 90 , 30 40 50 60 70 8 90 "
y [°] y [7]
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CKM angle y : results LHCH-PAPER 2023012

« Binned method (BPGGSZ) for B* - D*K*,D* - Dn®, Dy, D - Keh*h~
 Uncertainties from BaBar and Belle around 26°

* First measurements from LHCDb, using fully reconstructed method

S; sin

o — Jidsids_|Ap(s—, s+)[” cos[Adp(s—, 5+ )]

" ds_dsiAp(s, s/ dsids_|Ap(ss, s )
New charm input from

BES-III (4 * CLEO-c stat)

[PRD101, 112002(2020)]

m?(K3m™) [GeV?/c?

B- D* - Dn®, Dy: & differ by 180°

0.5F BES-III
CLEO

mA(K3nt) [GeVZ/cY

A(B_ — D*h_) X AD(S—, 3_|_) + fD*A5(8_7 S+)Tg*hei(5g*h_,y)
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CKM angle y : results LHCH-PAPER 2023012
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B?S) — D¢ measurements CrC 45 ana1) 023003

Important to understand the difference of angle y from
B? and B*

Recently, LHCb updates its measurement from B? —

DIK* and gives y = (74 + 11)°

Important to measure in B? decays, not depending on flavor tagging
B? — D*¢: untagged, time-integrated measurements, predicted to have

sensitivity with LHCb Run 1 and 2 data around 8 — 19°

1-o_lllllllllllllllllll

With time acceptance

°]- i 0.8 :

pe DI : nominal A/B parameters
i . (b) ¢ 0.6 -
b P -
w Bs0 W 04
; b eal
2 § i
0.0 E

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
y (rad)
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B (()S) ﬁ D ¢ m e a S u re m e nts LHCb-PAPER-2023-003

* First step: precise measurements of the branching fractions

* Sweights to extract ¢ signals and then extract B? yields

&S o Py T L B S R S S B s
< 400 LHCb «, 250 FLHCb + Daa 3
2 350 > [Run2(6fbh) f - B—~D's ]
= : 2200 B'~Dp E
N 300 ——¢—>K K E N B’— Btoqb: transverse 7
N~ 2 B B’—D ’¢: longitudinal ]
~~ L —
- 250 R Background N, 150 [~ — — Low mass bkg i
-8 200 -’ C — — Combinatorial bkg .
"a E 100 { B’—D 0¢: transverse -
M 150 o - B’— D"’ $: longitudinal .
100 8] 50 : Total _:
>0 o 0 ~:‘_—_tl::‘-*~.;— W

1000 1020 1040 1060 5000 5200 5400 5600_0 5800 6000
m(K*K') [MeV/c?] m(D ¢) [MeV/c?]

B(B? — D) = (2.30 £ 0.10 4 0.11 4 0.20) x 1072,
B(B? — D*¢) = (3.17+£0.16 £ 0.17 4 0.27) x 107°.

stat. Sys. control
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B ( S\ — D¢ measurements LHCb-PAPER-2023-003

« B° - D™ g¢: OZI suppressed, but can happen through w — ¢ mixing

Phys. Lett. B666 (2008) 185

* Predictions: B - D%, (2.1+0.3)x107%,B° - D% ¢, (1.8 + 0.5)x107°

& 250fLHCH ¢ Dua E
b l > fRa260Y e neDy E
B D =F A et
d : 150 - — — Low mass bkg -
dg —_ Boin’ll)n: ai;:)!ntran ; —
g B’—D ¢: longitudinal
m —— Total
¢
5000. I I52I00I I I54I00I I 56I00_0 I58I00I I I6(;00
m(D ¢) [MeV/c?]
B(B® — D%) = (7.7£2.1£0.7+0.7) x 1077,
B(B° = D*%¢) = (224 0.5+0.2£0.2) x 107°.
stat. SyS. control
 Mixing angle extracted to be: I — .=
5 A w! = (ua + dd) /2 ¢’ =55
[3.1,3.8]° @ 68.3% C.L. cosd sind\ [w!
—sind cosd ) \ ¢!
14
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Observation of B(()S) — D1(2536) TR comrmanns

* Offers another possibility to measure CKM angle y using TD measurement

* Also add additional channel to study

recent anomalies found in B? —
EPJCS0 (2020) 951,

D= 1+ PO (*)— __4+  JHEP10(2021) 235,
D®-K Bs > Dg" m JHEPO1 (2022) 147,

PRD106 (2022) 056004
* Understanding orbitally excited Dg mesons

(D50(2317)", D41(2460)", D41 (2536)"
etc.), where D¢, (2460)" may possibly

have exotic nature

2023/11/25
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Observation of B{y) = Ds1(2536)TK* Lucrwmaman

