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Combination of inclusive charm data

g
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EPJ €73 (2013) 2311

9 data sets,
5 tagging methods

very good description

of combined data by
fixed flavour predictions
in full kinematic range,
small theory uncertainties

measure charm mass

m.(m./) = 1.26 +0.05,,, +0.03, 4 +0.02,;s GeV
PDG: 1.27 +0.03 GeV
(lattice, ..)
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Further charm results in DIS: D*, D*, vix oo ez
JHEP 1409 (2014) 127

1 —————— st m——

© l].ﬁ:l— u*=?Geuz ] Q*=12Gev? | q==1;|“¢;eulf ] -> comple'l'es HERA
: measurements
[l.d-_— - n = .
o2 ”%*% T, ., T . 1 > consistent findings
I B L I ) ]
0 e e R
0.6} Q*-32Gev? | Q*-60 Gev? | Q? =120 GeV? - - Wi” furﬂ-her
oaf % % ¥ | improve combination,
02 ;gg i fe 1 7» | PDF and m_ fits
; P 2 1 ©F
osl oot J10° 100 107 10% 100 107 .
[ : zEu:vtx 354 pb! " - recomblne
4l § . p
. ] A ZEUS D* 363 Ph-1 Hl Gﬂd ZEUS
0.2f i - o ZEUS D' 354 pb”
ORI T HERA and add beauty,
RO including

c-b-correlations
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Data set Tagging O’ range N, Z

(GeV?] [pb~']
I H1 VTX [8] VTX S — 2000 29| 245
2 H1 D*" HERA-I [9] Dt 2 — 10017 47
3 HI1 D** HERA-IT (medium Q) [10] | D** 5 —  100|25| 348
4 HI1 D** HERA-II (high Q%) [11] D** 100 — 1000 6| 351
5 ZEUS D** 96-97 [12] D** I - 20021 37
6 ZEUS D** 98-00 [13] Dt 1.5 — 100031 82
7 ZEUS D" 2005 [14] (D* removed) | D' 5 — 1000 9| 134
8 ZEUS u 2005 [7] u 20 — 10000 126
9 ZEU HERA-II [2] D+ S — 1000 354
10 ZEUS D*' HERA-II [3] D* 5 — 1000 363
11 ZEUS VTX HERA-II [4] VTX — 1000 354
12 ZEUS e HERA-II [5] e 10 — 1000 363
13 ZEUS p + jet HERA-I [6] u 2 — 3000 114

14.6. 17

@ Combined data provided in kinematic range:

2.5 < Q? <2000 GeV?, 3 x 107° < ap; < 5 x 1072

@ Input 209 ¢, 52 b data points = combined 52 ¢, 27 b points
A. Geiser, charm and beauty in DIS, Lowx 17
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CHARM

® H1VTX 4 H1D*HERAdl v H1D*HERAI
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BEAUTY

ZEUS

1992 - 2007

0.02

H1 and ZEUS

B HIVTX o ZEUS p2005 + ZEUS pHERA-
7 ZEUSe * ZEUSVIX o HERA(prel) prellmlnary
@=25GeW ' =5GeVe Q=TG-
i L4 %,
| af= 12 Ge? | &= 18 GeV? 1 a*= 32{}9\"

Y% » %ﬁ "
| &= EIJGE\" _u* znuﬁew

=1z'u-3ev"i )

#*

“

0.02r
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= §50 Gal®

i1

_ az':
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.|
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1n4 11]“'1 104
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xEIj

x2/dof = 149/187, including correlations: input data are consistent
14.6. 17
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B H1VTX & H1D* HERAAI * H1D* HERA-

o ZEUS p 2005 ZEUS D* 9800 ~ ZEUS D* 9697 H1 and ZEUS m H1VTX + WorHeran o zeusp2005 H1 and ZEUS
v ZEUS D ¢ ZEUSD' + ZEUS D* HERAI ZEUS D* 98-00 4 ZEUSD*9697 ¢ ZEUSD" ..
* ZEUSVIX '« HERA prel prellmlnary . ZEUSD*HERAJl  + ZEUSVTX e HERA (prel, preliminary
“E 'Q‘2=2.ISGEVE -+ q& 5{‘*1.[2 o iizl=TGEv2 o ' ' ' ' | ' ! ' ' ' ' o |
0.3 + '
i il ﬁ Qf =32 GeV*?
0.21 T
| - i _
_u2=1::a GeV? : : 1 1aﬁ-e1.r‘ - Q?=3zeevﬂ
0.4 T ﬁ; } ]
VA T i
I fh 1 *'&‘ *ﬁ i J[ i
D.E_uﬂ=sﬁsw* ' 1 =+ 1z|1+c3-e1.r2 __q==meen.ﬂ N 1
0.4f + + T\ 02 , r
0.2 I T ’d#* T ¢, | ‘ ﬂ
0.6-0* =350 GeV* lat= aﬁuﬁex# T @° = 2000 GeV* - | I3 |
0.4 T +ﬁ
D.E__ 1; __- #* -r .__ u | | | | | 1 | | 1 | | | | || |
10* 107 10?2 10* 107 107 10* 107 10? 10 10

