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N Outline

* V+HF cross section measurements presented at this
WOrkShOp last year ntps:/conference.ippp.dur.ac.uk/event/516/

o« ATLAS Z+b(b), W+b(b), W+c @ 7 TeV
e CMS Z+b(b), W+bb, W+c @ 7 TeV

e This talk covers the measurements made public since last
year

« ATLAS y+b, y+c @ 8 TeV

e CMS Z+b(b), Z+c, W+bb @ 8 TeV
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I Physics motivation

o Test of pQCD

 New topologies

* 4-flavour scheme vs 5-flavour scheme (4F vs 5F)
e Sensitive to b- and c-PDF

 V + HF processes background to Higgs measurements
and to various searches

8 TeV might be better than 13 TeV to probe high x values

ATLAS HF@LHC 17, 6-8 Sept 2017 3 Sebastien Prince, McGill

EEEEEEEEEE

N
;;;/ 2
4



https://conference.ippp.dur.ac.uk/event/516/

I ATLAS y+b, y+c @ 8 TeV
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e Data 2012
Sherpa:
[  + b=0.026 = 0.004
[ ]y+c=0.073 = 0.022
B  +light = 0.901 = 0.020
77, Systematic Uncertainty

7}{//%/ /%/,//%/ %p/// /////////////:I‘/////ﬁ/*ﬂ‘////

100- 80% 80-70% 70-60% 60-50% 50-0%
MV1c b-jet efficiency
- I I I I I I I l I -
- ATLAS Preliminary ° y+bcentral
- (s=8TeV, 4.58 pb'-20.2fb" © v+ccentral -
B o v+b forward -
E o y+c forward E
- bbb b RN
SR S = Rt = T 1. |7
- CE ‘?? -é-? :

R r—-r-o-w—a——o——&- +

e .

30 40 50 100 200 300

E [GeV]

HF@LHC 17, 6-8 Sept 2017

| ¥
g vooot——o- Q Q
CERN-EP-2017-217

° p+p—y+b and p+p—y+cC

QO

e Fiducial differential cross sections as a function
of Ef¥ in two In*l regions

« Fiducial region:

Isolated photon:
Er>25GeVandInl <1.37 or 1.56 < Inl <2.37

One b- or c-jet (anti-kt R=0.4):
pt>20 GeV and Inl < 2.5
Angular separation: ARy.jet > 1

Also ratio of central / forward |n¥| regions

« Both signals simultaneously extracted from fit to
the MV1c b-tagging discriminant

Correlates the two measurements
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I y+b: E¥ cross section

 Predictions
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g 10 Il <137 E LO 2-2,3,4,5 in massive 5F
>I:|JI_ 1 = . 'Y+b E Pythia 8:
O 107'E o Data 2012 . = LO2-21in 5F
© _E s = - Madgraph5_aMC@NLO + Pythia 8:
e [0 o Sherpa Fmn NLO in 4F and 5F
1[0l S — Pythia —e
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SR e e S e e e Sl o $- 4
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Intrmsm Charm

* |ntrinsic charm: non-perturbative charm (non PC) component in proton

c(x,Q=m,) = 0

« Different parameterization: valence-like (BHPS), sea-like (SEA), fitted to data (FC)

* Would be manifest at large E+¥ and large |n"|
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I y+C: ET¥ cross section

> i?L. _ ATLAS Preliminary § - Predictions:
0 W‘*‘” \s=8TeV,458pb"-202f" 3 Sherpa 1:
~~ y . .
g 10¢ b 156 <|n| <237 E LO 2—2,3,4,5 in massive 5F
— _ e _ Pythia 8:
S 10-'L e  Data2012 = _ 192 all
5 S Sherpa e E Madgraph5_aMC@NLO + Pythia 8:
B 102 Pythia . - NLO (5F) with PDFs including
1073 — MG5_aMC+Py8 ® NNPDF3.1nlo PC | = intrinsic charm contributions (FC,
= MG5_aMC+Py8 ® NNPDF3.1nlo FC E BHPS1,2)
1074 & MG5_aMC+Py8 ® CT14nnlo —
= MG5_aMC+Py8 ® CT14nnlo BHPS1 = R c:
107° MG5_aMC+Py8 ® CT14nnlo BHPS2 = Y+e. .
- = T , —= Larger measurement uncertainties
é“u : . than y+b
O
- « Agreement will all predictions,
= within uncertainties
a
Czl) - =« BHPS2, containing large intrinsic
[ | | | | | | | | | | - . . L]
30 40 50 80 100 500 300 Charr_n Contrlbytlc_)ns, dewgtes from
y nominal predictions at high E;
E; [GeV]
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¥+, Y+C cross-section ratios
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Data falls in-between predictions with and
without intrinsic charm, but agrees with all
predictions given the uncertainties

