D mixing, indirect CGPV and

charm hadron hifetimes
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Why do I care? ''he quest for new physics

Direct Searches

® [.00k directly for new particles produced

Some particles
we know

Some new >
particle
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Why do I care? ''he quest for new physics

Direct Searches Indirect Searches

® [.00k directly for new particles produced ® [.ook for the wndirect influence of unknown
particles on calculable quantities

Some new > Some particles / /
particle we know - >
Some new
particle(s)

Each approach is complementary to the other
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Why do I care? The quest tor new physics

Direct Searches Indirect Searches
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Why do I care? The quest tor new physics

Updates on the CKM matrix Updates on the CKM matrix
testing the new-physics scale M. Bona et al. (UTit : . .
sep osoz049.2008 | results from the Wilson coefficients
At the high Scale | | 3 arXiv:0707.0636
new physics enters according to its specific features Generic: C(A) = a/A?, NMFV: C(A) = a x |Fsul/A?,
, F~1, arbitrary phase F~|Fsy|, arbitrary phase

= At the low scale i H§f322 - a ~ 1 for strongly coupled NP _ a ~ 1 for strongly coupled NP

use OPE to write the most ' . o | :

eneral effective Hamiltonian. UTsit > UTsit

the operators have different o summer22 © summer22

chiralities than the SM S

NP effects are in the Wilson 1494 o

Coefficients C = <

Q.(ii‘lj
. — | !_ iq; -a o = B
CI(A) _A2 Q" = U RrYiLYLYiR
function of the NP flavour couplings 7 2 3 4 5 C, Cg Qg C4 C5
: i i _ Lower bounds on NP scale
loop factor (|n. NP models with no tltee level ECNC) A>4410° TeV (at 95% prob.) A > 95 TeV
A: NP scale (typical mass of new particles mediating AF=2 processes) '
Marcella Bona M. Bona IR in case of loop coupling o ~ oy In case of loop coupling
IPA 2092 through weak interactions through weak interactions
R A>1310*TeV A>29TeV

for lower bound for loop-mediated contributions, simply multiply by as (=~ 0.1) or by aw (~ 0.03).

Marcella Bona 36

Each approach is complementary to the other
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https://indico.cern.ch/event/837621/contributions/4988453/attachments/2503467/4300964/bona-utfit.pdf

T'he same shde from the last 2 presentations

o [raditionally, mixing governed by 2x2 phenomenological Hamiltonian
H=M-iT
e Diagonalized by |D,,) =p | D) + ¢ | D®), where p, g are complex numbers, |p “+|gl* =1

¢ Mixing defined by dimensionless parameters x = Am/I", y = AI'/2T°

Indirect GPV encapsulated by

#1,¢=arg(1)¢o

kd
p p

e (an access dispersive/absorptive parts directly with using x,,, y;,, ¢;, and now gb]f” and qbfr (PRD 103,053008(2021))

e Depending on final state, can define observables which are sensitive to these underlying parameters
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https://arxiv.org/pdf/2001.07207.pdf

Measurement strategies

o At LHCDb, reconstruct decays in two specific ways

Prompt (from PV) Secondary

/ HC__—"'/\A

N\

e |n stark contrast to eTe™ colliders

® Must account for cross-contamination between the two — lean on 1P and related quantities to separate
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2022 (6.8 TeV): 0.82 /fb

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023
e a a a | I I p 6 S X1 2023 (6.8 TeV): 0.31 /b _ | | | | |

0.01 2018 (6.5 TeV): 2.19 /b
- 2017 (6.542.51 TeV): 1.71 /tb + 0.10 /fb
. . . B 2016 (6.5 TeV): 1.67 /fb
. 2015 (6.5 TeV): 0.33 /fb
® '|'hree major data-taking periods: —_— LT

2011 (3.5 TeV):1.11 /fb
2010 (3.5 TeV): 0.04 /fb

3 fh!

