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LHC 1S A CHARM FACTORY

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017
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LHC 1S A CHARM FACTORY

Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

Large production cross-sections,
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13 TeV cross-section into LHCb

JHEP 1603 (2016) 159 and errata

/ 13TeV 2369 +£3 + 152 £ 118 ub

Nucl.Phys. B871 (2013) 1-20
1419 £ 12+ 116 + 65 ub
JHEP 1706 (2017) 147
1193 + 3 £ 67 £ 58 ub

N produced per o~

o(pp — D°X) = 2072+2+124 b
o(pp — DTX) = 83442+ 78ub
o(pp = DiX) = 35349+ 76ub
o(pp — D+ X) = 784+4+ 87 b

e

~2 %1012 po/p°
~0.8 x 102 D*
~0.4 x 102 DF
~0.8 x 102 D+

The LHC is the most prolific producer of c-hadrons yet constructed.
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LHCb’S CHARM COLLECTION

Efficiencies depend analysis, but O(a few %) is not uncommon.

LHCb has some of the world’s largest charm data sets.
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For example, large, high-purity samples of A¥ — pK~=* for Z1* discovery,

2300

o 2016 dataset: [ £ =1.7fo"" = ~60 million AF — pK— 7.

P. SPRADLIN (GLASGOW)

LHCb BR ETC.

BES-III/LHCb 2018.02.08

4/23



PRECISION RELATIVE BRS
e.g., arXiv:1711.01157 [hep-ex] (submitted to JHEP)

LHCb measures ratios of branching fractions of a hadron with high precision
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— (7.44+0.08 +0.18)%,

=(1.70 £ 0.03 + 0.03)%,

= (0.165 £ 0.015 + 0.005)%.


http://arxiv.org/abs/arXiv:1711.01157

... but what LHCb does not measure
well are absolute branching fractions
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PRECISION RELATIVE BRS
e.g., arXiv:1711.01157 [hep-ex] (submitted to JHEP)

LHCb measures ratios of branching fractions of a hadron with high precision

x10?
+ —1 R —r 1T 1 T T
Af BFs based on 1fb™" of 2011 data 2 0p @ + Data i
@ 226851 £ 522 Af — pK— =t 2 gof LHCP —Full Fit |
. = Signal
@ A fraction of our current data set. < sof - Blagcrfground T
Dominant syst. uncertainties of ratios § :g: :
@ Scale with size of dataset, g 20| 4
@ Or to be improved with amplitude “ ok -
analyses. 0 226 2.8 23 752
M(pK ") [GeV/c?]
B(Af — pr—7t) x 103 =4.724+0.054+0.11+£0.25
external

B(Af — pK~K*) x 10% = 1.08 4-0.02 + 0.02 £ 0.06

B(Af — pK—nT)
B(Af — pr~K*) x 10* = 1.04 £ 0.094+0.03 £ 0.05

LHCb relies on external measurements of absolute branching fractions for
many of its precision measurements.
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http://arxiv.org/abs/arXiv:1711.01157

KEY NORMALIZATION MODES OF OPEN CHARM

Some of our key normalization modes for open charm hadrons are
0 -+ =+ -+
D—>K_7r B Df - K-K+at ioﬁpKiﬁi .
DO — K—ntn—nt AF s oKt El—=pK K7
D+ K—mtat c P 20— pK—K—r+
Use of these channels in relative measurements is so common that we
will be able to use absolute values of their branching fractions to

almost any precision.

Charmed strange baryons are a particular point of ignorance,
e No absolute branching fraction measurements exist,

e The large charm and beauty baryon production at LHCb is
opening many new interesting channels for key physics
measurements, especially in LHCb’s upgrade.
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R
CLIENT: CKM |V,p/ Vep| AND | V|
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Leading measurements of | V| and | V| through b— ufv, and b— clv,
@ |V,p| is one of the least precisely measured CKM parameters.

Precise measurements of |V,/ Vep| (and thus | Vp|) at LHCb require precise
charmed branching fractions.
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| Vub/ Vieb| FROM SEMILEPTONIC Ag DECAYS
Nature Phys. 11 (2015) 743-747

Using exclusive semileptonic /12 decays,
Vi|?  B(A— pu=v,)

Veo| — B(AY—~ AL p,)

where Rgr is a ratio of form factors.