Sherpa again provides
best description of the data
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I CMS Z+b(b) @ 8 TeV
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https://arxiv.org/abs/1611.06507

b > Z 9 b
Z _|_ b b | 0~ arXiv:1611.06507
£+
_ g — by b
e p+p — Z(—L20)+b(b
P*p ( )+b(b) CMS 19.8 fb'' (8 TeV)
" —
* Fiducial differential cross sections, with % L muon channel e Data
following observables: Tl [ 1Z+b jets
_ 107 []Z+c jets
L : . - [ 1Z+udsg jets
proet, Inloiet, prZ; Ht, Adzp B
Z+bb: 103 °

pTIeading bjet, stubIeading bjet, pTZ,
Mbb, Mzob, Adbp, ARbb, ARZe™", Azbp

* Fiducial region:

’__I__I
-
~
R

Two electrons or muons:
pT > 20 GeV and Inl < 2.4, 10
within 20 GeV of Z mass window

One or two b-jets (anti-kt R=0.5):

pr>30 GeV and Inl <2.4 Q 1 aE
Angular separation: ARg.jet > 0.5 3 125 o ||?
© — |
* Also Z+b / Z+jets ratio o I 1 l
0.8:— L [ s
P N 441 ? 06:_ IIIIIIIIIIIIIIIIIIIIIIII Ll [®] ],
Signal extracted by fitting the jet secondary 5 : 3 3 Z L 5

vertex mass SV mass (GeV)

CMS
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I Z+b: pt4 cross section

CMS 19.8 fb™' (8 TeV)

——&6— Data

* p1Z and proiet sensitive to PDF

& MadGraph 5FS + Pythia6

(pb/GeV)
2,

and flavour SCheme _?i : E%_ - MadGraph 4FS + Pythia6
§_ E —EE—_ MadGraph-aMC@NLO + Pythia8
e Predictions: 5 10° E v'_E_ B Powheg MINLO + Pythiag
I o
LO Madgraph5 + Pythia 6: : :a:£
2—2.3,4,5in 4FS and 5FS 3L —
NLO Madgraph5_aMC@NLO + Pythia 8 (5FS): ; —
FxFx-merged samples of 0, 1 and 2 partons L ZIy*(— 1) + at least 1 b jet
NLO Powheg + Pythia 8 (5FS): | antik, (R =0.5) jets E———
Scale choice based on MINLO o pj:t >30 GeV, I <2.4

l 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l

_ MadGraph 5FS + Pythia6, normalized to o, ., stat. uncertain% only

 LO and NLO Madgraph show
overall good agreement

+

05 :TM'adGréph'4FS + P-ytﬁaEnAormalized to o o, Stat. uncertainty only
) L L L L | L L L L | L L L L | L L L L | L L L L | L L L L
15F

——
———,
—— e —
e
L —

Theory / Data

05 _ MadGraph-aMC@NLO + Pythia8, normalized to o o, stat. + syst. uncertainties only
L L L L | L L L L | L L L L | L L L L | L L L L |

* Better shape description by 5]
Madgraph 4FS than 5FS below 1

05 i I?ovlvh(?g II\/III\IIL(l) +l P){thilas,l nolrmlalilzeq toloNlLo,lst?t. l+syfs’[.lunlcelrtailntitlas ?nlly

130 Gev | 0 50 100 150 200 250 l l3(1)0

Z boson P, (GeV)
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Theory / Data
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et cross section

