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Introduction

by Tim Adams - worldisround.com, CC BY-SA 30 = =

B eau.ry .|. a 95 01. HER A https://commons,wikimedia.org/w/index php2curid=1565341
Beauty from dimuons ZEUS-prel-18-006

Reminder: combination of charm and beauty data in NC DIS
Cross-reference: charm in CC DIS -> see talk J. Nam in W61
Conclusions
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| The HERA ep colllder and exgemmen’rs |

DESY, Hamburg
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Open beauty production in ep scattering

e -
s =]

Dominant production process in ep-collisions: Boson-Gluon -Fusion

e Driven by gluons in the proton

e Relevant scales:

m, ~ 5GeV

Q2 5 1 GeV2 — Yp
~ 1 GeV?2 — DIS

e+
27.6 GOV | /.2/
o
A

VALY —
> b T)-E’:Zr‘
g(x)

920 GeV

multiscale problem
p

-> terms [as In (QZ/me)]n, [as In (pTZ/me)]n, etc.
in perturbative expansion -> potentially large th. errors
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Fixed Flavour Number Scheme (FFNS)

example: beauty

+ b .
: T ho beauty In proton

full kinematical ©
treatment of
beauty quark mass

(multi-scale problem:
Q2 pt, My ->logs of ratios)

+ NLO corrections, .
no resummation of logs ®

“natural” scales:
2 = m2+p:2  (yp) nho extra ma‘rching ©
2= Q2+ 4m,2 (DIS) parameters
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 Beauty double-tagging

multi-tagged bb events here:two muons
. tag both b’s
— K - explicitly measure bb correlations

. dimuon signature has low background
secondary - low muon o cuts

vertex -
- sensitive even to B mesons at
the kinematic threshold (low.p

primary vertex
.almost full rapidity coverage
(rear and forward muon chambers)
! - directly measure total bb cross
jet u+ section without any additional cuts

(DIS +yp)
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Signal topologies: mass, charge

multi-tagged bb events here:two muons

— like or unlike sign

} . muons from different b’s
D"

(secondary c decays oPE mixing)

Cecondary oppos!te hemispheres
v high dimuon mass

primary vertex

. Suited to measure bb correlations
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Signal topologies: mass, charge

multi-tagged bb events here:two muons
. muons from same b(including b Jy)

Jet — unlike sign
AL same hemisphere
& dimuon mass < 4 GeV
Secondary (B mass - hadrons/neutrinos)

vertex

. useful contribution to total cross sectio
primary vertex — classify data into subsamples

low masS< 4 GeV) | high mass> 4 Gev)

unlike sign | muons fromsame b | muons frondiff. b orc
4+ / T J/, " + light-flavour bg | T, Bethe Heitler + light-flavour be

jet _
J like sign | light flavour bg muons fromdiff. b

+ 4 / — — + few muons from diff. b + light-flavour bg
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~ Dimuon mass ‘spectrum

)1S-prel-18-006
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Muon p; and n distributions

3500?— e ZEUS (prel.) 377pb” i;— ;: : Y m H 3 lr%
3000 - T B N ~ Bhc i ~50% beauty
= 1y, Y, BHMC 12001 T ceMC —
2500— | "] [ Jeemc E 1000 . lfibg I
2000F- [ HE=Mbe = i o | =
S & oo [ :Iu‘tt -~ pyoftagged b quark:
L006E- e = T - = ZEUS
= (dE = Hoog RN RRR LARN RRA RARNRRR LR ERRRRE
500~ —] 200 - : _i § 3 ::; [ ] bbMC (PYTHIA recl):
= : : = 0:1|||1||—T—r||] il o T 'E 012i E
"1 2 3 4 5 6 T 8B 910 4 3 2 1 0 o B ® E E
P [Cev] o . n" 008 HERA 7
Charm bg fraction verified/confirmed i PR
by fit of inclusive secondary vertices (not shown) ort -
e 0 1 1 16 1
acceptance down teery low p; P,
verylargen range (-2.2 to +2.5 sensitive to
_ total bb
b MC (x 1.85) agrees with dat cross section!
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nonisolated unlike sign muon pairs (low+high mass)