Xg; X Bj

significantly improved precision compared to individual measurements
noticeably (up to ~20%) improved precision compared to previous

charm combination, final HERA combination
14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 8



m HiVTX o ZEUS p 2005
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significantly improved precision compared to individual measurements

10* 10° 1072

10* 107 1072
xBj

0.02

first (and final) HERA beauty DIS combination
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A. Geiser, charm and beauty in DIS, Lowx 17
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Fixed Flavour Number Scheme (FFNS)

e’ no charm in proton
< / P
27.6 GeV
c full kinematical ©
LO m, treatment of
c charm mass
020Gey (multi-scale problem:
o > Q2 Pt, M. ->logs of ratios)
+ NLO (+partial NNLO) no resummation of logs ®
corrections,
“natural” scale: no extra ma’rchmg ©
2 = Q* + 4m? parameters

14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 10



Theor

=

tical predictions vs. charm

EUS-prel-17-00]

e

! * HERA (prel) —— NLO HERAPDF2.0 FF3A
- . . e MLO ABM11 @ =-=-= appr. NMLO ABMP16 H1 ﬂnd ZEUS
Theoretical predictions - NLOfiDIS +c+ b preliminary
calculated using xFitter g, (== o eT e -
[www.xfitter.org] 0.2 T T 'ﬁ._'\.
ABM11, ABMP16, or fitted | @° = 12 GeV? 1 @ =18 Gev? { @ =326ev?
0.4} 1 1

@ NLO or approx. NNLO as S X 1 ! '{\\

implemented in OPENQCDRAD ~ *#[ \"'-ﬁ.‘.m 1 d‘\; ] ~
: : T e T .

@ ;Uf = Uy = \/QQ _|_ 4__?“_%! varied 0.6 -_QE=BUGE\I'= __-_Qz=12l]l3e'uﬂ _“_Q”=2uusevz

by factor 2 (dominant unc.) E':._ "'\1“ 1 "'\i\i T .
il . T .. T .

@ me(me)=1.27+0.03 GeV, s o1 "
mp(mp) = 4.18 + 0.03 GeV 0.6 a* =150 Gev: o= 650 cev: F o <zom0 e
PDG2016/|, or fitted 0.4f _ 1

I e ] “ |
« 4. 10" 10° 107 10" 10° 107 10* 10° 107
overall reasonable description Xg;

Xg;j slope shallower in theory than in data at low and medium Q?
14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 11



Comparison to previo

————

. ‘—T‘”**if
ol .
Theoretical predictions
calculated using xFitter «:

[www.xfitter.org]

@ input PDFs: HERAPDF2.0FF3A,
ABM11, ABMP16, or fitted

NLO or approx. NNLO as
implemented in OPENQCDRAD

pf = fip = \/QQ -+ 4-;'?19@, varied
by factor 2 (dominant unc.)
me(me) = 1.27 £ 0.03 GeV,

mp(mp) = 4.18 £ 0.03 GeV
PDG2016], or fitted

0.3

0.2

0.6
0.4
0.2

0.6

0.4
0.2F

0.l

us combination: charm

C\)S-prel-17-001

H1 and ZEUS

« HERA (prel.) o HERA 2012 . .
HERAPDF2.0 FF3A prellmlnary
La*=25Ge  ta*=see®  falereev® -

same effect as in previous combination,
reduced uncertainty -> effect more visible

14.6. 17

oo Py T oo
;qﬂ = 3;4; Gev? —+ ch =“BEIJ GeV? T+ @f = 2000 GeV*
T TR
Bj
12

A. Geiser, charm and beauty in DIS, Lowx 17



Ratio data/predi

—

ctions, charm

gi\i%\c‘;

Theoretical predictions

calculated using xFitter ¢,
[www.xfitter.org] v 1
@ input PDFs: HERAPDF2.0FF3A, & °°
ABM11, ABMP16, or fitted -
@ NLO or approx. NNLO as
implemented in OPENQCDRAD 0.8}
@ [if = iy = \/Qz + 4-;-11%, varied 52
by factor 2 (dominant unc.)
@ mec(me) = 1.27 4 0.03 GeV, o
mp(mp) = 4.18 £ 0.03 GeV ol
[PDG2016], or fitted il

overall reasonable description, some xg; slope differences (as before)

» HERA (prel)
NLO ABM11

Hiprelim-17-071, ZEUS-prel-17-001

appr. NNLO ABMP16

—— NLO HERAPDF2.0 FF3A

H1 and ZEUS
preliminary

:_m’ =12 Gg;

M ﬂ'!‘""""f?.”- A = }-_E';-"r'---". "h:*r:.—n_&;;i:i:"-x;‘...'-f.
L @® =25 GeV® ' @* = 5 GeV? L @ =7 GeV®
"o = 18 GeV? 1 Q% =32 Gev?

