Running of the Charm-Quark Mass from

HERA Deep-IneIas'ric Scattering Data

work partially done
within scope of

PROSA, ZEUS and H1
collaborations

DIS 2017, Birmingham, UK, 5 April 2017

Introduction: running of o, and m,

Final results on charm mass running: DESY-17-048 (on arXiv soon)
Interpretation in terms of Higgs Yukawa couplings: Pos cHARM2016 (2017) 012
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Running of strong coupling ,constant™ O

e.g. from jet production at e+e-, ep, and pp at DESY, Fermilab and CERN
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updates see talks
K. Rabbertz
and D. Britzger

Yes,
It runs!



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 in DIS
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0.01] ; S update see talk
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....... QCD fit, mh=4.21 GeV .
O. Zenaiev
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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 |[#=

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

translate to 2m, ZEUS
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Fixed Flavour Number Scheme (FFNS)

e’ ho charm in proton
y e P

27.6 GeV

c full kinematical ©
Lo m.  treatment of
c charm mass
020Gey (multi-scale problem:
D > Q?, pt, M, -> logs of ratios)
+ NLO  (+partial NNLO) no resummation of logs ®
corrections,
“natural” scale: no extra ma’rchmg ©
= Q2+ 4m? parameters

05.04. 17 A. Geiser, DIS2017 6



Measurement of MS charm mass |

.H‘A-,

200 H1 and ZEUS
o — T T T T T ]
= [ Charm + HERAl inclusive simultaneous
[ e FF (ABM) . .
680 me(m )=1.26 £ 0.05 GeV mass..'- PDF f'.l' Of
combined charm data and
! inclusive HERA I DIS data
e60-  NLO
640
R .. ..
.. @
®¢o000?®
62043 12 16

m,(m) [GeV.

update see talk
O. Zenaiev

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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05.

Measurement of m_ running

hko et al., DESY-17-048
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) e my(m)scan for @’ = 2.5 -7 GeV*
=—  Parabolic fit
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Step 1:

extract m/(m.) separately
for 6 different kinematic
ranges in P2 = Q2+4m.2

(take log average for central scale)
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m. fit and uncertainties

4

hko et al. DESY-17-048

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

N

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

c
e

m.(m ) [GeV]
> @

Fit uncertainty

@ 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

izhko et al., DESY-17-048

S'rep 2: 'rr'anslate back to m (1), which was ac'rually measured,

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

1.6 ]
14 B ® NLO fit of HERA data (this work) ]
. B | PDG with evolved uncertainty i
| — . —
1.2— ]
h + + -
08— + + ]
i * i
0.6 N s
0.4 -
1 10
i [GeV]
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running mass
concept in QCD
is self-consistent |
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Numerical details

Subset | Ny, | Q7 range 1 m.(m,) m.(pt)
[GeV?] | [GeV] | [GeV] fit scale | [GeV] fit
1 15 | 2.5-7 3.3 | 12560008 0t | (0 984 +(0.06]
2 12 | 3238 45 | 11921082 Too | 9867 0.055

b
—

3| 32-60 70 | 1208 1852 thoe | 08301 0.063
7 | 120-200 | 12.7 | 1.344 12130 +0.013 | ( 895 + 0.087
4 | 3502650 | 21.9 | 1.143 12240138 | 5676 4 0.132
1

(i WL 5 TR 1=

2000 | 44.8 | 1.050 10588 104% | 0.562 + 0.412

Table 1: Values of m.(m.) at different scales p. determined from six different subsets. and
corresponding values of m,(u). The first uncertainty (fit) corresponds to the uncertainty og,"
added in quadrature with the symmetrised systematic uncertainties d; — ds. The second uncer-
tainty (scale) of m.(m.) corresponds to the scale variation uncertainty d-. No scale uncertainty
is quoted for m.(u) (see text). The range of Q? values contributing to the six data subsets
shown in Fig. 1 is given. Also given is the corresponding logarithmic average scale i for each
subset according to Eq. (2). and the number N4, of charm data points contributing to each
measurement.
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Breakdown of uncer’ram’rles on m,