ZEUS preliminary

ItI1|IlII|IIII|IIII|lIII|IIII|IIII [l

ZEUS preliminary

R
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To’ral vusuble bb->uu+X cross sechon

(R VIR o >15 GeV
o 2dp s (p >1.8 GeV fon < 0.6
visible phase space: D > 2.50r p, > 1.5 GeV fom > 0.6)
andpg >0.75 GeV
bothpu: -2.2 <n<25

Visible cross section: using lumi + MC acceptam®c+ corrections
. HERA | paper: JHEPO2 (2009) 032 y
0, ep-bbX >puX' = 55+7 (stat.);;  (Syst.) pb
. HERA Il preliminary: ZEUS-preI-18-OO€133
O, ep-bbX -puxX' = 43 £3 (stat.).; (syst.) pb
NLO QCD (same as HERA | paper):
o, ep-bbXppxX' = 33%3 (NLO)'; (frag+Br) pb

scalep? = Ya(nr+p;2) details see backup

- > agreement within uncertainties
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Total beaufy cross section in ep @ 318 GeV

Total cross section: using MC cross section xcae factor + corrections

. HERA | paper: JHEPO02 (2009) 032
g, .. €p—-bbX (318 GeV) = 13.9 £ 1.5 (stat.),;3  (syst.) nb

. HERA Il preliminary: ZEUS-prel-18-006
ep-bbX (318 GeV) = 11.4 £0.8 (stat));s  (syst.) nb

b tot

NLO QCD predictions (same as HERA | paper):
FMNR+HVQDIS 7.575> nb scalep? = Ya(nmt+p2+Q?)

for theory-inspired
motivation of

- > agreement within (large) uncertainties  Qcbscale choice

see
only measurement of its kind so far doi:10.3360/dis.2007.163

any chance to get NNLO prediction?

(exists for pp and (almost) for DIS)
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lefer'enhal cross sections bb->uu+>(

muon pr o tighten p p; cut to 1.5 GeV
ZEUS preliminary
- ZEUS
— [II!l[iiii[liillllll[iIEE[EEEI|IIII|EII —_ 9
% 102:_ ® ZEUS (prel.) 377pb™ = > 10 L S o ;
o P pi=r v 18 s o ZEUS 114 pb’ |
2 — (PYTHIA+RAPGAP}x 182 —| & 1 — (PYTHIA+RAPGAP) x 1.84 |
— —— NLOQCD o
— i — 1 NLO QCD (FMNR®PYTHIA) -
Y § W? = mP+p,? 3 — 13 W2 = Ya(m+p,?)
s 0= 't = g0 = ;
3 L i SR r
u 1 m $ HERA I
- ] T
1__ — 1_ -]
E i = I
I_‘ I|||\|H|I||| III||\|H|\||II||II||||I \\\\\\\\
3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
ot [Gev] P} (GeV)

Good agreement with HERA I result, smaller data uncertainties.
Shape of NLO prediction agrees well with data.
Normalisation agreement better for reduced QCD scale

(NNLO corrections, also to bb correlations, potentially large)
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Differential cross sections bb->uu+X

)S-prel-18-006

muon pseudorapidity

ZEUS preliminar
s use y ZEUS
'E' |]|||I|||||||||||||||||||||]||||||||||||||| H — I EEEEEEE———————..
-y l —] n 45 = | | | | | | -
Sas p g e = Br[ st f
3 4 (PYTHIA+RAPGAP) x 1.92 — +_ " f— (PYTHIA+RAPGAP)x 1.84 ]
5 35 NLO QcD | = T 35 =3 NLO QCD (FMNR®PYTHIA) ]
3 W2 = né+p,? ¢ = S30f W=YApd) 1 E
2 i i“ _§ 25 _ ¢ 3
2 [ = 3 20 | :
1 " | = 15 | J{ [
F — - ]
_ S — = i — |
1 * ——= 10 | L :
= SE ; T
||||||]||||]||||]||||||||||||||||| 1: 0‘\I....I.\\.I....I.".I....I"..I....\H..I....:
2 15 -1 05 0 05 1 15 2 25 2 15 <1 05 0 05 1 15 2 25
n* n

in general: similar conclusions as for muon p+
LO+PS MC describes shape slightly better than NLO
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leferen’rlal cross sections bb—>uu+X

