Combined analysis of charm-quark
fragmentation-fraction measurements

arXiv:1509.01061, submitted to EPJ C

Mykhailo Lisovyi®, Andrii Verbytskyi®, Oleksandr Zenaiev®

@ Physikalisches Institut der Universitat Heidelberg
b Max-Planck-Institut fiir Physik

¢ DESY

DIS2016, Hamburg, 12.04.2016

M. Lisovyi, A. Verbytskyi, O. Zenaiev Combined charm fragmentation fractions


http://arxiv.org/abs/arXiv:1509.01061

Introduction

e(k’)
e(k) pQCD oco=PDFQ MEQFF

( ¢ @ Fragmentation functions and
(@) fragmentation fractions (FF)

ME D cannot be calculated
%\ perturbatively = have to be

gE& p) non pQCD extracted from data.

POF @ Are FF universal?
P(p) @ Do FF sum up to 17
non pQCD
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Input data

Criteria:
@ /s> 2m. ~ 3 GeV
@ minimal model dependence, e.g. particle beams (absence of matter effects)

@ sufficient precision

Input data sets:

e ete™:

o B-factories (CLEO, ARGUS, BABAR, BELLE)
o LEP (OPAL, ALEPH, DELPHI)

° eip:
e DIS (ZEUS, H1)
o PHP (ZEUS)

o pp: LHCb, ALICE, ATLAS

Measurements are updated to latest branching ratios from PDG 2014 + 2015 update
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Calculation of fragmentation fractions

Two considered FF calculation:

© flc— H)=0(H)/o(c)

@ Need to know total charm x-section o(c): ete™ only
o Cancheck S=3, , flc—>H)=1

Q fle—H)=0(H)/> . 0(H)

o Need to measure all weakly decaying (w.d.) final states
o More model independent (the only assumption S =3, f(c— H) =1)

Weakly decaying final states: D°, DT, DY, AY, =F, 22 and Q2

Final states =/, =0 and Q0 are poorly studied = take the ratios from strange:
o(E) + () + o () = Aa(AL)
Swa. o(H) = o(D%) +o(DF) + o(DF) + o(A) + Ao (AT)

A=20o2)  LoR ) — 0136 4+ 0.006 (PDG) = 25, 22,00 < 1%

In addition FF of some excited states have been combined
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Combination procedure

@ x* minimisation with MINUIT

@ Free parameters: FF, charm x-sections, kinematic phase space factors

@ Correlation of branching fractions uncertainties are taken into account

@ Experimental correlation uncertainties are taken into account if available
°

Combination is performed separately for B-factories, LEP, DIS, PHP and
pp, as well as one global combination

@ Additionaly calculated:
R _ fle—cu) _ fle = D°% — f(c = D*")Bput_, po
YT Feed)  fle— DV + fle = D*N)Bput _, po
_ 2f(c— c3) J—0) ~ 2f(c — D7)
Y= s O 5o S D0+ flc > DY)
« _ 2f(c— c3) T~ 2f(c — D)
T o= cu/J)( =~ f(c = D*F) + f(c — D*0)

P G ci/d)(J =1) _ f(c—= D*t)+ f(c = D*?)
V" fle—= cu/d)(J =0)  f(c— D)+ f(c — DO)
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Results: eTe™

-

E

B-factories
Fixed o(ee” = ¢)  Constrained S
flc— D'F) 02470 £0.0137  0.2525 + 0.0155

f(c— D*°) 0.224140.0304  0.2291 +0.0316
fle—D;Y)  0.0532+£0.0082  0.0544 + 0.0085