12

e Runl (2011-2012) -

e Run2 (2015-2018)- ~6 fb~"

12
Integrated Recorded Luminosity (1/fb)

2010 20112012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

e Run3 (Happening Now) Year

2023 (6.8 TeV): 0.31 /b

2022 (6.8 TeV): 0.82 /b 2—01 8 201 2

0
a
. 2018 (6.5 TeV): 2.19 /ib
a
a

N
w
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=N
o

2017 (6.5+2.51 TeV): 1.71 /ib + 0.10 /ib
2016 (6.5 TeV): 1.67 /b

2015 (55 TeV) 0.33 /ib .................................... ............. 201 7

- 2012 (4.0 TeV): 2.08 /ib

2011 (35TeV): 11140 | f oiiod® A oc 4.0
201(1) (3.5 T:V;: c1).<13:11 /b 201 6

e Note, Run3 detector 1s brand new

—
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023
e a a a l I I p 6 S x1~ = 2023 (6.8 TeV): 0.31 /b ' ' ' . | |

2022 (6.8 TeV): 0.82 /fb
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Charm hadrons already visible in Run3 data samples!
Commissioning is ongoing
LHCb-FIGURE-2023-011
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See talk by G. Tuci

Month of year
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https://cds.cern.ch/record/2859415

SciB 67 (2022) 479

Baryon Litetime Measurements ) PRD100 (2019) 032001

PRL 121 052002 (2018)

u— r—v++

e '|o date, LHCb has upended conventional knowledge about charmed baryon lifetimes —
precision tests of HQE'L etc

e 7,(E)=456.8+3.5+£29=+3.1fs

pmmpt(szo) =2765+13.4+44+0.7 fs

T(Q)) =2745 £ 124 f3
7o (QY) =268 £24 £ 10+ 2 fs

o Tl Ei) = 256150 £ 14 f3

e 7, (AJ)=2035£1.0x13=x14 fs (Noting 2022 Bellell Measurement)

Trompi(Ee) = 148.0£2.3£22£0.2 fs
T (E) =1545+1.7+1.6+0.1 fs

}T(E(C)) =152.0£2.0fs

e (hallenged previous measurements, and upended conventional understanding >3
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https://arxiv.org/abs/2206.15227
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
http://10.1016/j.scib.2021.11.022
https://doi.org/10.1103/PhysRevD.100.032001
https://doi.org/10.1103/PhysRevLett.121.052002

SciB 67 (2022) 479

Baryon Litetime Measurements PRD100 (2019) 032001

PRL 121 052002 (2018)

a———
fu—

e '|o date, LHCb has upended conventional knowledge about charmed baryon lifetimes —
precision tests of HQE'L etc

AR QY _a% )+
5015 ,é)\\(?/ S ¢,
e 7, (BN =4568+35+£29=+31fs X

\ P
Decay Strongly b oef. 3" >

Fod
=y +24 _QJC“CC C
¢ 7’-prompt(“‘cc — 256—22 + 14 1s Not yet observed b) N i YI

e 7,(A})=2035+1.0+13+14 fs (Noting 2022 B Opportunities!
Will require observation of missing states

first

Trompi(Q0) = 27652134 £ 4.4 £0.7 f3

T(Q)) =2745 £ 124 f3
7o (QY) =268 £24 £ 10+ 2 fs

Trompi(Ee) = 148.0£2.3£22£0.2 fs
T (E) =1545+1.7+1.6+0.1 fs

}T(E(C)) =152.0£2.0fs

e (hallenged previous measurements, and upended conventional understanding
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https://arxiv.org/abs/2206.15227
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
http://10.1016/j.scib.2021.11.022
https://doi.org/10.1103/PhysRevD.100.032001
https://doi.org/10.1103/PhysRevLett.121.052002

From Lifetimes to '11me Dependent CPV

® Measurements of GP asymmetries require information on nuisance asymmetries

O(A>)

