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" Introduction and motivation

= Precision verification of pQCD and impact on new
physics searches

= Measurements involving heavy flavor
= W + c differential cross-section
= 7 + c differential cross-section
= 7 + b differential cross-section
= 7 + HF differential cross-section

= Summary
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= High precision verification of the pQCD

Motivation for V+jets

predictions
= Higher order calculations N(N)LO |
= Matching schemas 9 vooot—— b
= PDFs (including heavy flavor content) - .
. . . - . s, d W
= A key ingredient in other critical high e A
precision SM measurements: AC
= E.g. W mass and top mass that are critical SM —
tests (self-consistency, limits of applicability g C
and potential new physics scales, vacuum -
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* An important (and difficult) background
for new physics searches in the Higgs
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Meta-stability

= W/Z+H, Non-SM Higgs, new heavy quarks etc.
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The Overall Landscape
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= Overall good agreement of the data with SM predictions
= Latest addition is the Z+b measurement for 13 TeV



g W+c Differential Cross Section

= W+c cross sections are measured in the muon

channel
= Charm identified via reconstruction of the c
hadrons: s, d w
. x+ 0 ¥+ <
cc=>D"*F—->D"+ nslow - KT+ nslow lc
= W+c signal: )
= c quark with p; >5 GeV in the final state g c

= W boson and the charm quark have opposite signs (OS)

= Require odd number of c quarks (3, 5, ...) the one with
OS and the highest p; is chosen

= Backgrounds

= W + cc: a large background from gluon splittingg — cc

= Yields both SS and OS pairs (wrt lepton from W), which
allows estimating and subtracting
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Q W + ¢ Differential Cross Section

Muon{p): pr> 26 GeV, |n | < 2.4
Transverse mass (Mt ): = 50 GeV,

[Mr := \l'l,-'fz-Pfff'ET@fﬁ'{l — cos(dp — UE?ES )]
DY p’;‘w > 1 GeV, |H:F+i'r:|:— ngg | << 35 MeV, KT +7* must originate from Secondary vertex,

D**: pTs = 0.35 GeV, AR(D" msiow) < 0.15, p2** /¥pr > 0.2 p2*F > 5 GeV

cMS 35.7 b (13 TeV)
. - = —a— Data
= A very clean signature from 3 12000F e
the D** — D mass 3 10000 F B Bacigroun:
difference 2 soo0f st a5 on
= Good agreement with the 2 5000k Data Integral: 19163 £ 567
MC predictions 2 mﬂf ! MOWae: 10421+ 201
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W + c Differential Cross Section

= Compare data measurements to MCFM 6.8 NLO

QCD calculation for severa PDF sets (NLO):
CMS 35.7 b (13 TeV) 35.7 b1 (13 TeV)
:_ DTqumnalnr,- Ffr*z'ﬁ‘m"‘f"cz“ :_ Total Unoeainty Pfr"zﬂgev-"r'*24
g [ ] statistical Uncartainty p. =5 GeV g [ ] stastics uncenainty p. =5 GeV
E 4+ ABMP16 J | L+ ABMP16 t
E 4+ ATLASepWZ16 ( _._) L+ ATLASepWZ16
F « CTi4 —- L« CTi4 ,
; ¥ MMHT14 i ¥ MMHT14 =
F 4 NNPDF 3.0 a | L 4 NNPDF 3.0 1
B NNPDF 3.1 B NNPDF 3.1 i
0560400800 B0 1000 4200 0oz "0F o5 08 g
(W) [pb] (W HT)/G(W +C)
a(Wc) a(Wt+c)/ o(W™ +c)
Measured 1026 + 31 (stat)*13 (syst) 0.968 £ 0.055 (stat)*35% (syst).
ABMP16nlo 1077.9 pb & 2.1%(pdf)*3 % (scale)  0.9751500
ATLASepWZ16nnlo | 1235.1 pb *1 1% (pdf)*5 7 (scale) 0.976+5,50%
CT14nlo 992.6 pb + *730 (pdf)*5 4 (scale)  0.97074 7%
MMHT 14nlo 1057.1 pb £ T43% (pdf) 55k (scale)  0.9607 505
NNPDF3.0nlo 059.5 pb + 5 4%[de]+2 e (scale) 0. 962%%33‘;
NNPDF3.1nlo 1030.2 pb 4+ 5.3%(pdf)* m{scale] 0.965190%%
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19.7 o' (1s =8 TeV,

