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running of o, and quark masses

d, running depends on number of coulours N. and
number of quark flavours N-
CXS(QZ) = Cxs(CQOZ)
1+ o, (11IN-2NR)/121 In(Q%/Qp%)

leading
order
— . QCD
MS quark mass running depends on o, , e.9. < rulee

m.(pole) = m.(m_) (1 + 4/3 a /1)
= m(Q (1 + a/m (4/3+In(Q3/m2))

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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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 mass r‘unn'ng

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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\The HERA ep collider and eerrimenTs \

up to 30%
of cross section

p (920 GeV) e (27.6 GeV)
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[HERA charm data combination | £+

T e

Measure cross section

H1 and ZEUS dZ(T 27'!'{1’2 <D
|8 806 T T 1T T 1 lj T I* T T T T 1 |u dl‘sz - Q4x {[1-1_(1_1” ]O-r.edcc
b R _. H1 VTX VY H1D*HERA-I ZEUS D* 98-00 () ZEUS D | -
A HID*HERAN () ZEUSc—»uX /\ ZEUSD*96-97 om ZEUSD*
I ® HERA 1 9 data sets
(HERA I, HERA II)
I example:
2 2
0.4 |- Q=18 GeV 1 5 charm tagging methods
i |" |
_ ﬁ | 155 -> 52 data points
[ | 48 correlated systematic
0.2 - Jf ‘# - uncertainties
| | | | | | | ‘ | | | | | | | | 10:,
° 10° 102 :
X s
very good selfconsistency of data: |
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0.r. charm

@D Combma’rlon resul’r HERAPD

EUS

11 arXiv:1506 06042

H1 and ZEUS

also see Talks V. Radescu, K. Wichmann

04 — Q'=25GeV? | Q'=5GeV' | Q'=7GeV | QP=12GeV | QP=18GeV? well described USing
03 HERAPDF2.0
02 (and earlier versions)
" “.57 N‘\
, "
Q’=32GeV? Q' =60 GeV? Q%= 120 GeV? Q% =200 GeV? Q% =330 GeV?
. i : : i strong charm mass
sensitivity
e __ _Hlawdzmls
,.xgz':é e NLO
’ 10t 107 1w 10? 0t 10? » !
03 = '=650GeV? [ Q?=2000 GeV? Xp; A
- L HERA Chanl] } 1;4 142 144 146 148 1;5 152
wE i |
0.1 w== HERAPDF2.0Jets NLLO N: Zf NNLO -
0 10¢  10? 1w 107 'Z\/
xBj : 14 142 144 146 148 15 132§
M, /GeV
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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

24.7.15 A. Geiser, charm mass running, EPS15 7



comparison to ABM FFNS

H1 and ZEUS
| e}
3'0 o | Q%=25GeV? | Q%=5GeV? | Q%7 GeV?
0.2 — —
0 xdﬂ LI | IIHIHl LI LI | IHIIH| | \IIIIII| |
05 Q%=12 GeV? Q%-=18 GeV? Q%=32 GeV?
0 LI | IIIHuJ L LI | \ \IHIII| | IHIIH| | \IIIIII| 111
05 Q°=60 GeV? Q°=120 GeV® | Q=200 GeV?
0 L L | IIIHUJ | HIIIH‘ L1l LI | IIHIHl | IIIHII‘ L 11l \IHIII| | IHIIH| \
0.5 Q°=350 GeV? | Q°=650 GeV? | Q°=2000 GeV?
i i | @ HERA
L B | B ABMOSNNLO MS
L - \ W] ABMO9NLO MS
0 HIIIHJ | IIIHLIJ | HIIIHJ AN llIIHI[ | IIHIIJl | llIIHI[ LI HIHIII | IHIIH| | Jlllllll AN
10* 102 107 10* 10° 107 10”* 103 1072
X
24.7. 15

very good description
of data
in full kinematic range

unambigous treatment
of m_ in all terms of
calculation

here: MS running mass

(similar predictions for
pole mass)
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measurement of MS charm mass |

-H‘A-,

o 00—
> L

620, ———

H1 and ZEUS
]

680
660

640

| 1 1 1
Charm + HERA-I inclusive
e FF (ABM) |
m(m_)=1.26 + 0.05 GeV |

A
1.2 1.4 1.6

m,(m) [GeV.

simultaneous fit of
combined charm data
and inclusive HERA I
DIS data

m.(m.) = 1.26 £0.05,,, +0.03, 4 +0.02,s GeV
1.275 +0.025 GeV (lattice QCD + time-like processes)
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|

measurement of m. running [

i . H1 -prelim-14-C -prel-14-006, + S. Moch

H1 and ZEUS preliminary

! S O L
25%_ . m,(m ) scan for Q° = 2.5 - 7.5 GeV* _;
N\ .
20;_ ~> E
- 15 -
Q%=32 GeV? - .
10— -
€
02=2ooeev - T Irlr:c'(“rr;c)l[cl-‘uel\;js
Q°=2000 GeV2 STCP 1 :
o HERA extract m.(m.) separately
N for 6 different kinematic
ranges in P2 = Q2+4m.2

10% 10° 107 10% 10° 10 107 102 107
X
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use appropriate PDF set for each mass
(from inclusive DIS data only), H1 and ZEUS preliminary
fit charm data ; ] '

N

° HERA (prel.)

