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Charm Physics at LHCb"

Production and decay

Mixing and CPV :
properties

® Meson oscillations ® Flavour-changing neutral
i i ®
e Time-integrated CPV Doubly charmed baryons current processes

. ® Charm production
® Time-dependent CPV : ® | epton-flavour, lepton-
® Locally-enhanced CPV : Excited charm baryons number violation

*only LHCb analyses discussed in this talk, for charm results at Belle || and BES lll see talks by Takeo Higuchi and
Wel Xu



Why care about Charm @BEAUTY? 2

Unique:
® Only bound HF system made of up-type
quarks, complementary sensitivity to BSM

couplings wrt to K and B decays “N " A
® m_~ 1.3 GeV/c? makes theoretical predictions | d.s,0 Y M 5,b |
hard, but allows for insights into QCD from a i u > Y/ z
unique perspective
Discovery tool: v Vo
® All processes involving quantum-loops are 3 f\/\/\/\/y — U
highly suppressed in the SM o \\ KT

® Charm meson oscillation probability very ol % '*
|OW ‘\ “ { iy

® CP violating effects tiny ( < 6(1073)) Ry | K
® Rare decays extremely rare ( < 6(107?))

~
-~
C

A
C
=

Room for new physics to show up!

*hope to see many of you in two weeks at CHARM in Siegen



Charming beauty detector s

Vertexing

® | arge production cross- 5m|—
sections of charm hadrons at
LHCDb

Vertex
Locator

o(pp — ccX) ~ 2.4 mb

~ 20 X o(pp — bbX)

@5 = 13TeV JHEP03(2016)159 I

® Collected 9 fb-1 of dataat 7, 8
and 13 TeV during Runi1/2

-5m__

JINST3(2008)S08005
Int.J.Mod.Phys.A30(2015)n0.07 1530022

Particle

|dentification Calorimetry
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M5
/ m3 M4

SPD/PS M2 —
RICH2 ECAL HCA
M1

enormous yields available

Total of 95(!) papers about
charm physics at LHCb!

raiching Muon System



Mixing &
CPV

More: Mod.Phys.Lett.A 37 (2022) 24, 2230012
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Time-Integrated C

9}
> Asymmetries in DY — KTK~

ARXIV:2209.03179

® Measurement of decay-time integrated CP asymmetries

[(D° — f) —T(D° - f)

Acp(f) =

® How experimentally?

A(DO - f) — ACP(f) + Adet + Aprod

/

_ ND° > f) = ND° - f)
~ N(DY — f) + N(DO — f)

(DY — f) + (D — f)

Detection
asymmetry of
tagging track

/

™~
T Production
The asymmetry asymmetry
we want to
measure

® [hisis why we started with AACP =AD - K+K—) —AD — 7T+7T—) PRL 122 (2019) 211803

® Now: Two methods to cancel detector asymmetries using Cabibbo-favoured (no CPV)
D°, D", D} decays to get individual CP asymmetries in DY — K™K~ decays



Time-Integrated CP Asymmetries in DY — KTK~

ARXIV:2209.03179

100 prir————————————— @ Run 2 (5.6fb") data ~70M D - K*K~ candidates
\1600 - LHCb ﬁ DY -5 KK+t E
21100 - 5.7 }  Data E
1200 [ — TFit = L .
31900 - RunZ CIA b bke Combination of correction methods results
Hl(_)(_]() - N - 7OM ,0mb. DKg. =
C onn E - .
2. 800 F = (Run2 only):
& 600 | = _ _
_; ok E Acp(KTK™) = [6.8 + 5.4(stat) = 1.6(sys))] x 10~
;% 200 [ } \ E
O = — .

! 2005 2010 2015

9}
(D7) [MeV/c? . : : :
mDT) IMVIET o Combination with previous measurements

R
X 0.006

—— LHCb combmatlon 8. 7 fb’! LHCb

PRL 122 (2019) 211803
Run1+Run2 + combination with AAp

al(K*K™) =[7.7+5.7] x 107*

0.004

0.002

llllllllll'llllllllllllll

of _’ alp(ntnr™) =[23.2£6.11x107*
~0.002 v plagy. ag) = 88 %
—0.004 :_con'r&i}’s"l{old 68%, 95% C.
0004 0002 0 0002 ba(();04 First evidence (3.80) of CPV in D > ztn

K°K* We need to understand better!



