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» Compared to B-factory experiments

>

>

» Compared to LHCb

>

>
>

» Most of the B-physics program is based on SR
(multi-)muon triggers

44m

Abundant production of B, B}, b baryons,
including excited states

Challenging reconstruction and triggering in pp
environment

Central acceptance for tracks and muons

(In] £ 2.5) — complementary production
measurements

Higher integrated luminosity (140fb=! vs 6fb~1 in
Run-2) and pile-up — beneficial in certain studies
but higher background

Practically no particle identification

Lower acceptance in pr due to trigger limitations
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Suppressed electroweak loop processes
> B(OS) — utp~ studies
» CMS with full Run-2 (PLB 842 (2023) 1379558') and ATLAS with partial Run-2 (JHEP
04 (2019) 098", JHEP 09 (2023) 199"
» D° — ytpu~ (CMS-PAS-BPH-23-008(%")
» Semileptonic decays

» BT — KTutu~ differential B measurement in CMS (Rept.Prog.Phys. 87 (2024)
077802
» Angular analysis of B® — K*%u* = in CMS (CMS-PAS-BPH-21-002(4)

“Rare” in practical sense
» First observation of J/1 — 4u (PRD 109 (2024) L111101(4)
> First observation of A — J/="KT (EPJC 84 (2024) 10627


https://inspirehep.net/literature/2616304
https://inspirehep.net/literature/1707605
https://inspirehep.net/literature/1707605
https://inspirehep.net/literature/2684711
https://cds.cern.ch/record/2905689
https://inspirehep.net/literature/2747130
https://inspirehep.net/literature/2747130
https://cds.cern.ch/record/2899589
https://inspirehep.net/literature/2769595
https://inspirehep.net/literature/2752469
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B(BY,

) — pt ) measurements

JHEP 04 (2019) 098 (', PLB 842 (2023) 137955

z 18 L B R
. . . = 16 ATLAS N ®  2015-2016 data E
» Rare but clean signature, highly suppressed in SM g Is=13TeV, 26.3 fir Tl f
L. P 14H 0.4163<BDT <=1 —-Commuumbackground?
(FCNC, Vts or th, he||C|ty) q:; o b - W X background 3
o A - Peaking background ]
» Similar analysis techniques in both experiments 1;’7 TS
» 3 measured with Bt — J/¢)K™ reference channel: 6 1
N o £ 4= E
_ Bg—utu— “BToJ/pKT . E
B(BY = u* ™) = B(BY — J/yK*) 2] R . AL\
B —=J/yK+ EBgeyﬂr %800~ EOGD 5200 5400 5600 5800
Dimuon invariant mass [MeV]
0 x10° CMS 140 fb™ (13 TeV) CMS 140 fb (13 TeV)
-6 R L Rty AR RN RRa MY A RRE R KA
) . L 140 o Daia Full PDF
» Main backgrounds: dimuon 0s Logf. " Sl . Senintne
continuum, semileptonic decays, ~os AT F100f
. 0 + E S
peaking By — h™h~ decays s (A g 8-
» MVA-based event selection D@%M - 8 oo
. . ’ i S 40"
» trained on data sidebands ) /]'* w a0;
- 0.4 id - E-.
(CMS) or bb — ptpu=X MC S ( . 200
(ATLAS) S 3 4 7X1(J 99755152 5.3 54 55 56 5.7 5.8 5.9
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https://inspirehep.net/literature/1707605
https://inspirehep.net/literature/2616304

B(BY — putu~) effective lifetime  pLB 842 (2023) 137955, JHEP 00 (2023) 1992

oM MewasTen
» In SM, only CP-odd BS’H contributes to B — utp~
> In BSM CP-even B?, contribution possible o
» — sensitivity due to large %
Tgo, — Tgo, = 1.624 — 1.431 = 0.193 ps g
s, s, LI:J
» Complementary observable to B(B? — u*u~) — different 1
set of effective operators
. . Decay time [ps]
» CMS: unbinned ML fit to ) . o ~
mass and lifetime (+error) B B Tev 2031t 3 ATLAS ot
» ATLAS: sPlot to extract o N s
signal 7+, distribution paame B E
> fit with MC templates E
» Stat. uncertainty with i ++*{4—LL
2 4 6 8 10 12

toys

Proper decay time [ps]
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https://inspirehep.net/literature/2616304
https://inspirehep.net/literature/2684711