-1 -1
CMS 198" (8Tev)  CMS 19.8 fb™ (8 TeV)
——&— Data Qfo, i —2— Data
o © MadGraph 5FS + Pythiaé '“Z" - Zly*(—= ) + at least 1 b jet ~ MadGraph 5FS + Pythia6
b © 8| . .
o MadGraph 4FS + Pythia6 ~ [ anti-k; (R=0.5) jets MadGraph 4FS + Pythia6
—o— rm jet jet
. MadGraph-aMC@NLO + Pythia8 N p, >30 GeV,m"1<24 MadGraph-aMC@NLO + Pythia8
== _ o 6L — ,
- i — = Powheg MINLO + Pythia8 =} ‘ _ _ —— = Powheg MINLO + Pythia8
: ~ i .
? — + _% T
— s+ % é 3 _L}_ _é_?’_
E:@: - 4 _— é —_—
— a i ’ l l
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. : $ )
Zly*(— IN+ at least 1 b jet O,
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ot ,
p’: > 30 GeW 1 <2.4
1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 » 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1
- MadGraph 5FS + PytRia6, normalized to o,,, o, Stat. uncertainty only S 1.5 3 MﬁdGraph 5FS + Pythia6, normalized to o, o, Stat. uncertainty only
e—b—0 IR B - e S SIS S e — e A
normalized to o, ,, stat. uncertainty only e 05 F iadGraph 4FS + Pythia6, normalized to o, , stat. uncertainty only
| | L L ! L | L L L L | | i L | L L L L | L L L L | L L ! L | L L L L | |
2 -
(@)
o= o % & & & o
2 e I = hi <
- MadGraph-aMC@NLO + Pythia8, normalized to Onor stat. + syst. uncertainties only = 0.5 I MadGraph-aMC@NLO + Pythia8, normalized to OnLor stat. + syst. uncertainties only
r L | L L L L | L L L ) | L L L L L L L L | L L L L | L ) L | L L L L | L L L L | L L L L L L L L | L L L L | L
i 1.5
_I_—l— ! ++ o —_——
T T aoa b b b ER b % = T T
d Pov%heg MINLO + Plythia8, normalizle 00y o stat.|+syst. uncertairllties only | ol5 L Powlheg MINLO + Plythia8, normalizled tooy o stat.|+syst. uncertainties only
50 100 150 200 250 300 50 100 150 200 250 300
Leading b jet P (GeV) Leading (b/j) jet P, (GeV)

Below 80 GeV, Madgraph 4FS underestimates,
while Powheg overestimates
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I /+Db: AR, Cross section

* ARy, sensitive to bb production
mechanism

« Small values: gluon-splitting
e Large values: hard process

e /+bD:
Larger experimental uncertainties
than Z+b

« Agreement will all predictions, within
uncertainties

e Similar for other Z+bb observables

HF@LHC 17, 6-8 Sept 2017
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Theory / Data

10F —6— Data
i ~ MadGraph 5FS + Pythia6
I MadGraph 4FS + Pythia6
1 -
: MadGraph-aMC@NLO + Pythia8
= Powheg MINLO + Pythia8
10k 5 —o— S —
: ——
107 3
- ZIy*(—ll) + at least 2 b jets I
| anti-k; (R=0.5) jets
ot .
10°% £ pf >30 GeV, *'l <2.4
» 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1.5 - MadGraph 5FS + Pythia6, normalized to o, ., Stat. uncertainty only
1f 0 = b5 3
05 - MadGraph 4FS + Pythia6, normalized to o, ,, stat. uncertainty only
R T S T TR IS TR TR SR TR [N SR SR S SN AN TR SO TR TR NN TR ST SR S NN SO SRS SN (NN N SR SR TR AT S SN T NSNS AR TR NSRS '
1.5F
1k i z z z z 3 L he
E ¥ X ¥ b ¥ ¥ T
0.5 F MadGraph-aMC@NLO + Pythia8, normalized to o) stat. + syst. uncerLinties only
I T T N N TR TR SR T A SN TN RN SN AN SO N TN S N TN TN SR T [N SN SN TN SN NN SN SO TN S NN T SO S NN SR T8 AR NS S
1.5¢ _I_+
e e
T H I
05kt Powhelg MINLOI + Pythia|8, norma}lized to Ol'NLO’ stat.I +syst. ulncertaintiles only I
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
AR,
CMS
T~ N
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| | | / :
Z+bb: p, "9 1 £ cross sections

CMS 19.8 fb™' (8 TeV) CMS 19.8 fb™' (8 TeV)