Fixed

1{:, " Constrained S
f(e = D*T)  0.2369 £ 0.0064 0.2454 + 0.0071

f(c— Di¥)  0.0545+0.0144  0.0547 £ 0.0145

- -
Je DY) 02039400139 0.2698 % 0.0125 fle— DO) 0.2267 £ 0.0100  0.2429 + 0.0102
J(c— DY) 0.5772£0.0241  0.5901 & 0.0140 fle— D) 0.5470£0.0215 0.5894 & 0.0132
f(c— DF) 0.0691 £ 0.0045  0.0707 % 0.0048 fle— DF)  0.0925+0.0082  0.0996 + 0.0083
J(c—> A7) 0.0526+0.0031  0.0611 + 0.0060 flc— AF)  0.0555+0.0065 0.0600 & 0.0066

x? 19.2 17.0 X2 6.7 78
Ndof 21 20 Ndot 13 13
(S 0.9701£0.0284 10000 % 0.0005 ) C 5 09292 £ 0.0261 10000 £ 0.0005 )
= - =
R};{Ld ggzgf i ggz;z ggggf i ggzgf Rura 0.0987 £ 0.0627 1.0318 £ 0.0580
v - - : : d N -
e 0.1644+0.0121  0.1644 + 0.0121 Lilid 0.6119 +0.0185 0.6000 4 0.0177
o 09957 £ 00385 0.9257 £ 0.0355 vs 0.2390 +0.0224  0.2394 + 0.0223
@ Good consistency ® Good consistency
@ S ~ 1 checked @ S~ 1within3 o
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Results: e*p, pp

DIS PHP pp

Constrained S Constrained S Constrained S
f(c— D*")  0.2372+0.0173 f(c— D*F)  0.2345 £ 0.0081 f(c— D**)  0.2336 +0.0177
f(c— D%y 0.2170 + 0.0203 fle— DY) 0.2341 £ 0.0093 f(e— D) 0.2277 4 0.0129
flc— D" 0.6272 4 0.0287 f(e— D%  0.5991 +0.0126 fle— D%  0.6192 4 0.0159
f(c— D) 0.0945 £ 0.0124 fle— D¥)  0.0901 + 0.0062 f(c— DF)  0.0803 & 0.0080
fle— AF)  0.0540 4 0.0195 f(c— AT)  0.0675 +0.0106 fc— AF)  0.0641 £ 0.0122

x> 1.7 X2 5.2 x> 7.0

Ndof 3 Ndof 4 Ndof 7
S 1.0000 = 0.0004 S 1.0000 % 0.0005 S 1.0000 £ 0.0005
Ruya 1.2361 + 0.1331 Ruja 1.1209 + 0.0545 Ruja 1.1948 + 0.1020
P 0.6282 + 0.0440 P2 0.5970 4 0.0181 Pe 0.6055 + 0.0307
Vs 0.2240 + 0.0320 Vs 0.2164 + 0.0162 ¥s 0.1896 + 0.0204

@ Only constrained S fit possible

@ Good consistency
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Results: global combination, figures

I combination ®  e'e B-factories
e*e’ Z decays e'p DIS
B-factories+LEP+DIS4+PHP+pp , — 7"+ R .
c £ B
. Constrained S, ] 0.6 ‘ | *’H —
Constrained S _ L ° £ | | | | |
fixed o(ete™ — ¢), e © E | | | | B
e E E
flc— D*%)  0.2430 £ 0.0049 0.2386 = 0.0046 ps 0.5¢ | | | | 1
f(c— D) 0.2305 +0.0315 0.2251 + 0.0299 2 o4b | | [ | E
F(c— Di¥) 0.0547 +0.0074 0.0536 = 0.0072 ‘2 F | | \ | 1
f(c— DT)  0.2404 +0.0067 0.2439 + 0.0067 GE) 0.3 | | N | | -
f(c— D%  0.6089 + 0.0076 0.6143 £ 0.0073 S = '?v-! - | E
f(c— D) 0.0799 +0.0040 0.0794 & 0.0040 £ 0.2 | | E
flc— A7) 0.0623 +0.0041 0.0548 £ 0.0026 £ E | | \ | E
£ 1
X 65.7 ST g } I_ — } "'_"'- w=d
Tdot 64 67 © 0 4 0 4 + 0 + +
S 1.0000 + 0.0005 1.0000 + 0.0004 D D b D D D  Ac
Ruja 1.0976 + 0.0354 1.1168 + 0.0354 O Plaverage by A. David
P 0.5575 + 0.0375 0.5402 + 0.0355
7 0.1881 £ 0.0103 0.1851 £ 0.0101
Es 0.2311 + 0.0346 0.2313 + 0.0346

