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Open Heavy Flavour production in CMS

other LHC collaborations covered in separate dedicated talks on
tuesday ->see e.g. nice introduction in ATLAS talk

CMS forward covered by talk R. Ulrich on tuesday

CMS has rich program of heavy flavour measurements:
- BPH, TOP, HIN, SMP, hundreds of CMS papers

Onia (J/y, Y, ..) and rare decays barely contribute to cosmic ray
physics -> concentrate on open heavy flavour production

Cosmic ray interactions are pA and AA interactions
-> concentrate on selected pp vs pA vs AA comparisons
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Charm in pp and PbPb @ 5.02 TeV
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same conclusions as for ATLAS, ALICE and LHCb results:

data and theory are consistent, but theory unc. >> data unc.
3.10. 19

A. Geiser, HQHP workshop

3



DO nuclear modification factor
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Figure 3: Raa as a function of pr in the centrality range 0-100% (left) and 0-10% (right). The
vertical bars (boxes) correspond to statistical (systematic) uncertainties. The global systematic
uncertainty, represented as a grey box at Rya = 1, comprises the uncertainties in the integrated
luminosity measurement and Taa value. The DY Raa values are also compared to calculations
from various theoretical models [37-47].
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Project for discussion 1:

Sven: Which further collider and/or fixed-target measurements
would we suggest to decrease present uncertainties ?

combine LHC charm measurements in
central region with very forward
measurements (e.g. TOTEM, CASTOR, ..) ?

e.g. 7 TeV Minimum Bias + CASTOR data
(available as CMS Open Data)

Can we learn something for cosmic rays?

3.10. 19 A. Geiser, HQHP workshop 5
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also beauty dominated by NLO theory uncertainty
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Project for discussion 2:

- —_— e |

Combine pp and pA heavy flavour
measurements to p-air?
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Top in p-Pb vs. PP
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Project for discussion 3:

B
Sven: "How can we reduce theory 2 C;Sptprtl#lh B R
uncertainties?” 3 I
get existing differential t“:
NNLO cross section . TR
predictions for top to work |||, =" 11
for charm and beauty? 2' .1”“?“”"" : :
AlyIE T)
-> expect general reduction of theory
uncertainties by ~factor 2 w.r.t. NLO, also for
extrapolation to cosmic ray predictions
9
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Total ttbar pp cross section vs. NNLO+NNLL

see also talk Schwinn
Measured at almost all available CMS energies
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NNLO total charm cross section:

A. Accardi et

large (extrapolation) uncertainties

al., Eur.Phys.J. C76 (2016) no.8, 471
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Similar considerations for total beauty cross section
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m Bottom: Very good agreement at all Vs

within large uncertainties
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Compared to Charm, Beauty has:
smaller cross section
smaller branching fractions

longer lifetime, larger mass

Data and NNLO theory precision
comparable,

~30%

David d'Enterria (CERN)
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Project for discussion 4:

Sven: Which further collider and/or fixed-target measurements
would we suggest to decrease present uncertainties ?

data points for c and b total cross sections at
LHC so far dominated by extrapolation
uncertainties

close experimental "white spots” in LHC phase
space?

-> reduce extrapolation uncertainty to
negligible level?

-> constrain PDFs, a,, m.and m, to NNLO also
from LHC total charm and beauty cross
sections, as already done for top?

3.10. 19 A. Geiser, HQHP workshop 13



Double and triple cc and bb pair production

D. D'Enterria, S. Snigirev
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(data/theory agreement improves with scale p=mg)

around /s=100 TeV, charm cross section equates total cross sectionl!
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» Phys.J. C78 (2018) 359

p-Pb interactions
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FIG. 1: Charm (left) and bottom (right) cross sections in pPb collisions as a function of ¢.m. energy, in single-parton (solid
line) and triple-parton (dashed line) parton scatterings, compared to the total inelastic pPb cross section (dotted line). Bands
around curves indicate scale, PDF (and 0.4 1=, in the TPS case) uncertainties added in quadrature. The pPb — ¢& + X charm

data on the left plot has been derived from [29].
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p-air interactions
: N

D. D'Enterria, S. Snigirev
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FIG. 2: Charm (left) and bottom (right) cross sections in p-Air collisions as a function of c.m. energy, in single-parton (solid
line) and triple-parton (dashed line) parton scatterings, compared to the total inelastic p-Air cross section (dotted line). Bands
around curves indicate scale, PDF (and o.g 1ps, in the TPS case) uncertainties added in quadrature.

above E~10%0 GeV, every cosmic ray interaction may contain
(multiple) charm pairs already from the first interactionl!

-> significant energy loss to neutrinos?

3.10. 19 A. Geiser, HQHP workshop 16



Project for discussion 5:

Sven: "How can we reduce theory uncertainties?”

further improve evaluation of multi-HQ
production

(beyond simple effective cross section approach)
+ improve measurements of multiple
heavy flavour final states at LHC

-> improve predictions for multi-heavy-
flavour pairs also in cosmic ray interactions

3.10. 19 A. Geiser, HQHP workshop 17



\The HERA ep collider and eerrimenTs \

up to 30%
of cross section
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Review of open charm at HERA

discussion
of ~60
papers

by H1

and

ZEUS

+ theory,
1995-2015

arXiv:1506.07519

Progress in Particle and Nuclear Physics 84 (2015) 1-72

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Charm, beauty and top at HERA @Cmsmﬂk
0.Behnke, A. Geiser*, M. Lisovyi '

DESY, Hamburg, Germany

ARTICLE INFO ABSTRACT
iél:.eymrﬂs: Results on open charm and beauty production and on the search for top production in
Al

high-energy electron-proton collisions at HERA are reviewed. This includes a discussion of

E;;UW relevant theoretical aspects, a summary of the available measurements and measurement
HERA techniques, and their impact on improved understanding of QCD and its parameters, such
DIS as parton density functions and charm- and beauty-quark masses. The impact of these
Photoproduction results on measurements at the LHC and elsewhere is also addressed.

@© 2015 Elsevier B.V. All rights reserved.

(also includes discussion of different heavy flavour schemes)

3.10.19

A. Geiser, HQHP workshop 19



[z

THEP 1509 (2015) 149 ’\ —__

+
ep — eD*X H1 and ZEUS ep — eD*ix H1 and ZEUS
% E ! ! ! ||||||2 2_ — IIII|IIII|IIII|IIII|IIII|IIII
o] 5 < Q% < 1000 GeV = B ]
= 1 & 0.02<y<0.7 gH = *
c - p(D)>15Gev = T](D ) -
= 101 L n(D*)] < 1.5 — }
a 1V E EI - N
- u * 31 B
-‘%1#]'2 = % — ©
S F P+(D%) -
107 L ¢+ HERA-I —
= —— NLO QCD 3
- - NLO QCD customised .
104 & NLOQCDb —D* —
A | ] =
< b ] : ]
14 B v 7
i - T YT 4 et + . 2 2 i
RS ES s N - b HERA S ey
; 0.8 :_I—I_'_l/— : - nll:g ggg customised P{D)> 1.5 GeV |
T ] - NLOQCD b — D™ mEnl<1.9 -
ﬂ.ﬁ_ 1 1 1 1 Illl| ] 0|||||||||||||||||||||||||||||
2 3 4 5 6 7 8 910 20 -1.5 -1 -0.5 0 0.5 1 1.5
p, (D*) (GeV) n (D¥)

customised choice: - reduced renormalisation scale
- modified scale dependence of fragmentation
3.10.19 - Slighﬂy lower charm mass (all within uncertainty) 20



_|_
ep —eD*X H1 and ZEUS
E [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [
c 5 < Q% <1000 GeV?
— 10— 0.02<y<0.7 —
Fa p,(D") > 1.5 GeV
~ B i i (D*)| < 1.5 .
°
;@ - LI e W « |
j z(D*)
.............. -
5+ # —
B E ¢+ HERA-II |
NLO QCD
— NLO QCD customised |
i NLO QCD b — D* .
_____________ ]
0 I | | | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1
z (D¥)
3.10. 19

Combination of
H1 and ZEUS
D* measurements

example: z
(energy/momentum fraction
taken by D*)

shape directly sensitive
to fragmentation
parameters

more work on theory
needed
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Project for discussion 6:

NLO theory uncertainties much larger than

experimen’ral uncertainties Sven: “"How can we reduce
theory uncertainties?”

evaluate ‘customized choice’ of NLO theory
parameters (scales, fragmentation & m,),

within uncertainties,
also for LHC charm & beauty predictions?