= Analysis combines data selected via: mmwe
= Amuon from a SLcharm hadron decay 8 Bk, moee .

w/ substantial impact parameter

= A secondary vertex arising from a
visible charm hadron

1 2 3 4 5 [ 7
IPS of u in c-tagged jet
. CMS 19.7 fo' (1s = 8 TeV)
: ) + Data
" Yields a very large sample $ L. s
gmﬂoo— B I W-+cc,W+bb
° . ° ] it [ | W+uFisg
= Reduced statistical/ systematic errors 2. = O
o 0 s . H
CMS 19.7 b (\s = 8 TeV) CMS 19.71b" (1s =815 £l Syst. uncertainty
T T T T T T T — T T T T T T T T T T T T T T — N
Total uncertainty pfl > 25 GeV, IT]Ie‘I <25 Total uncertainty p!:t > 25 GeV, |'l']le‘| < 258 o
[0 statisticat uncertainty p!r > 30 GeV, | < 2.1 [ statistical uncertainty p!r > 30 GeV, | < 2.1 g 15
CMS: 117.4 £ 0.6 (stat)+ 5.6 (syst) pb CMS: 0.983 + 0.010 (stat) + 0.017 (syst) s
Predictions: NLO MCFM + NLO PDF Predictions: NLO MCFM + NLO PDF e et e c o:re ot ;-; sV ﬂm as;-s[G e\;]
u MMHT2014 »—-—l a MMHT2014 —-
108.9:%8 pb 0.921+0021
eCT14 —o—] eCT14 . NNLO corrections
103.7 5% pb 0.944 +9.995 .
expected to bring
v NNPDF31 —— v NNPDF31 =¥ ..
107.5%53 pb 0.919:3538 the predictions
A ABMP16 e A ABMP16 .
-~ S T E . T Y B

o(W +c) [pb] o(W+T)/o(W+c)
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/+ =1c Jet Cross Section

. CMS Preliminary 359" (13 TeV)
= Event Selection: 5 o T
= II= ee or uy, p;(1)>26(10) GeV, p.(e)>29(10) o 2F e
GeV %20000} ciets -
= Z(ll): 71 <M, <111 GeV, |n(ll)]| <2.4 '%150005_ e ]
[ - Top and dibosons -]
= Particle-level jets: p; > 30 GeV, [n(jet)| < ok E
2.4 : ]
= pileup jetid (tag and remove) 5000 =
= c-tag (using DeepCSV: eff~30%, mistag rate i:
for light jets ~1.2%, for b’s — 20%) o 14
. . . = qof '
= Using MSV to differentiate between <t .
signal and background 5 ok ]
. 0 1 2 3 4 5 6
= Plot on the right (note the scale factors for Mg, [GeV]
MS not yet applied!)
i AN Eow et e wow naTen
= Diboson, tt-bar, W+jets &= - © sl -
are small and taken it T § ook T
from MC o ; o ;
= With appropriate i: 3 g E
scale factors m— 3
E s g g g
% ) ,..HH+HH++ * ‘g a.. +,4;+++;
b 1 =] 00 150 50 00 150 pfa"ﬂ""[ﬁa%m
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/+ =1c Jet Cross Section