Amw — ACP Aprod LA Adet Atrigger

® Detection asymmetries: F.g. response of detector to K™ can differ from K~
e Production asymmetries: At time of production, can produce more D than D° (pp collisions)

e (ontrol of these asymmetries requires essentially a dedicated analysis per physics result
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Mixing and CPV in WS DV 5 Ktr PRDSS (2017 335331

6 3
x10" 240><10 l ——
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S S0000 - - S 500 s 2F [ ¢ 1 S 160F ¢
%4()()()();— .B'\Ckground ; 4005_ g 15:_ 1 g 14218;— —g
e Responsible for first-ever single experiment woof. oF S S “F
observation of Mixing in D" j =k = i L A
o 2F e o 2F SN S 2005 2010 2015 202 2005 2010 2015 2020
2_(2); A ,.:’: A ?} v .; "W.-,- _:*: S (2)5 . .::-,J.. --_-.:-. : : »'.7:::-:' :!»‘\C ': M(D0n+) [MeV/c?] M(DOTU') [MeV/c?]
_4E : - = 4 : i =
R"'(t) R"‘ N R ( X )2 + (y )2 { 2 2000 2005 2010 20'1zD0n ;(E\(/)I N 22(; 2000 2005 2010 20'12[)0“ i(ﬁ\(/)[ N 2;(-;25
° = Ip y 8 —
T 4 T
Prompt 562_ E 6 (a) N —
e Current m rerments: Parameter Value — B : 7 X h
urrent measurCmenits. R 3450 £0.040+0.020 2 ,.F E = S5 LHCb
Y+ 5.01+ 0.64 +0.38 % } Prompt E S :
Y2 1 O V¢ - C s E _ —
° Prompt: Runl+2015+2016 (J:_ ) 0.061 £+ ().(»)32 +- (_).()1.) 35 { Doubly Tagged 3 4 :
D 3.454 +0.040 %= 0.020 3 E— ; = .
y'~ 5.54 + 0.64 +0.38 °E 5 E ] i () R S
¢ Doubly-Tagged: Runl (z'~)? 0.016+£0.033+0020  "F i L. ‘ E
DT = 4sE E = — CPV allowed 3
% E —No CPV 3 R L e e No direct CPV -
. . . . . P en=3 4 : = 4 _
e Statistic dominated. Dominant systematic ~ R[107]  3.38£0.15+0.06 3 ~-NoDirect CPV 3 TR - No CPV ]
; ; - . (x*F)2[107%] —0.19 £ 4.46 + 0.31 =T el - fm :
in prompt 1s secondary overlap, in D1 1s in- 0T 581452540 03 EF—— | L
y ’ + 5 | OF 7
. o ST o 0.6F 1o_ 10 N —
depth knowledge of detection asymmetry 409 sg0:0152000 Tosg P70 : =
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- F1107%] 332+£5214+040 ' -02F T +
e |.egacy updates soon - watch this space y 110°7] b0 | 3 S
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https://doi.org/10.1103/PhysRevD.97.031101
https://doi.org/10.48550/arXiv.1611.06143