\
\
\
\
@ Perfect consistency for }
constrained S

@ Tension for fixed eTe™ charm
x-sections (consequence of
S =0.929 £ 0.026 at LEP)

|
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Results: global combination, pp charm x-sections

Correlation matrix for FF

D+ DY D DY D° Df AF [JHEP 1603 (2016) 159]
D**  1.00 -0.02 -0.02 -0.08 0.19 -0.07 -0.12 0<pr<8 Gev}(' e yeds T T
D 002 100 002 -007 007 00l -0.01 o LHCb
D;t -0.02 0.02 100 -0.05 -0.07 023 -0.01 LHCb D* —a— /5=13TeV
D*  -0.08 -0.07 -0.05 1.00 -0.66 -0.19 -0.19
D° 0.19 0.07 -0.07 -0.66 1.00 -0.32 -0.41
LHCb D° ——
Df -007 001 023 -019 -032 100 -0.07 R R
AF 012 001 -001 -019 -041 -0.07 1.00 FF combination red
LHCb average —e—i
H . H FONLL Xiv:1507.06197
Fitted charm x-sections in pp s
Vs, T yorn Fit result Original POWHEG+NNPDF3.0L (scaled) arXiv:1506.08025
TeV  range, range o(pp — ¢), a(pp — ¢), —a—
GeV b b
POWHEG+NNPDF3.0L (absolute) arXiv:1506.08025
7 [0,8]  ye[2,45] 2675+202 2838+ 268
13 [1,8]  ye[2,45 41744338 4300 + 356 [20] . . 1 L
13 [0,8] y€([2,4.5] 5269+292 5880 + 482 [20] 0 1000 2000 3000 4000
276 [2,12] |yl <05 229467 =
7 [212]  |yl<05 434484 o(pp — ceX) [ub]

7 [35,20] [n <21 1399+ 141

Improved charm x-sections ratios

Ry3/7 = 1.97 £ 0.18 differs by 2.70 from theory prediction
Ry3/7(th) = 1.3970'22 [21Xiv:1506.08025] (based on PDF fits with 7 TeV data)
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Excited states

Average (1072)

[eoDy) 46075
fle—=D5") 3.20%5%
f(c = DY) 2.97 +0.38
fle— D3%) 3.94 4 0.68
fle— Df 1.09 £ 0.14
a1 28.7% 0%

@ ZEUS, OPAL and ALEPH data have been used
@ The strangeness-suppression factor for L = 1,.J = 17 charm mesons is
calculated neglecting D(2430)° contribution and assuming D} is 1™

state:
2f(c — DY)

fle— DY)+ f(c— D)

@ First combinarion of FF for excited charm hadrons

Vs1 ~
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Summary

Summary of measurements of the fragmentation of charm quarks into a
specific charm hadron is given

Measurements in different production regimes agree within uncertainties,
supporting the hypothesis of fragmentation universality

Hypothesis that the sum of known weakly decaying charm hadrons FF is
equal to 1 is checked to hold within 3 o using the e™e™ data

Averages have significantly reduced uncertainties compared to individual
measurements

The application of the obtained values can significantly reduce
uncertainties in future analyses and already published results
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BACKUP
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BACKUP. Restricted phase space treatment (1)

The full x-section of a charm hadron, o(H )¢, can be split into x-section of direct production
0 (H)dir, e, and the contribution from the decays of heavier charm states H™, 0(H)decays,co*

o(H)ev = 0(H)gir,cot0(H)decays,cv = O (Hdir,cot > o(H)BH" = Hkpx .,
all H*

where ky+ i < 1is a fraction of H* — H decays with H in v.
With the assumptions above, we have the equations:

o(DNew = o(DN)div,co + ko (D) g B(D*T — D)

o(D%ew = (D) poc, + ka(D™)gi B(D™" — D°)
+ko(D* M) g, B(D*T — D°)