. -
i HERA,
using f(z‘z‘ er = PDG with uncertainty

7

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

[

Fit uncertainty

—h
[=2]

m¢(m ) [GeV]

Parametrisation
@ Adding extra parameter in the PDF parametrisation 1.4
Model uncertainty

. L . 1.2
@ Variation of the strangness supression factor

@ Lower cut on Q2 for inclusive data

@ The evolution starting scale

@ The b-quark mass 0.8

Theory
@ Variation of as u [GeV]

-
o r
o

@ 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 charm quark mass

translate back to m/ () using LO for'rnula consistent wn‘rh
NLO MS QCD fit (OpenQCDrad, Alekhin et al.)

H1 and ZEUS preliminary

;‘ 1.6 T T T T T T T
Q
2 14 L HERA (prel.)
% u PDG with evolved uncertainty
£ \ .
1.2 running mass

concept in QCD
+ is self-consistent |

0.8

0.6

lII|III|III|III|IlI|Ill

-t
|||||||||||||||||||||||
——

0.4 | | | | | | | | I
10

-t

u [GeV]
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m, from reduced beauty cross section |

e
4

I_B 0-02_""| LA L] B ALY | R ]
© : Q’=65GeV’ | @’=12Gev’ | Q’ =25GeV’ |
0.015+- T T . ]
oo} i i & _; ZEUS
L 1 - J NHG{]G_III|||||III||||||||||I|II||||||||||II|I|||llll_
0.005} I\i 1 I} 1 ] 508 [ . Inclusive DIS + beauty QCD fit =
L ;_ 596 — —
O prot—r—+nr ] t g ] C .
[ Q* = 30 GeV* Q" = 80 GeV* Q* = 160 GeV* | Sl .
0.04- I . 592 [— —
N . ) 590 =
0.02_— \f\ . R i ses -
- l:&"f * - 6 | | | | | | | E
[ 1 1 11l | il I 11 Ll 1
D:--u ---I2 ] 2' -:10_4 107 102 1(‘}_4 ppe 102 35 86 47 38 39 4 41 4z 4.:1“““?').)4[%#}.5
0.03 a Q° = 600 GeV ] X
L ] ZEUS 354 pb'
0.0z ] QCOD fit, m,_=4.07 GeV (best fit) . .
: N\ _ uncertainty evaluation
0.01F 1 e QCD fit, m =3.93 GeV L. .
) L 1 QCD fit, m =4.21 GeV Slm'lar‘ 1-0 Char‘m r'unn'ng Case
L ] TRET T
0-....1 MR | il PR
10*  10° 102
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:

24.7.15

005t ©eV
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the running beauty quark mass

translate back to 2m,

ZEUS
; 5 [ I T [ [ [ [ | 1 [ [ I I [ T 1
S
45 PDG  2m,
3 (lattice etc.)
£, ZEUS LEP

%

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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Summary and cgnclusions

@ HERA DIS charm data have been combined
(except most recent, see talk J. Hladky)
very good consistency, reduced uncertainties

H1 and ZEUS preliminary

1.6

well-described by NLO QCD in FFNS E: e

-> measure charm mass I * -
m.(m.) = 1.26 £0.05,,, +0.03,,,4 +0.024s GeV osf ol * l E
@ split data into subsets spanning different scales e

1 [GeV]

-> first measurement of charm mass running (QCD consistency check)

® Zzeus bis beauty data well described by NLO QCD  zus
-> measure beauty mass :

my(My,) = 4.07 £0.14¢;; 9% 467 mod ***°-0.00 par 005 1n GV " l ]

@ compare to PD6 and LEP {"
-> beauty mass running consistent with QCD I E

my(1:) [GeV]
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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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[Heavy flavour contributions fo F, |

ot e detect Measure cross section
< 7] 2 dzﬂ' = Z?T{'L’z \2
@ x=Cm | g 0w )

anything

flavour
tagging
b €

_— OF =—

b ©
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beauty in DIS at HERA

beauty cross section at HERA much smaller than charm,
can use lifetime information (micro-vertex detector)

ZEUS

3 2<m, <6 GeV,|S|>8
[14] 10 LI B I S I LI IUL AL 3
Q E ® ZEUS 354 ph! 3
'_E C [ monte Catlo
c T e ...
-> Wototeps 4
beauty-enriched
10F 3
sample _
1.,. MR IV M Y T ' I .+.J.IJ.-
5 10 15 20 25 30 35 40
EX (GeV)
m _I L 1 T 1 1
S:’ 150 —
'E L
w i
100 o%e 4 .

50

0.5 1 1.5 2 25 3
log, . (Q*GeV?)

24.7.15 A. Geiser, charm mass running,

o 500 T
2 - ‘
c 400 .“! :
n - = .
300 R E
) lT
200F hd |, ;
1005_ —8— |___+ _;
0 ______ I il -""l'":““ e
15105005115225
T]]t'-,‘t
/7] T T T T O . : |
o -
< 300f
w i
200}
100}
ot - ]
-4.5 4-35 -3 25 -2 15 -1
Iog R
EPS15 19