Mixing/CPV in D° — K9n*z™
o » L
- o
1X1Ng n T TT L . ) f
9 Tt k=
o o LHCb-PAPER-2022-020 S - 6 o
e (Can perform a similar analysis with D° — K2zt z~ by PRL 127, (2021) 111801 2t s 5
. . . . " . " - '—o‘
splitting 1nto bins of constant strong phase ("Bin-flip _ - 2
method), with a slightly different time dependence zcp = —Im (2cp) = % :ccoso( % + "E’ ) +ysing ( % - s ) NS 4z
- - 3
(tz) <t2)' Az = —Im (Az) =% :cwbcp(;l-) - g) ysinq.")(]g) + g) , 1=
Ty + T~ 2 Re(22p — Az?) + n L zep £ Az|* + /To(t); Re[ X} (zep £ A2)] 17 al |p gl 1p\] - 2
RZ; (tz) (t2) . Yop = — Re (Zcp) 5 y(,()b(b ( ; -+ E ) - IblIle) ( ]-) — E ) ; 0 5 ; 1
1+ 4’Rc(z — Az2) + 1y 13|z(;-p:l:Az2+\/ﬂ(t)ch[Xb(sz:}:Az)] ) a1y a1\ v AT T T P E
‘ Ayz—Rc(Az)=§ ycoac&(— - —)—xblnd)(— + —) . 0.5 1 1.5 2 2.5 3
proi proals m2 [GeV?/c*]
* Measure xcp, ycp, AX, AY(Ar) — T Fit for Prompt -
40.225 —
0.005
. . LHCbL()?? LN ‘: * LHCb 0.005 | 2
e Prompt, SI,(2016-2018) + combination -, o4t & ; H,_ { ¢ | 54 ! =
3 -:0.215 +|l\ 0: T+** * 0 +|°c
. -3 = —0.005%
Top = ( 3.97 + 0.46 + 0.29) X 10—3, Xcp = [4.29 + 1 48(stat) = 0.26(syst)] x 107, . i . ' ' ' - - ;!'g'zl -0.005F , . : ) , ) .
yop = ( 4.59 4 1.20 % 0.85) x 107%,  yer = [1261 + 3.12(stat) £ 0.83(sys)] x 10, : I * Joor | _
Az = (—0.27£0.18 £0.01) x 107, Ax = [0.77 + 0.93(stat) + 0.28(syst)] x 107, & "-6_ } +-019w o’ | of %+ $ 1, °I<
Ay =( 0.20£0.36 £0.13) x 107, Ay = [3.01 + 1.92(stat) + 0.26(syst)] x 10> osof Jo. 1% { { * 54)0] 15y
: : : : : : : 1 -002 - + + + + + + + -;l .
e Statistics limited 03 ; $ o6 ootk + ; ~o.0s '
1 N LUILE 4 2
¢ piir e S R b R L s
e Dominant systematic: D'y tagging (SL) and . o062 oof 18 t ; ‘
resolution from detector effects (Prompt) 0465 Jo26s (o i
046f i~ Z* + + {001 o
. < L0 Rt _
e lirst ever measurement of non-zero x 0455} Jo ; It Pt ! EIE'
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https://arxiv.org/pdf/2208.06512.pdf
https://doi.org/10.1103/PhysRevLett.127.111801
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Az =
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https://arxiv.org/pdf/2208.06512.pdf
https://doi.org/10.1103/PhysRevLett.127.111801

PRL 116, 241801 (2016)%, '°

Mixing in D — K*nFntn~

e Motivation: Necessary for extraction of y from B — DK decays
® '|ime dependence described by
K3my2 _ K3z pK3n R IAY
R(t) = (rp™)" = 1" Rp™ Vg3, — + ~
T 4 T

RK371' K3

"= {(cos &) + i{sin S)

5K37t

Yk3, = Y COS 5K3” — X sIn

e Can use world average of x,y to extract r}3>", RS, 5§37

-3 no mlxm excluded b 810
6 p+ S ] O G
- == 68.3% CL
LHCb
5.5 SOE B osa% L
5 250 99.7% CL
% o
g 4.5 ‘. Data 5 QZOO
B ~ —— Unconstrained 150
4 -.--=-- Mixing-constrained 100
-- No-mixing
3.5 B 50
Y S S T, % 02 04 06 08 I
K3m
t/7T R
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Prompt Run1 only — stay tuned



https://cds.cern.ch/record/2134036/files/PhysRevLett.116.241801.pdf

Ar or AY

PRD104 (2021) 072010
JHEP04(2015)043
PRL 118 (2017) 261803

e (an express the CP asymmetry to CP eigenstates as PRD 101 (2020) 012005

(DY - f)

-0’ > f)

o Acpl) =

e (an be expressed as the difference between effective ifetimes — measure slope o

(DY — )+ (DY - f)

NAdir_l_iAind_l_@
— “°CP - CP

q—Aror AY ~ — x, sin gb;W = Mzaﬁ

time dependent CP asymmetry

e Samples: Prompt Run 2, Evaluate using D° — K~z for special treatment of
kinematic dependent nuisance asymmetries.