B(B&)—>u+u_) results

.. CMS | w . 3g3t0®
» Overall, no deviations from SM BPH 21006 o4t
> S I .. f C M S d LH Cb . h IP-FE-I! 128 (2022) 041801 — 3.09 t%.ﬁ
Imiiar precision tor an wit Q:[‘LAS+CMS+LHCb 2.69’%3;
full Run-2 T .
.ﬁI.IE'!’- oﬁ?zom) 098 —_— 28 t%'g
» ATLAS full Run-2 underway cMS 2944072
. . JHEP 04 (2020) 188 L — .94 -0.65
» — then LHC combination LHCb w07
> N ... BO o o— PRL 118 (2017) 191801 e —— 30706
o SenSItIVIty to —> 1YY yet a‘se'\rf'?kf??%'fg'z?:"?o‘(zo]m mo ——— o 3:6(:3 i,o'f4‘
> — Run-3 should improve 1 2 3 4 5
BB - pw) [107]
CMS 2011-2016 —_
[ B <] .
LHCb 2011-2016 — E:{-(Z:LODG - e
PRL 128 (2022) 041801 —1T <26
LHCb+CMS 2011-2016 T Q’T‘Eﬁg;CMs_‘_LHCb «— <19
LHCb 2011-2018| — i ATLAS o et <24
CMS 2016-2018 [~ ﬁﬂsm (2020) 188 <3.6
B ATLAS ] I;F!‘I!%‘: 2017) 191801 <34
ATLAS 2015-2016| =e=— | {s=13 TeV, 26.3 " swp d‘_ %
1795 2755335 Beneke';?al,lﬁ}lE‘FJTD (2019)232 ¥ 1.03 £ 0.05
B2—spu Effective Lifetime [ps] 1 2 3 4 5

- —10.
B(B® — ) [10°]
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Search for D° — pt = (1) CMS-PAS-BPH-23-008 (2

Effective lumi=51.4 nb” (13.6 TeV)
CMS Ppreliminary
4 Data

Motivation

@
3

— Full PDF

» ¢ — u transition less studied vs b — s
» involve loops with lighter quarks — challenging long-distance
contributions; B = O(3 x 1071%) in SM
Analysis strategy
» Look for signal in D** — D%t cascades
» orders of magnitude reduction of combinatorial background

Events /5 MeV
5 3

@
8

20}

» Normalization channel D° — 7t 7=, using zero-bias triggers TE e e e e Te i

NDOA;HFP* D0 smtn—

Effective lumi=51.4 nb” (13.6 TeV)
CMS Preliminary

BMD" = utuy ) =BMD" = ntn
i

DOt EDOA;{JF;{*

Events / 0.4 MeV
8

» optimized considering both prompt and b — D** production
» Preselection + MVA-based selection of D** candidates

» Same for signal and normalization channels
» Trained with right side-band of Am as background

60

40

20,

» For signal fit, consider also DO — 7r_,u+1/H and J
DO — 7T+7Tf — ,U«Jr,U«i (double_fake) backgrounds §16 GAd2 - onad 0146 0148 oS

Am (GeV)
WIFAI 2024, 12-15 Nov 2024 Semen Turchikhin Universita di Genova, INFN Genova 7 /17


https://cds.cern.ch/record/2905689

Search for D% — pt = (2)

» B(D° — utp~) extracted from
2D UML fit to my, and Am
» all shapes constrained with
simulation (except
combinatorial bkg)
> yields of D° — 7~ u*v, and
DY - ntn~ — putp~
constrained with
normalization channel and
MC efficiencies

> No significant excess in data
B(D° — uTp~) < 2.6 x 107 at 95% CL
B(D® = pup ) =(1.0+£09) x 1077

WIFAI 2024, 12-15 Nov 2024

Events / 5 MeV

Data - total bkg.