Subset | dgF 6 | & | b1 | Oy s d6 o7
(ms) | () | (fo) | (Qo) | Qi) | (param) | (scale)

[%] | [%] | [%] | [%] | [%] | [%] [%0] [%]

1 L54 |40t | A2 o0t des | a4 | 405 | 13

2 +60 |03 09|08 403 | HO | +09 +ad

3 72 |02 (385 |a8d | +L7| #0383 | 1B g

4 £9:6 | 402 | 10D |08 | %05 | 12 | 01 | 2%

5 + 192 | 08 | Al 420 .05 | 2] ~1.7 Rir

6 | 68| I |32 | 30| +65| =333 | 408 | ¥

Table 2: Sumumary of the systematic uncertainties in the m.(m.) determinations. The definitions
of the uncertainty sources. the meaning of the symbols in the first and second row and related
details are given in the text. In cases where opposite variations of a variable yield uncertainties
with the same sign. only the larger one is considered for the uncertainty combination in Table 1.
Except for d-. these uncertainties also apply to m.(pu).

05.04. 17 A. Geiser, DIS2017 12



part I

Conclusions,

ko et al. DESY-17-048

@ Subdividing HERA DIS charm data into 6 kinematic intervals,
running of charm-quark mass in MSbar scheme has been determined
for the first time
(conceptually similar to running of o, from jets)

@ Interplay/treatment of

0.8

-

0.6

correlations between = 1.6F T
) . o |
mass and PDF fits nontrivial, S b . NLO fit of HERA data (this work)
details see DESY-17-048 3‘;, - - = PDG with evolved uncertainty
E B |
1.2_—
@ Charm-quark mass running .
consistent with QCD - +

0.4 | | | | | | 11 |
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.; -
S
o
S

=
w
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Higgs Yukawa couplings from Mg

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

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

use Higgs/EW

scheme in which
this relation
is exact |

05.04.17 A. Geiser, DIS2017 14



Direct measuremen’rs of nggs Ykawa couplmgs

= ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS |
------- SM Higgs boson

1073 ¢ E
- — [M, €] fit
[ 68% CL
95% CL
10_4: Ly Loy ol Lol E
10" 1 10 102

Particle mass [GeV]
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Running of a, and quark Yukawa couplings

CHARM?2016 (2017) C
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Conclusion

experimental
representation of
running Yukawa couplings
obtained

for the first time

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

05. 04. 17

running coupling
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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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|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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[Heavy flavour contributions fo F, |

ot e detect Measure cross section
‘ 2 _ 2 dZLT ~ Zﬂ'{lz \2 |
@ x=Cm | g 0w o)

anything

flavour
tagging
2 X C
Q7 %" - QCD
<
—
,, >
=> O-r‘bbl O'r‘CC_
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comparison to ABM FFNS

H1 and ZEUS
=]
'30 o | Q%=25GeV? | Q%=5GeV? | Q%7 GeV?
0.2 — —
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05.04. 17 A. Geiser, DIS2017

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)

22



m.(m.) from FONLLfIT of HERA daTa

= 1500 - HERA-I+1l inclusive + charm
i ® FONLL-C
L me(mg) = 1.335 £ 0.043 GeV
XFitter
1460 |-
1440 - AEFE L
1420 [
1 1 1 | 1 1 I 1 1 1 I 1
1 1.2 1.4 1.6
m¢(m,) [GeV]
scheme mq(m.) [GeV]

FONLL (this work)
FEN (this work)

1.335 +0. 0-13(9)::p)+U Ul“’(p’u ‘1n1)+3 géé(mod)"'g ggg(tl )
1.318 & 0.054(exp) 810(13 aram) gi;(mod)"'g géi(th)