$

-J
3ﬁ?.|-1~*_*_-r'.-f_ Frrmee

ol -+

;

-
."._l'".'.—.
#W“.“.u

ot = 60 ey

+ @ = 120 GeV’

.
3-’**1 I

0.8k

@t =350 GeW

A GIF - 650 Gev? ] @° = 2000 Gev* Tal
1.—'¥ '.'- _il‘%}-’ I “
10* 10° 107 10* 10° 102 10* 10° 1072

approximate NNLO does not improve description

14. 6. 17

A. Geiser, charm and beauty in DIS, Lowx 17
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Theoretical predictions vs. beauty

' Lj:&j\g . e MNLO ABM11 ----- appr. NNLO AEMP16 H1 ﬂnd ZEUS
Theoretical predictions NLO it DIS +c + preliminary
calculated using xFitter 'gfw @-asees @y @ Ty
[www.xfitter.org] - ,

_ 0.005- + 3 -

@ input PDFs: HERAPDF2.0FF3A IR R ‘l“l\

ABM11, ABMP16, or fitted 0.04 | %= 1262V o -1cev | @*=32Gev?

@ NLO or approx. NNLO as 0.02- 1
implemented in OPENQCDRAD I | L | %\g
@ jif == \/QQ N 4’*”2@ . varied Nd_u%s:}eev! S @ meer  laczeeer
: 1 1 1 o)
by factor 2 (dominant unc.) 000l Lq‘},\ 1 Li\ﬂ 1 .
@ me(me) =127+ 0.03 GeV, I e SR OO o ] L
mp (-;n_b) = 4.18 +0.03 GeV | Q7 = 350 GeV? 1 @* = 650 Gev? | @? = 2000 Gev?
PDG2016], or fitted 0.04r w ] o]
0.02 § T }-.1 I
ot sl B, . i‘
L. 10* 10° 107 10" 10° 107 10" 10° 107
overall good description Xe;

(larger data uncertainties, smaller xg; range)
14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 14



B_g_jrlo data/predictions, beaut

zeus . U
) =" & HERA (prel.) —— NLO HERAPDF2.0 FF3A

---------- NLO ABM11 <«-- appr.NNLO aBMP1s  H1 ﬂn_d Z_'EUS
Theoretlcal predlctlons ----- NLOWDIS=esl preliminary
calculated using xFitter £,/ { /i ] 1 KT
[www.xfitter.org] D - ity T FeealiEggiey T PNl
23 = - i :
® input PDFs: HERAPDF2.0FF3A, ® *[w-eso | Tawsoer flaterew
ABM11, ABMP16, or fitted ks 12 Gev 4| e 180V __.fﬁ_ oy F
@ NLO or approx. NNLO as 1 wlkagpenttiimdl :-:'¥::':"'F'""__ }uﬁ'

implemented in OPENQCDRAD 0.5 Al A8 T

a' ‘“f — ‘Lf__r - \/QQ —|— 4]‘}‘?%1 VariEd 1.5 _QE:BE} Gev* | # | _L_dél:“;;u EEWI g __G2=2l;ﬂ GE\FI o _
] ' [] L -
by factor 2 (dominant unc.) 1 ey -fEL T e

@ me(me) = 1.27+0.03 GeV, 05r i

mp(mp) = 4.18 £ 0.03 GeV 1.5_m’=3;ﬂﬁeﬁi 7 __ﬂ:;::aﬁuﬁev’ | @®= 2000 cev® |
[PDG2016], or fitted il |

* 1

0.5 + 1 |

e 10° 10° 107 10¢ 10° 107 10° 10° 107

overall good description Xg,

approx. NNLO corrections + PDF effects are small in measured range
14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 15



Combined inclusive HERA II DIS data

———T* - :
T~ U 1.3_-'
example: + E,, _ e HERANCep 05
O 15} \s =318 GeV
_ Ty = 0002 0 ZEUS HERA II
1a | 00002 | 1 Hﬂ O ZEUS HERA I
| ] o H1HERA II
12 | : ~ H1HERAI
_ v
1 # ﬁ j ﬁ%% xg; = 0.008
i * *k 5 o !
0.8 i § !§ ; i&*.
I %Y
T S ﬁL 1 _
06 | % &i“?’?#%ﬁﬁ ﬁ%% § xp= 0032
use for I e T s i .1
overall QCD : | |
) Q | ;f”?’ﬁﬁhf b i‘ |
analysis 02 | o |
| ﬁ xg; = 025
0 - . Loyl
1 10 ].'[]'z 103 II]4