(LHCb, ALICE, ATLAS, CMS)

-> data driven uncertainty reduction
on predictions for cosmic ray physics?

3.10. 19 A. Geiser, HQHP workshop 22
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Lambda_c production in LHCb
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Project for discussion 7:

Lambda_c fragmentation fraction from
LHCb (and e+e-, HERA, ..) seems in

contradiction with findings by ALICE

-> clarify discrepancy ?

3.10.19 A. Geiser, HQHP workshop

25



Parton density functions (PDF)
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-> cross sections at LHC, cosmic rays,
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[Heavy flavour contributions o o, |

Measure cross section
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includes fit of inclusive charm + jet DIS da’ra
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by fit

- Qi=60GeV: [ Q' =120GeV’ Q =200GeV’ [ QF=350GeV’
0.4 -
02 - _—
0 B 4 -2 -4 -2 -4 -2
o . B | 10 10° 10 107 10 107
: Q =650 GeV: [ Q'=2000Gev’ Xp;
02 - ¢ HERA charm
01 - msm HERAPDF2.0Jets NLO Measure cross section
- PDF uncertainties only ’ )
0 L L d=c 27T
10t 107 10t 107 < > = — { [1 31— 1/)2] 9) dcc
Bj dxdQ- Q% : re
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ConsTr'cunT of gluon at very low x

Xiv 1503 04581 Eur Phvs J. C75 (20 m-su. :

Combined fit of f’ @%
HERA I inclusive data: main PDF constraint ‘%Wy

HERA charm and beauty data: constrain m., m, and
gluon at low x: 10-2 -10-4

LHCb charm and beauty data, constrain gluon at
very low x: 10-3- 106

—
©
— I I I I I B
O 5 [~ LHCh v
D o ?’“‘Mj E=TTeV o
% ! = 2‘”{-,_.1 ]
E:L B = e L S
T I N e . —
B 2 L == ST : " 1
HC Ei b =22 & = C LHCb = 1
[} ) 5 //f e _g-. B ' 4 i
Ttk o fs =7 TeV ——
7‘— T ““H-z:“v--— *I(ij i--"'\ 10'::'_ 3
107F o it~ E B
 raviRs R b - JHEP 08 (2013) 117
107 £ T GMENS intr cham T~ o —
o s 1015 2
Nucl.Phys. B871 (2013) 1 b, 1GeVie] p_|GeVic]
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Input data sets

—_— ——— e

HERA I combined inclusive + HERA combined charm + ZEUS beauty
+ LHCb charm + LHCb beauty

JHEP 01 (2010} 109 e LA ALL) e AL B B B LR AL
HERA Inclusive DIS 3.5<Q°<30000 GeV?, 4.32:10"*<x ,<0.65 . : : .
: HERA inclusive

JHEP 1409 (2014) 127 — -
ZEUS beauty 6.5<Q%<600 GeV?, 1.5><1tr‘<x81.<3.5><10'2 . .
HERA beauty

Eur. ﬁ?%sc'hagn'zgolgoo 262\}2,32&21§S§xti}5x10'2 B . .

HERA charm

LHCb beauty y=4.5, 0<p_<40 GeV

JHEP 08 (2013) 117 —
LHCb beauty y=2.0, 0<p. <40 GeV

LHCb beauty

previously
uncovered
LHCb charm y=4.5, 0<pT<8 GeV

Nucl. Phys. B 871 (2013) 1 — ‘ LHCb charn‘wi- —
Y LHCb c(harm y=2).0, 0<p <8 GeV {

lllll L L Ll Ll ll Il l

10° 10° 10 10° 102 10" 1
gluon momentum fraction x

combination of data sets "bridges” complete x range
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PROSA NLO FFNS fit

. w2 =10 GeV?
X I8 HERA DIS
~~ HERA DIS + LHCb abs
40 ] HERA DIS + LHCb norm
20
0
o 2
—
o))
o 1
0
-1
6 5 -4I | L1111 3 2 1
10 10 10 10 10 10 1
X
3.10.19 A. Geiser, HQHP workshop

Final comparison of gluo

n fits

gluon positive
and well
constrained down
to x ~ 10-6

first constraint

from data
(March 2015)

for x << 10-4

now many more
already in use to constrain

cosmic ray prompt
neutrino spectrum

(e.g. Ice Cube)

-> talk O. Zenaiev
32



Project for discussion 8:

extend PROSA HERA+LHCDb fit (see talk
O. Zenaiev next week) to include also
ALICE (central low pr) + ATLAS (7 TeV)
+ CMS (b TeV) charm, as well as

ATLAS+CMS+LHCb top (large x!)
-> further improve low x and high x gluon
-> improved cosmic ray predictions

(PROSA = open collaboration of theorists and experimentalists)
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Conclusions and outlook (part I)

explore potential to improve heavy flavour theory predictions for cosmic
ray physics by going fo NNLO and/or by “tuning” NLO theory
parameters to LHC + HERA data within uncertainties;

explore synergies between c,b,t

@ cxplore potential to further close "white spots” in measurements of
heavy flavour measurements, in particular at LHC:

relate central to forward measurements?

@ further explore potential arising from combination of heavy flavour and
non-heavy flavour measurements in pp, pA, AA and ep

. more ideas/projects/discussions later in the workshop?
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Part IT (no time today)

detection of beauty, W,Z, top in cosmic rays
through internal structure of air showers \
+ lepton detection ?

application of low x gluon resummation including
proper treatment of heavy flavour masses

proper treatment of heavy flavour masses in NLO +
NNLO jet predictions (so far all jet predictions still
use massless approximation)

measurement of ¢,b,t running masses, mass running,

and running of corresponding Higgs Yukawa couplings
3.10.19 A. Geiser, HQHP workshop 35



Conclusion

experimental
representation of
running Yukawa couplings
obtained

for the first time

running coupling

heavy quark
physics is also
QCD + Higgs physics

so far, Higgs couplings
and their running
as obtained from quark
masses are consistent
with directly measured
Higgs couplings

3.10. 19

10

yb PDG (latt.)

PDG (latt.)