CMS Preliminary 359 fo' (13 TeV) 10 CMS Preliminary 359" (13 Tev)
S‘ T T S‘ E T T T T T E
3 10 == —8——  Measirament — (% — - ) ——&——  Measuremen .
— — ——'— 3 — [~ _. ]
-g n MG5_SMC + PY8 (< 2 NLO « PS) FOF & GCD 7 -g —— MAGE_aMG 4 FY8 (5 2] NLO + PS) POF @ OCD N
& - - MG5_aMC + B8 (< 4 L0 + PS) - oy — M s PY [ 41O & PS)
8 = 1F E
— 1 é_ Sherps < 3 NLO + 4 LD + PS) _§ '8 E —— Sherpa (£ 2] LD+ 5 4 LD+ PS) E
-8 - ™ = : i
10! : : : : 10"
—e— Stat —— St
L e i S — — Total — 1.4 — —Total —
1 T Syst ] ) 0 Th Syst |
'E i _ Eeom E - Exp Syst
a 12 R a 1255 —]
R ; e s
== S ? N i —— P
08— i i i 08 . i i i i
i 50 100 150 200 cist 250 0 50 100 150 200 250 > 300
P [GeV] pZ [GeV]

= |ntegral cross section Z(ll) + c jet
= o (p;(j)<300 GeV)=413.5+5.6(stat)+24.3(exp)+3.7(th) pb
= c.f. MG5_aMC(NLO)=524.9+11.7(th) pb, SHERPA (NLO)=485ph

= MG5 aMC(LO) describes differential cross section vs p.(ll) and pTg) reasonably
\évc()elzl)’é)\é}ithin 10%), but both MG5_aMC &SHERPA at NLO tend to deviate up to
= 0.

= Indication that NLO PDFs overestimate c-content in proton
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/+=1band Z+ =2b Jets

cms ____ _ 137(13TeY)

= Only small variations in selections from 5 oF i Belere g
M = E 7777 Total unc. ) . E

the Z+c analysis e A gz FE L e pdomomersiom ]
’ v v b ° F e % MEEVEHS: NNEBF3S GlEeew) 3

L] pT(|)> 35(25) GeV . - mn< > 10_15%-'5'*—.— Sherpa ' ' -
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| | + pT < 50 GeV 1_) 10_2§_ ++ .
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= Measurements: . T
. 15 =

= Integral cross-sections for Z+>1b ‘ | —— - :
and Z+22b jets and their ratio g . 0.5E = PDF @ scales & o = PDF Gscales

b 156 | | | RE

S E =

e R s

= Extensive comparisons of cross-sections 15 _' '_ .
and shapes with various MC+PDF os.eor 3
. . 0 100 200 300 400 5(]02 600
calculations: 7 eV
Channel Measured MG5_aMC MG5 _aMC MG5_aMC MG5_aMC SHERPA

g pT(Z); pT(bl/z); NP LO NIO NLO
30 NNPDF31 NNPDF30 NNPDF3.1
rl(b1 2) , AYZb? CUETPS8M1  CPs  CUETPSMI1 CPs

) ZT=1bjet  ee 545 T 0.06 T0A0 £ 017 55 533 7861052 705048  BO5

A(I)Zbl ARZb' y 6.55 + 0.05 -+ 0.39 + 0.19 626 6.34 786+ 051  7.02+047  7.98

[ it rooiroion 6.05 631 786+ 051 7.8 047 802

ARbe, Abe Z+>2bjets  ee D66 LOB T 00 L002 D62 072 0RO L 008 077 L0 :

0,61 071 0914009 0774007 084
7 0.65 + 0,03 £ 0.07 + 0.02 0.63 071 090 £009 077 +0.07___084 |

Ratio ee 0102+ 0.008 £ 0.008 = 0004 0.100 0113 01130016 0.110£0.013 0.104

g 0100+ 0,006+ 0,006 £0.004 0103 0112 011640016 0110 £0013 0105

#0100 = 0.005 £ 0.007 = 0003 0.102 0112 0114+ 0016 0.110 £0.013 _ 0.105

CMS-SMP-20-015



E Z+ =1b Jets

" p; shape is well described by all pQCD calculations

= Except for MG5 aMC (LO, NNPDF 3.1, CP5) combination - up to
25% deviation for higher p; region.