Lattice QCD predicts the form factors most precisely at large g2
B(AY— Pi™Vy) e 15.6ev2 Vb
B(Ay— ASH™Pp) o7 geve Veo

2

— (1.471 + 0.095 + 0.109)

Detmold et al., Phys.Rev. D92 (2015) no.3, 034503
And the branching ratio can be measured from counting observables
0 J— N
B(Abﬁpu V/L)q2>1SGeV2 N(Agﬁpﬂ VH) -I’e'B(A;L%pKiﬂ'Jr)

BAY— A V) gsrceve  N(A— AL(PK—mt)u=m,,)

where r. is a ratio of experimental detection efficiencies.
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http://dx.doi.org/10.1038/nphys3415
http://dx.doi.org/10.1103/PhysRevD.92.034503

MEASURED | Vp/ Vip| AND SYSTEMATICS

Nature Phys. 11 (2015) 743-747

Measured result in 2fo~' of LHCb data

B(Ag — pﬂivu)q2>150ev2

B(Ag — Aér,u_vu)q2>7 GeV?

Relative uncertainty (%)

B(AS — pKTr7) i
Trigger 3.2
Tracking 3.0

A} selection efficiency 3.0
A} — N*1 "7, shapes 2.3

A} lifetime 1.5
Isolation 1.4
Form factor 1.0
AY kinematics 0.5
G* migration 0.4
PID 0.2
Total e
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= (1.00 £ 0.04 + 0.08) x 1072

B(Af — pK~x") has largest single uncertainty

@ Must come from an external source,

@ Cannot be reduced by larger LHCb data
sets or more studies.

Carrying through
Yoo | _ 0,083 + 0.004 + 0.004,
Vcb

and using the world-average for | V|

|Vip| = (3.27 £0.15 4+ 0.16 = 0.06) x 1073
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http://dx.doi.org/10.1038/nphys3415

COMPARISONS WITH OTHER EXPERIMENTS
Nature Phys. 11 (2015) 743-747

T T T T
. e PDG
Inclusive 2014
—_— PDG 2014
i RBC/UKQCD
Fé‘il)‘;:l:/")e —— AR
. FNALIMILC
arXiv:1503.07839
Detmold, Lehner, Meinel
LHCb [ (using RBC/UKQCD config)|
(A—puv) arXiv:1503.01421

0.603 0.0635 0.604 0.02)45 0.005
| Vup| measured with |
@ Exclusive decays, e.g.,
A — ptw,
. 40 42 44
@ Inclusive decays, B— X,
y . V| x10°

Independent theoretical and experimental uncertainties,
e Tension between the two methods.
LHCb’s determination with Ag—> pp~ v, is consistent with B-factory

exclusive measurements from B— 7(7,.
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.
CLOSING THE TRIANGLE

Why this matters: overconstraining the CKM triangle with precision
measurements of each side and angle is key to discovering non-CKM
sources of CP violation.

CL> 045

| ICHER 1B

sollwibos 3 <ib
(il - 035)

I|IIII|IJII|IIII|IIII

In progress: similar analysis of B(BS— K*u~7,)/B(B2— D (K~ K77 )u~7,),
for which B(Df — K~ K*=+) will be critical.
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CLIENT: PRODUCTION RATIOS

Heavy flavor production measurements are among LHCb’s most cited
and most broadly useful results.

They provide precise tests of

Lol Lo ‘ Y GMVFNS [ BaBar/CLEO
QCD and prObe proton L L Vs=5Tev Belle LHCb average
structure at small gluon x 2" —— ]
E 0.12 - _+__+_—f— ]
Absolute cross-sections have % | —— + :
uncertainties I
? 0.08
@ For both theory and i
experiment. o
0 ' ' ' 2‘ ' ' ' 1‘1 ] ' ' (‘1 ' ' ' ‘ ' ' 10
pr[GeVie]

However, many of the largest
uncertainties cancel in ratios.
Thus production ratios and fragmentation functions can be more useful
than the absolute measurements.

Charm production ratios in /s = 5 TeVpp collisions, JHEP 1706 (2017) 147.