Ye

y PDG (D0) tt (ATLAS+CMS)
"%

*'_——-.-l-—l._.__.,_.__‘__

ATLAS/CMS tt*-H

s« H1low @ DIS, scaled
* H1 high Q° DIS, scaled
1 H1 correl. th. uncertainty (fit)

s FEUS (prel.) NC DIS 300 pb". scaled
s« ZEUS photoprod. 300 pb", scaled
----- ZEUS correl. exp. uncertainty
B ZEUS DIS correl, th, uncertainty
] ZEUS PHF correl. th. uncertainty

o JADE, OPAL, ALEPH jets/shapes
PETRA/LEP
Bt

HERA

o DO jets Tevatron '
(CMS)
LHC

+ CMS jets Ry,
& CMS incl. jets
¢ CMS 3-jet mass

LEP/SLC Z Tevatron H-bb

ZEUS
bb DIS

ATLAS/CMS H-bb

HERA cc DIS

——

to be updated

@ A. GetserlDESY 20116

A. Geiser, HQHP workshop

10°
scale u/GeV
3

6

10 10°
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Final HERA Charm combination

@ 09 -> b2 data points

2

3 HERA II data sets added
-> 20% improvement

= H1VTX
ZEUS D" 9800
+ ZEUS D" HERAJI
T

4 H1D*HERA-I
& ZEUS D* 96-97
. ZEUS VTX

T T

H1 and ZEUS

™
Q?=32 GeV?

th

(a)

® HERA ® H1VTX 4 H1D*HERAJI
¥ HiD*HERAJ o ZEUS | 2005 ZEUS D* 98-00
4 ZEUS D* 9597 o FEUS O° & FEUSD'
+  ZEUS D* HERA-I # FEUS VTX H1 and ZEUS
'!E:E L @t =25 GV 1 Q==5IGE‘H'E ‘ rat=7 Gev®
0.3+ —+ -+ e HERA
1. | % | e
0.1 ¥ ¢e 1 . + ?1 1 s
r . .} !’L . . -
q==1'2 Gey? 1 q‘ 13 Eev“ 1 q=—3zﬁev“ ‘
0.4 -+ % + .
0.2+ % 1 1 $$ . -
0.8 —Q“=ﬂﬁﬁev“ ' ‘ -+ -ﬁnﬁef + -—u -20{: Geu“ i - i
0.4 -+ + .
02| 1 %1* 1 . | \o02-
0.6 o’ =350 GeV® —+ &F = 650 GeV® + @* = 2000 GeV* B
0.4 . +
0.2} $. 1 v 1 0
| nul 11l A ERET | |*;|um- | FERERETIT | 1 aannl 1 ﬁ-nu- il T 1 T | ||.|||||-
10 10° 1072 10* 107 107 10* 107 107
Bj
3.10.19 A. Geiser, HQHP workshop

38



© 0.3

0.2F
0.1}

0.4+

0.6

0.4+
0.2\

0.6

0.4+
0.2+

0.2

@?omparison to FFNS QCD pred

® HERA

—— NLO HERAPDF2.0 FF3A

Ictions
J————— T

* HERA — NLO HERAPDF2.0 FF3A
o :,,L;TNKLT,OEBMNS T R H1iandZEUS = = ----- NLO ABKMOS s NLO ABMP16
—_02=2.5Gev2 _—-_Q’=5'Ge\.r2 ' _--_<:>2=?'Ge\.r2 ' ‘ I appr. NNLO ABMP16 H1 and ZEUS
1 1 3 E I ' ' ' I |
1 T %\% o 1.2 1 L :
| Q% =12 GeV? 102=18GeV? | 0?=132 GeV? ] — 1 - ! ; = P
x P ] ISE B :l-"_ _':E':-'-r-n*--'..'..'.ﬂ' i.ii,u* -;-P‘-.-._.l..!ri....
ﬂ""“"’-».,h ﬂ"\,,h &\\ ] wae L Q2= 2.5Gev? 1 Q2% gev? Q? =7 Ge\?
e any ] At e ]
__Qz=ﬁ'c.eev=' ”____Qz=1’zoeew’ T G T 45 - Q?=12 %%\F i.i-_ Q? = 18 GeV? _02=32 GeV?
\\'"v-.‘ 1 %m.\ - 5\‘“‘ 1 et | e » ﬁ-ﬁ"—
_—Q1=3I5CIGeV“I I &—.-QZ=GIE»DGeVEI I ‘t—02=ziuoose\:z ] 0.8 B I ‘i"
1 1 ; SUTY R PRSP R
\\ 1 \ 1 ] i.5 —_a*=ﬁu GeV? ’__—-_ﬂ’=129 GeV? _-_Q’=zuu GeV? :
N L L LT T A _ _—
I )
. 0.8 B =
data reasonably described b o A
b@ST: HERAPDFZO FF 1.9 :_Q2=35ﬂ Ge\? '_{I!2=l35[_‘+ GeV? i Q? = 2000 GeV? i
and ABKMOSNLO o _
~30 tension with xg. slope N T T SO TS S0 SO SO SO T
Bj P 10* 10> 102 10* 107 1072 10* 102 10?2 2
Bj

appr. NNLO does not improve

3.10.19
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Comparison to VFNS QCD predictions

NLO HERAFDF2.0 FF3A

------ NLO HERAPDF2.0 RTOPT
------ appr. NNLO HERAPDF2.0 RTOPT H1 and ZEUS

data description 5. o E}i BV) S '
reasonable but = '1} A ‘T‘ii g ﬂﬂ[
3 B -Il- ______ | i.., E! I -rqi_i_,
not better than FF ® 08 .-~ e e
1.2f ,
overall, NLO 1k ﬁiﬁ? -
better than 0.8 'R i

} t t 1 + :::::H{—HFHHH—I—FHHH—I—FHHi:—I—HﬂHH—I—PHHH—I—FHHH—I—Hﬂ*H;
appr. NNLO i 5 - Q=60 GeV? /] 0?=120 GeV* :’.‘_—-_u* - 200 GeV? _

0.8

beClLITy in b(]C kup: - @2 = 350 GeV? /1 Q%= 650 GeV? 1 Q2 = 2000 GeV?

L2 P 2
larger uncertainties 1t —I&— }_? :
-> all consistent 0.8 T i

10* 10° 10?2 10* 102 10?2 10* 10° 102 =
Bj
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QCD fit: charm x slope o

B —

H1 and ZEUS
plot data/fit c 1.4 ; ; Q2
vs. <x> of £ - | i (GeV?]
(&
incoming partons ”bE - 0 2.5
(rather than x;;) |HH§ Lo 2 ?
. b N A
for each data point . 19
- 1 =F " 18
LO: x=xg;- (l F 3) - [ v 32
< j . 60
<x> calculated at NLO 0.8 I | - 7 ";gﬂ
R i i ® 2
USing HVQDIS I [ﬂ) : 7 : Y
-> common <x> trend 107 102 0
for all Q2 (X)

further discussion (gluon shape (?), low x resummation (?), ..) see backup
3.10. 19 A. Geiser, HQHP workshop 41



QCD fit with xg;> 0.01 for inclusive data

NLO HERAPDF2.0 FF3A

------ HERAPDF-HQMASS
can improve - HERAPDF-HGMASS [DIS x_ = 0.01] H1 and ZEUS
low x charm Et, 19 ﬁi L @?=12 %%v" e
e @ e [ . o ., B o
slope SR . T S
(no longer 9% ol g T H?.* W ii? |
constrained FQ?=25GeV? e | :F _
by inclusive) 10* 10° 107 10* 10° 1072 10* 107 10?7
Bj
« HERANCe'p0.5fb™
I HEHAPDF?H%MASS[DISI = 0.01]
but fail ?
u atls —— NLO HERAPDF2.0 FF3A
: ---- HERAPDF-HQMASS H1 and ZEUS
to describe i Q
low x *Eo% 120 Q? = 3.5 GeV? Q*=22GeV? Q% =150 Ge\?
inclusive data =, . 1 . -
-{bf‘ 1 -1 W— W—f?
-> hot a solution 0.8 -+ | + | J
(bUT hinT) I FEETTTT B SR TTTTY RATRTRTHT EEREETIT SR TTTTT MR WA 71T M R TTT1] llluLl_l_l_LLLull_l_LLu.Lui_l_LLu.Lul_l_LLuuLl“ EERTHT I AT MR
10*10° 102 10"  10*10°10210"  10* 107 10?2 107,
Bj
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QCD fit with xg. > 0.01 for inclusive data