A(pJ“ for mtt> 3.25 GeV (U's from different b's)
-> directly sensitive to bbbar correlations

ZEUS preliminary

S~y L N  w —
2O ® ZEUS (prel.) 377pb™ .
3 25— 4 ZzEUSHERAI L ¥ 25
g — (PYTHIA+RAPGAP) x 1.92 4 — -8-
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15_— ] B
- -4 ©
10 t ; =
- ¥ T =
5 { { .
— * ¥ - -
- T —]
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"y 'y
o (&) ]

(4]

| L
| e ZEUS 114 pb"
| — (PYTHIA+RAPGAP) x 1.84
| £ NLO QCD (FMNR®PYTHIA) T S

WZ = YA mP+p;?)

Lower scale NLO prediction agrees better

in both shape and normalisation
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leferen’rlal cross sections bb—>uu+X

ZEUS preliminary

> T T[T T T T[T T T[T T T T[T T T T[T T T T[T TTT[TTTH .
; ZSE_ E o previous
8 — ® ZEUS (prel.) 377pb™" . —
g_'_E' 2“__ (PYTHIA+RAPGAP) x 1.92 -] measur'ement
® | = (statistics)
s 15— —y— —
3 F | =
10— + —
£t 40t :
(l:l_l L1 1 L1 11 ‘ L1 11 ‘ L1 11 | L1 11 | L1 11 | L1 11 | [ I__
0 0.5 1 1.5 2 2.5 3 3.5 4
AR™

agrees with LO+PS MC, NLO prediction not calculated yet
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Beauty in photoproduction: summary

b quark HERA version 2012
-~ 1t 7 =
E - * L do/dp. (ep — ebX) =
gmz_ : ¢ Q*<1GeV%02<y<08,In|<2 _|

ar F — NLO QCD S
2. B 2 2 2 7
T ~ O H197-00 D' —  p=(mp+p)/4 -
B 10l ¢ H199-00bjet 2 o2 _
© E A H199-00 by jet sl K =

i * H1 b—ee =
~ O ZEUS96-97b—e N
B ZEUS96-00b— D*p
15 o ZEUS96-00b—pu =
— Ao ZEUS96-00b—e -
<[ # ZEUS1I4 Pb": bb S Wi HERA IT to be added |
10" E —
'._E r I 1 1 1 i I, T i 01T 1 i I 1T 1T 1 i | | i I 1T 1 __
Y= =
@ - .
: Lt E
O - {r + ‘% ﬁ § ]
1 : % ‘} i i’ i / *'% ) :
u 4 A v ? .
C 1 1 1 1 I | I . | | I 1 1 1 | I 1 1 1 I I 1 1 1 | L1 1 17
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Data vs.
NLO QCD:

reasonable
agreement

for theory-inspired
motivation of

QCD scale choice
see

doi:10.3360/dis.2007.163

double-tag measurements

have tendency to come out
higher than single tag
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|Deep Inelastic ep Scattering at HERA |

HERA: . T

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

L.
________
- -

=
_________
-

Electron (") q-= 4

photon (or Z) virtuality, squared momentum transfer
Q% <1 6GeV?:
, B jorken scaling variable photoproduction
for Q%> (2m,)*: @um fractionef p cons@ X .
y AT inelasticity, equivalent in LO QPM only) Q 2 1 GeVe:
(P v momentum fraction (of e) DIS
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[Heavy flavour contributions fo o, |

Measure cross section
N ¢ S¢
¢ d .

_&— detect ) 2
< 2 2 o 2ma 9 ,
Q°, x=Q72pq T2 =~ Ohx. ll-l-(l—}/) ]O-P(XBJ,Q)

Bj Bj Bj

Combine 16 H1+ZEUS input data sets!

anything

I flC(VOLlr' 27.6 GeV
¢’ tagging
b C
— or — C
b € QCB >
p :> _ 920 GeV,
-> O'rbb, O-rc_c
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QCD fit (DIS incl.+c+b): charm subset

already presented at L emaroramass oA HY and ZEUS
DI518 'SCE 03-_02=2.5Ge‘u‘2 _--_Qz=5lGe‘ul'2 | ' _--_02=?IGeV2 ' | ]
0.2 1 1
: 0.1F St TP 1 %\-\
fU“Y CONSISTCI’IT : s : : e : : e
| 0% =12 GeV? | 02 =18 GeV? 1 0*=32GeV?