—©6—— Data

—&— Data

£ MadGraph 5FS + Pythia6 F MadGraph 5FS + Pythia6

MadGraph 4FS + Pythia6

.QQ_I— I 4

o :l‘: - ;é;_ MadGraph-aMC@NLO + Pythia8
s | B

© L

MadGraph 4FS + Pythia6
= Powheg MINLO + Pythia8

:%:%:%: MadGraph-aMC@NLO + Pythia8
—
_%_ ~— Powheg MINLO + Pythia8

E
Z/ly*(— 1) + at least 2 b jets Z/ly*(— 1) + at least 2 b jets Tj
104 b anti-k; (R =0.5) jets t | anti-k; (R =0.5) jets
- pf >30GeV, ™l <2.4 ! 04| pr' >30 GeV, h*'l <2.4 %_
! PR I SR S NN S| M ry v b by oy by by s by by ey by by by by gy

o

I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
1.5F i % - . . i 15F i i i
t MadGraph 5FS + Pythia6, normalized to , gtat. ainty onl T r IMadGraph 5FS + Pythia6, normalized tq o ~Stat. uncertainty only
% i T Tf i S NNLO i =5 —ij % E Lo % %
e 05 _ GadGrapﬁ 4FS + Pythia6, nprmalized to ONLO, sLt. unchtaintir only | e 05 _ MadGraph 4FS + Pythia6, normalized tq o, 5, stat. unIertainty only
515—_IIIIIIIIIIIIIIIII |||||||l|;_|||||| E.‘15__...I...I...I...I...I...I...I...I...I...I...I...
O . = e 1 O . I —— —
= 05 3 I\\EadGraph-aMC@NLO + PthiaS, normalied toLNLO, iat. + éryst. unﬁertaintie%only = 05 EjMadGraph-aMC@;NL% + Pythia;, normIIized to oy o itat. + syst. uncertainties only
[ Y FR I S [ S ST SR [ SR - SRS S S ST S R Y T I B R AR RS RS ST RS SRR S S ST S S S S N SRR ST T ST ST RS "t
1.5} _—+ Wﬁ# 1.5¢ + *
1 + A + 1 i
T 1 T ! Ty ¥
05t ?Nheg MINLO + Pythia8, n rmallized to Onor stat. +sy t. unc rltainti s onlly | 05t Powhleg MINlLO + Pythia8, norm Iilzedt INLO? stat. +syst. uncertainties only
40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 220 240
Leading b jet P, (GeV) Z boson P, (GeV)

Agreement with all predictions,
within uncertainties
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CMS Z+c @ 8 TeV
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N Z+c

<

g >

CMS Preliminary 19.7 b (s = 8 TeV)

1000 |-

5 GeV

Events/O

500

0O 1

EEEEEEEEEE

Semileptonic channel
Z—ww

2 3 4 5 6 7 8
Secondary Vertex Mass [GeV]
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CMS-PAS-SMP-15-009

C

e p+p — Z(—20)+c

 Fiducial differential cross sections as

function of p;%, piet

e Fiducial region:

- Two electrons or muons:
pT > 20 GeV and Inl < 2.1,
within 20 GeV of Z mass window

One c-jet (anti-kt R=0.5):
pTt>25GeVandInl <25

- Angular separation: ARe.jet > 0.5

e Also Z+c / Z+b ratio

* Differential signal extracted from fit to jet
secondary vertex mass for semileptonic

decays

Sebastien Prince, McGill
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-009/index.html

I 7+C: p1° cross section

197" (\s=8TeV) e

CMS Preliminary

E‘ | b |
o i ® Data |
g 919 0 MADGRAPH -
O - O MG5_aMC i
-C\J - A MCFM (MSTWO0S8) ]
) : - MCFM (CT10) .
+ _ ﬁ v MCFM (NNPDF3IC) _
N B |
‘6’ 0.1 —1}— Stat. uncertainty
B %? , .
© | (] Total uncertainty | ®
0.05 |- -
i | °
= @ —
B =0 o i
- JACELY, .
O ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] .
0 50 100 150 200
pz [GeV]
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Predictions:

- LO Madgraph5 + Pythia 6:
2—2,3,4,5
- NLO Madgraph5_aMC@NLO + Pythia 8:

FxFx-merged samples of O, 1 and 2 partons
- NLO MCFM 7 with different PDFs:
Parton-level corrected for hadronization

Madgraph predictions in
agreement with data

MCFM underestimates the
data, no matter the PDF

Intrinsic charm eftects beyond
measurement range

CMS¢
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I Z+C: pt® cross section