———————a—

_ H1and ZEUS H1 and ZEUS
':;g' osk HE=136GeV (@) E:t:,- [ =196 (b)
= o gf 44 HERAPDF-HOMASS[DIS x_ =001] | < 9L . HERAPDFHQMASS [DIS x, =001]
" 7E 55 HERAPDF-HQMASS " | 3HERAPDF-HQMASS
0.7f
0.8
o5t
0.4F
0.3f
0.2
charm and N:
beGUTY maSS ﬂf e R e E o v R e 2 T M e R e T e
. 4 = -3 1
flOGTlng 10 10 10 w4
i H1and ZEUS H1 and ZEUS
Tz w1 GeV" (c) T b= 1.9 GeV" (d)
¥ [ oo HERAPDFHOMASS[DISx_ 20011 | [ oo HERAPDF-HGMASS [DIS x_ = 0.01]
gluon at x < 001 10" 22 HERAPDF-HQMASS - = HERAPDF-HOMASS
Inconsistent

with
inclusive fit

10+ 10 102 10r! o1
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FONLL-C fit of inclqsive data

arXiv:1802.00064 (XFitter team):
FONLL-C inclusive fit (no charm) with and without NLLx resummation

personal remark:

FONLL-C inclusive fit with NLLx qualitatively consistent with FF charm

+ x> 0.01 inclusive fit (compare previous slide)

-> combine both worlds by applying NLLx to light flavours only in FF scheme?

H o o = 3.0 GeV" B [ @ =30GeV o % 1 @ = 3.0 GeV .
o wieie WML CHMLL o - =i ML OHMLLx ' o e HMLOHMLLx ol
S 0.5 -~ NNLD = | <a=NNLD = < NNLD
= g o8 ”
0.
0.
1.
1
1
0.
0. 0.
0.
ORI 111 T 8 W 0 1 N T 0 1 171 BN B W VAT

1 1)
104 107 102 10" 1 104 10° 102 10 11

X

Fipure 3 The up valence PDF xu,. the gluon PDF xp and the total singlet PDF xX for the final fits with (NNLO+NLLx) and without (NNL()
In{ 1 /%) resemmation.

—_— ———— I R - —— e e— - —



Project for discussion 9:

Clarify tfreatment of low-x resummation
for HERA light and heavy flavour data?

Resummation formula cannot be correct for massive
quarks -> use FFNS approach:

Proposal: combine nf=3 prediction with resummation (FF
PDF + matrix elements)

with heavy flavour predictions w/o resummation

-> improve consistency and reduce uncertainty for low-x
gluon (relevant for cosmic ray predictions)
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QCD fit

O womeme g
simultaneous NLO QCD fit of
combined inclusive DIS data (arXiv:1506.06042), Q?,...=3.5 GeV?

new combined charm and beauty DIS data

simultaneously fit PDF's (a la HERAPDF FF) in FFNS at NLO and
charm quark and beauty quark “running” masses in MSbar scheme
using xFitter [www.xfitter.org], 14 parameters (+1)
NLO DGLAP [QCcDNUM]and matrix elements [OPENQCDRAD], nf = 3
Ue = kg = VQ? + 4mg?, varied by factor 2 (for heavy flavour part only)

free m.(m.), my(m)
a(M,)nf=3 = 0.106, equivalent to a (M, )"=> = 0.118 + 0.002

fit uncertainty using Ax? = 1
-> HERAPDF-HQMASS
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QCD fit: charm subset

@,___— gr— = ~GFXVI1804701019" 4
_:" :ExPDF-HQMASS £ NLO HERAPDF2.0 FF3A H1 and ZEUS
'SUE 03_02 2.5 GeV? _— Q2=5GeV? -c:-2 7GeV? ;
0.2 - B
. 0'1__ l‘!'e“ln- i N\ i
fully consistent s e
L Q?= 12 GeV? ~18 GeV? L1 @*=32GeV?
with HERAPDF2.0 FF3A o4l : - |
0.2- "\ i \ i
uncer"rain‘ry breakdown 0.6 07 =60 GV RSN _—ohzﬁosexﬂi | '_
in backup 047 T T _
0.2_— \\ —+ -}\ T \
0.6ra*-= 350 Ge‘u’z +0Q?= 650 Ge‘u"z o’=2:mn Ge‘u‘lz I h
0.4 - 1
0.2+ .
| vl il \Il\‘-‘ \ T RN R :'\.:??.n
10* 10° 107 104 m3 102 10* 10° 107
Xg;
M - 1 .29 +O°O5-O 04 exp/fit +0 06-0 01 _maod/scale +O'OO-() Q3 par Gev I

PDG:

3.10.19
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1.27 +0.03 GeV (lattice QCD + time-like processes)




Comparison with other m.(m,) determin

ations

t+his work: FF, HERA, this work ——-

mc(mc) = 1.29 +O'O5-o,o4 exp/fit FONLL C (XFitter, APFEL)

+0.06 +0.00

FF(HERA) previous

latest ABMP16 result: m(m.) = 1.252+0.018+0.032 GeV _
S. Alekhin et al., arXiv:1701.05383, PR e L apaae. BN
Phys. Rev. D96 (2017) 014011

FF (Alekhin et al. NLO) ——H
previous results summarized in
V. Bertone et al., arXiv:1605.01946, S-ACOT— (CT10str. 1) ——o—
JHEP 1608 (2016) 050 :
S—-ACOT—) (CT10 str. 2) —e—
scheme me(m.) [GeV]
FONLL (this work) 1.335 + U.O43(exp)fg:gég(param)"_'g:géé(11'10d)f8:38:§(t11)
FEN (this work) 1318 + U.054(exp)fg:g}é(paranl)fg“gig(mod)fgjgég(th) S-ACOT-Y (CT10 str. 3)
FFN (HERA) [9] 1.26 £+ 0.05(exp) = 0.03(mod) + 0.02(param) + 0.02(a)
FFN (Alekhin et al.) [24] 1.24 + 0.03(exp) T D3 (scale) 70 07 (th) (approx. NNLO)
1.15 % 0.04(exp) 0% (scale) (NLO) S-ACOT—x (CT10 str. 4)
S-ACOT-y (CT10) [29] 1.1270% (strategy 1)

1.18109% (strategy 2)

1.197098 (strategy 3

1.2-’1f8:?g (strategy 4
World average [53] 1.275 £ 0.025

) World average
) 1 1 | 1

14 1.1 k2 13 14 15
m.m.) [GeV]
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QCD fit: beauty subset ‘_

s HERA L NLO HERAFDF2.0 FF3A
----- HERAFDF-HQMASS H1 and ZEUS
123 Q2 = 2.5 GeV? Q?-5GeV? ' Q2-7GeV?

