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LHCb THCAS

« LHCb was originally designed for CP violation and rare beauty & charm decays

« But now it is a general purpose detector: exotic spectroscopy, EW precision physics, heavy
ions, fixed target program...
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New Tracking stations + trigger-less readout & sw trigger on GPUs Data collected: 9 fbt ™
« LHCD is a spectrometer in the forward direction (2<n<5)
« Excellent vertexing, tracking and particle identification
* Low trigger threshold on hadrons, muons and photons
[ ]

Production of all types of b and ¢ hadrons
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Unitarity Triangle Measurements

« The CKM matrix describes the quark charged current weak interactions

Vua  Vus  Vup Vudl Vs |Vuple™™
Vekm = Vea  Ves Veb |~ —IVeal [Ves| Veb|
Via  Vis  Vip Vigle B —|VisletPs Vbl

Im4A

* The unitarity of this matrix leads to
VEVud + Vi Vea + Vi Via =0

* It can be visualized as a triangle in the complex plane

* The key test of the SM is the check of the unitarity
of the CKM matrix

» Magnitudes:

* measure branching fractions or mixing frequencies
* Phases:

* measure the CP violating asymmetries
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CKM vy angle THCAS

* The interference between b—c and b—u quark transition amplitudes is typically
measured in B decays such as B* = Dh* (where D= D?, D%and h=K, m)

* y from combination of 15 B decays and 9 D decays 1 —
LHCDb measurements T [ an Hebd
 simultaneous fit of y and D°mixing parameters ]
[JHEP 12(2021) 141] ]

» Excellent precision on y g

* New LHCb combination: 7y = (65 4 ) Y I°]

Compatible with previous LHCb combination [LHCb-CONF-218-002]

Agreement with indirect global CKM fitters Y = (65.5+I.I

New world average [HFLAV]:

,_}/ — (66 2—|—3 4)
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CKM vy angle from B* - D(->Knomm)K*

* New LHCb measurement with B* - D(—-Knonmn)K* [arXiv:2209.03692]

e Full runl+run2 dataset

» Measurement of the ratio opposite-sign/like-sign:

I (Bi — D [K$T{'iﬂ' ﬁﬂ Ki) B P+ (7 KN+ 2r kst E Ricsr cos(05 + Oxsr £ )
[ (B* = D[K*nFa7 %] K*) 14 (rkyr5)? + 2rgsars Ricar cos(08 — dxsr £ 7)

 Sensitivity improved via measurement in 4 bin of the decay phase-space of the D meson

« Second most precise single determination of y

Candidates/ 10 MeV
===
mEE
]
=

.4
|
-
T
e

 Largest A, ever measured in one phase-space o
bin S ol LHCD

y = (54.8730(stat.) T)O(syst. )t J(ext.))’
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Am_with B -D _n* decays

- Measurement of the Am_from the flavour specific B° -D_1*

- Only decays B’ ~f and B° ~f available

u
_ w *
b W 5 _ R
BY B? go b d
5 " 5 + 5
s b 5 [ )
DS

- The Am_extracted by the time distribution fit is:

It results in the most precise measurement of this parameter.
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[Nature 18 (2022)1-5]
decays:

(
unmixed _
/\.f

0
B,
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Am, = 17.7683 £ 0.0051 (stat) £ 0.0032 (syst) ps~’




CP violation in B* - h*h*h-

* Observed CP asymmetries in four decay channel [arXiv:2206.07622]
‘I‘l??;r B ‘I‘IP COrr d.-‘\..’giff' - "I‘\'rj(;j—rr {A'TB— / R) - ﬂrr5+
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< o R o o Ap(B* > K*rtz) =+ 0.011 £0.002 £ 0.003 + 0.003 (2.40)
2 <L .2 5
° 0.3 ! 0.6 N N B
0 ; M o - o Ap(BE = K*K*K™) = — 0.037 £ 0.002 % 0.002 % 0.003 (8.55)
miKTK '}]._“ [GeVe) mAKTK ) |GeVied]

_ — « Ap(B* *KTK™) = —0.114 £0.007 £ 0.003 =0.003 (13.60

* Large and interesting localized CP-asymmetries observed
 Possible information about the relation between decay channel rescattering (mm— KK)
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The time integrated CP asymmetry in the Cabibbo suppressed decay D° - K*K:

CPV in charm small O(10+4) - sensitive to NP [arXiv:2209.03179]
CPV in charm observed in time integrated difference ., 1800 pr————————————
of CP asymmetries: ﬂ DE KK E
{ Data =
— Fit =
AAcp = Acp(KHK™) —Acp(ntn™) = (=154 £2.9) x 107 Comb. bkg.
» The first measurement of CPV in the charm system (5.30) £ :
[Phys. Rev. Lett. 122 (2019) 211803] k ;
New measurement of A_, (K*K"): “r o m(mﬁ;'ﬁ[ MeV/?]
— 1ty = , ra —4 - s - _l,__ LHCb co:nbllmllmn' 8I7 ﬂ;' o | ]
ACP(K K ) B [68 £54 (btat) =10 (byf’t)] <10 -\;\. 0006 :— 222222 LHCb combination, 3.0 fb™ LHCD —:
) . . 00k * Nodirect CPV T "_"; 2
then determine the direct CP asymmetries g e, ]
using AA 0.002 - i :
0% i =( T7£5.7) x1074 of o -
a_ . =(232+6.1) x 107" ~0.002 o e .
. . . . —0.004 ;_():uoun h—(;.ld 68% 95% CL —:
3.80in D%-nn* for direct CP violation : e ]

e
-0.004 —O 002 0 0.002 0.004
KK*
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Charm mixing parameters THCAS

» Flavour mixing is the transition between a neutral flavoured meson and its antiparticle.
* Charm mixing parameters:

x=(m —m)/T,y =@ —T)20 |qlp| ¢ =arggAlpAy) 3 = e |
« Study the D° meson decays into K’K* , o1t and K- o* %
« The parameter y is measured from decay-time ratios: SR \ SENE
(DO-K*mand DO-f(f=K'K*,m1*)) AM(MEV/c?)
*V(DU — f: t) —(yl, —yKET E(f: t) b\E 09 : \;’orli;avcrmgc(lml[cZOEl) -
f — 5 (cp CP)LXTDU NS 08 i
R (t) _ ;\(r(DO_)_ K_ﬂ__'_: t) X € Y Y E(K_W+: t) %0'7; . Worlda\fer.a.ge(]une202I)+LHCI:|Run2){,E
- Combining the two channels: ¥cp — ycp = (6.96 +0.26 £0.13) x 107° z: ‘
[PRD 105 (2022) 092013)] 04l y = (646£024)x1077
%91 02 03 04 05 06 WO]J

Charm mixing parameters D%- K’ 1 from B - Duw
vl

® USiIlQ' blIl ﬂ].D methOd Y £ LHCb Prompt K 77 binflip Run 2
EW = freat i
» xCP [4 29 + 1. 48(5131 ) =+ 0. 26(Syst )] X 10~ —3 ﬁzj?r . ’ PRELIMINARY -
r\:S\ 2;‘_‘2

« yep=[12.61 = 3.12(stat.) = 0.83(syst.)] X 1073 15

1

« Ax = [—0.77 £0.93(stat.) £ 0.28(syst.)] X 1073 o TG s
05 1 15 ;2 [GZesz/C% 0 0.002 0.004 0.006 0.008 0(;(1

Ay =[3.01 £ 1.92(stat.) £ 0.26(syst.)] X 107 [arxiv: 2208.06512]
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Z. -ptp angular coefficients measurement ¥

[arxiv: 2203.01602]
 First study of the angular distribution of p*p~ pairs produced in the forward rapidity
region via the Drell-Yan reaction pp-y*/Z+X-1t1"+X

* The coefficients of the five leading terms in the angular distribution are determined as a
function of the dimuon transverse momentum and rapidity.

1 9 1 : : 1 ,
1 c;:?dc:: x (1 + cos™0) 53‘1(]{1 — 3cos?0) + Ay sin 20 cos ¢ 4 53‘12 sin® @ cos 2¢
FAgsin @ cos ¢ + Ay cos@ + As sin® @ sin 20 + Ag sin 20 sin ¢ + A~ sin @ sin ¢,

12 T T T T 0.3 T T T T
I Ao ]E_;{E?BTBV, 5.1fh! 1 05 Az mﬁ:ﬁmmw B
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0:4- I Tt 4 ol § ]
L . - o= = b . - ’ =1
* Run2 dataset T 1 e 1

me— w—

 The parameters are measured by fitting the s 1 10 ]
two decay angles cosb and ¢ of the selected 04r 1 o i
candidates R :
or.-*" 1 -oz2F .