= AY: the agreement improves with MG5_aMC at NLO w.r.t
LO (high AY)

CMS _FProliminary 137.1 11:| (13 TeV) CMS Profiminary 137.1 ' (13 Tav)
RTINS A A R E SRARIRARALAARSLANASA SRR RAAAR AALRE RN Eas=
.E. - —m— FAGES_aMAC (MLD, NMPDF 3.1, CPS) B —m— MGEE_aMC (MLD, NNPDF 3.1, CPE)
—a— MGE5_aMGC (MLOD, NNFDF 3.0, CLUETFaM “:FF —u— MGE5_aMC (MLO, NNFDF 3.0, E‘FLIEI'F'BM%
i MG AMC (L0, NNFDF 3.0, CUETREM! " 2 T MGEAMC (L0, NNFDF 301 Etgrpwn
M -I:F -3 $ﬁr§m“= une b ?’1- s mm
sections 107 ﬁ“?&“ﬁﬁv |nbet] < 24 T 10 = hiekiiay bt <243
L] L] " * jh* -
indicate that =& =+
10°®
the NLO PDFs —
. 10
overestimate
b quark
. 1.
content 5E

0.3 :— -

G600 [} Dﬂ' ‘I 1ﬁ E Eﬁ 3 3.ﬂ' 4 4ﬁ

CMS-SMP-20-015 P~ [GeV] P




g =)D Jets

=" AR(bb): the agreement improves with MG5 aMC at
NLO w.r.t LO (c.f. high AR)

" A, ., shows trends with both LO and NLO predictions

" Integral cross-

sections
indicate that
the NLO PDFs
overestimate
b quark
content

CMS-SMP-20-015
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RatioZ+ =1b /Z+ =2b

cMS 13?11: (13 TeV) cme 137 67 (13 TeV)
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= C — & MGS5_aMC {LO, NNPDF 3.1, CP5) . = T & MG5_aMC (LO, NNPDF 3.1, CP5) ]
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= For the ratios, all combinations of pQCD
calculations & PDFs describe data well within the
experimental uncertainties
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CMS

Ratios Z + =1b(c) / Z + =1c(j)

= Various ratios obtained in the same analysis
= Better control (cancelation) of systematic effects

= Reduced theoretical uncertainties in the calculations of the ratios (e.g.
parton showering and hadronization)

= Larger statistics, better techniques for heavy flavor jets identification

= Looking at different ratios allows to better identify the most likely
source of the discrepancy with the theory:

= Higher order contributions in the calculations, PDFs parameterizations,
imperfections in matching schemas etc.

= First measurement oz B (13 e cus B3 Ty
at 13 TeV

= |arger statistics

= A number of
technical
improvements over
the 8 TeV results,
e.g. better
techni?uesfor vt i P
heavy flavor jets ‘ '
identification E -
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2 Ratios 2 + >1b / Z + >1;

* The MG5_aMC predictions for the cross section
ratios are higher in most of the bins, although still
compatible with the data given the large

uncertainties.
= The data are e R— L) e 3597 (13 TeV)
better described £ | ] g .
with MG5_aMC ER ]

at LO compared ;_5-% S ks g : TP P
to MG5_aMCat  °*" Wmm oo ¥

NLO, (}_04:— % Data <3 MCFM MMHT NLO . 0'04:_ % Data &3 MCFM MMHT MLO

R(bA)

1 o ]

7 MGS_aMGC [NLO, FxFx] O MCGFM NNPDF 3.0 NLO v MGS5_aMGC [NLO, FxFx] O MCFM NNPDF 3.0 NLO

002:_ MGS O, M ] _: 002:_ MGS O, M ) _:

= The MCFM TPV UV YOUTIR R ST
predictions for == ' R

. . ) TN et weivh Bl il sisrma i

R(.b/J) dlsagreg i = R v :
Wlth data at hlgh E 05-;_= : IB]MBFMIHNPII!F.EI_IZUNLO ?WFMINHPI]FEI_DLD_% E 05-;_ : : EI]MBFMINNPDII:lﬂNL:O $hl3FMNH=PI]FS_I:;T_§_