0.01 -+ + =

0.005 - —+ \\i\\ i

0.04L a?-12 Gew2 | {]z 18 GeV? __u:::-2 32 Ge‘u’z |

0.02 - - Q\ﬁ .

fully consistent with . S & ~——

| 0% = 60 GeV? 1 {;12 120 Ge‘u’z 1 Q’ 200 Ge‘u‘z |

HERAPDF FF3A 0.04]- 1 il ]
0.02 - =

az 350 Ge‘u’z I ] {]2 650 Ge‘u’z | 02 zuon Ge\.r'z I ]

0.04 -+ T+ 1

0.02} \ \,\ { ]

| il ol 4 1-: ol ol ol il ol el ol }:T

10* 10° 102 10* 10° 107 10* 10° 1072 «

Bi

new: | m (m ) 4.05 +0.10 Jpip T0-09_ +0.00 . GeV |
ZEUS: mb(mb) =4.07 ¢ —O°14exp/fit 4.0°08-O.08 mod/scale 4.0°05-O.00 par GeV

PDG: 4.18 + 0.03 GeV (lattice QCD + time-like processes)
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Running strong coupling ,constant™ a.

e.g. from jet production at e+e-, ep, and pp at DESY, Fermilab and CERN

— 0.25 — , e . — IEPIJ(I«'7I5I(|2015)186
[ —&— CMS R;; ratio —>— HERA
—i— CMS it prod. —+— LEP
—&— CMS incl. jet —\— PETRA |
—— CMS 3-jetmass —V— SPS 1
—O— Tevatron |

e
wn
Mot

0.20}

0.15}

0.10} - Yes
| ovs(Mz) = 0117139975 (3-jet mass) _ ’
0.05| == os(Mz) = 0.1185 + 0.0006 (World average) i it r“ “S'
| 10 III IIH1IOO - II1I(I)OO _
Q [GeV]
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running of o, and quark masses

d, running depends on number of coulours N, and
number of quark flavours N-

0,(Q?) = a,(Qo°)
1+ o, (1IN-2Ng)/121 In(Q?/Qp°)

leading

order

quark mass running depends on o , e.g. ?CD |
m(pole) = m(m) (1 + 4/3 o /) ormulae

=m@Q (1 + o/t (4/3+In(Q?/m_?))

part of gluon field around quark not 'visible' any
more when ‘looking' at smaller distances/larger
energy scales -> effective mass decreases
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H1 and ZEUS H1 and ZEUS preliminary
| Q%=7 GeV? W
C e mym)scan for @*=25-7.5 GeV> ]
25— ° -
\ :
205_ ~> E
- 150 7
Q*=18 GeV? Q=32 GeV? - :
10— =
o -
Q*=120 GeV B Q%=200 GeV - TR -r-r:c_?n;c)'[c-;e-\;]_s
Q*=2000 GeV2

o e extract m () separately
ABMOINNLO WS . . .

ranges in P2 = Q2+4m.2

10* 103 107 10 103 107 107 103 107
X
3.10. 19 A. Geiser, HQHP workshop 52
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Prog. Part. Nucl. Phys. 84 (2015) 1

H1 and ZEUS preliminary

;. 1_6 T T T T T T T 1 |
&
=, *  HERA (prel) running mass
3{; - PDG with evolved uncertainty concept in QCD
|
E is self-consistent !

-

-t
|||||||||||||||||||||||
——

> but mass is also

06 ! manifestation of
! Higgs Yukawa

0.4 N R couplings |

—t

" LiGev] Yo = Y2mg/v
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the running beauty quark mass

+ranslate mb(mb) -> mb(zmb) Prog. Part. Nucl. Phys. 84 (2015) 1
ZEUS
; 5 [ I T [ [ [ [ | 1 [ [ I I [ T 1
S
é 43 !IDaEu:Ge etfc.) s Odf lated
B P extrapoliate
£ ZEUS LE P

H1/ZEUS poin’

=

w

18)]
IIII||III||III|III||IIII|III|

»*
IIII|IIII|IIII|IIII|IIII|IIII

%

[ | PDG with evolved uncertainty a
3 A ZEUS
® DELPHI 3-jets .
* DELPHI 4-jets NLO 0
A ALEPH P
2.5 O OPAL
O SLD
2 | 1 | | | 1 I 1 1 | | | | 11 |
10 10°
u [GeV]
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Top cross section vs. my,

CMS 35917 (13 TeV)
i 350:— _}_
= - T Data unfolded to parton level
£ 300 7 t P
Eﬂ 250:_ K3 NLO predictions in MS scheme
~_ - Ho= e =m(m)
S 200F ABMP16_5_nlo PDF set
- m(m) = 162 GeV
150¢ —— my(m) = 164 GeV
N ~ m{m) =166 GeV
100F my(m.)
50 - [
—TIII|III|III|III|III|III|III|III|III|III
200 400 600 800 1000 1200 1400 1600 1800 2000
m; [GeV]
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Top qu

3.10.19

mi(u) /mk )

-
o
n

0.95

0.9

0.85

ark mass running

CMS 359 (13 TeV)

ABMP16_5_nlo PDF set
n_ =476 GeV

NLO extraction from differential O

e Reference scale o
One-loop RGE, n = 5, [xs[mz} =0.1191

400 500 600 700 800 900 1000
u[GeV]

A. Geiser, HQHP workshop
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Direct measur'emen‘rs of nggs Ykawa couplmgs

= ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS |
------- SM Higgs boson

1073 ¢ E
- — [M, g] fit
[ 68% CL
95% CL
107k Ll E
10" 1 10 102

Particle mass [GeV]
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Running of ag and quark Yukawa couplmgs

update o

relate m;, m, m, to associated
Higgs Yukawa couplings

CMS 35917 (13 Tey)
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Project for discussion 10:

Update and finalize this plot

so far, Higgs couplings and their running
as obtained from quark masses are consistent
with directly measured Higgs couplings
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Project for discussion 10:

improve heavy flavour treatment in
NLO and NNLO jet predictions at HERA
and LHC
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NLO/NNLO jet fits in DIS at HER

At HERA, have

massless NLO inclusive DIS, O(alphas), NF=3 (5) (1 loop)

massive NLO inclusive DIS HQ, O(alphas™2) (1 loop)
combine -> 3F FFNS (NLO for both inclusive and HQ) fit mQ
combine -> FONLL-B

massless NNLO inclusive DIS, O(alphas”™2), NF=5 (2 loop)
massive NLO inclusive DIS HQ, O(alphas”™2) (1 loop)
combine -> FONLL-C (NNLO for inclusive, NLO for HQ) fit mQ

massless NNLO inclusive DIS, O(alphas”2), NF=3 (2 loop)
massive NNLO inclusive DIS HQ ( ), O(alphas™3) (2 loop)
combine -> 3F FFNS (NNLO for both inclusive and HQ)
fit mQ + alphas
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NLO/NNLO jet fits at HERA in DIS and PhP

s =]

At HERA, have

massless NLO jets in DIS differential, NF=5 O(alphas”™2) 1-loop
->

massive NLO differential DIS HQ (HVQDIS) O(alphas™2) 1-loop
-> can produce jets at 1 loop
combine! -> evaluate correction to alphas fit w.r.t. massless only

massless NLO jets in PhP differential, NF=5 O(alphas™2) 1-loop
->

massive NLO differential HQ (FMNR) O(alphas™2) 1-loop
-> can produce jets at 1 loop
combinel

massless NNLO jets in DIS differential, NF=5 O(alphas”4) 2-loop

->
3.10. 19 combine with massité>9$ep. HQHP workshop 62



NLO/NNLO jet fits at LHC

At LHC, have
massless NLO jets, O(alphas”3), NF=5 O(alphas™3) 1-loop
massive NLO differential HQ (MNR), O(alphas”™3) 1-loop
-> can produce jets at 1 loop
-> combine
FONLL (collinear resummation, )

massless NNLO jets O(alphas”™4), NF=5 O(alphas™4) 2-loop
massive NNLO differential HQ (top only!) O(alphas”4) 2-loop
-> get to work for c and b and combine

3.10.19 A. Geiser, HQHP workshop
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rule of thumb for cc, bb and 11 pair
production collisions at LHC energies

(~10 TeV, E_cosmic ray ~ 10”8 GeV):
cc: ~ 10% of total cross section

bb: ~ 1% of total cross section

tt: ~ 0.01% of total cross section
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|Deep Inelastic ep Scattering at HERA |

HERA: . T

23 - Zf: """" ' * Proton (P)
___..:::::::- q TS

L.
________
- -

=
_________
-

* . . _ﬂ! - /- /;
kinematic variables: Electron (L) q=1(-l

Q2 = -q2 photon (or Z) virtuality, squared momentum transfer

, Q%<1 6GeVe:
X = Q B jorken scaling variable, photoproduction
2Pq  for Q2 > (2m,)%:  momentum fraction of p constituent
S Q 2 16eVe:
Y = 3 inelasticity,
(P v momentum fraction (of e) DIS
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Comparison o NLO QCD res