with HERAPDF2.0 FF3A o4 1 1 ]
I IR S
under discussion Aue’ueew’ R T "“i___azﬂém@ew‘ ’ “

in context of o “-\\ T %\ I S E

IOW X resummation : : s v : : i : : : )
0.6 - 0? =350 GeV? —+ Q% = 650 GeV? + @? = 2000 GeV? .
(see backup 04l 1
and talks J. Rojo 02! . \‘ B
. i T P Y E h"*- TP R PR PRy R TT ERPENTI B .?..‘?.n-
and R. Yoshida) 104 102 102 104 10° 102 104 10° 102
Xg;

I_mm - 1.29 +O°O5-O 04 pxp/fi'l' +O.O6-O 01 _maod/scale +O'OO-() 03 par Gev I

PDG: 1.27 +0.03 GeV (lattice QCD + time-like processes)
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QCD fit (DIS incl.+c+b): beauty subset
@)—'—-——_——m SR r;gl

HERA —— NLO HERAPDF2.0 FF3A
- HERAPDF-HQMASS H1 and ZEUS
2% Q% = 2.5 GeV? Q?-5GeV? | Q?-7GeV? |
0.01+- .
0.005 - - [}
M“i“‘*—-—..r._ " \.\.\.\‘H.—-m M
0.04L Q? = 12 GeV? | {]z 18 GeV? __u:::-2 32 Ge‘u’z |
0.02 T T Q\ﬁ 7
fully consistent with e L] e e
| Q% = 60 GeV T2 120 Ge lo- zun Ge ]
HERAPDF FF3A 0.04] 1
0.02 - 1 2
az 35069\.'2 T C!z 55069\12 B oz -2‘-]006&“2 o
0.04 - T T 1
0.02} \ \,\ { ]
- R RO S R 1-: coond vl vl cndal vl nd 4l .\.\k.‘.‘.-

10* 10° 1072 10* 10° 1072 10* 10° 1072 «
Bj

| my(m,) = 4.05 *0.10 gy T0-09_ +0.00 . GeV |
ZEUS‘ rl'\b(mb) =4.07 ¢ —O°14exp/fi'r +0°08—0.08 mod/scale +0'05—0.00 par GeV

PDG: 4.18 + 0.03 GeV (lattice QCD + time-like processes)
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Charm in ep CC

First ever collider measurement, large uncertainties
already advertised in talk C. Glasman:

- ep — v+jet(s)+X (c tag), /s = 318 GeV, L = 358 pb~!
—y
|
L,
s Jer ZEUS ZEUS
_'_E_* o f O ZEUSCharmCCe'p173py’ | O o ZEUS CGharm GC e p 185 pb’
Q b — MC ARIADNE Q. , — MC ARIADNE
= s FFN NLO WEEL aspes FFN NLOD
- C .= FONLL-B &) -« FONLL-B
p  proton O 4
remnant ngJ
Er-" Jet \.___f Jet Ibu

w N
= = v ! b A L e e
l_ P . %
N IS e S S S, i i
11:' [ 5".{ g
- .
f @ L
s -10F -1

rotor praton [ o oo T T =3 | ki vil
P anm: Tet remuoant Jet 10° 10* 10° 104
e Visible cross section: Q? (GeV?) Q7 (GeV?)
o ;. = 4.0 1 2.8 (stat) 5 (syst) pb
O vis = —3.0 = 3.8 (stat) 03 (syst) pb

Sets the stage for future measurements at EIC/LHeC/ ...

Details see dedicated talk J. Nam tomorrow in WG1
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Summary and conclusions

@ Beauty cross sections in ep collisions have been measured from dimuons
dimuon tag covers full phase space -> allows ex1'r'ac1'|on of total b cross section

® good agreement with earlier measurements 1= =
@ total cross section somewhat larger than but i in agr'eemem' with NLO QCD

@ differential cross sections in muon py, n, Ag and AR TesT bbbar' cor'rela’rlons
agree very well with LO+PS MC shape e + =
NLO prediction: good agreement in shape - L. ?é;ﬁwﬂ-—; Lot 1L L
normalisation agrees better with lower scale choice (mo’rlva’red by ’rheor'y)

@ large NLO uncertainties (mainly b mass + QCD scale dependence)
suggest significant NNLO corrections
-> any chance for NNLO calculations soon?