FEN (HERA) [9]

1.26 £ 0.05(exp) £ 0.03(mod) £ 0.02(param) £ 0.02(cvs)

FFN (Alekhin et al.) [24]

1.24 =+ 0.03(exp) T5 03 (scale) T 00 (th) (approx. NNLO)
1.15 =+ 0.04(exp) Tp oo (scale) (NLO)

S-ACOT-y (CT10) [29]

11275 (strategy 1

)
1i, 18+8 ?i’ (strategy 2)
)
)

1.19109¢ (strategy 3
1.24f8:(1)g (strategy 4

FONLL (this work)

FF (this work)

FF (HERA)

FF (Alekhin et al. approx. NNLO)
FF (Alekhin et al. NLO) ——+
S-ACOT—y (CT10 str. 1) ——@—
S-ACOT—y (CT10 str. 2) —e—
S—-ACOT—y (CT10 str. 3)

S-ACOT-Y (CT10 str. 4)

World average

1 1 | 1

World average [53]

1.275 4+ 0.025

05. 04. 17

10 1.1 1.2 13 14
m.(m_) [GeV]
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top quark mass running

PoS CHARM2016 (2017) 012

very preliminary procedure (with caveats, “cheated” a bit):

use (conceptually constant) LO MC mass measured as
function of scale-dependent quantity (e.g. m;3)

check self-consistency of cross section measurements
with data used for mass determination

‘convert’' LO MC mass to NLO pole mass by comparing
MC and pole mass extractions from same data

convert pole mass to MS mass using 3-loop QCD
use 1-loop evolution for actual running (NLO QCD)

(in the future, like for m. and m,, extract NLO (or NNLO) running
mass directly from data, e.qg. cross section, in each kinematic bin)
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top quark mass as function of m,;

CMS

Lepmn+jets 19 be (8 TE.‘V}

"MC mass”

— <m"®> [GeV]
0%

yb
cal
[

m

deviation
from average of

o MG+MS, Pythia Z2° + Powheg, Herwig 6 —

[

~ MG, Pythia P11noCR Sherpa

e
— e ey
—+— 4+

[
Data inheg Pyr'thla 22

MG, Pythia P11 « MC@NLO, Herwig 6-

=

172.35 +0.16 4, +0.48,,; GeV

500 1000 1500

m. [GeV]
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differential top cross section shape consns'ren'r wn‘rh NLO

CMS-TOP-12-028 Eur. Phys. J. C75 (2015)

' . ) E. ”5 = E 'T> 0.005: ATLAS+CMS Preliminary LHCIOPWG /5 = 8 TeV, Nov 2015 ]
OT eoriy CMS 19?1’1]1 tis g TeV : T """""""""""""""""""""
O} o ® ATLAS, L -2030b"
= LIRS I S N N D L B D B NI N I I N B _g: 0.00 4:bﬂ“ . ;;%E;égzzb‘ =
uses > [ Dilepton « Data T 8 | —iowmrn
@  107g — MadGraph+Pythia6 3§ = °™F |, ettt
pole mass 9 e — MC@NLO+Herwigs | 1t E
h o Euﬂ i --- Powheg+Pythia6 i - ]
scheme al —- Powheg+Herwigs | D00t ' g
Clo 107 ~e= NLO+NNLL E : —— ]
—|o C (JHEP 09 (2013) 032) : AR Scmareswassmesreccesees ot
10°F 1 Bl sty gn-et b5 shb-500 1000700
use CMS to m, [GeV]
be consistent P e e ]
. . 107 + E
WlThpf‘CVIOUS Al N T R AN T T T e sl T
. 2 :_ - Stat prl it apba R dlal ol b o e b Bl a el =l:
slide = - Stat @Syst 20 |p—————— 3
o |8 165 -
@ |m n .
.. == n ]
similar results . E
for lepton+jets 400 600 800 1000 1200 1400 1600
channel only m. [GeV]