————ea———a )~~ =

de‘l'ai |ed ep — eD™X H1 and ZEUS

is it possible to
customise (choose

study of

theory g parameters)
o : such that all
uncertainties “ | distributions are
L Fand S described
2 3 4 ;.;;;;Ju‘ o simultaneously?
B, D) (Gl
|GI“9€ST: ep — eD*X H1 and ZEUS ep — eD*X H1 and ZEUS
o At s et ] L T— ] it isl
QCDscales _ | 77 T 4 R R
Ets - Em u ]
'E i 2 L
i, ., [ i
fragmentation ‘11 ¢ 1 Flg L
(Kartvelishvili as % B | . | | 1 o _T I,--._-;-__.I -
measured at HERA) o 0z 04 08 o8 o oz 04 08 08 1
z (D% z (D¥)
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Beauty at LHCb
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Charm
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ONLL 1.5 w. ac.ror. Figure 4: Differential cross-sections for nY, D, [(c)| D*t, and D] meson production

Scale uncertalnty not Shown) compared to theoretical predictions. The cross-sections for different y regions are shown as
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Comparison to 'old’ global PDFs

HERAPDF style parameterization with sizeable
" negative gluon ' term (but net positive gluon)

xg {x,pf}, comparison plot

abm11! 3n_nlo.LHgrid |
CT10nlo_nf3. LHgrd
MSTW2008nloG8cl_nf3 LHgrid
MNMNPDF21_FFMN_MNF3 100 LHgrd
GJROSFFnicE.LHgnd

=316 GeV

CJ HERA + LHCb

10 e
CH iy fime==aic:
- ’lllil-

Gunerated by APFELL0.1: V. Bortone, 5.Carrarza, J.Rojo (arXie1 10.1304)

of

L1111 I
107

_10_- 1 L__1 1__L I 11111 1 1 1
1071

i0°  10°  10¢ 107
in good agreement with constrained ABM11
parameterization at low x

—
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NLO scale dependence

B
PROSA
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Comparison of unc

ertainties

—_——

Example: gluon PDF

HERA only

PROSA NLO FFNS fit: HERA DIS

-1

Il exp. uncert.
[] exp+mod. uncert.
[ exp+mod.+param. uncert.

12=10 GeV

2

Ll | ol Ll |

Lol

10

10 10 10 10 10
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1
X

HERA + LHCb absol.

PROSA NLO FFNS fit: HERA DIS + LHCb abs.

L [ |
60 |- =
r [ |
40 — =z
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+ LHCb norm.
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fixed flavour number scheme (FFNs)

e” :
< T no charm in proton

27.6 GeV

c
LO m, full kinematical
C treatment of
20 Ge\ > charm mass
P (multi-scale problem:
+ NLO (+partial NNLO) Q?, Pt, M. ->logs of ratios)
corrections,
“natural” scale: no resummation of logs

QZ + 4mC2
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e
4
|

i} ZEUS
= |
- “‘--ﬁ“_:;:;

use appropriate PDF set for each mass
(from inclusive DIS data only), H1 and ZEUS preliminary

fit charm data S 27 I )

S I e  HERA (prel.) }

Fit uncertainty E°1 8: - PDG with uncertainty -

@ Was estimated by taking /Ax? = 1 (dominant uncertainty) E 1.6— ]

Parametrisation - s

@ Adding extra parameter in the PDF parametrisation 14:— —:

Model uncertainty [ = } 1

@ Variation of the strangness supression factor 121 } { ° -

@ Lower cut on Q2 for inclusive data 1:_ * _:

@ The evolution starting scale _ i

@ The b-quark mass 0_3_— |
Theory -

@ Variation of as ! 10 u [GeV]

@ Variation of the factorisation and renormalization scales of heavy quarks by factor 2 -> outer error bar

sensitivity to m(m_.) decreases with increasing scale p? = Q2+4m_2

'in reality’, have measured m () at each scale
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the running b quark mass at LEP

: omass mugsanons o010 LEP: Z -> bb + gluons,
= sh s B measurement of phase space/
¢ I = angular distributions
B O o©OPaL
- O SLD
ab | M@ = M (1 - a/T In(Q%/Qy?))
g e
’E EPJ €55 (2008) 525
e
Q (GeV)

Fig. 6. The energy evolution of the M S-running b-quark mass

mp(}) as measured at LEP. DELPHI results from }'1"!'3'! [7] at H

the M scale and from semileptonic B-decays [31] at low en- Charm and 1.op mass r‘unnlng
ergy are shown together with results from other experiments P

(ALEPH [4], OPAL [5] and SLD [6]). The masses extracted not exPhC'ﬂY measured

from LO and approximate NLO ca.]-:uhhum: of R; are found ( f )

to be consistent with prc-wﬁus experimental results and with SO ar

the reference value mp{Q} (grey band) uhtamm‘] from evolv-
ing the average mp{mg) = 4.20 £ 0.07 GaV ’-1 from [17] using
QCD RGE (with a strong coupling I:D-I'tbt‘]ﬂl[ value ag(Mz) =
0.1202+ 0.0050 [30])
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.
4

m, from reduced beauty cross section |

o
- 1 T ]
= ; Q' =65GeV’ | Q’=12GeV® | Q' =25GeV’ |
0.0151 T T . ]
ol ! i & _; ZEUS
: :: :: : NHG{]G:l|||IIII|III||Illl|l||||||ll|IIII|IIII|IIIIllll:
0.005:_ Li __ I} __ _ 508 [ . Inclusive DIS + beauty QCD fit =
0 bt — ! - 3 — 1 - B
[ Q*=30GeV* | Q' =80Gev: | Q* = 160 GeV* | = g
0.041 + I = 3
0.02- T \f\ + \ - = =
r LBT T E T ] :_ _:
O.'"'{ - ——— - 1 1 I 1 I |4
; . , 1107 10° 102 10t 10°  10?
L Q° = 600 GeV ] X X
0.03} 1
[ ] ZEUS 354 pb"
0.02 QCOD fit, m,_=4.07 GeV (best fit) . .
: N\ _ uncertainty evaluation
0.01h ) QCD fit, m, =3.93 GeV o .
' '_' 1 QCDﬁt m _4 21 GEV S'm'lar‘ 1-0 Char‘m r'unnlng Case
[ ] TRET T
0-....1 MR | il PR
10* 107 10?2
X

my(my,) = 4.07 £0.14, *99% ;57 od *%% 0,00 par 00,05 GeV

PDG: 4.18 + 0.03 GeV (lattice QCD + time-like processes)
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the running beauty quark mass

translate to Zmb Prog. Part. Nucl. Phys. 84 (2015) 1
ZEUS
; 5 [ I I [ [ [ [ | 1 [ [ I I [ T 1
5
45 PDG  2m,
3 (lattice etc.)
: LEP
E ZEUS _

=

w

18)]
IIII||III||III|III||IIII|III|

»*
IIII|IIII|IIII|IIII|IIII|IIII

%

[ | PDG with evolved uncertainty a
3 A ZEUS 1.
® DELPHI 3-jets .
* DELPHI 4-jets NLO 0
A ALEPH P
2.5 O OPAL
O SLD
2 | 1 | | | 1 I 1 1 | | | | 11 |
10 10°
u [GeV]
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Higgs couplings

relate m;, m, m. to associated
Higgs Yukawa couplings

LO EW (+NLO QCD) formula:
Yq = V2mg/v

hhhhhhh
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Final HERA charm (and beauty) combinations in DIS
*_______ = ~arXiv:1804.01019 4.
@ add several more HERA II data sets £["

e HERA 5 HERA 2012 H1 and ZEUS

'n T T T T ML | LY | T T R |
"36& 03 L Q% =2.5 GeV? 1 @?=5GeV? 4 t:f = ? Geuﬂ 1

0.1- % * 0 -+ * T ®e -

e T ~ )
L Q% =12 GeV* 1 Q?=18 GeV* 1 Q% =32 GeV? | 20 A
0.4 + 1 X | improvement

0.2 * T . + % -

0.6+HQ°= 80 GeV? | ~+ Q%= 120 GeV? | 1 Q%= 200 GeV? | -
0.4 . T ® T ]
0.2 .. ge 1 ‘. -