These ratios are measured precisely with specific decays modes,
e and thus require input from absolute branching fractions.
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http://dx.doi.org/10.1007/JHEP06(2017)147

RATIOS EXAMPLE: PROSA PDF FITS

PROSA collaboration incorporates
LHCb production measurements into
proton PDF fits.

Two approaches

o Fit absolute measured
cross-sections, -3 dpr 7

@ Fit normalized cross-sections, dy/dy

Significant improvement in precision at o 2 f

dg/

small x and small Q2.

Much smaller theory uncertainties in fit of
to normalized values, Af

@ Absolute normalization subject to
large uncertainties estimated by
pQCD scale variation,

o Rapidity shape is largely scale invariant.
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PROSA NLO FFNS fit

2=10 GeV?
[ HERADIS
HERA DIS + LHCb abs
HERA DIS + LHCb norm

PROSA Collaboration, Eur.Phys.J. C75 (2015) 8, 396.

Incorporates LHCb D (Nucl.Phys. B871 (2013) 1-20) and
B (JHEP 1308 (2013) 117) 7 TeV cross-section measurements.
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fs10y/(fu + fg) WITH SEMILEPTONIC DECAY'S

PHYS. REV. D 85 (2012) 032008

Attempt to reduce theoretical input by analyzing the abundances of the

products of semileptonic b-hadron decays.
Six inclusive final states

e AfptvXand DPputvX to determine
abundance of A9, Neor (A2 — Dpu),

@ Dy utvXand D°K—putvX to determine
abundance of BY, n.o. (B2 — Dp),

e DO%utvX and D~ v X with corrections from
the other final states to determine the
combined abundance of B° and B+,
Neorr(B® — Dp1) + Neore (BT — D).

b-hadron semileptonic decays separated from
prompt D production with characteristic
distribution of D impact parameter.
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fs10y/(fu + fg) WITH SEMILEPTONIC DECAY'S
PHYS. REV. D 85 (2012) 032008

From these,
fS _ ncorr(Bg — DM) TB+ + Tpgo
fu + fd B ncorr(Bo_> D,U) + r’corr(B+ — D[L) 27'52

and
ng _ ncorr(/lg_> D,U) TB+ + Tpgo 1_ é)
fu+ Ty DNeor(B°— Du) + Neorr (BT — D) 27-/1(,;

where the factor £ accounts for the chromomagnetic correction that
affects b mesons but not b baryons.

The corrected yields, n.o, are corrected for charm branching fractions,

1 n(Dg 1)
_ ~ N(D from B
(B0 DY) | B(DE = KKty MDs from B)

Neorr (B2 — D) =
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fs10y/(fu + fg) WITH SEMILEPTONIC DECAY'S
PHYS. REV. D 85 (2012) 032008

fs — +0.011
rop, = 0134 0.0047331

f
. ffd (pr) = (0.404+0.017£0.270.105) x [1 — (0.0310.004+0.003) x pr]

Systematics on fs/(f, + fy) Systematics on f, /(f, + fq).
Source Error (%) Source Error (%)
Bin-dependent errors 1.0 Bin dependent errors 2.2
B(D° — K~ 7t) 1.2 B(A9° — D°pXpu~ ) 2.0
B(Dt — K=atn™) 1.5 Monte Carlo modelling 1.0
B(Dd — K= K*tx™) 4.9 Backgrounds 3.0
BY semileptonic decay modelling 3.0 Tracking efficiency 2.0
Backgrounds 2.0 Mg 2.0
Tracking efficiency 2.0 Lifetime ratio 2.6
Lifetime ratio 1.8 PID efficiency 25
PID efficiency 1.5 Subtotal 6.3
BY —» DK+ Xpu~ v e BALT = pK-—71) 26.0
B((B—,B% — Df KXu D) 2.0 Total 26.8
Total 88
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fs/fy WiTH B— Dh

JHEP 1304 (2013) 001

Using theoretical expressions for the branching fractions, the ratio from
Bg—> Dy (K*K—7n7)nt and B - D~ (Ktn— 77 )K™ is

E . B(BO—> Di(KJrﬂ'iﬂ'i)KJr) ED-K+ NDS_ﬂ—+

fi ~ BBy~ Dy (K*K-n-)n+) ep v No ko

72 fK>27—BO 1 B(D_—> K+7T_7T_) €ED-K+ NDS*ﬂ-+
Vid fr ) T NaNF B(Ds — K*K-77) €p-v Np-k+
®pg is a phase space factor, N; parameterizes nonfactorizable
SU(3)-breaking, NV is the ratio of form factors.