-> measurements and LO+PS/NLO theory are self-consistent
and consistent with ATLAS and NNLO
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convert top MC mass to pole mass

ATLAS. TJTHEP10 (2015) 12

Lett. B728 (2014) 526

—"_"‘m 5 [ T T T | T T T T T T | T T T | T T T _] 3 b T T L | To ol T
Q - . 3 2o -'.':;,_,‘ = i —— CcMs,L=23 fb‘1

2 455 ATLAS t+1- 1‘911 %Né_(:{;rPS for m = 3 = 220 - —jp—— Top++ 2.0, ABM11 B
“E" R . 178 va ] . - mrimieme TOp++ 2.0, CT10
I, 4- Vs=7TeV, 4.6 fb .- 180 GeV B 2001 N, E | S e Top++ 2.0, HERAPDF1.5 |
T oasE 173.7 GeV (best fit) 3 SR, ) [— iy b e

SE 3 180 — Top++2.0, NNPDF2.3
= ¢ Data - L -
3 Z_ _: 160 = N\\ < e,
2_5; e _E E : =2 ;
= o o e 3 140~ = sl
o o e Pz = C =
= 3 120~ @
15 = L E 165 S
1= —
0.5E E Q' 280
= Rty SRS eT = "
o i, S | e BF 260

_ -I 3 240 - - -‘ e _‘,“: ________

E C ] 250 E 1977 (8 TeV)

7] e e e —— = _— . - —

e e S e = S L S _
 F $ 200 0.4
— C e _____+ _ [Py
=075 0.2 0.4 0.6 0.8 1 180 P —= M‘ N,

P (parton level) 160 — 5. 0 o (7 TeV} -

" M C”

ATLAS: my(pole) =
CMS: m,(pole) =
PDG: m,(pole) =
05.04. 17

173.7 £1.5,,, +1.4,, +1.0-0.

\ls ?'TeV . (mZ 0. 1184

51'h GeV

and pole masses almosT The SAME 170 171 172 175 174 175 176 177 178

m; [GeV]

CMS TOP 13-004, JHEP 1608 (2016) 029

173.8 +1.7-1.810ta GeV <-> m(MCeps. jets)=172.35 £0.16,,,, +0.48_, GeV

176.7 +4.0-3.4 GeV,
A. Geiser, DIS

“m,(MC)”"
2017

=173.21 £0.51,,, +0.71,,, GeV
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convert pole masses to running mass

—<m> [GeV]

yb
cal

]

CMS Lepton+jets 197fb (8 TeV)

r L] Data l Powheg Pyihla 22
4 — o MG+MS, Pythia Z2* + Powheg, Herwig 6 —
C o MG, Pythia P11 « MC@NLO, Hermg 6
3L . MG, Pythia P11noCR Sherpa ]
2F | 4
5 j"
1= ¢ 4 m
0E el %tf Eﬂ H|
2 % g { ] 3
c o I
-1F i " .
roT |
2F | | E
500 1000 1500
m. [GeV]
caveat:

2 = =
o o ~
o U o

running mass m(u)/GeV

140

135

| PDG (D0),

A.G., very preliminary

CMsS

2

not all uncertainties from conversion included
(needs theoretically better defined procedurel)
-> take with grain of salt, for illustration purposes

05.04. 17

A. Geiser, DIS2017

10°
scale 1/GeV
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Discussion

of future conceptual improvements

avoid MC mass and pole mass intermediate steps for top
-> extract m(p) directly from data, as already done for b,c
(e.g. from absolute m,; cross sections in CMS-TOP-16-008)
need NLO QCD theory for LHC using running mass

extend LO EW + NLO QCD approach
(running of Higgs couplings is purely QCD-induced!)
to NLO EW + NNLO QCD + interference
highly non-trivial but eventually necessary

(Standard Model is not QCD only)
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