Model-independent searches in multibody decays

S22 T T T T o
> T . 10° > . L
$ [ ARXIV:2303.04062 ?gﬁf_li < @ CP asymmetries generated via interference of at
2% Df > K*K°K* B ¢  least two amplitudes A; and A,
. 102§
o]
g
O
- A Al .
| cp ™ sin(Ao) sin(Ag)
_' | Ay
Strong phase difference  Weak phase difference
L L L1 Lo l_
1 1.2 1.4 1.6 1.§ !
Ny Sow [GEV] ® [n multibody decays strong phase 6 dynamically
< | ABXIV:2306.12745 o ] W varies across the phase space
B ® [ ocally enhanced CPV effects possible (known
10? from the b system arXiv:2206.07622!)

® New (model-independent) analyses at LHCb:

10

e Search for CPVin Dj) — KTK™K;

ARXIV:2303.04062

® Search for CPVin D 0 ntm _]TOARXIV:2306.12746



http://arxiv.org/abs/2303.04062
http://arxiv.org/abs/2306.12746

Search for CPVin D, — K*K"K* ~

e Run2 (5.6fb1) data ~0.97M (1.27M) D;7 (D) candidates

e validation with D - K"K z" and D™ - K n*x*

A

a = :
S NL

Global asymmetry

e [f no CPV the Sép are gaussian distributed with zero
mean and width of unity

® Measured p-value 13% (31.6%) for D (D) decays

exclude CP conservation if
p < 3% 1077 (Ndor=Nbins21)-1)

No hint for CPV!

D
o

Candidates / (0.5 MeV)
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ARXIV:2303.04062
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Search for CPV in D — ztz 7Y

ARXIV:2306.12746

® Run? (6fb-1) data ~2.7M D° - z*z~ 7" candidates o D= D= atam )t

L 120f \ Lo ]
| . | 2 ok 6 fb! E
® Energy lest = hypothesis test comparing weighted § : * Data :
distance between pairs in phase space s Y IS
PRD 84 054015 (2011) = Backeround ]
2 ackgroun
: Run2 .
. \Pij . \Pij S ‘Pij N~ 2.7 .
T — Z + Z — — T g Lo s ';
el In(n—1) #~2n(n—1) *“=~ nn 150 155
bl Rl o A (D*) — m(D")[MeV/c]
m=m —
Average distance Average distance i
candidates same flavour candidates opposite flavour 1) (e e
2 li CLICh ' — P(.,‘l‘l'nllt(?d“ T-values 1
lPij — e Y% % 5.0 | Gfh L Data T-value _
dj = [(Asp)} + (As;p) + (Asy3)2] = y - ;
® Null hypothesis from permutations of T-value with Sa0f Measurement - 3
randomised tags ook ]
T Null hypothesis :
1.0 - -]
® Measured p-value 62% : i -
0.0 bt R e R R

—-0.50 —=0.25 0.00 025 050  0.75 1.00

Also here no hint for CPV! T-value
Still a lot to be understood in the future!



Production &
decay
oroperties
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Observation new Qg states

ARXIV:2302.04733

® Studies of production and (decay) properties of charmed

| o | 02,3065 = EH(—=E K
hadrons (ground states + excited states) with increasing B 2.(3090) > ZH(—EpK
, Q2,(3119) - EN(—E YK
Importance z |- Q3185 - ZK
Z | 23327 - 5K
| | I Aol 0.3000) - E'K-
® Crucial for understanding of QCD, effective models and g |-==== 23050 = ZK°
. . . C | mmmmn- 02.(3065) — Z’K
the nature of bound states in a peculiar energy regime % =3 [ Q.(3090 — EK-
SN [P Q2,3119)° > EiK
e Full Run1/2 (9fb-1) update studying the XK~ e
I LHCb

Invariant-mass spectrum

[—
(W]
L |

New states! 5.7 b~

/ \(b)

[R—
o

® Seven excited states observed
® WO new states

Candidates / (5 MeV)

6
_ | Q,(3185)
Resonance m (MeV) I (MeV) 4 _
0,(3185)°  3185.141.7 1102 504+ 7 10 €.(3327)
2,(3327)° 332711201 +£0.2 20+ 5 13 2 .
More: Talk by Liming Zhang 0 |

| 3000 3100 3200 3300 3400 3500
QN yet to be determined! m(E:K") [MeV]



More: Mod.Phys.Lett.A 36 (2021) 04, 2130002
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Rare charm decays

14

® Mainly investigation of processes involving
FCNC ¢ — uf’¢ transitions
More: Talk by Hector Gisbert
® Covering a very large variety of analyses
® BF measurements
® Angular+CP asymmetries PrL 128 (2022) 221801
® Searches for forbidden/extremely rare modes

LFV - BNV FCNC

015 10-14 10-13 10-12 10-11

10-10

10°*

10°®

VMD
107

10

-6

Radllve

10°  10*



. Search for DY — utu~
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ARXIV: 2212.11203

® CKM and helicity suppressed = SM BF extremely low
dominated by 2y intermediate state <O(10-19)

® NP scenarios BFnp = BFexp

® [Full Run1/2 (9fb-1) update

,_.,r—=“' ;_J./l\v.._x_| eebbadnd

S 2 T T T ]
< 2006 LHCb L
o 180E ! alad =
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1800 1850 1900 1950 2000 2050 2100 2150

m(utu) [MeV/c?]