1 T T T T 0.4 T T T T
* The kinematic distribution of the final-state leptons o a, | o a-a 1
provides a direct probe of the polarization ot I : .
of the intermediate gauge boson, which is sensitive T 1 "ot o " PR

. N . 02F ] ke o
to the underlying QCD production mechanism Ao | of 1
R R R R (. DI R R
p, [GeV/c] p, [GeV/c]
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Measurement of the W boson mass

Complementary to Atlas and CMS
2016 dataset

Simultaneous fit to muon p,from W-pv and ¢* of
Z-1p
. tan((m — Ag)/2) Pz

et

cosh(An/2) M

Determination of the charge dependent curvature
biases and momentum scaling

Offline reprocessing of the alignment with Z decays

mw = 8[}354 + 23-,,1,;1,1, + ].UE_\};_[_] + 171]1"-.01—.1; + gPDF MeV

80100 80200 80300 80400 80500
my, [MeV]
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Events per GeV"'

Data/fit

[JHEPO1 (2022) 036]

xIIO(’

W T ~ LHCH WY |
iﬁt region 17 b ifit region
\ : { Data ; :

- W — uv

Z — up

- W — 1v

- Light hadrons
- Rare backgrounds

Model uncertainty

2004 -003 -002 -001 0 001 002

s ¢

Events per unit

2

Data/fit

Muon g/py [1/GeV]
x10° . .
LHCb
_’_._ | DajB 1.7 fb_l
N Z - uu

+ [ Rare backgrounds
D OSSN
Model uncertainty ]

oo =
OO NRO

0

¢

005 01 015 02 025 03 035 04 045 0‘



Overview of Physics Results

[ CP violation and mixing in charm and beauty }

Spectroscopy:
exotic hadron states

[ Rare decays

LHCDb Physics

Electroweak and QCD

{Heavy ions and fixed target

Lepton flavour universality
and lepton flavor violation

LHC Days Anna Lupato 15



Hadron states

11000 1 1 1 1 [ L
3P p
10500 - oX? 67 new hadrons at the LHC Xe2(3P)
‘iﬂ' Xbl':3p) ”
=i i “(25)* T (6900 =
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B.(25)*
by LHCb T y(6350) - @ '(66°0)
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5000 - Zp(5945)° _ A,(5920)° =p(5955)" B,(5970)*° [ | L [ ] M-, 6100)- |
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b £,(6097) - B. (6063)°
~
e
= 5000 - i
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© 5 X(4140) T pN(4312)* o ~114220r o
= ® bb P Pli(4380) » T8 (4000)* D)
4000 1 @ b4 y1(3842) o ~ -
L @ ot
® cigd =4t ® Tec(3875)
@ cict
® <« 0.(3119)°
® cdqd DJ,T3UOU']+'D . . 0.(3090)° _ o . N
3000 S m bdg D;(3000)° . D, (2860) A[(2860)"  Q.(3066)° =-(2939) Toco(2900)° .Tcggfzgoﬂl =
D,(2760)* ® Qc(3050)° - 20230 @Tca(2900)° T2,(2900)°
caq 0 * 0 0.(3000)° e
o D,(2740)° g D3(2760) ® p,4(2500)*
W ccaqq Dy(2580)° s
1 1 1 ] Li Li 1 1 1 L ]
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patrick.koppenburg@cern.ch 2022-08-29 Date of arXiv submission

 New naming scheme proposed by LHCb [arXiv:2206.15233]

» Tetraquark and pentaquark: Tightly bounded states? Hadronic molecules?

* Nature of exotic states still unclear
- — - Mengzhen Wang’s talk
16
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First strange pentaquark P*  (4438)° ISR

pA vs (4438)°: ccsud, charmed, open strange, I=0

Observation of a J/wA resonance in B~ J/yA(- pm)p decays close to Z.*D- threshold
(>100 significance)

All LHCDb dataset

Horizontal band visible in the region at 18.8 GeV? in m*(J/yA)

A 6D amplitude analysis has been performed

The best fit amplitude model used to fit the data comprises a narrow J/wA structure with
spin-parity J¥ = 1/2-