« Under HQSS, j =

Sgt(L+s;)=5¢g+5,Q=cb,q=u,d,s

s; JP Meson Mass (MeV) Meson Mass (MeV) Difference (MeV)
0~ D& 1864.83 (1869.58) D= 1968.27 103.44 (98.69)

V21— pro@) 2006.85 (2010.26) D** 2112.1 105.25 (101.84)

" 0t Dy(2400)°®) 2318 (2351) D%,(2317)*  2317.7 —0.3(—33.3)
1t D;(2430)° 2427 D,;(2460)* 2459.5 32.5

o2 1t D;(2420)°%)  2420.8(2423.2) D4 (2536)* 2535.10 114.3(111.9)
2t D3(2460)°F)  2460.57(2465.4)  D?,(2573)  2569.1 108.53 (103.7)

* Possible mixing between two 17 states

|D,1(2460)+) =
|D,1(2536)*) = —sin@ |/2E,

2023/11/25

cos 6 |1/2E1§ + sin 6 |3/2E1§,

+ cos @ |?2E,

)

D, (2536)* - D*OK*:

|1/2E1 > : S wave

|3/2E1 >: D wave
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Observation of B(S) — D 1(2536)+K T crrariramons

gg 450 — T T g,;\ I T T
< gy -1
S 350 3 Data > - } -+ S\(;veiglztec{ Data |
= a0 ---y chain, L 100+ -=-By—D_ K* —
— - v chain, ~ - [ 1B*-=D}Kk*
8 25 1eLomstrugted 8 | CF—D K™
N i L K
S 20 i i ’ S [ M B)—D; n*
1= X [ 1Background S 50
g1 1 — Total s 7L
U ! U
© 100
50 ) - 2 N Sl L - .
L et ok rn’\f ‘\ 3 1 3 4 8y 5 o 0 T--l--l-—l 1 1 I I 1 1 L L i N, -
2350 . "“‘Mzm R — 24'50 e 2500 5000 5100 5200_0 5300 5400
o m(D K K*) [MeV/c?]
m(D K°) [MeV/c?]
Ds,(2536)* - D*°K*,D** —» DOz°%/DO B° -» Df K*:~1500 B - DJ  K*:~2000

B(B?— D4 (2536)F K*)xB(D,1(2536) — D**K™) = 4

(2.49 £0.11 £0.12 £ 0.25 £ 0.06) x 1077,
B(B°— D,;1(2536)F K*)xB(D,;(2536)” — D**K~) =

(0.510 £ 0.021 £ 0.036 & 0.050) x 10~°,

stat. Sys. control
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Observation of B{s) - Ds1(2536)TK* ucrwmaman

e Angular information reflects on the invariant mass distributions

D*° y

D41(2536) rest frame D*0 rest frame B rest frame

d3T
d cos 0p-d cos Opdx

X wlong(HD*, 9D)|H0|2 kei¢ = H+/H0

+ wtra.n(Xa eD* ) HD) |H+|2 + wint(Xa 9D*7 0D)§R(H6<H+)7

k=189+024+0.06, |¢=1.8140.20+0.11 rad,

* S-wave fraction: (55 + 7 + 3)%, allows to calculate mixing angle and

understand the nature of these orbitally excited states
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C KM an gle ﬁ LHCb-PAPER-2023-013

_ T(B°(t)—= ¥K3) — T(B°(t) = ¢K3)

AF () = —— ~ Da¢Dfr S sin(Amgt
()= F(BP(0) = k) + T(B%t) = vk~ SaeDrr SsintAmat)  gRun2 _ 9716 4 0.013 (stat) = 0.008 (syst)
E?(perimental dilution factors wKS
CRun2 —0.012 4 0.012 (stat) 4 0.003 (syst)
YK
N 1.00 T T T T T T T S
-
si 0.75
. .
sin(2B) = sin(2¢,) EEZH
PRELIMINARY
0.25 E;ga?rg‘:;goﬁ)ngooo 0.657 +0.036 * (?.mz
0.00 BaBar Jiy K 0.694 + 0.061 + (.031
b PRD 79 (2009) 072009 2 i
o BaBar y(2S) K 0.897 +0.100 + 0,036
—0.25¢ PRD 79 (2009) 072009 ;
b Belle Jiy K. 0.670 +0.029 + 0.013
" g PRL 108 (2012) 171802 =3 :
L r LHCb Pr ehmlnary ] Belle Jiy Kl1 0.642 + 0.047 = 4.021
PRL 108 (2012) 171802 H
—0.75 E B'54(— L)KY— 7t1) ] Eglllje#(éfgsb)(gw - 0.718£0.090 = 0:.031
-y 5 i 6 8 T G R ¥ SiEp 17 ot 1o ® — T
t [ps] LHCb Run 1 y(2S) Ky 0.840 + 0,100 + G.010
JHEP 11 (2017) 170 = :
6:’ i ; gf:}& 33;;1 (Belle + BaBar) ] I[:g:pigg s;vo(gast))gs ——h 0.647 £0.053 + 4.018
0.04 ? l}-{}gik \R‘;;.); s 7 [HFL AV to mﬂ% Average “‘ 0.708 + 0:.011
0.02 F 0.4 0.5 0.6 0.7 0.8 0.9 1
: update]
0.00fF ]
o
g : * Most precise measurement
~0.04F p HFLAV 2021 = HFLAV 2023
T Berave il sin(2B) = 0.699 £ 0.017 = 0.708 + 0.011