+ i + i i ——HHHt t IIIIIII| - —t
0.6 - Q? =350 GeV? + Q? = 650 GeV? + Q% =2000 GeV?
0.4+ -+
0.2+ . -+ [ ]
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Beauty combination

57 -> 27 data points n

combined for the first time

e HERA m HIVIX o ZEUS ;2005
+ ZEUS nHERA{  © ZEUSe  # ZEUSVTX H1 and ZEUS

128 Q?=25GeV® | Q*=5GeV? | Q?=7GeV? | e HERA = HIVIX © ZEUS ;2005
0.01- T T 7 7 + ZEUS nHERA v ZEUSe + ZEUSVTX H1 and ZEUS
0.005 T # T Eﬁ 7 2% 7 2|_| , | o
- P Q°=32GeV (b)
0.04 _Q2=1I2 eV | __Q2=1I3 eV | 1 cf-s: GEV2 | | 0.04 — ]
0.02 4 1 ;ﬁ | I |
- u q *;." + | t ﬁ' t | % |
| Q% =60 GeV? 1 Q* =120 GeV* | cf-zoo GeV? 1 0.02 H —
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0.02f Iit + ﬁ) — - I t §
L Q% = 350 GeV? 1 @* = 650 GeV? 1 @%=2000 GeV? ] P SRR . . TI L
0.04 B T T B .10—3 10-2
I ] ] ] Xg;
0.02+ % T T 1
I 1 1 - TR T TT B WA TIT R W R AT | .-. ?um- PRI IE ¥ V71 B SR I § 1T N N W WY |H||-
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Bj
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Comparison to FFNS predictions

e HERA L NLO HERAPDF2.0 FF3A
wiees NLO ABMP16  ----- appr. NNLO ABMP16 H1 and ZEUS
b 1. . 'fb? Q? = 2.5 GeV? | Q*=5GeV? | Q=7 GeV?
eaury. 0.01} a 1 |
0.005|- 1oL 1 “{,\ ]
h"“*l,,____ \,__ .
-+ PP e - HHHHH——— PP HHHHH—— =t HHHHH
0.04 | Q% =12 GeV? | ©*=18 GeV? | @*=32 GeV? i
0.02 - T t{\‘l_;
_ 'N-"'r """" | — ::::H-I—l—l—H—H+I-|—|—|+|—H+ﬂ‘—‘—+-i—H—H++\—.-"r !
| Q2 = 60 GeV? 1 0%=120 GeV? 1 @* =200 GeV?
0.04 —+ + —
L NN
g ) o, j- .*"'-n.
L Q? = 350 Ge\? 1 0% = 650 GeV? { @% = 2000 GeV?
0.04 + —+
0.02 - \XE —+ .} + W
- T T I *K“'H T T BT | .‘.'Tf.ﬁﬁ‘:- T T T .\#..'.‘.-
10* 10° 1072 10 10° 1072 10? 10° 10?2 y
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b b nom
red ";Gll?ed

Comparison to FFNS and VFNS predictions

Beauty:

e HERA
oo NLO ABMP16

—— NLO HERAPDF2.0 FF3A
----- appr. NNLO ABMP16

H1 and ZEUS
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@ﬁredic’rions w/o and with log 1/x resummation
)_—-.—__._HERA_——__—_ arXiv:1804.01019 -Iflg

NLO HERAPDF2.0 FF3A

[-——-] NNPDF31sx NNLO FONLL-C
NLL resummation @ - NNFDFaﬁstML@FDNLLc H1 and ZEUS
of log 1/x terms 8 1-2_‘%[@ N DT
improves xg; slope 5 T TNy RNy
but deteriorates a0 e N AT
. . - Q2 = 12 GeV? | 2 Q?=18 GeV? | It Q=32 GeV? |
normalisation 2 [.(ﬁ*_ﬂ [T ¢
Ir A
08r TR NG
OVZPG“, NNPDFBISX ¥ —ﬂ2=ﬁ::| Gov? 0% =120 GeV? | |+ Q*= 200 GeV? ‘“
(fitted charm, arXiv:1710.05935) "} a3 -
either with or w/o log 0.8F $E Fﬂ‘ T N
1/x resummation — e : e : o
1.9 [ O =350 Ge\? [ ¥ Q* = 650 GeV /] OF=2000 GoV JF]
not better than [ S f
HERAPDF 0.8} -

(FONLL-C + NLLx see below) T10* 100 102 104 107 102 104 10° 102
B
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x* and p-values for various QCD preduc’rlons

Dataset PDF (scheme) x* [p-value]
central — _
dicti HERAPDF20_NLO_FF3A (FFNS) 59 [0.23]
- ‘R o ,.', L]
predictions cham [35] | ABKMO9 (FENS) 59 [0.23] PP@VIOUS
ABMP16_3_nlo (FFNS) 61 [0.18]
ABMP16_3_nnlo (FFNS) 70 [0.05] .
HERA PDF20_NLO_EIG (RTOPT) 71 [0.04] com b | ned
(Nuata = 52) | HERAPDF20_.NNLO_EIG (RTOPT) 66 [0.09]
NNPDF3 1sx NNLO (FONLL-C) 106 [1.5-10°° Charm
(N =47) | NNPDF3 1sx NNLO+NLLX (FONLL-C) | 71 10.013
HERAPDF20_NLO_FF3A (FENS) %6 10.002]
A WC"L £ i"l I"II"!’;I
charm, ABMP16_3_nlo (FENS) 90 [0.0008] hew combined
this analysis | ABMP16_3_nnlo (FENS) 109 [6. 1079
HERA PDF20.NLO_EIG (RTOPT) 99 (91077 C h arm
(Nywa = 52) | HERAPDF20_NNLO_EIG (RTOPT) 102 [4- 10—
NNPDF3 1sx NNLO (FONLL-C) 140 [1.5-10- 1]
(Ngua =47) | NNPDF3 1sx NNLO+NLLX (FONLL-C) | 114[5-10-7|
HERAPDF20_NLO_FF3A (FENS) 33(0.20)
beauty, ABMP16_3_nlo (FFNS) 37 [0.10] b eauTy
this analysis | ABMP16_3nnlo (FENS) 41 [0.04
HERAPDF20_NLO_EIG (RTOPT) 33 [0.20)
(Ngsta=27) | HERAPDF20_NNLO_EIG (RTOPT) 45 [0.016]

Table 4: The ¥, p-values and number of data points of the charm and beauty data with respect
to the NLO and approximate NNLO calculations using various PDFs as described in the text
The measurements at ° = 2.5 GeV? are excluded in the calculations of the ¥* values for the
NNPDF3.1sx predictions, by which the number of data points 1s reduced to 47, as detailed in

the caption of figure 12. ]
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QCD fit: systematic uncertainties

D

Parameter Variation m(m) uncertainty | my(m,) uncertainty

[GeV] [GeV]

Experimental / Fit uncertainty

L S 0,104
Total @ .g_1_{._|.|:l 0§09
M

odel uncertainty

f. 0.4+ .1 (.03 -0.00]

