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Introduction to heavy quark Theory

schemes
and
diagrams

Ta b I e 1 o Fig. 8. Leading order (a) and selection of next to leading order (b}-(e) processes for heavy flavour production at HERA in the massive scheme.
[ ]
Theory Ref.  Fayy me PDF Massless F2  as(mz) Scale
def. (GeV) =T (Q? 3 m?) (ny =5)
MSTWO8 NLO RT standard [76] EL, 1.4 (pole) @a?)  Oal) O (at;) 012108 @
MSTWO08 NNLO @O(e))  appx-O(e;)  Ola?) 0.11707
MSTWO8 NLO (opt.) [77] @(al) @ (as) 0.12108
MSTWO8 NNLO (opt.) @)  appTOX-O(a;)  Ofal) 0.11707
HERAPDF1.5 NLO RT standard [42] F, 1.4 (pole) @las)  Olag) @ (ats) 0.1176 Q
NNPDF2.1 FONLL A FONLL A [78] ma V2 MNal) Ol & (ets) 0.119
NNPDF2.1FONLLB ¢ FONLLB Fiy  ~2(pole) 0@ @) /0@ O)
NNPDF2.1 FONLL C FONILC Fau) VZ(pole) O} @) Ofa?)
CT10 NLO S-ACOT-y [55] na 1.3 @lal)  Olas) @ (ais) 0.118 V02 +m?
CT10 NNLO [79] F, 1.3 (pole) ©@faf) Olaf) O(e?)
ABKMO09 NLO FFNS A [46]  Fif, 1.18 (MS) A{al)  Ol) - 0.1135 Q2 4 4m?
ABKMO9 NNLO @(e))  approx-&ic;) -
HVQDIS + ZEUS § FFNS B [511 F, 1.5 (pole) Alal)  Ol) - 0.118 v/ Q2 + 4m?
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HERA detectors and tagging methods
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Search for single top
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Fig. 26. Limits on anomalous couplings for single top production,
translated to branching fractions (Br) for top decay into uZ or uy [160].

still best limit
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Charm in photoproduction

total cross sections:
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Fig. 27. Left: Total charm-photoproduction cross section as a function of centre-of-mass energy W, [ 168]. The data shown are from the first H1 and ZEUS
publications on open charm production and from previous fixed-target experiments. Right: Inclusive charm-photoproduction cross section as a function
of ep centre-of-mass energy [181], normalised to the cross section at 318 GeV.
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Charm in photoproduction

D* tagging gives best statistics + signal/background

Table 3

Charm phatoproduction @ ss-sectionme asurement s at HERA, Informationis gven far each analysis an the charm taggingmethod, the experiment, the datatakingperiod,integrated luminosity, Q # and y ranges
and the cuts on ransverse momen ta and pseudorapidities of selected final state particles. The last three columns provide information on the number of tagged charm events, the dfective signal- o-background
ratio and the equivalent number of background-free events. The centre-df-mass energy of all data taken up to 1997 (6th column) was 300 GeV, while it was 318-319 GeV for all subsequent runs, with the