CMS Preliminary 19.7 fb™ (Vs = 8 TeV) CMS Preliminary 19.7 b (Vs = 8 TeV)

'8_ 0.4 i | | | 5 4 i | | | I

R i ® Data ‘o) i ® Data |

= B 0 MADGRAPH i 0 MADGRAPH ]

. i O MG5_aMC ! O MG5_aMC ]
S 03 _¢ A MCFM (MSTWO08) 3 L A MCFM (MSTWO08)  _
= : = MCFM (CT10) L = MCFM (CT10) ]
C_|2 £ v MCFM (NNPDF3IC) =l v MCFM (NNPDF3IC) -
\l\_l, —}— Stat. uncertainty : :
o |
©O

1 Q
A &P

O 2 - Total uncertainty
- \Y%

T
N

{r

Ly

[do(Z+¢)/dp”)/[do(Z+b)/d

—1}— Stat. uncertainty
Total uncertainty

I T YA o/ A AR R S ST N S S R SR
100 150 200 50 100 150 200
P [GeV] P [GeV]
First bin underestimated by
nearly all predictions
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l CMS W+bb @ 8 TeV

ATLAS HF@LHC 17, 6-8 Sept 2017 20

EEEEEEEEEE

Sebastien Prince, McGill

N
e
7




W _I_ b b arXiv:1608.07561
EPJC 77 (2017) 92
b 1%
_/
b 19.8 fb (8 TeV)
— > -
o p+p = W(—2v)+bb g 1400 CMS Weewsth
,LQ -o- Data -
. = 1200 T Fituncertainty -
* Fiducial integrated cross 2 . Bl b5 .
: © 1000 W+cE =
SeCtlon Lﬁ F R = W:U dSCQ E
| | R S — O -
* Fiducial region: [ Single top .
[ ] Diboson _
Exactly one muon or electron: [ Drell-Yan -
pT > 30 GeV and Inl < 2.1 W+ +jets N
Exactly two b-jets (anti-kt R=0.5): @B QCD muttijet -
pT >25 GeV and Inl <2.4 7
Angular separation: ARZ-jet>0.5 |pwetly S T —

* Signal extracted from fit to the
transverse mass of the W boson

e Electron and muon channels

combined for final results ‘0 20 40 60 80 100 120 140 160 180 200 220
Transverse mass [GeV]

Data / MC

CMS
>

Y

ATLAS HF@LHC 17, 6-8 Sept 2017 21 Sebastien Prince, McGill

EEEEEEEEEE


https://arxiv.org/abs/1608.07561
https://link.springer.com/article/10.1140/epjc/s10052-016-4573-z

I W+bb: cross section

 Reduced relative uncertainty CMS 19.8 b (8 TeV)
compared to 7 TeV measurement o -
Total uncertainty CMS
° — W bb B W — . PDF uncerta_mty 0.64 = 0.03 (stat) = 0.10 (syst)
O(pp + ) X ( UV) = DPI uncertainty + 0.06 (theo) = 0.02 (lumi) pb
0.53 + 0.05 (stat) + 0.09 (syst) MCFM (x Hadronization) +—H~«—_H
+ 0.06 (theo.) = 0.01 (lumi) pb 051 0.02ppr = 0.090p PO
« Predictions: MadGraphs + Pythia6 5F [ ——e:——
NLO MCFM 7:
Parton-level + hadronization MadGraph5 +0':g’thi:f 4F e g
LO Madgraph5 + Pythia 6 and 8: S
in 5F and 4F _
MadGraph5 + Pythia8 4F - o— 8 —
0.50 = 0.03 . = 0.06 , pb
e Good agreement with theory, | 1

within 10 o 05 1
o(W(hv)+bb) [pb]

/
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¥ Conclusion

* Extensive kinematic description of V+HF at 8 TeV:
CMS Z+b(b)

e Three measurements sensitive to the b-_PDF and to 4F vs 5F:
ATLAS y+b and CMS Z+b(b) and W+bb

* Two measurements probing the ¢-PDF and intrinsic charm:
ATLAS y+c and CMS Z+c

* Overall good agreement with theory predictions, but with some
discrepancies

* Hopeftully these measurements can help theory developments
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Y+D: ETX Cross section, forward region
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y+c: E;* cross section, central region
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I /+D: pt Cross section, ratio
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I /+0b: Hy cross section, ratio
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