BD® = utu) <294 x 10° @90 % CL

(LHCb 9/fb Run1+2)

90% C.L.

Most stringent

limit on charm FCNC!

® Furthermore: B(DY(2007) —» u*u~) < 2.6 x 1078 @90 % CL

ARXIV: 2304.019821

More: Talk by Irene Bachiller

102

1073 |

1078 |

10~
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Future prospects

® \We are working on fully exploiting the total Run1/2 data set (9/1b)
® More to come for mixing and CPV, production and decay properties &

® Commissioning and Run3 data taking with the upgraded detector ongoing!

5 LHCB-FIGURE-2023-011 LHCB-FIGURE-2023-011
x10° — 77— ><103
- .. - i i T T ]
100~ LHCb preliminary 1 30F LHCb prehmlnary 3
| 1 2022 Data,0.77 pb’ : T 2022 Data,2.1 pb 1 : LHCb . LHCb Upgradel
r = Model C : .
80 - T Background - =—=— Background — 1 é
] n

L iy ~ 907! # =2x10%m | P i ~ 50071

\®}
(e}

— —— Signal

[
(9]
T I TT

Candidates / (2.50 MeV/c?)
3
Candidates / (2.50 MeV/c?)

10;— —i
201 5_ =
Qb— L o 0 —— — : L
1300 1850 1900 2250 2300 2350 See Federica Oliva’'s and Alessandro
m(K~m*) [MeV/c?] m(pK~m*) [MeV/c?]

Minotti’'s talks on Friday!

® Upgrade Il is in preparation, eventually plan to collect up to 300fb-1 by ~2038

® Projections for specific modes can be found in CERN-PUB-LHCC-2018-027


mailto:lhcb-phys-charm@cern.ch
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Summary

® Post-mixing & post-CPV-observation phase has started!
® First evidence for CPV in a single decay channel
® CPV results highly debated! See talks by Maria Laura Piscopo, Tim Hohne
@ No hints for CPV in multibody D°, DT, D decays so far

® Studies of charmed hadrons integral part of our physics program
® At LHCb > 40 new states with charm quark content, 2 shown today
® Results receive a lot of attention
® Much more: Amplitude analyses, searches for doubly charmed baryons, ...

® Promising and rather unexplored field!
® | imits on BF of rare decays significantly pushed down
® More results are soon to come with full Run2 data set, including CPV in
rare/radiative decays and angular distributions

More: https://Incbproject.web.cern.ch/Ihcbproject/Publications/LHCbProjectPublic/Summary_Charm.htm|


mailto:lhcb-phys-charm@cern.ch
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Time-Integrated C

> Asymmetries in DY —

K™K~

® methods to cancel detector asymmetries

(:1)+:

(:11345

® Computation Acp(rtm)

Acp(K~KT) = aKK + —

d
AAcp = agg —

+A(D} - ¢n") — |[A(D] - K°

KK \ o

TDO

Ok = D an

aﬂ.l

TDO

Acp(D’ - KK =+AD " - (D" > K KHx'
+A(D' -

AY

y—AWD' > (DY —
7wt at) - [A(D+ - K %) — AK9)]

Arp(D? - K°KY) = +A(D " - (D’ - K°K™) 7o) = ADT > DY >
) — A(K?)]

ARXIV:2209.03179

+)][

| HELAV_

0

Acp(K~K™1) [1072]

5 10

)

0]‘1)

E791
FOCUS
CLEO

Belle

BaBar

CDF
LHCb 3 fb~!
LHCb 5.7 fb~1



Search for CPVin D, — K*K"K* ~

ARXIV:2303.04062

3 3
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% . — Background ? 60 __ — Background ]
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8 | g 401 = .
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195 2000 1850 1900
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o T ' I i 5 &
z LHCh 4
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. Y NU(D) (4844+1.1)x10° (631.4+1.0) x 10°
i a 1.007 #+ 0.003 1.012 + 0.002
-1
-2
& -3
—4
| I R BT BT -5 A C 1] -5
1 12 14 1.6 18 1.6 18
S [GEV?] S4n [GEV?]