Analysis uses 202242023 data

6450 (13.6 TeV) 64.51b" (13.6 TeV)
>
'L CMS Signal + total bkg. fit 2 1wk CMS Signal + total bkg. fit
- Total bkg. component s - Total bkg. component
Preliminary s Data S o[ Preliminary s Data
10°E Stat. + syst. uncertainty = 10°F Stat. + syst. uncertainty
Combinatorial bkg. 2 Combinatorial bkg.
. Do 3 ook = D —pu
10tf BO-mu=10x 107 I e A it} B —uu)=1.0x 107 Do v, iV,
e DSz, | -om DIty
0.145 < Am < 0.146 GeV 10°F  1.84< m,, <1.89 GeV
g PREPRIPSEP S S i
frofcssseoetsisecescececeacs B e i
107
107
10k
1 i
‘IUU; %; OOE
E 100
ST R IR NN R T
Bl el B S I -
AN PR R S I AT
-50E- ' & 1005
182 184 18 188 19 192 194 0.14

0.142 0.144 0.146 0.148 0.15
Am (GeV)

m,, (GeV)

» Most stringent limit do date

» Benefits from CMS low-mass di-muon parking
triggers in Run-3 (arXiv:2403.16134 (%)

Semen Turchikhin Universita di Genova, INFN Genova 8 /17


http://arxiv.org/abs/2403.16134

Differential B(BT — K™t p~) measurement  Rrept Prog Phys 87 (2024) 0778027

u u u u
_ BF{_ w+ iKY B LQ Kt
» b — 5/~ forbidden at tree level b W S b= s
» BSM physics could modify the B /7 o+
» also differently for lepton species — . A=
LFUV _ BB Kt ) [ i) /BB =K ete ) [gh 0, Gl
' RV i i) = =770 5 ) BB ST pere )KF)
» CMS measures R(K) ratio
» in low-g° region 1.1-6.0 GeV? » “B parking” trigger strategy — ~10'0 events
> *more in LFV section » Single displaced muon trigger — muon
» dB(B° — K*0u*u~)/dq? channel
> in wider range and finer binning > e/ectr(_)n c/_mnne/ events — from unbiased
opposite-side B
L L1 pk HLT p}  HLT p IP;, Purity Peak HLT  [Ldt
[10%*cm™2s7!] thr. [GeV] thr. [GeV] thr. [%]  rate [kHz] [fb~1]
1.7 12 12 6 92 1.5 34.7
1.5 10 9 6 87 2.8 6.9 426.7
1.3 9 9 5 86 3.0 20.9
1.1 8 8 5 83 3.7 8.3
0.9 7 7 4 59 54 6.9
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https://inspirehep.net/literature/2747130

Integrated B(B" — KT u™)

> 10 CMS simulation 13 TeV
w
@ 7
Normalize to the resonant channel 1 toweaz
BB K 1 1) [ P = Ny o [Fonins T 15| O 25)
- - r 25|
T Ny e+ (841, 10.24] GeV? r m 'L e
(Aeeuig)p g/t i+ [8:41,10.24] GeV? 1 R,
x B(B* —]/pK")B(/p— ' p”) [ looro-arefe®
(Aegtrig)B+~>K+;A+;1’ [ngin’ qrznax] ;«M *
L ——
Integrated B uses the low-g° bin to minimize osp
dependence on theory: i . \ | |
% 5 0 5 20
92 [GeV]
Source B(B* —K*utu~)[1.1,6.0] GeV?
[10-9]
Measurement 12.42 + 0.68 S ___cws 33.6 b (13 TeV) - i103 cMs 33.6 b (13 TeV)
EOS 189+13 g 300 97 O[1.1, 6.0] GeV* — Totalfit 2 o7 0[8.4, 10.24] GeV? — Total fit
FLAVIO 171+£27 5 Signal: 1257 +31 “or Bk © 0% gigna 728000 = 1000 =BT
. - S ool gnal * Other B & Comb. > f Stnd * Other B & Comb.
SUPERISO 16.5+34 8 L e B LK & s0p e B K
HEPFIT 19.8+73 g I B 2 F B -t
g 100} oun < i Dam v
o
. o
» Extrapolate to g°-integrated B
using two theory models A DL _ 5 S e e e
_ 2F . . L - . .
> (43'5 :l: 2'4) X 10 8 (FLAVIO) 5.1 5.2 5.3 5.4 55 5.6 5.1 5.2 5.3 5.4 55 5.6

> (43.942.4) x 108 (SUPERISO)
> Agrees with PDG and LHCb

WIFAI 2024, 12-15 Nov 2024 Semen Turchikhin
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Differential B(B™ — KT u™)

» Measured in 18 g2 bins
» Uncertainty small compared to
theory, statistically dominated
» only 33/fb from 2018
» Data generally at the lower edge
or below predictions for
g% < 17 GeV?
P agrees and competitive with
earlier LHCb result(Z'
» Is it an anomaly? Still no
consensus on theory side. . .