U(D?)Ev = U(D;r)dir,@

o(AY)ew = o(AD)dirco

O'(D*Jr)ev = O'(D*Jr)dir,eu

U(D*o)ev = U(D*O)dir,E'u

Assuming o (H)giy, e, = 0(¢)evf(c — H)g;, and introducing k = ko(c)/o(c)ev we have:

o(DY)ew = o(c)eu(flc = D)y
+rf(c — D*1)gB(D*T — D))
(D% e = 0(Qev(flc— D)g,

+rf(c = D**) g, B(D*° — D)
+rf(c = D*T) g B(D*t — D))

‘T(Dj)eu = o(c)evflc— D:r)dir
c(AD)ew = o(@)euf(c— Al
o(D*N)ey = o(c)euf(c— D* Mg,
U(D*O)Ev = o(c)evflc— D*O)dir-
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BACKUP. Restricted phase space treatment (2)

In the full kinematical space:

fle=>DT) = f(c— DMy,
+f(c— D*1)gB(D*T — DT)
fle=>D% = f(c— D%
+f(¢c = D)4, B(D™® — D)
+f(c = D*) g, B(D*T — D)
fle= DY) = flc— DN
fle= A = fle=>AD)a
fle=D*") = flc—= D)y
fle=> D% = f(c—> D)y

In general, to solve the system the measurements of D*® production are needed. However,
these can be avoided with an assumption of isospin invariance:

fle=> DNy fle = D*)g,

fle=DO%g;  flc— D*O)g,

The last two systems are the working equations for the calculation of the charm fragmentation

fractions from the cross-section measurements in the restricted phase space.
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BACKUP. Predictions for charm production at B-factories

(1)

The total cross-section of quark g production in et

2M(q) € /s € M(Z) can be given as

e~ collisions at energies

oleTe” = q)=20(eTe” = 1T17) Z v:‘;rq, (1)
colours

where v, is the vector electromagnetic coupling of the quark g (i.e. charge), r4(s) are the
correction coefficients with higher order QCD corrections and

olete™ = 1T17) = 4a®(s)7/3s 2)

is the total cross-section of massless charged lepton pair production. In this work, the
calculations of the r4(s) were done according to Ref. [Chetyrkin 2000] at the reference
energy of /s = 10.5 GeV and assuming the ¢ quark is the heavy one. The constants used for
the calculations in Eq.1 and Eq.2 are the strong coupling as(1/s = 10.5 GeV) = 0.172
[Chetyrkin 2000], the MS charm-quark mass m.(y/s = 10.5GeV) = 0.74 GeV [Chetyrkin
2000] and the electromagnetic coupling a (/s = 10.5 GeV) = 1/132.0 (calculated according
to [Altarelli 1989, Burkhardt 1989] as implemented in [Harris 1997]). The uncertainties on
the given values are negligible. The result of the calculations is o(e*ef — ¢,/s =10.5
GeV) = 2399.23 nb.
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BACKUP. Predictions for charm production at B-factories

(2)

To verify the calculations, Eq.1 can be rewritten as
oleTe™ > ¢) =20(eTe” = 1717 )ReRypag)

where the quantities

+
— had
th:u Z Z vrq735239

o(ete” — 1+l Wt
and )
vire
I e N
“ " o(ete— — hadrons) > >0 virg '

u,d,s,c colours
can be compared with the existing measurements and predictions. It was found that R)_q is in
agreement with the direct measurement from CLEO below /s = 10.56 GeV

Rpad.cLeo = 3.591 £ 0.003 + 0.067 & 0.049 [Besson 2007] and R. is in agreement with
the CLEO Monte-Carlo based estimation Re cLeo = 0.37 4 0.05 [Bortoletto 1988]. For all

the theoretically calculated values, the uncertainties of calculations are negligible.
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BACKUP. Predictions for charm production at LEP

The theoretically calculated value that is used,

7 o = 0.17223 4 0.00001 [Freitas 2014], is in agreement with the

experimental world average 0.1721 £ 0.003 [PDG].

M. Lisovyi, A. Verbytskyi, O. Zenaiev Combined charm fragmentation fractions