gl s gepibacsie ol e acliis
0.625  0.650 0.675 0.700 0.725  0.750

- Seg Ccp = 0.005 £+ 0.015 = 0.006 £ 0.010
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Global fit 2023 CKMFitter

* With all these measurements and theoretical inputs from Lattice QCD, new

1.5IIII|IIII[IIII|IIII|IIIIIIIII

updates on global fit performed

A = 0.82151] 3052 (0.8% unc.)
A = 0.22498 7300057 (0.1% unc.)
p = 0.1562 70 0040 (4.9% unc.)
i = 0.3551 700027 (1.5% unc.)
68% C.L. intervals

p,7: ~ 20% more precise

* Better constrain due to improved measurements of CKM angle ¥y and

* Global consistency looks good
CKM'21: p-value ~ 29% (1.10) — CKM’23: p-value ~ 67% (0.40)

* Offers precise predictions on New Physics sensitive processes
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C KM a n gle ¢ g €s LHCb-PAPER-2023-001

* Using predictions with CKM parameters, probe new physics in sensitive decays

B \ e | -
+25s BO Penguin pollution: Data-driven

S
method

DO 8 fb~!

B NP
D% =28 + 0" + O,

(Alog £ = 1.15)

CMS 116.1 fb~! Very small value Very small value

AM/¥K[ps~1]
o
0

SM no penguins
CDF 9.6 fb™*

g 4 LHCb 4.9 fb~! +2ﬂ§ .
36.810 mrad [CKMfitter]
(37 £ 1) mrad [UTFIT]

ATLAS 99.7 fb~!

0.5 0.3 0.1 0.1 0.3
KK|
¢/¥K[rad]

$ = (=50+19) mrad AT, = (0.082+0.005) ps~!  Global combination
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C KM a n gle ¢ S S S LHCb-PAPER-2023-001

* Very sensitive to new physics in B mixing and in penguin

S
@
_ g 5
Bs H/_ W+ Bs BSO< X
o
s Vg t Vie b S S |
555 0 (SM)
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C KM a n gle ¢ gs S LHCb-PAPER-2023-001

* Very sensitive to new physics in B mixing and in penguin
* Time-dependent angular analysis to probe CP violation: distinguish flavor,

resonant contributions

T Eioe 1 2wk :
2 I Wi | St L -
S e NP 6! J S F 6 1
§ ol 3 1000}~ E
0 ke Combinatorial 3 E + + N
= 10 :-g . Tt +
S SR 2 a0 ;
g f . L
:a 10k 400 E
B . 0 ]
Q 1 ) .--'I"-»‘ N L A - 0 C 1 1 1 1
5200 5300 5400 5500 5600 -1 -0.5 0 0.5 1
m(K*K'K*K’) [MeV/c?] cosi6;
S 1200F . - ' 7 2 wE T ' ' ' 3
& E (¢c) LHCb { P (d) LHCb ]
i 1000} o’ 1 2 el 6
=} K + + e o g E
= 800F o+ -+ Y+ 3
S " 1 1
@« 600 = E
= 400 18
R i
S 200f e I -
5 | L 1 ] o L. L - |
P ) 0 2 10 2 4 6 8 10
7 [rad] Decay time [ps]

Mixing angle: Direct CP violation parameter:

$%%° = —0.042 £ 0.075 £ 0.009 rad,  |A| = 1.004 £ 0.030 = 0.009,
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CKM status over years
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Conclusion

Spectrum of H, n=3 — n=2

| |‘® | I — 9 ”®

O @®® v ®®
®®
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Thank You for Your Attention
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