AY=(=27+13+03)x 10~

¢ (Combined with prev1ous measurements for Legacy Result

adam.davis (@ cern.ch

PIINT AP PRI PP

CAYi=(-03+£13+0.3)x107*
AY,, = (—3.6£2.4+0.4)x 10~
AY = (=1.0+ 1.1 £0.3) x 104

= (33+2.7+02)x 107* |
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https://arxiv.org/pdf/2105.09889.pdf
https://link.springer.com/article/10.1007/JHEP04(2015)043
https://doi.org/10.48550/arXiv.1702.06490
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012005

PRD 105, 092013

Ycp

e (Can re-write the effective decay widths relative to Cabibbo Favoured D° — K=z

S =~ 10?.10,“ ........ [.D, S
> o MO gna
§ 8:— gf,‘; K-t !ls3agckglround )
A Y — o0 i — Fit
I'DY - H+TD° - f) =
o y]ép = I =y, cos ber PR
2I° 3
e However, should no longer neglect D* — K=zt influence (JHEP 2022, 162 (2022)), v VR
hence S S
& { Data
A ~ g -}S3igr;(al ;]
I'D° = £)+T(D° - f) - — Background
® o ! g~ ! [y yé{ng(l‘l'\/RD) S ‘
['(DY - K—72t) +I'(DY - K+7~) 2 ;
ND® - f.1) (£1) E
— , . € , . 150 ;55
o Hence, measure R/ (f) = o e~ Oerye , using prompt am (VeVie)
N(DO - K—nt, ) e(K—nt,1) e
decays 1n full RunQ dataset accountlng for secondary contamination L O8F | Data
| _, - o S | - 07F fglficf’ B Signal 5
. R e SRy PRSP PSR Sampx; ) o 2 0.6;* i —Bgckground :
= (6.57 £0.53£0.16) x 1073 2 os RO
&~ F = ) | S ot
: yCP yep = - (7.08 +0.30 0.14) X 10—3 £
] O' ....... =
Largest systematic is background modelling/understanding coom s A‘,f,"(MeV,cifS
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https://doi.org/10.48550/arXiv.2106.02014
https://doi.org/10.1103/PhysRevD.105.092013

/Zum Einkauten Gehen

Measurement Run 1/2 Legacy

Prompt + DT Prompt Run1 +2015/16 Stay Tuned
Prompt + SL Prompt+SL (+Discovery) Prompt+SL (+Discovery) See
Prompt+SL Prompt+SL Prompt+SL E. Gersabeck
_ Prompt + SL Prompt + SL Prompt + SL
Model Dependent Bin Flip (Prompt + SL)

DO + _F

- Prompt Stay Tuned

SL Prompt
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Conclusion

o [.HCD has collected the largest sample of Gharm hadrons 1n the world. With 1t, we have
e Up-ended conventions on charm baryon hifetimes
® Pushed the boundaries on Mixing and indirect GPV searches
® Are testing theory with unprecedented precision

¢ Run3 1s now - we shall see what the future holds
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Search for Q. LHCb-PAPER-2021-011

Sci. China Phys. Mech. Astron. 64 (2021) 101062

e Secarch with 2016-2018 data in decay mode Q. - ETK "z

¢ Multvariate selection (BD'I') trained to reduce combinatorial

background

o |.ocal significance: 3.20, Global: 1.8¢

e Upper limits set on 6 X % at 1.1 x 107! to 0.5 x 107 for = € [40,200] fs
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https://cds.cern.ch/record/2766883/files/document.pdf
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