10"
Q' /GeV*

14.6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 16



QCD analysis of combined charm,

beauty and inclusive DIS data

Similar to HERAPDF2.0 FF:

@ performed using xFitter |www.xfitter.org|
@ inclusive HERA data —|—| new combined c&b data'
@ NLO DGLAP |[QCDNUM] and matrix elements |OPENQCDRAD]|, ny =3

@ [if = iy = \/QQ +4”ng varied by factor 2 (model unc.)

ilrfree mMe(me), mp(my) |

Q Lrs(ﬂ-fg)”fzg = 0.106 (— as(ﬂ-fg)”f:“t’ = 0.118)
@ HERAPDF parametrisation, 14p

@ fit uncertainty using Ay? =1

@ model and parametrisation uncertainties

14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17
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Check fit inclusive DIS da’ra onl

me(me) = 17987155 (fit) MeV

| somewhat unphysical ...
mp(mg) = 845{}f§§§g(ﬁt) MeV

No full uncertainty evaluation, but large sensitivity to PDF
parametrisation observed:
Me(me) = 1798 — 1450 MeV, my(myp) = 8450 — 3995 MeV

in 13p reduced parametrisation recover ~ physical values!
(PDG: 1270 and 4180 MeV)

-> inclusive data alone can not reliably constrain HQ masses

-> can yield bias (see also arXiv:1605.01946, THEP 1608 (2016) 050),
interplay between PDFs and HQ masses needs careful treatment

-> use difference between 13p and 14p parametrisations
as additional systematic uncertainty

14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 18



Fit inclusive, charm cmd beau’ry da’ra

measure char'm and beauty quar'k masses in MSbar scheme

@ improved now includes 13 | i@
) data precision scale variations p vs- i
Me(Me) = 1290+'116 (ﬁi:)Jrﬂg(Im:u:l)Jr (pal) MeV

mp(my) = 4049+183 (ﬁt)Jr (1110d)+31(par) MeV

compare previous: EPJ €73 (2013) 2311 o cludes
m.(m.) = 1.26 +0.05,,, +0.03,,4 +0.02;; GeV  /scale

my(my) = 4.07 £0.14;, *00 ;o a9 500 par 090,05 th GeV

THEP 1409 (2014) 127
ZEUS vtx only

PDG2016: m.(m.) = 1270 £ 30 MeV, my(mp) = 4180735) MeV

significant improvement w.r.t. and consistent with
previous H1/ZEUS mass determinations

14.6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 19



Comparison with previous m.(m,) results

from DIS data

me(me) = 1290738 (fit) 782 (mod) T%, (par) MeV FF (new c/b + HERA II) +e—

H1/ZEUS preliminary FONLL (this work)

ﬂcf#ﬁ V. Bertone et al., JHEP 1608 (

6) 050
APFEL FF (this work)

scheme me(m.) [GeV]
FONLL (this work) 1.335 =+ 0.043(exp) Ty poo (Param) "o 0oz (mod) 75 o3 (th) FF (HERA)
FFN (this work) 1.318+ 0.0-'34(exp)fg:gié(param)fg:g}g(mod)fg:géi(th)
FFN (HERA) [9] 1.26 + 0.05(exp) =+ 0.03(mod) + 0.02(param) + 0.02(5) FF (Alekhin et al. approx. NNLO)
FFN (Alekhin et al.) [24] 1.24 + 0.03(exp) Ty s (scale) 009 (th) (approx. NNLO)

1.15 + 0.04(exp) T oo (scale) (NLO)
S-ACOT-y (CT10) [29] 112709 (strategy 1) FF (Alekhin et al. NLO) —o—+

1.1810% (strategy 2

)
1.19'_"8:?? (strategy 3)
1.24f8:?g (strategy 4)

World average [53] 1.275 4+ 0.025

S-ACOT—Y (CT10 str. 1) —@—

S—ACOT—Y (CT10 str. 2) ——

ABMP, arXiv:1701.05838
HERA, DY, ttbar and nu fixed target RPN
approx. NNLO S—ACOT-y (CT10 str. 4)
mc(mc) = 1.252 +0.018;, GeV (not full uncertainty)