nalyses marked “MER" and “LER" (entry 16), for which the data were akenat 251and 225 GeV.
i c-Tag Rel. Exp. Data L") Q*(GeV') y Particle pr (GeV) n Events effect. sb bgree events )
Krx, [167) ZEUS 03 05 <4 [0.15,0.84) D* >17 [-1.5, 1.5] 48+ 11 1: 15
2 D" agged  Knm, [168] H1 94 28 <0.01 [0.28.0.65] D >25 [~1.5,1.0] 1194+ 16 1:1.2
incl. 13 <4 (0.10,0.80] 97+ 15 1:1.3 42
3 D* incl. K, [169] ZEUS 94 30 <4 [0.15,0.87] D* >3 [~1.5 1.0] 152 4 16 1:0.7 90
K3, 1994 29 1:32 17
4 D' tagged K, [170] H1 95-96 102 <0009  [0.02 0.32) D* >2 [~1.5,1.5] 2994+ 75 na 16
94-96 107 <0.01 (029, 0.62] =25 (HD*)) 4894+ 92 na 28
5 D* indl. Knx, [171] ZEUS 06-97 37 <1 (019, 0.87] D* >2 [~1.5,15) 3702 + 136 1:40 741
K3rn, =4 1397 4 108 1:7.3 167
L o D’ >3 [~1.5, 1.5]
D* 4 dijet K, 1 12) >76) [-2.4 24] 587 4 41 1: 1.9 206
6 D" incl Knn, [172) ZEUS 98-00 79 <1 [0.17,077] D (19,200  [~1.6, 16] 103504 190  1:25 2970
7 D' agged  Knm [173] H1 9900 51 <001 [0.29,0.65] D* >2 [=1.5,1.5] 1166 4+ 82 1:48 202
+ jet Jet >3 [~1.5,1.5] 592 4 57 1:45 108
+ dijet Jet 1(2) >4(3) [~1.5,15] 496 + 53 1:47 88
8 D' +dijet Kxm [174] ZEUS 9600 120 <1 (0.17,0.77) 12:112» - {::fl :f‘)} 1092 + 43 1:07 6%
D* + jet K, [175] ZEUS  98-00 79 <1 [017, 0.77] D* >3 [~1.5,15] 48914113 1:1.6 1870
+ dijet Jet1(2) >6(7) (1.5, 2.4] 1692 + 70 1: 1.6 584
10 lifet, imp par. [142) H1 9900 57 <1 (015, 0.80] };“:{‘2) z?ﬁs; E:(;'g' :g: 4600+ 460  1:45 100
+ dijet ‘ sida
X Knx, B D* >15 [-1.5, 1.5] )
1M D +pu i (176] H1 98-00 89 <1 [0.05, 0.75) p ey [-174,174) S3%1 1:22 17
12 e+djet e+ f, (77] ZEUS 96-00 120 <l 0.2,08) -~ 4 ::;;‘ ;g} ~8000 na 70
. tracks =05 [~1.6,1.4]
13 lifet. Sec. vIX. (78] ZEUS 05 133 <1 [0.2,0.8) g E ~20,000 na 2320
+ dije Jet 1(2) =7(6) [-2.5,2.5]
M u+diet ::n:mr [179] H1  06-07 179 <25 (0.2,08] ngz) :’;2) {::g ;g} 33154170 1:77 380
15 D*incl K, [180] H1 0607  31-93 <2 [0.1,0.8) D* >18 [~1.5,1.5] 82324 164 1:23 2520
: Jet 1(2) >35 [~1.5,2.9) 3937 + 114 1:23 =
16 m Knn, [181] ZEUS  06-07 144 <1 (0167, 0.802)  D* (19,20 [-1.6 1.6] 122564191 1:2.0 m
4 07 63 417437 1:23 z
LER 07 134 8594 49 1:18 307
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Charm in photoproduction

differential

Cross
sections:
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Charm in photoproduction
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from Heinrich and Kniehl [48].
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Charm in photoproduction
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is expected to fail (not enough final state partons)
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Charm in photoproduction
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Beauty in photoproduction
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Bea

uty in photoproduction

Table 4
Beauty photoproduction cross-section measurements at HERA. Information is gven far each analysis on the beauty tagg ng method, the experiment, the data taking period, integr ated luminosity, Q% and y
ranges and the cuts ontransverse momenta and pseudorapiditi es of selected final state particles. The last two columns provide information onthe number of events in the analysis (number of signal events if
anuncertainty is given) and the equivalent number of background-free events. The centre-of-mass energy of all data taken up © 1997 (6th column) was 300GV, while itwas 318- 319 GeV for all sulsequent