Search for CPV in D — ztz 7Y

ARXIV:2306.12746
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~Search for D" (2007) — pu*p~

ARXIV: 2304.019821

14

2 E . | First limit B(D""(2007) — u*u™) using 9/fb Run1/2

L
10 .
. -

L -

- -

8 E
E

L

® No chiral suppression, but same contributing
operators in EFT

Candidates per 8.0 MeV/c?

® Complementary approach to constrain NP

000 1950 2000 2050 . 2100 .
m(ur) [MeV/e?] couplings

6
4 : .-
N

2

1

§ "LHCb  « Daa | |
2 9 b ;"‘i‘)fg%ww ® [irst search for rare charm exploding

______ B +U- I I — *0 +,, "\
% * ,,,,,,,,,,,,, b production viab decay B~ - D (- u "y )n
— e Combinatorial
&,
3 9
g S AT WL \l 7l lJ, _ B(DY(2007) = utu™) < 2.6 x 107 @90 % CL
§ (| i o &5 SRR .- (LHCb 9/fb Run1+2)

- 52001 | l5400l | l56OOI ._ l+58_00l | .67000
m(z ) IMeV/eT] Most stringent limit of leptonic

decay of D™ meson!



Prospects selected measurements (l)

CERN-PUB-LHCC-2018-027

Table 6.1: Extrapolated signal yields, and statistical precision on the mixing and CP-violation
parameters, from the analysis of promptly produced WS D*+ — D°(— K*n~)n* decays. Signal
yields of promptly produced RS D** — D°(— K ~n*)n* decays are typically 250 times larger.

Sample (£) Yield (x10°)  o(z%,) 0(Yk=) 9(Ap) o(lg/pl) o(9)
Run 1-2 (9fb~ 1) 1.8 1.5x10° 29x10~% 0.51% 012  10°
Run 1-3 (23fb~1) 10 6.4x106% 1.2x107* 022%  0.05 4°
Run 1-4 (50fb~1) 25 39x10°¢ 76x107° 0.14%  0.03 3°
Run 1-5 (300fb~1) 170 1.5x107% 29x10=° 0.05%  0.01 1°

Table 6.3: Extrapolated signal yields, and statistical precision on the mixing and CP violation
parameters, for the analysis of the decay D — KJntn—. Candidates tagged by semileptonic B
decay (SL) and those from prompt charm meson production are shown separately.

Sample (lumi £) Tag Yield o(z) o(y) ol(lg/p)) o(¢)
0

Run 1-2 (9 fb—l) SL 10M 0.07%  0.05% 0.07 4.6
Prompt 36M  0.05%  0.05% 0.04 1.8°

0

Run 1-3 (23 fb_l) SL 33M  0.036% 0.030%  0.036 2.5
Prompt 200M 0.020% 0.020% 0.017  0.77°

0

Run 1-4 (50 fb-1) SL 78M  0.024% 0.019%  0.024 1.7
Prompt 520M 0.012% 0.013%  0.011  0.48°
0

Run 1-5 (300 fb-1) SL 490M  0.009% 0.008%  0.009 0.69
Prompt 3500M 0.005% 0.005%  0.004  0.18°




Prospects selected measurements (ll)

CERN-PUB-LHCC-2018-027

Table 6.5: Extrapolated signal yields and statistical precision on direct CP violation observables for the
promptly produced samples.

Sample (L) Tag Yield Yield o(AAcp) o(Acp(hh))
D' sK-K+ DY sa ot [%] [%]
Run 1-2 (9 fb~')  Prompt 52M 17M 0.03 0.07
Run 1-3 (23 fb~!)  Prompt 280M 94M 0.013 0.03
Run 14 (50 fb~!)  Prompt 1G 305M 0.007 0.015
Run 1-5 (300 fb~!) Prompt 4.9G 1.6G 0.003 0.007

Table 6.4: Extrapolated signal yields, and statistical precision on indirect CP violation from Ap.

Sample (L) Tag | Yield KTK— o(Ar) | Yield #tn—  o(Ar)
Run 1-2 (9 fb~!)  Prompt 60M 0.013% 18M 0.024%
Run 1-3 (23 fb~!)  Prompt 310M 0.0056% 92M 0.0104 %

(
Run 1-4 (50 fb~!)  Prompt 793M 0.0035% 236M 0.0065 %
Run 1-5 (300 fb~!) Prompt 5.3G 0.0014% 1.6G 0.0025 %




D' - hth—u*tu~ decays at LHCDb °!