World average

158 A0 L2 L3 B 1D
all results (NLO, approx. NNLO, FFNS, VFNS) consistent ) (cev)

14.6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 20




Charm quark mass running

A. Gizhko et al., arXiv:1705.08863

subdivide (pr-evious) HERA DIS charm data into 6 kinematic intervals,
determine running of charm-quark mass in MSbar scheme

for the first time =
(conceptually similar to running of o from jets)

e 5

WN
6

-y
(=]

interplay/treatment of
correlations between

mass and PDF fits nontrivial,
details see arXiv:1705.08863 ¢

° NLO fit of HERA data (this work)

] PDG with evolved uncertainty

o(1) [GeV]

-y
N

|||||||||||||||||||||||
—— ]

charm-quark mass running ]
consistent with QCD + +

0.8

o
0.6 i
see also A.G. DIS17 0'41 | - '1|0
n [GeV]
14.6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 21



Running of a, and quark Yukawa couplings

CHARM?2016 (2017) C

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

LO EW (+NLO QCD) formula:
YQ - J'ZmQ/V

ZEUS

running coupling

=

B3 PDG world average 2014

T
—

HERA

PDG (latt.)

L HERA cc DIS

= SF ; .
@ C 3
g,
S as m .
= 4°F ]
2 - b ]
4 —
C " -
as| -]
C B PDG wilh evolved uncerainty -
3 I i, ZEUS B
®  DELPHI 3-els
L *  DELPHI 4-jels NLO i
E & ALEPH A
25 C  OPAL
C b3 LD
.
10 107
u [GeV]
= 16] \ —— :
i om |
= B C [ ] NLO fit of HERA data (this work) B
~ 14— |
s r n PDG with evolved uncertainty b
E° | = ]
12— —
I + + -
0.8— + + —
0.6 N o
0.4 I L ol
1 10
u [GeV]

y PDG (D0} tf (ATLAS+CMS)
b

%

ATLAS/CMS tt*-H

s+ H1 low @ DIS, scaled —
* H1 high Q* DIS, scaled
[ H1 correl. th. uncertainty (fit)

= FEUS (prel.) NC DIS 300 ph". scaled
* FEUS photoprod. 300 pb"_. scaled
————— ZEUS correl. exp. uncertainty
[ ZEUS DIS correl, th. uncertainty
[ ZEUs PHP correl. th. uncertainty

o JADE, OPAL, ALEPH jets/shapes
s+ Z  PETRAILEP

o Dojets Tevatron tt
(CMS)

+ CMS jets R,
& CMS incl. jets
¢ CMS J-jet mass

LHC

LEP/SLC Z Tevatron H-bb

ATLAS/CMS H-bb

o A. GeiserlDESY 2016
| 1 1111 |

1 10

Geiser, charm and beauty in DIS, Lowx 17

10°
scale u/GeV
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Summary and conclusions

s =]

@ final HERA DIS charm and beauty data have been combined
-> very good consistency, full correlations, reduced uncertainties,
replaces previous charm combination

well-described by NLO QCD in FFNS
-> measure charm and beauty quark masses in MSbar scheme

me(me) = 1290755 (fit) 52 (mod) T'%, (par) MeV
my(my) = 4049+183(ﬁt)+ (1110(1)+31(par) MeV

@ split (previous) combined charm data into subsets spanning different
scales
-> first determination of charm quark mass running, consistent with QCD

@ convert to Higgs Yukawa couplings
-> representation of running Yukawa couplings with running of strong coupling

14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 23
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|Deep Inelastic ep Scattering at HERA |

HERA: . T

i) ElgEon i z);’ ~ (’ * 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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'Why are heavy flavou—r'_s important? |

charm contribution to inclusive DIS data ~10-30%!
|kinematic effect of mass,| fragmentation effects
|competing scales for perturbative expansion |
e.g.m, Q% pr -> terms log Q?/m?

log pr?/m?  eftc.

" 4 .
massless” treatment allows resummation beyond NLO,
but fails near "mass threshold" -> avoid |

=> "massive” tfreatment gets kinematics right,
but does not allow resummation (fixed flavour number schemes)

or induces ambiguities in QCD corrections near flavour threshold
(variable flavour number schemes, available for semi-inclusive only)

|check theory against HERA data |

14.6. 17

A. Geiser, charm and beauty in DIS, Lowx 17 26



x? for different predictions

= = - — = 1) s

Dataset PDF x? %% with PDF unc.