runs
No. Analysis b Tag Ref, Exp. Data Liph) Q% (GeV?) y Partide pr (GeV) n Events bgree events
1 i + dijets o+ pie [190]  H1 96 6.6 <1 [0.1,0.8] ;‘“(2] f:g(m [-0.9,1.1] 470 £43 120
2 e +dijets e+p™ [191] ZEUS 9697 385 <1 [0.2,0.8) ;1 - ‘:7‘}2) ::;.;. ;;: 140 435 16
» rd ~ i : 7 >25 [=1.6, 2.3]
3 ji + dijets pi+ ps [192] ZEUS 9600 110 <1 [0.2,0.8] ja12) ~7(6) (=25, 25] 834 465 165
" o y . " >2.5 [=0.55, 1.1]
4 1+ dijets pA P48 [143]  H1 99-00 50 <1 (0.2, 0.8 ja12) ~7(6) [-2.5.25] 1745 128
5 lifet. + dijets imp. par. [142]  H1 99-00 57 <1 [0.15, 0.8] ;;“;:‘2) :‘:-{‘:m ::(1)(3) :g: ~ 80,000 78
6 ¢ +dijets et+pf+E, 1177] ZEUS 9600 120 <1 [0.2,08] Jf{ 12 22;2, ::;2 2'2: ~6000 12
7w+ dijets wHpd+s (193 ZEUS 05 126 <1 02,081 1o s g 7351 12
8 sec. VX [178] ZEUS 05 133 <1 [0.2,0.8] 1':?(‘;) i(v)f(',) ::;?) l:{ ~70,000 @
. : = . 17 >2.5 [=1.3, 1.5]
9 s + dijets 4 + imp.par, [179]  H1 0607 179 <25 [0.2,0.8) Ja12) >7(6) [-15.25] 6807 425
10 D* + i K, + [176]  H1 98-00 89 <1 [0.05, 0.75] 2 ;!_"52 Il:ll.;.“lllﬁ!ml 56 417 15
1 D* + K, + 1 [194]  ZEUS  96-00 114 <1 [0.05, 0.85] 2 ::'2 ::}; :3: 232 16
12 dimuon o+ p [195] ZEUS  96-00 114 all all wi2) >1.50075) [=2.2,2.5) 4146 86
13 dielectron e+e [196] M1 07 48 <1 (005,065 e >1 (~1.0, 1.74) ~1500 51

(semi)inclusive final states only, but

9.9.2015
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useful statistics
(with silicon vertex trackers) NOT SO much smaller than charm
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Charm in DIS

charm is mainly produced via boson-gluon
fusion:
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Fig. 40. Normalised differential [ -production cross section as a function of xy, [ 198]. The measurement was performed for 5 = Q¢ = 100GeV>. The
points show the data, while solid and dashed lines show the BGF (PGF) and QPM predictions.
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Charm fragmentation fractions
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Charm in DIS

Table 5

Charm DIS measurements at HERA. Information is given for each analysis on the charm tagging method, the ex periment, the data taking period, integrated luminosity, @ and y rangesand thecuts on transverse
momenta and pseudorap idities of selected final state particles. The last three columns provide informationon the num ber of tagged charm events, the effective signal-to-background ratio and the equivalent
number of backgrou nd-free events. The centre-of-mass energy of all data taken up to 1997 (6th column ) was 300 GeV, while it was 318-319 GeV for all subsequent runs.

No. Analysis c-Tag Rd. Exp. Data Lipbhy Q*GwtH y Particle pr (G&V) n Events effect.s:b bgfree events
1 D*incl. K [197] H1 94 3 (10, 100] <0.53 D* >1.5 [-1.5,15] 103 413 1:0.7 64

D%incl. Kn D° =20 144 £ 19 1315 57
2 D*incl. Kmn, [198] ZEUS 94 3 (5, 100] <07 D* (1.3,90] [-15,1.5] 122417 1:14 52
3 D*incl. Knn, [170] H1 959 10 (2, 100] [0.0507] D* (1.5,15]  [~1.5,1.5] 583 4 35 1:1.1 278
4 D*incl. Krms [199] ZEUS 96-97 37 [1,600] [0.02,0.7] D* (15:15]) [=1.5, 1.5] 2064 £72 1519 Ly

Knnnng [2.5, 15] 1277 £124 1: 11 106

5 D%incl. Kt [200] H1 97 18 [1,100] [0.05,0.7] D* =15 [—1.5, 1.5] 973 £40 1:06 590
6 D*incl. Knn, |201) ZEUS  98-00 82 [1.5,1000] [0.02,0.7] D [15.15) [-1.5,1.5] 5545 £ 129 1:2 1850
7 Dincl. Dmes.+ S [148] H1 99-00 48 [2. 100] [0.05, 0.7] D mesons >2.5 [=1.5, 1.5] n.a n.a. 263
8 D*ingl. Knn, [202] H1 99-00 47 (2. 100] [0.04,07] D [15.15) [=15,15] 2604 +77 1:1.3 1140

+ dijet Jet1(2) ~4(3) [-1,25] 668 4 49 1:25 186
9 D*incl. Knn, [203] ZEUS 9800 82 (0.05,07] [0.02,085 D (1.5, 9] [~15,1.5] 253 425 1:15 100
10 Dincl D mes. [204] ZEUS 9800 82 [1.5,1000] [0.02,07] D mesons =3 [=16, 1.6] na n.a. 1100
1 D* incl Kan [205] ZEUS 9600 120 [1.5,1000] [0.02,07] D' [0, 10] [-16, 1.6] 691 4 107 1:16 42