WIFAI 2024, 12-15 Nov 2024

x10¢ CMS 33.6 b (13 TeV)
N& 8- HEPFIT
o] B SUPERISO
S I FLAVIO
G 6 EOS
o B —4— Data
Q
o
W
N +-4-4—4-
2t Tos -.-
L —o—o-
0 i | ! | P
0 5 15 20
q2 [GeV’]

no calculations for the range between J/1 and (25)

HEPFIT only available for g? < 8 GeV?
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http://www.arxiv.org/abs/1403.8044

Angular analysis of B® — K*O(K*m=)utpu~ (1) CMS-PAS-BPH-21-0027

P(m, cos By, cos by, ¢p) = Ys {Sc(m) 5%(cos by, cos 0, ) € (cos B, cos b, )

» Long-term tension between data and R () costi —costy ) e (cos g cos )|
theory in angular observables ¥y B 1) BY(cos i cos )
. CMS Preliminary 140 fb' (13 TeV) CMS Preliminary 140 fb' (13 TeV)
» CMS uses full Run-2 dataset with Gof v e geoo
o [ " Seagoun S
dimuon+track triggers s [ =l

» Final state described by g? and 6k, 0, ¢

» decay rate expressed via F; and
optimized observables Py 2 3, P} 5 6 5

» and Fs, As for S-wave component § o ::

» UML fit to the mass and 3 angles in 6 T T menanew T ey

bins of ¢? g [iaeeer H() s Flogiso S
I | o

/TR gt

|
40~ *‘\ 40
/ \
L L L L L L Ly | | L | | | |
7708 06 04 02 0 02 04 06 08 3 2 T 0 T 2 3
cos(8) ¢ (radians)
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https://cds.cern.ch/record/2899589

Extract all 8 observables

Two sets of predictions

compatible to data, except:
» P, and P, at g° below J /1

The P{ discrepancy consistent
with Belle(', LHCb(F
ATLASZ
One of the most precise
measurements to date

> Still limited statistically

055 3
04
03F E
£ [ tiavio prediction E 0.5
0.2F 1 eos prediion E
0.1F #oe E [
0E e -0 1 L L
0 2 4 6 8 10 12 14 16 o 0 2 4 6 8
g% (GeV?)
CMS Preliminary 140 fb' (13 TeV) CMS Preliminary
o~ e o e
« 1f [ tavio prediction 7] o 1? [ navio prediction
t I EOS prediction t I EOS prediction
[ #Daa [ #Daa

Semen Turchikhin

CMS Preliminary 140 fb' (13 TeV)
£ RAE

i

1 [ I iavio prediction
t I EOS prediction
[ -4 Daa
0.5

CMS Preliminary
B

05[]

4

]
6 8 10 12 14 16
¢? (GeV?)

Lol
0 2 4 6

8
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http://www.arxiv.org/abs/1612.05014
http://www.arxiv.org/abs/2003.04831
http://www.arxiv.org/abs/1805.04000

» Extract all 8 observables
» Two sets of predictions
compatible to data, except:
» P, and P, at g° below J /1

» The P{ discrepancy consistent
with Belle(', LHCb(F
ATLASZ

» One of the most precise
measurements to date

> Still limited statistically

CMS Preliminary

[~ [l fiavio prediction
[ I €0s prediction
[ -4 paa

0 2 4 6 8

CMS Preliminary

L [ iavio prediction
[ [ E0s prediction

~+-Data

L I vavio prediction

1F [ €0S prediciion

[ #Daa

CMS Preliminary
B

1 -05F
R
1 3 t L 1 1
101214162 0 2 4 6
q* (GeV?)
140 fb™' (13 TeV) CMS Preliminary
ey R R

L [ tavio prediction

1; 1 EOS prediction

[ -#Daa

]
10 12 14 16
¢? (GeV?)