HERAPDF20 NLO FF3A EIG
HERA 2012 ¢ [1] B e - :

abm11_3n_nlo 62 62 [1] previous HERA charm
(dof = 52) ABMPI6 3 nnlo 64 63 combination EPJ C73 (2013) 2311

abm11 3n nlo 92 91 measurement JHEP0O (2014) 127
(dof = 52) ABMPI6_3_nnlo 101 99

HERAPDF20 NLO FF3A EIG | 14 14 (most precise individual public
ZEUS VTX b [4] S

abm11_3n_nlo 13 13 data sets for ¢ and b from HERA
(dof=17) ABMP16 3 nnlo 14 14 to date)

: HERAPDF20_NLO_FF3A _EIG 33 33

New combined b

abmll 3n nlo 34 34
(dof = 27) ABMPI16_3_nnlo 39 39

Quantitatively confirms observed findings:
@ larger tension for new charm data owing to reduced uncertainties
@ appr. NNLO does not improve data description compared to NLO

@ overall small sensitivity to input PDFs

14.6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 27



Previ

ous combination compared to VFNS

H1 and ZEUS
08 Q?=2.5 GeV? Q2= 5 GeV? Q%= 7 GeV?
S i
0.2 — —
R + ¢ +¢
i L] ]
. )
0 IIHI|,|] 1 IIHI|,|] L L L Liig LLl \IIIII| | I\IIIII| 1 IIIIII| 1 \Illlu] | I
0.5 - Q°=12GeV® | Q°=18 GeV? | Q°=32 GeV”
L ]
L)
= o
0 IIHI|,|] 1 IIHI|,|] 1 IIHI|,|J | \IIIII| | I\IIIII| 11 LLLLILL 1 IIIIIII| 1 \Illlu] L L 11T
0.5 - Q°=60 GeV’ Q°=120 GeV* | Q°=200 GeV®
0 1 I 1 IIHILlj 1 |IHIL|J 11110 LLLLL | I\|I|||| | I\|I|||| Lo e 1 |II|II|| 1 \Illlu] L1 1ail
Q*=350 GeV? Q*=650 GeV? Q*=2000 GeV?
05 — —
| _ * HERA
I i | =—HERAPDF1.5
_.I 1 I Liiil I 1 ]\“IHHI_LHIILI 11 L 1 IHIHLX_I L (RN | J.III.I||| \;ll.
0 -4 -3 -2 ‘-4 ‘-3 ‘ -2 l -4 y -3 -2
10" 10" 10 10" 10° 10 107 10~ 10
X
14. 6. 17

well described using

HERAPDF1.5 (VFNS)

(fitted from inclusive
DIS only)

strong charm mass

dependence
(blue band: 1.35->1.6 GeV)

constrains PDFs,
-> talk O. Zenaiev
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Previous combination compared to ABM FFNS

£
H1 and ZEUS '

— §

e

'8'0 o i Q%=2.5 GeV? | Q*=5GeV? | Q=7 GeV? very good descr‘i p'ri on
02T K i of data
\ - - in full kinematic range
0 HIIHI‘ | II|H|_|J [N i | IIHIHl LI LI | IIHIH| | \IIII|I| |
05 | Q*z12GeV? | Q’z18 GeV* | Q°=32 GeV?
- - : unambigous treatment
I _ _ of m_ in all terms of
LU | II|H|_|J Lo | ||IIHI‘ | IIHIHl | ||IIHI‘ L1 \IIHII| | IHIIH| l \IIII|I| 111 °
0-2 | Q°=60 GeV® | Q°=120 GeV® | Q=200 GeV? CG'CU'GTIOH
i i ﬁ \ here: MS running mass
0 _HIIHI | IIIHUJ | HIIIH‘ L1l _IIIHII | IIHIHl | ||IH|I‘ L 11l _\IHIII| | IIHIH| | \III||I| L 11l . . . .
05 Q2=350 GeV? | _ Q2650 GeV -, HE:A=2000 GeV (Slml lar' pr'edICTIOHS fOf‘
I I :- ABMO9NNLO MS POIC mGSS)
L R \'m ABMO9NLO MS
0 _HIIIHJ | IIlHI_IJ | HIIIHJ L1l _llIHlIl | IIHIHl | llIIHI[ |11l _HIHIII | IHIIH| | Jlllllll L 111l

10* 102 107 10* 10° 107 10”* 103 1072
X
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Combination procedure

@ Take measured visible x-section oyis and extrapolate to full phase space

orea Using consistent NLO setup: orea = ovis U%EED [HVQDIS]

V1S

@ Combine oyeq accounting for bin-to-bin correlations [HERAverager]

NLO setup for extrapolation as in [DESY-12-172]
@ pole masses m. = 1.5+ 0.15 GeV, mp = 4.5 £ 0.25 GeV
consistent with extracted from data: m, = 1.43 £ 0.04 GeV, m; = 4.35 £ 0.11 GeV
and consistent with PDG: m,. = 1.67 + 0.07 GeV, my = 4.78 + 0.06 GeV