~ [T X =45 e N S R e ) [ S
= E  LHCb ~Data 3 - LHCh >180F LHCb - Data -
Q, 1600¢ - ] 188 AT ¥ . ]
E ol —Total fit 2 I L i — Nominal
2 1a00F - glgnal = g 9 fb S160F prelfmnary " Baseline
dlZOO'— -Background; -t 18.6— - 9 1fb NR_ -
E s 140__ * _ BEJ/\V .
1000 E ~ 184+ \120:_ _pam E
'S 800F s El ' - ML B"é(s:kgroundg
E oot 1 T2 OF A 3
O 400:_ 3 C [ ]
L ] O__ 7
r 4 18 N ]
o _.,._—-JM : OF E
500 | 5250 5300 5350 17.8- 40F 3
m(J/y A p) [MeV] - TR . ]
164 166 168 17 172 20 A
---------------------

2 7)) Ge V2 — '
m?(J/ yp) GeV 9 4.25

[LHCb-PAPER-2022-031 in preparation]
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Doubly charged tetraquark THCL

 First observation of isospin triplet (csud) 4-states in Ds*ir spectrum

Amplitude analysis for B~ D°Ds*r and B°- D-Ds*ir

Significance: > 90

spin-parity J* = 0~

m(Ds*1r) well described by adding tetraquark states Ta (2900)% Te (2900)*+

M = 2.908 £ 0.011 £ 0.020 GeV
['=0.136 £ 0.023 £ 0.011 GeV

B° - D°D}r- B* - D Dfnt

Total fit
D; (2460) D;
—~— Dy (2600) D}
D5 (2750) D,
D, (2760) D;*
D(3000) D}
—— D"(2010)- D}
! —— T5(2900) D —
WP , DTS Wave ;"
pnd T o <+ Data '

Background

" LHCb |
9!
preliminary

[
=
=

| LHCb
9 fb!
| preliminary

-
=

2
T

Candidates/0.014 (GeV)
Candidates/0.014 (GeV)
z

Iy AP . Ty ) R .
22 24 26 28 30 32 34 22 24 26 28 30 32 34
M(D} 7~ ) (GeV) M(D;} x*) (GeV)

[LHCb-PAPER-2022-026/027 in preparation]
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Be—-pp and D% prpe

B(B!— ptum)

* BsY- ptu~ found with significance >10 sigma

_ +0.4640.15 9
= (3-09 0.43—0.11) x 10

* no evidence yet for B ntu~ (1.7 sigma )

Candidates / ( 6.17 MeV/c2)

Candidates / ( 0.114 MeV/c?)

[Phys. Rev. D105 (2022) 012010 ]

N —re
50 3fb ! c | :
40;_ 0.666<BDT < 1.0 DD::E); ]
o E
iﬁ{% |
1055 + _E
I
10 1900 2000 2100
m(u-p+) [MeV/c2]
S50 y . . . . . —
e —m
40~ 3fb! T
E_ 066<BDT<10 77 g:}}‘;’__?— E

20

i ﬁ#ﬁ“i.“*%

LHC Days

Am[MeV/c?]

Candidates / ( 50 MeV/c?)

D% ntp~ : unique probe of up-type quark FCNC

Using D*- Do+

Normalization channel: D°-h'h* (K,11)
Simultaneous fit to m(p*p~) and m(D*) - m(DY)

Most stringent limit of FCNC in charm sector

B(D"— ptpm) < 2.94(3.25) x 1077 at 90 (95)% CL

Anna Lupato

[LHCb-PAPER-2022-029 in preparation]
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Heavy ions and fixed target

e data

* Charmonium production in ultra-peripheral 040 g L e
 The cross-sections of coherent J/y and y(2S) _0%F o S 1 puetion ]~ A
prOduCtion E 0.25 E 3 I\’l‘(zlilg:g\t\:f’l__BT
co rco ; _ 5 020 F 1 --—- CBWiPOW
doy; h 25/ dY” N w(gb"j X gy X B(J0 = p ) ?30.102 i
do c°h/ dy* — N5E X 2ys) x B$(25) = pt i) 010 F { e
0.05 - Goncalves et al.
o<l — 5965 + 0.059 + 0.232 + 0.262 mb 00
T = V v 111 ' o 3 4 5 psiine
L y* IP-SAT+GLC
T /O\
ias) = 0.923 £ 0.086 £ 0.028 £ 0.040 mb : :
[arxiv:2206.08211]
o0 I .
- CTEQGJ LHCDH - )
0 S CTbon g 1P v =816y . Measuren}ent. of the Z boson production
= [ o e cross-section in p-Pb at 8.16 TeV
=3 , 5 * The results are in good agreement with the
=8 B If . . . . . .
PV B : predictions from nuclear parton distribution
NI . : functions, providing strong constraining
10F - power at small Bjorken-x.
ok ] [arxiv:2205.10213]
Backward Forward
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Heavy ions and fixed target