140 fb™' (13 TeV)

10 12 14 162
q* (GeV?)
140 fb™' (13 TeV)

10 12 14 16
¢? (GeV?)


http://www.arxiv.org/abs/1612.05014
http://www.arxiv.org/abs/2003.04831
http://www.arxiv.org/abs/1805.04000

First observation of J/v¢ — ptpu~ptp~ decay in CMS pro 109 (2024) Li11101(7

» In SM proceeds via v*/Zx,

B(J/v — 4p) = (9.74 +0.05) x 10~/
» probe for various BSM scenarios
» novel testing ground for QED calculations
» only upper limit from BESIII so far: B < 1.6 x 10~°

» CMS uses the B-parked 2018 dataset with single-muon triggers

Normalization to B(J/v — ptp™):

B(J/¢p—4p) _ Nay €2pu
B(J/p—2p) Nay, €4p

» Observe 11.6738 signal events

» Significance above 7o

B(J/¢ — 4p) =
(10.1733(stat.) + 0.4(syst.)) x 107"

» agrees with SM

WIFAI 2024, 12-15 Nov 2024

Events / 50 MeV

cMs S 3;.s‘fb'j (13 TeV, - x10° cms R 336 [fb ',“3 TeV
10~ ¢ Data ] % 1.8 ¢ Data -
t —Fitresult e &) — Fit result
— J/y signal 16 — J/y signal B
8- — Background N % 1.4 — Background =
r ]
[ o 12 4
6 B 1 E
F 0.8 =
4, —
[ 0.6 E
2 1o *
: g .
0 - S 0 :
2.6 2.8 3 3.2 3.4 2.6 2.8 3 3.2 3.4
My [GEV] my.- [GeV]
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https://inspirehep.net/literature/2769595

First observation of AY — J/4="K™ decay in CMS

» Study motivated by recent discoveries of pentaquark
structures in J/vp and J/¢A® systems

» Studying J/¥= and J/¢¥Q~ can lead to
doubly-/triply-strange pentaquarks
» Challenging reconstruction of 3-vertex cascade decay

» Observation significance above 50
» Measure B w.r.t. reference A9 — 1)(2S)A° decay

> different cascade, still high systematics cancellation
B(Ag — J/pE-KT)

R=—+20————— - =[338+1.02(stat) £ 0.61 t) + 0.03 (B)]%
P
P
A\[J
v 7 (/-‘ﬁ< ;
m - u = K

A4 7 Aj 4

P ¢ P P ¢ P

WIFAI 2024, 12-15 Nov 2024 Semen Turchikhin

EPJC 84 (2024) 1062

< sy CMS 140 fb™! (13 TeV)
2 S0F } Data
©200} —Fit

@ --- A} signal

% 500 0y Background
°

2

<100

o

Candidates / 16 MeV

I L
565 57 575 58

5.6
m(w(2S)A) [GeV
CMS 140 o' (13 TeV)
40 F + Data
35 —Fit
30k - Ay signal
P AT T | Background
20
15 I
wop I T g
5

%2

5?6 \ 5.18 6
m(JyEK") [GeV]
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https://inspirehep.net/literature/2752469

Summary

» Great progress with clear di-muon signatures

» ~11% precision achieved for B(B? — p* ™) with a single CMS measurement
» Effective lifetime as another sensitive observable

» Combination with ATLAS full Run-2 will further improve precision soon
» Large potential for charm meson rare decays
» New CMS data parking strategy in Run-3

» Rare semileptonic decays challenging both for theory and experiment

» dB/dq? predictions suffer from large uncertainties
» Still no consensus on long-standing discrepancies
» Room for more synergy between the experiments and with theory community
» Promising start of the discussion at LHC HF WG meeting on b — s/
> e.g. define common g* binning options. . .
» Looking to the future

» Phase-2 upgrade of the trackers will bring mass resolution improvement — factor ~1.5 in
both ATLAS and CMS

WIFAI 2024, 12-15 Nov 2024 Semen Turchikhin Universita di Genova, INFN Genova 17 / 17
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First observation of n — 4u decay by CMS

» Double-Dalitz decay serving a precision SM
test, sensitive to certain new physics
scenarios

» light-by-light hadronic component of the
muon anomalous magnetic moment

» Data collected by dedicated high-rate low-pr
dimuon triggers saving only HLT information

» Measure the B w.r.t. n — p*p~ decay
B
= (086+ 0.14(stat) 012 syst) x 102
2u
B(n — 4p) = (5.0 = 0.8 (stat) £ 0.7 (syst) £0.7(By,)) x 10~?