@ /ip = up = \/Q2 + f—l-m.QQ, varied simultaneously by factor 2

o ar’ T (Mz)=0.105 £ 0.002 [as’ ™" (Mz) = 0.116 £ 0.002]

@ HERAPDF1.0 FFENS, ns = 3, assign 2% uncor. unc.
(checked vs HERAPDF2.0: see backup)

@ ¢ fragmentation: Kartvelishvili frag. function parametrised as step
function with k7 kink (H1, ZEUS meas. [DESY-08-080, DESY-08-209])

b fragmentation: Peterson ¢;, = 0.0035 4+ 0.0020 [NP B565 (2000) 245]
charm fragmentation fractions [EPJ C76 (2016) 397]
branching ratios PDG2016

hadronisation uncertainties for data with jets in the final state
14. 6. 17 A. Geiser, charm and beauty in DIS, Lowx 17 30



QCD analysis settings

Similar to HERAPDF2.0 FF, using running HQ mass definition:

xg(x)

20 ()
xzD(x)

xFitter-1.2.0
Input data:

o HERA e*p inclusive data, Q2.
o new HERA ¢ and b combined

> 3.5 GeV? [1506.06042]

FFNS ng =23 ('FF ABM RUNM'), (G'S(FL) — CES(FQ))

as! =3 (Mz) = 0.106

free me(me), my(ms), or PDG me(me)

DGLAP NLO [QCDNUM]

= 1.27 GeV, me(m.) = 4.18 GeV

PDF parametrisation: 14p HERAPDF at ,u,?pn = 1.9 GeV?, f. = 0.4:

r ')
= AQIBQ{:I — I)CQ — A’g:{rBQ(l — I)CQ

Ty () = Ay, zPuv (1

— )% (1 + By, z°)

= Ad,u:rB'iv (1 —z)%dv

= Apz®0 (1 — z)

0 (1+ Dge)

= ApzPD (1 —2)D

Additional constrains:

Ag = Ap(1— f:), Bg = Bp, C; = 25
fljl [Z; (qi(xz) + gi(z)) + g(x)]zdz = 1
Jo [u(z) — a(z)]dz = 2,

Jo ld(z) — d(z)]dz = 1

o fit (&xf = 1), model (scales, a., fs, Q?nin) and par. (pro, Evu, = 0) unc.
14. 6. 17
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Running of o, and quark masses mg

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

GS(H) = Gs(Ho)
1+ o, x (1IN.-2n.)/12m In(u2/pg?)

leading
quark mass running depends on o, , e.g. order
mg(pole) = mg(mg) (1 + 4/3 a/m) %ﬁﬁwlae
= mgw) (1 + a/m (4/3+In(u2/mg?))
> “.rn.{;.[m = Mglmg) * ( () ) J cq :4f(11_gnﬂf§§:4;g
g(Mmg) ny =3

part of gluon field around quark not ‘visible’ any more when
looking' at smaller distances/larger energy scales

-> effective quark mass decreases
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m, from reduced beauty cross section |

e
4

g 0.02~ T _
© f Q’=65GeV’ | @’=12Gev’ | Q’ =25GeV’ |
0.015F T \
0.01F T &
0.005F tg i} +
[ Q* = 30 GeV* Q' =80Gev: | Q* = 160 GeV* |
0.04- I il
0.02- \f\ T 3 .
o T e 100 107 10t 107 107
0.03f ]
i ' ZEUS 354 pb'
0.02- ] QCD fit, m =4.07 GeV (best fit)
. { QCD fit, m, =3.93 GeV
B QCD fit, m,=4.21 GeV
0-....1 L 1 L e | PR .-
10° 10° 107
X

mb(mb) = 4.07 :O°14fif +o'01--0.07 mod +O°05-0.OO par +0.08
4.18 + 0.03 GeV (lattice QCD + time-like processes)

PDG:

14. 6. 17

III""I""I'"'IZE!.'j'S"I""I""IIIIIIII

. Inclusive DIS + beauty QCD fit

5046

594

582

580

uncertainty evaluation
similar to charm running case

005t ©eV
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The running beauty quark mass |[#=
e LEU 0, JHEP 1409 (2014) 7 review,arXiv:1506.07519"7

LEP, Eur. Phys. J. €55 (2008) 525 Prog. Part. Nucl. Phys. 84 (2015) 1

translate to 2m, ZEUS

.>. 5 T T T T T T T T T T T 1
8
: 4.5 P DG 2r|'\b
ES; (lattice etc.) EP Msb

2 0 L ar
=

4 ZEUS | scheme

%

w

(4)]
IIII|IIII|IIII|IIII|IIII|IIII

»*
IIII|IIII|IIII|IIII|IIII|IIII

| PDG with evolved uncertainty oy
3 A ZEUS
o DELPHI 3-jets Py
* DELPHI 4-jets NLO 0
A ALEPH )
2.3 O OPAL
O SLD
2 | 1 I ] | [ I | | | 1 | ] 11 |
10 10°
u [GeV]
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measurement of MS charm mass |