= Opg

For the final result,
fs 1
— =(0.261 +£0.004 +£0.017
o\ )X NNz
the 5% relative error of B(Dg — K™K~ 7~) = 5.50 + 0.27% is the
largest contributor to the total 6.5% systematic.
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http://dx.doi.org/10.1007/JHEP04(2013)001

CHARMONIA BFS IN b DECAYS, b— CX, C— ¢¢
EUR.PHYS.J. C77 (2017) NO.9, 609

Measure charmonium productionin b % ,,,
decays by studying the ¢¢ mass g
spectrum in b— ¢¢.

Determined relative production of < 100
770(18)1 770(28), Xc0s Xcts and Xc2s 500

B(b— CiX) B(Ci— ¢¢)

0 L
2800 3000 3200 3400 3600 3800

B(b—) CgX) B( C2 — (]5(]5) M(¢6) [MeV]

Ci
RCg =

External charmonia branching fractions B(C — ¢¢) are the largest
uncertainties for the b decay ratios, e.g.,

B(b_> XCOX) .

B(b— n(18)X) — 0.62 + 0.10 (stat) == 0.05 (syst) £ 0.15(B)
B(b— xc1X) .

Bb— m(19)x) 058+ 012 (stat) & 0.05 (syst) + 0.13(B)
B(b% XCZX)

= 0.23 £ 0.04 (stat) £ 0.02 (syst) & 0.06(B)

B(b— n:(1S8)X)
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http://dx.doi.org/10.1140/epjc/s10052-017-5151-8

BRANCHING RATIOS OF 7)¢
EUR.PHYS.J. C77 (2017) NO.9, 609

We measure B(B? — ¢¢) as a byproduct of the b— CX analysis,

NBO € B(b—> nCX) 8(770_> pﬁ)
0 — _5s £
B(B — ¢¢) = N, Egg [B(b% Jib X) B(Jp — pp)
x {B(”ﬁdxm} x B(b— Jfp X) x B(Jy — pp) x ;
B(nc— pP) .

= (2.18 + 0.17 (stat) 4 0.11 (syst) + 0.14(fs) & 0.65(B)) x 10~°
where the first two terms are from the analysis and the others are external,
[B(”’ﬁ W’)} =1.17+0.18
B(ne— pp)

which comes from PDG, where the BFs are dominated by BES-III.
Using an independent measurement of B(B2 — ¢¢), can invert to measure

B(ne— ¢)¢)]

——— =1 =1794+0.14+0.09 £ 0.10(fs/fy) = 0.03(f40) £+ 0.29(B

o (1 1) = 0.08(15) + 0.29(5)

Tension. Can BES-IIl measure the ratio of BFs to better precision?
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IDEA: CHARMONIA BRS TO A*A"

Inspired by the previous analysis and by the BES-Ill measurement

‘Study of J/» and (3686) — ¥ (1385)°5(1385)° and ==,

Phys.Lett. B770 (2017) 217-225.

Examining the feasibility of

preCiSion B(C*) A*A*) Upstream track

T T2 T3
Obtainable from analogous
B(b— CX) measurements.

T
VELO Long track

Like the C— ¢¢ analysis, a ¥
four-track final state, (oK~ )(pK™)

Also can search for X(3872)
and other states.

L

" VELO track Downstream track

T track

—

A* instead of A: all A* decay
within VELO.

Will need one or more independent normalization measurements, which
BES-III can provide.
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http://dx.doi.org/10.1016/j.physletb.2017.04.048

...AND MUCH MORE

More precise absolute branching fraction measurements of key
normalization modes will broadly benefit LHCb physics

e Charm and beauty relative branching ratios,
e CKM element measurements, especially | V| and -,

e Fragmentation fractions and production ratios,

e Which are themselves important for background studies and
normalization.

e Spectroscopy with b-hadron decays, including pentaquark
searches,

e And many others that | am sure to have missed.

Can anything be done about =9, =7, and £297?
@ A lack of absolute branching fractions may severely limit the
impact of baryon physics.
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