SMOG : gas injection system for fixed-target

physics S LA
o5 PHe sy =110 GeV —— EPOS199

Measurement of antiproton production from 0'45% ~ IosLic 3
. . . . s —=— HIJING 1.38 -
antihyperon decays in p-He collisions at a cms eI o
energy of 110 GeV. 3 E g3 —F—
0.2 P =

Important input for antiproton flux calculation 0lF E
in cosmic rays. =% E N
P momentum [GeV/c]

Significantly larger than predictions of commonly
used hadronic production models, but consistent
with ALICE and CMS results.

.. 12— 1

=)
o I+ LHCbPbPb@5.02TeV 5
1+ 2<y <45 N_>=1575: 1001 ]
| ] Uncorr. syst.

L Corr. syst. 5.16 % h
0.8 + LHCbpPb@5.02TeV-25 <|y| <4 -
- LHCb Pbp@5.02TeV - 25 <[y| <4 i
o Preliminary]

Mo e o

025

6 8
Py [GeV/c]

[arxiv:2206.08221]

R

o(pHe — AX — prtX)

Pb-PDb collisions at 5.02 TeV

measurement.

a(pHe— P

X)

prompt=

* Measurement of the A./D°production ratio in

e The results are not consistent with ALICE

[LHCb-PAPER-2021-045 in preparation]

Anna Lupato
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Lepton flavour universality

e LFU in b—clv decavs:
X, > X17u,

Ax? = 1.0 contours

Observation of Ay,— AcTL

R(X) = =

* Tree level processes involving 2™ and 3% **¢ . = . A
generation show 3.30 tension with SM o3 | 1| -\‘?\-T‘. =

= ’ \\\“ Average i ]

R 0.25 & Belleld " Bellels 3

o R(AF) = 0.242 £ 0.026 % 0.040 = 0.059 02 VS xb) o oo
- agreement with SM s e
[PRL 128 (2022) 191803] R(D)
@ Ry [Nat. Phys. 18, 277 282 (2022)] W Ryi [JHEP 05 (2020) 040]
L 3 gi:;j.[l[?faLL.lfia,Nl\?&li}a} W Ry [THEP 08 (2017) 055) ° LFU in b —)SH d@C&YSZ
= Rk e o] ke 2 B X
L B s Bq — Xete~
Mi g ] * Rxabout 3.10 below SM prediction
o5 | E [Nature Physics 18 (2022) 277-282]
0.7F ; * E * Rx% [Phys. Rev. Lett. 128, 191802]
06 E
JoF | ] » Several analysis ongoing
¢ [GeV?/c']

— — — Renato Quagliani’s talk
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Lepton flavour violation THCL

e Search for B’ - pu:

B(BY — pu~) < 2.6(3.1) x 1077 @90%(95%) C.L.  [LHCb-PAPER-2022-022
BB — pu™) < 1.2(1.4) x 1078 @90%(95%) C.L. M Ppreparation]

e Search for B - KOtu:

@(BO — K*0T+ﬂ_) < 1.0(1.2) X 107 @90%(95%) C.L. [ arXiv:2209.09846]
BB - KV77u") < 8.2(9.8) x 107° @90%(95%) C.L.

* Search for B?- K"”ne and B° - ¢ue:

BB - K %ute™) < 5.7(6.9) x 1077 @90%(95%) C.L.

BB - K% et) < 6.8(7.9) x 1077 @90%(95%) C.L. [arXiv:2207.04005 ]
BB - K u*re) < 10.1(11.7) x 107 @90%(95%) C.L.

BB — ¢pu*e™) < 16.0(19.8) x 1072 @90%(95%) C.L.
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Conclusion

Broad physics program at LHCb

Successful Runl and Run?2: 3+6 fb!, still many analysis ongoing

Upgrade Phase I: commissioning ongoing

* 10 times more data (20 times more hadronic events)

» Complementarity with Belle

» Synergy between LHCb, ATLAS and CMS on some important channels

Strong program beyond flavour exploiting unique acceptance

Original LHC b Upgrade Iy rrc b
2009-2018 &ﬂ 2022-2032 &ﬂ

Upgrade Il

LﬁCb
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