P agrees with the prediction of
(3.95+0.15) x 10~°

A unique measurement made possible by
special trigger strategy

WIFAI 2024, 12-15 Nov 2024

Candidates / 7 MeV

Pull

70
60
50

40

-5

PRL 131 (2023) 091903 &'

-

]+

101 fb™ (13 TeV)

-~ Signal n - 4u E
rrrrr Background =
— Full fit E

t Data
X2/ ndf = 68 /60

11rlloa
i

05 055 06 065 07 075 08 085 0.9

Semen Turchikhin
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https://inspirehep.net/literature/2657654

N) — J/="K* — intermediate system masses

» First observation of a multi-body decay with J/¢="

system

» Nice demonstration of the potential in studying complicated multi-body final states

> Limited statistics does not yet allow to study intermediate resonances

. cws 140 fb? (13 TeV) . gws 140 fb! (13 TeV) . gws 140 fo! (13 TeV)
L 20 [} [
= 4 Data s 4 Data S 20} § Data
3 8 20f 3
— 15F oMC =1 oMC — 15F 0MC
3 g 3
g 10} B o g 10f o o
b=} S 10f =]
k=] o © T 5l
= c c
< 5p < 5l < *
(@] (@] o
0 ? of
of of \
L L L L L L ! L L L L
4.4 4.6 4.8 5 5.2 1.8 2 2.2 2.4 2.6 3.6 3.8 4 4.2

m (=) [GeV]
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Di-muon triggers

Dedicated trigger options to overcome the rate limitations for low-pt dimuons

» ATLAS uses topological selection using muon trigger hardware information (cuts on m(u* ™),
AR(ut ™)), software selection based on full reconstruction of certain decays with precision tracking
(e.g. BS = J/P(u"p )o(KTK™))

» Data scouting in CMS — doing certain analyses using only trigger-level information to save bandwidth
throwing away raw data

Entries / 10 MeV

10

10°

10°

10*

T TTTI]

— T T T T

ET T

FATLAS Preliminary
t Data 2018
Vs =13 TeV,
58.45 fo™

(
Dimuon triggers: p. (1) > 11 GeV, p_(u,

WIFAI 2024, 12-15 Nov 2024

low-m @ Jy B Y(nS)
[ 1 ] EORCEXOEIE
. Wl pv)> SGevp ) >oGey
)
)

B ro- soevn ooy

P ()> 4GeV.p

8

L

>4Gev

() |
)

>6GeV

10 12
m(p ) [GeV]

34 ™ (13 TeV, 2018)

1012 r

Events/GeV x Prescale
=
=

CMS

Preliminary I P, (1) >3 GeV, n() < 2.4, opposite sign

Online Reconstructed Dimuon Events

L1-Trigger Selection Requirements

20.p, >45Gev, 2,05, maupT Gov
., > 533 Gov

ap, 25

209, >0GeV, el 05, ameLe
20.p, >4G0v,05, GRe12 e,

205, >0GeV, <14, 05, aRe14

20, >45Gev,05, 8R<12
20.p, >456ev,08

Semen Turchikhin

1 10, 107
U W invariant mass [GeV]
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ATLAS B-physics trigger in Run-3

> T T
o ATLAS Prellmlnar = -
2 [ Dua0s2 5138 %V, 307 b 1 3 [ ATLAS Preiminary ‘ ‘ E 3 25007 AT AS Prefiminary ‘ ‘ T
ata 2022, /s = 13.6 TeV, 30.7 fb o )
o = 7000F Data 2022, Vs = 13.6 TeV, 6.8 fb” 3 = [ Data 2022, {s=13.6 TeV, 6.8 fb" 1
Ay low-M ¢ Jg B T(nS) PF(wi) © £ —— Full BphysDelayed Stream 1| © r Full BphysDelayed Stream
» 106 I I 1cev 6Gev Py £ 4 » 2000 -
2 o E pu)>11,p(1)>6Gev ] L L p01)>11,p (1) >6Gev ]
€ k=3 E +Dimuon selections = k= r +Dimuon selections 1
w w E P)>11,p (1) >6GeV ] W 9500 p,(1)>11p (1)>6Gev ]
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