-H‘A-,

200 H1 and ZEUS
Nx I ' ' ' | ' ' ' | ' ' ' | | . .
Charm + HERA-l inclusive _ simultaneous fit of
i o FF (ABM) . .
saol  mum)12e+ 005 Gev A coml:fmed Fharm data
and inclusive HERA I
: ? DIS data
660! NLO i
640 | .
i .o o. 7
.. ..
®¢o000?®
62042 14 16
m,(m ) [GeV]

m.(m.) = 1.26 £0.05,,, +0.03, 4 +0.02,s GeV

PDG: 1.275 +0.025 GeV (lattice QCD + time-like processes)
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Measurement of m_ running

oz | Q%=2.5 GeV? | Q*=5GeV? | Q%=7 GeV? 301 | | | | .
L . - - ¢ = :_ ) e my(m)scan for @’ =2.5-7GeV _f
_IIIIIII| LI [ II_IIIIIII | IIIIIII| LI _IIIIII,IJ | IIIIIII| L1 | B - ParaDOIiCﬁt a

0.5 Q’=12GeV® |- Q=18 GeV? 10% 102 1072 20;— -
- e, - . Xp; 15f_ _f
_IIIIIII| | IIIIIII| LI _IIIIIII | IIIIIII| L LI | E E

05 Q*=32GeV? |- Q%60 GeV? 10— —
B ¢ B . B ]
- \— \ 5:— —:
_IIIIIII| | IIIIIII| | IIIII.L|J L1 _IIIIIII| | IIIIIII| | IIIIIII| 1| E E

05 Q%=120 GeV? |- Q?=200 GeV? 0 5 75 75 T s
- Z m,(m ) [GeV]
i \_ \\\

_IIIIIII | IIIIIII| | IIIIILIJ ] 11 _IIIIIIII | II]IIII| | [IIIIIII L1l
05 Q%=350 GeV? | Q?=650 GeV?
I K Step 1:
_I LU 1| IIIIII|2 | ITUJ\\zV_I IIIIII| 4I | IIIIII| 3I | Illhh? exTraCT mc(mc) separaTeIY
05 — Q°=2000 GeV 107 10° 10 . . .
: for 6 different kinematic
- ® HERA . 2 2 2
i I | uJ —— NLOQCD fit m (m_) = 1.26 GeV r‘anges in l.l - Q +4mc
10* 10° 1072
X (take log average for central scale)
Bj
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m. fit and uncertainties

- Al

use appropriate PDF set for each mass
(from inclusive DIS data only),
fit charm data

N

NLO fit of HERA data (this work)
PDG with uncertainty

c

m(m ) [GeV]

Fit uncertainty

-
(=2)

@ Was estimated by taking /Ax? = 1 (dominant uncertainty) B ]

Parametrisation 1.4 -
@ Adding extra parameter in the PDF parametrisation 1.2:_ - } } { _:

Model uncertainty B ¢ ]
@ Variation of the strangness supression factor 1= !
@ Lower cut on Q2 for inclusive data E E
@ The evolution starting scale 0.8~ ]
@ The b-quark mass 1 |1|0

Theory u[GeV]

@ Variation of as

@ 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? = Q?+4m_ 2

'in reality’, have measured m () at each scale
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The running charm quark mass

ko et al., DESY-17-048

S'rep 2: 'rr'anslate back to m.(u), which was actually measured,

using LO formula consistent with NLO MS QCD fit
(OpenQCDrad, Alekhin et al.)

1.6 B g
14 - ® NLO fit of HERA data (this work) ]
] - m PDG with evolved uncertainty i
| — . i
1.2 - '
: i running mass
I3 + E concept in QCD
: + + - is self-consistent |
08 } =
- ¢ i
0.6 N o
04 i L L L Lo | |

—h

10
u [GeV]
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—

e
wn
Mot

Running

of strong coupling ,constant™ Q.

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

0.25 ——

0.20}

0.15}

—4— CMS R32| ratio — HE;:{A
—i— CMS it prod. —+— LEP
—&— CMS incl. jet —— PETRA |
—— CMS 3-jetmass —V— SPS :
—(O=—Tevatron |

0.10}
_ as(Mz) = 0.1171£330L (3-jet mass)
005 == as(Mz)=0.1185+ 0.0006 (World average)
10 100 1000
Q [GeV]
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updates see talks
K. Rabbertz
and D. Britzger

Yes,
It runs!
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