A ind. ;i(,? A 79+ 25 1:7 10

Arnt 844+ 1:13 6
12 incl lifet. imp. par. [206] H1 99-00 57 =150 [0.1,0.7] Track >0.5 [=1.3, 1.3] ~ 2300 1:22 100
13 incllifet.  imp. par. [207] H1 9900 57 (6, 120] [007,07]  Track >0.5 [=1.3, 1.3] ~ 50,000 1:48 1024
14 Pind. Kn +.§ [208] ZEUS 05 134 [5, 1000] [0.02,07] ° (15,151 [=1.6,1.6] 8274 £ 352 1:14 550
r
15 u+jet f;:f’ + (209] ZEUS 05 126 =2 [001,07] =15 (-1.6,2.3]  ~5100 1:20 2%
T

16 D* incl. Knn, [210] H1 04-07 351 [100, 1000]) [0.02,0.7] () [1.5, 15] [=1.5, 1.5] ~600 -7 4 260
17 P K, [145] H1 0407 348 (5. 100] [0.02,07] D* >1.25 [-18, 18] 247054343  1:38 T
18 ﬁ Krens [211) ZEUS 04-07 363 [5, 1000) [0.02,0.7] D* [1.5, 20] [=1.5, 1.5] 12,893 £ 185 B B @
19 Dncl. Knm +$ [212) ZEUS 04-07 354 [5, 1000] [0.02,0.7] D* [1.5,15] [-16, 16] 8356 £ 198 B Py U
20 incl. lifet. S+ [150] H1 06-07 189 [5, 2000] n.a. Track >03 [—=1.3,1.3] ~210,000 na. na.
21 jet+38+45 [213] H1 06-07 189 >6 [0.07,0625] Jet >6 [~1.0,1.5) ~85,000 1:17 00
22 % jet+S [149] ZEUS 047 354 [5, 1000] [0.02, 0.7) Jet >4.2 [-1.6,2.2] ~55,000 1: 118

lifetime tags competitive with D*

(inclusive DIS trigger!)
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Charm in DIS

at Q2 < m2, DIS behaves like
photoproduction
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Charm in DIS

zero mass variable flavour number scheme
fails in many regions of phase space
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Charm in DIS (D* combination)

fixed flavour number scheme works well
differentially up to highest p, Q?

a ep s eD™X H1 and ZEUS b ep s eD*X H1 and ZEUS
LI LI L - T T T T

T | T LI T T T T T T T T T T T T I -y T T |
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B ] g 1 0.02<y<07
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[ _ — (D) < 1.5
2 {_,-- _I_,_I_ﬁil, - 4] 510" g i<

R &

B : E j 2102 =
g [ gl ——1 v
= ri - 108 bt HERA-I
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a F -.— NLO QCD customised 3
§ 1L B 10 & NLO QCD b—s D** | -
5 N —t—t———+ 3

q ' L .
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 HeRm RS T N T S
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but theory uncertainties (NLO scale, fragmentation) are large
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Beauty in DIS

theory uncertainties smaller
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Charm in DIS

most
charm in DIS

data have been

combined
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Charm in DIS

general mass
variable flavour
schemes work
fine, but only
available for
inclusive quantities

use charm data
in PDF fits
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Charm and Beauty in DIS o otes

= ]
at high Q2 and low x, data show expected asymptotic behavior
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Charm mass fits

charm in DIS data sensitive to charm
mass
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Fit of charm data

better charm mass constraint (tailored for each
heavy flavour scheme) reduces PDF uncertainties
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Fit of charm data

—_— ——— e

.. and reduces uncertainties of cross
section predictions for LHC
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Charm and beauty mass running

mq(n) [GeV]

fixed flavour scheme allows measurement
of MS mass and mass running
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Conclusions arXiv:1506.07519

first review ever dedicated to open charm, beauty
and top production at HERA has recently been published
(integrating information from previous unpublished review)

hopefully useful source of information for students and

physicists interested in HERA heavy flavour results and their
use for non-HERA applications (+ a few aspects not published elsewhere)

the work is not finished:

- most results do not yet use the final statistics (PHP: none!)

- some analyses (e.g. multi-differential production properties)
have not even been started

- large potential for further improved understanding of
QCD theory beneficial to particle physics as a whole and
LHC in particular
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