@ Other HERA heavy flavour results include H1+ZEUS charm and beauty data
combination in DIS (presented in detail last year) and charm in CC by ZEUS
(see dedicated talk J. Nam)

@ In general, 6 new ZEUS preliminaries and 2 new papers since last DIS (2 on HFL)

-> ZEUS team is small, but alive and well, new collaborators and ideas welcome
4.9.2019 DIS 2019, A. Geiser 22



4.9.2019

Backup slides

23



Selection cuts and MC

data samples:
HERA I, 03-07, L~ 377 pb*

event selection:
CAL E; > 8 GeV (= 2 m, - missing neutrinogroton remnant and DIS e cand. remgved
cut on muon Efraction 0.1 < g"/E; < 0.7,45n m/ 0-Sow m)
|zvtx| < 30 cm,V(xvtx2+yvtx2) < 3 cm, muon pasym. < 0.7, An* < 3, anti-cosmic cuts
‘or’ of muon, hadronic charm, and dijet triggers

muon selection:

two muons, ntt> 1.5 GeV
p.*>0.75 GeVfor high muon qualitg 5, p*> 1.5 GeVfor low muon quality

simplified for differential cross sectiong;* >1.5 GeVfor both muons

MC samples:
beauty and charm: RAPGAP (Q%>1 Ge\?) andPYTHIA (Q%<1 GeV)

JAY, ', Upsilon, Bethe-Heitler, each DAp/from various generators
JAP (p;) and Upsilon (@ MCs reweighted to data distributions
muon efficiency corrections appliélom independent data set)




Theoretical tools

Identical to HERA |

FMNR ° Fixed order NLO in the massive mode (PHP regime)
s« Mass ofthe bquark m,=4.75GeV, (4.5-5.0)
4 p'R and p'F : uz = rnb2 + pTlt:l2 (p"lz - 2"")
s Proton: CTEQ5M Photon: GRV-G-HO
(PDF error << scale/mass error — neglected)

For visible cross sections - identical procedure as for bp>jhatper:
FMNR + Pythia

A G and A E Nuncio Quiroz 2008 J. Phys.: Conf. Ser.110 022036

# In FMNR weighted events with positive and negative weights spanning over
8 orders of magnitude -> “naive” interface very inefficient, not practical

# Use weight range reduction (REDSTAT) to ~ 1 order of magnitude
preserving NLO accuracy

= events with large + and — weights but similar topologies are “averaged”



QCD fit with xg. > 0.01 for inclusive data

_ 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:
beau.'.y 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 2 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 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 wimin MNLOHNLLx oF L it NNLOH+MNLLx ' o s MMLOHNLLx e
= 0.8 ==NNLO - - et MMLO) o it NMLO)
= g o8 ”
0.
0.
1.
0.
0.
0.
0. 0.
0.
TN IO 11 I T O 111 A I W 0111 W W W THY |
104 107 102 10" 11 10+ 10 102 10’ 11 104 10° 102 10 11

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.



beauty from inclusive dijets + vix

use significance
of secondary
vertex

Entries

simultaneous

fit of mirorred
significance
for three
different

mass ranges

4.9.2019

jet Ex>7(6) GeV ZEUS

!ZE”S oy s 2 <m,, I< 7.5GeV -
4! PYTHIA (If+c+b) .
10 £ PYTHIA (If) -
103 ;_ PYTHIA (c) _;
= PYTHIAD) almost pure
1021 %, beauTy région

-F;\ ] IIIIII|N

| ] ‘ | | ] | |

-10 0 10
significance S =d/ &d
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NLO vs. LO + parton shower

e e
e /NLG o /’
- '_3 =2 je1' — b Parton shower
b -> jet b -> jet
} -> jet
Parton shower
Parton shower
. Mim . Mﬁw
== =
"direct V" "resolved V"
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