PRL 128 (2022) 221801

® rarest charm meson decays observed, dominated by resonant contributions

RBDY - gt utu") ~9.6x 107’
RBD’ > KTKutpu~) ~1.5%x 1077

PRL 119 (2017) 181805

® measurement selected angular and CP
asymmetries with 5/fb consistent with SM

® TODAY: First full angular analysis

PRL 121 (2018) 091801

with 9/fb from 2011-2018 LHcb-PaPER-2021-035

® select DO from flavour sepecific D*+— DO+

decays

N(D® = zTz=utu™) ~3500
N(DY - K*K—utu~) ~ 300

1000
800

N B D
o o O
o O O

100

Candidates per 5 MeV/c2

N
-

-e- Data

— Fit

D’ —»mtm
WD —»ntratn
---Comb. backg.

-e- Data

Fit

D" —>K*K utu-
B D’ —K'K nta
---Comb. backg.

1850 1900
m(h*h™u*u~) [MeV/c?]
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Differential decay rate

PRL 128 (2022) 221801

dI’ B
d cos 6,d cos 0,d¢p B

I+

I, - cos 20, +

L; - sin® 26, cos 2+
Iy -sin26, cos ¢ +
I5 - sin 6, cos ¢+

Is, I, I clean

null tests! s - Cf)s HM".'
[; - sin Qﬂ sin ¢ +
I - sin 20, sin ¢+ p? =m*(h*h™)
Iy - sin® @, sin 24 q* =m*(u*p”)

® measure pz, cos 6, integrated* observables (I,) separate for D’ and D°

2

1 pmax * 1
(h360)(q%) = —J dp*| dcosO, L0
I 4m J—-1
h
1 Prax [ (0 1 ]
(L4 578)(q%) = F[ dp* [ dcos 6, — J dcost)| Iysqs
4my, -1 0 il

*optimal for p-Wave in hadron system




Measured observables and binning >

PRL 128 (2022) 221801

. N B | .
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Experimental strategy
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® measure angular observables via yield asymmetries, eg:

1! 0 dT
<I6>=F dcost, — 1dcos0ﬂ

0 \ / dcoseﬂ

N(cos Hﬂ > 0) — N(cos 9# <0)
= [see LHCb-PAPER-2021-035 for
N(cos 6, > 0) + N(cos 0, <0)  otherg]

(L)
® correct for acceptance effects across the 5D phase space

® correct A.p for nuisance asymmetries

N(D'™* = DY = f)z*) = N(D"~ = D = f)n")
N(D**+ = DY = f)zt) + N(D*~ — D — f)n~)

Acp (f) =

® cvaluate systematic uncertainties

Gsys

typically ~ (10 = 50) %
0}

stat limited by statistics!

500

T T T T 1]
LHCb simulation _|
D"— Trtooutus

P IS T S BT
1000 1500

m(utu) [MeV/c?]
PRL 121 (2018) 091801

~ Acp + Ayr®) + A (D)

luse D' — D% —» KTK)x™ decays]

PRL 128 (2022) 221801
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Flavour-averaged observables (S;)
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® Shown examples: SM null tests (S5 ¢;7) [(Sg) ~ Apgl
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® all observables in backup, tabulated version & correlation matrices in LHCb-

PAPER-2021-035



CP asymmetries (A;)
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® Shown: (Ag) [(Ag) ~ Afyl, (Ag ) [triple-product-asym.] & Aep
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® overall agreement wrt. to SM hypothesis
considering Acp, (Ay_g) & (S547):

PRL 128 (2022) 221801

N 06_ T T [ T T T T [ | U U U [ ] % 06_ T T [ T T T | u T T |
1 < LHCb < I LHCb
1~ 04r- 9 fb—l . 04__ 9 fb—l ]
0.2F - 02F -
b 4 . o ' .
: —+*5 ' -H_#
~0.2F B -0.2F -
041 D' ety —04r Dt
00T 50 00 1500 007500 1000 1500
m(u*u) [MeVic?] m(u*u-) [MeVi/c?]
'_/\0.6_' LN B ) R R e A BN B B B %06 T T T T T T T
1< I LHCb < LHCb
1~ 04_— 9 fb—l i 04r 9 fb—l ]
02F - 02F l B
°F + ; . Y
~0.2F - —02F -
-0.4r DY KK ptu- ] —0.41 DO KKt ]
060 60 800 SO0 600 800
m(u*u”) [MeV/e?] m(u* o) [MeV/c?]
0 TR 0 . ‘e“‘
DY > ztn—utu= p=79% (0.30) 0“5\5 X
0 =t A — 0 G
D’ - K*K—utu= p=0.8% (2.70) \N\‘“S