Is sront 01,004 £0.001
2 5415 2 0,001 0,005
Omin 3577 GeV +0.007 +0.007
%2.0 +0.030 0.032

Hr.f w03 L1060 {0090

Ay {00015 0.014 £0.002

. (Mz) | 0.10607 545 +0.011 0.005
+0.062 L0090

Total 0.0k 0032

PDF parameterisation uncertainty

2 +0.003 0.001
1.9+0.3 GeV 0.001 +0.001
setto ~0.031 —0.03]
40,003 F0.001

0.031 0.031

Table 5: List of uncertamties for the charm- and beauty-quark mass determination. The PDF
parameterisation uncertainties not shown have no effect on m-{(m..) and my,(my).
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QCD fit: charm

e HERA —— NLO HERAPDF2.0 FF3A
----- HERAPDF-HQMASS H1 and ZEUS

. . .
EE 120 iﬁ 1
I-E' 1E _{_ i *ii - %ﬁi -
R il e e
© 08 -_{1“=2:5 GeV? | _--_q'*'iﬁ GeV? | a2-7 Gev?
fully consistent [ t2aee . daretsee L e 12 cev?
g |

with SR 1 T T % ________ |
HERAPDF2.0FF3A 0,;; v i R

1.2 1 T ‘_

i Q? = 350 Ge\? 1 0? = 650 GeV? 1 Q? = 2000 GeV? - ‘
1.2 I 1 i L]
1t ﬁ,‘ 4 _ s i [
0.8} + 1
10 10° 1072 10* 107 1072 10* 10° 107 .
Bj
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QCD fit: beaut |

e HERA —— NLO HERAPDF2.0 FF3A
----- HERAPDF-HQMASS H1 and ZEUS

E T T T y ;
E ;F “l' “t
IBE 1l5 B » 'f‘ -1 i ‘4" T 'fr .
Y R B [T
(=
B 05+ € 1 |
Q% =25 GeW? Q% =5 GeV? Q2 =7 GeV?
-+ — - —t . -ttt
15 Q? = 12 GeV? /1| @*=18 GeV? | 02 =32 GeV? T

fully consistent

""i"“""”i" K : ‘‘‘‘‘‘ -
with ! 1 ij[ _

HERAPDFZOFFSA {]2=E:]Ge‘lu"2= | {::15:” Q% = 200 GeV?

120 GeV?
1.9 s ¥ :— + -
| - g slosas=’ [, {— i F—

0.5F ' + v .

HHHT———
Q? = 650 GeV? Q? = 2000 GeV?

—
I
]
f
[
1
]
'
1
i
i
]
%
*

o
n
|
e
|

1.5 .

o ™ T

104 10° 102 104 102 102 104 10° 10?2 «
Bj
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QCD fit: inclusive data subset )
e g

_ _ H1and ZEUS ~— ——
“i_r oo =18 GeV’ “:; osl ME=19 GeV*
E:' QEE_ DIS only [fixed m_ ] (@) -‘-j' [ .. DIS only [fixed m_] (b)
" F — HERAPDF-HQMASS [ — HERAPDF-HQMASS
0.7F 0.4~
06f F
PDFs consistent ot o3f
with those of i ozf
inclusive data only oaf of
. 0.1
(and ¢, b masses fixed e o —

_4 111 -3 111 -2 111 -1 -d L1 -3 111 -z 11 -1
to PDG) 10 10 10 10 o 1 10 10 10 10 o1
H1 and ZEUS H1 and ZEUS
T8E u2=19GeV?

u2=1.9 GeV?

xE{x,‘uf)

5 DIs only [fixed m_] (¢)

-> inclusive data | — HERAPDF-HOMASS
(and c¢,b mass values) :
dominate

in fixing PDF

165 . DIS only [fixed m ] (d)
1.4f. —HERAPDF-HQMASS

1.2F
f
u.af
o.af
u.4f
o.zf

ul L1111l O: L1 11111

107 1 10 10° 107 10 1
X X
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QCD fit: inclusive data, parametrisation uncert.

Reminder, full fit: Ax2=1 scale dom  14p->15p,13p
m.(m_) = 1290 *46_,,(exp/fit) *62ﬁ4(mod) *3_31(par) MeV
my(m,) = 4049+104_, ;o(exp/fit)0_s,(mod) *1_3;(par) MeV

Using inclusive HERA data only (14p):
m.(m,) = 1798+144 ., (exp/fit) MeV

mb(mb) = 845(0+2280 _1810(fi1') MeV

no full uncertainty evaluation, but large
sensitivity to PDF parametrisation (-> 13p):

m.(m.) = 1798 -> 1450 MeV,
my(m,) = 8450 -> 3995 MeV

dominant effect:

v

zg(z) = AgxPo(1— )% — -4;;;1?38-:? (1— T]C;
Ty (z) = Ay, @B (1 — 2)%u (1 + By J0?)
zdy(2) = Ag,z v (1 — 2)“dv o

zU (x) = A['-"TB[_': (1—2)°T(1+ Dyx)

zD(z) = Apz®b(1 — 2)D

-> inclusive HERA data alone cannot constrain HQ masses reliably
-> interplay of PDFs and HQ masses needs careful treatment
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QCD fit: beauty x slope ‘_

plot data/fit

vs. <x> of

Incoming partons
(rather than xg;)
for each data point

LO: X =xg;j- (] —Qi;)
<x> calculated at NLO

using HYQDIS

-> beauty consistent

with charm but does
not add information

3.10.19

f bb nom
ﬁred

bb
ﬁred

H1 and ZEUS

=+ 120
#* =200
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X% as function of min. xp; cut

M ZEUS

H1 and ZEUS
— 1 .g [ T T T TTTT] T ]
o [ -
218 o DIS+c+b -
= F :
1.7 -
- v c+b .
1.6 —
1.5 v—'\ —
1.4:_ [ S _:
1.3;_ \‘::ﬁ_._..l......%.___.-l\\‘ . —;
~ g Y ]
12 o o ** " Fyv vy
1.1 —
1: | | L1 1111 | | | L1 1111 | | | L1 1111 | :

10 10° 102 10"
Xgj,min
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Comparison of HERAPDF with FONLL-C + NLLx

W

for inclusive data only

from

Step-1 Step-2 Step-3 Siep-4
. HEEAPDEZD FONLL-C hove QG" and include NLLx
Gr'XIV.180200064 . NNLD chiann thieshold . Tesmmation
I-IERA;.::ll.-‘d.n-l' 63131 1387113 13801131 18113
Table 1 The x” per degree of freedom (d.o.£) for € under different conditions, starting from for the HERAPDFL0 NNLO.
from
. . HERAPDF Q. [GeV?]| ¥ |dof |xYdof
arXiv:1506.06042: 20NLO 35 | 1357 | 1131 | 1.200
2.0HiQ2 NLO 100 | 1156 ] 1002 | 1.154
2.0 NNLO 3.5 1363 | 113T™\ 1.205
2.0HiQ2 NNLO 10.0\{ 1146 | 1002/ 1.144
2.0 AGNLO 35 | 1359|1132 | 1.201
inclusion of 2.0HiQ2 AG NLO 100 | 1161|1003 | 1.158
. . 2.0 AG NNLO 35 [1385] 1132 1223
NLLx resummqﬂon with 2.0HiQ2 AG NNLO 100 | 1175|1003 | 1.171
FONLL-C achieves 2.0NLOFF3A 3.5 | 133011731 | 1.195
similar' performance 2.0NLO FFEEB 3_5< 1315 | 1131 \1.163
2 0Jets a,(M2) fixed 3.5 \N368 [ 134047 1.170
as HERAPDF2.0 FF3B 2 0Jets ar,(M2) free 35 | 1568|1339 | 1.171

Table 4: The values of y per degree of freedom for HERAPDF2.0 and its variants.
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