. 155 o ,_4}_7’?_—; 1.5;— . o HUCFMMMHTNLO 3
Jet pT and pT(Z) 051— ) . -‘]-MGFMHNH;II.O —E 051— — —%

40 60 80 100 120 140 160 180 200 0 20 40 &0 80 100 120 140 160 180 200

Py [GeV] p? [GeV]
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2 IRatios Z + =1c / Z + =1

" The MG5_aMC predictions for the cross section ratios are
again higher in most of the bins and even more pronounced,
c.f. R(c/j) versus jet p;. The data are again better described
with MG5_aMC at LO compared to MG5_aMC at NLO.

Th MCFM D1sCMS 359707 (13 TeV) 016C:Il.‘ls 359107 (13 TeV)
[ e E S I I R I I I IR ‘E.:“: AB T T T
. L. € 014F 4 & o0.14F

predictions for ok 1 _
. . : v v v . T 4
R(c/j) disagree ) 2% 7R U U S B E
with data at high = & 006 5 -
p-(Z), but for jet ] oop E
. . _ % Data i MGFM MMHT NLO e 0.04F #; Daa 4L MGFM MMHT NLO A

pT’ there IS In E ¥ MGS_aMC[NLO,FxFx] O MCFMNNPDF3.0 NLO 3 F ¥ MG5_aMGNLO,FxFx] O MCFM NNPDF 3.0 NLO
gOOd agreement 0-02:_ A MGS5_aMG [LO, MLM] & MCFM NNPDF 3.0 LO _: 0-02:_ A MGS_aMG [LO, MLM] & MGFM NNPDF 3.0L0 =
with LO or NLO R R £
: 0-5;_ . . ) +M35_amcm.:3.m=x] I:#md_ﬂ-l: rl.o.lum] _; 0-5;_ . . +lm§_amcrum m:x] ¢Mss_au:[|.o MLM] _;
CaICUIatIOnS) and § a ' ' ' ' | ' ' ' ' 3 § 15E e NP DF 50 NLO +mcmN~PnFanm_z
N i e I |
for b.()th PDFS E 0.5 . . EMCFM NNPDF 3.0 NLO §MCFM INNPI}FJI.DI.G_; E 0.5;— . . . . . . . BI=WI=-—;
C0n5|dered . 1_55— I I I I I I I I —E 1_55— I I I I I I *MCFMM‘.I!HTNLD _E
1pgselimsssms s = B e s o % ¥555555
0.5 4MCEM MMHT NLO 3 0.5F o -—-‘.}—-I . E

40 5[} 8[} 1[]0 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

D’m [GeV] p? [GeV]
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> Ratios Z + =1c/ 2+ =1b

= For R(c/b), all theoretical predictions are consistent with the
measured ratios, except for the MCFM prediction for the
highest p;(Z) bin.

= The difference between the parton- and particle-level jets may
affect the MCFM predictions, although the corresponding effects
are significantly reduced or vanish in the cross section ratios.

. CMS 3B Il’b'l1 (13 Tev) CcMS 3597 (13 Tev)
= Alternatively, 28 T T
higher order 2]

o ) i
% \{F' % /’ / . “ A %
pQCD . 15 & /// 7 ﬂ-? j’ / 1.5WW A

N S A B A I A R I
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2p

calculations F i3
m|ght be needed F Fows = MCFM MMHT NLO 1 F #om & MGFM MMHT NLO
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CMS :
‘é Conclusions

= Precision measurements in V+jets provide a direct
test of the perturbative QCD calculations
= A variety of measurements, including ratios that are less

sensitive to systematics and some theoretical
uncertainties

= Experimental feedback allows for continuous
improvement of the higher order calculations

= Better understanding of the components going into
these calculations, e.g. PDFs, parton showering

= Important on its own, but also for correctly predicting
background contributions to

= Other precision measurements testing Standard Model’s self-
consistency and limits of applicability

= New physics searches in a range of scenarios, including Higgs
sector



