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New recent CMS results for PDF studies

o “Measurement of double-differential cross sections for top quark pair
production in pp collisions at 1/s = 8 TeV and impact on parton
distribution functions”

[arXiv:1703.01630, submitted to EPJ C] using xFitter!
similar measurement at 13 TeV arXiv:1610.04191

@ “Measurement of Triple-Differential Dijet Cross Sections at /s = 8 TeV
with the CMS Detector and Constraints on Parton Distribution Functions”
[CMS-PAS-SMP-16-011] using xFitter!

@ “Measurement and QCD analysis of double-differential inclusive jet
cross-sections in pp collisions at /s = 8 TeV and ratios to 2.76 and 7 TeV"
[arXiv:1609.05331, submitted to JHEP] using xFitter!

@ "“Determination of the strong coupling constant from the measurement of
inclusive multijet event cross sections in pp collisions at /s = 8 TeV"
[CMS-PAS-SMP-16-008]

@ “Measurement of associated Z 4+ charm production in pp collisions at
Vs =8 TeV"”
[CMS-PAS-SMP-15-009]
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2D tt [arXiv:1703.01630]

Why measure tt production?

CMS, 19.7 fbat Vs = 8 TeV

o x10°
o 8 e
> 7L Dilepton « Data E
- @ — MadGraph+Pythia6
t Q 6F -~ MC@NLO+Herwigé 3
oo~ --- Powheg+Pythiaé
u‘ g st — - Powheg+Herwig6
b [ Approx. NNLO
Quuuuuuu % 4 (Phys.Part Nucl 45 (2014) 714) |
p— 3F = E
t h i
© e ]
157\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ =
7 £ W Stat. 3
2|, 14 E SATSSLEP]) C75 (2015) 542
. E g 12 F —
@ my provides a hard scale £0 E
H 08 E E
= ultimate probe of pQCD 050 100 150 200 250 300 350 400
(NLO, aNNLO, NNLO, ...) p. [GeV]
@ Produced mainly via gg N
= constrain gluon PDF Why measure 2D?

@ Inclusive and 1D ¢{ already in
PDF fits

@ Production sensitive to as and my

@ Previous 1D measurements
revealed some trends

@ 2D measurement: especially
@ May provide insight into possible better PDF sensitivity
new physics
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2D tt: analysis overview [arXiv:1703.01630]

Measurement in ey channel:

o Leptons:
e at least 2 oppositely
signed e, p
e pr > 20 GeV
e || <24

o Jets:
o at least 2
e pr > 30 GeV
o || <24
o at least 1 b-tagged

(similar to previous 1D
measurement)

Kinematic reconstructions, 2D
unfolding = cross sections
measured at parton level
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2D tt¢: measured distributions [arXiv:1703.01630]

t system

a

0 (9
ISR FSR
Radiation

@ t production:
e y(t)-pr(t): most simple, aNNLO publicly available

e tt production:
o M (tt)-y(tt): most sensitive to PDFs (at LO x1,2 = @eiy(t{))

o M(tt)-pr(tt): sensitive to radiation (at LO pr(tt) = 0)

o t, tt mixed:
o M(tt)-y(t): sensitive to PDFs (at LO y(tt) = (y(t) + y(t))/2)
o M(tt)-Ag(t,1): sensitive to radiation (at LO A¢(tt) = )
o M(tt)-An(t,t): correlated with pr(t) as well as sensitive to radiation
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comparison to MC [arXiv:1703.01630]

CMS 19.7 b (8 TeV)
= 107F T T —FY——T———T7 71— T—— ] T T
S 0 <y <0.75 0.75 <|y(t)] <0.85 0.85 < |y(t)] <1.45 1.45 < |y(t)| <2.5
8 ¢ Data
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Ratio to MG+P

200 400 200 400

o Harder pp(t) distribution in all MC
@ This trend is in wide y(t) range
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200 400

| M

200 400
p.(0) [GeV]
P | PP | PH |

MH

x> ] 96 | 58 | 14 | 46

(dof = 15)
calculated

using xFitter!
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comparison to fixed-order predictions [arXiv:1703.01630]
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“"CT14 NNLO

r@.» @ 1
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200 400

@ Substantial PDF sensitivity

200 400

@ aNNLO provide better data description

@ Moderate scale uncertainties at NLO
(normalised distribution)
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200 400 200 400
p.() [GeV]
| HERA2 | CT14 | CT14 NNLO
X2 | 46 24 13
(dof = 15)

calculated using xFitter!
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2D tt: comparison to fixed-order predictions [arXiv:1703.01630]

CMS 19.7 tb™ (8 TeV)
o T T T T T T T T
S 340<M(@)<400Gev | 400<M({T)<500Gev | 500<M(T)<650GeV | 650<M({T)<1500GeV
8 102k E3 E3 ¥ ¢ Data E
= O(a) [MNR
=) % 103k P Lo lmncTia u+ POF J
(\_,g = E o S 1 L HERAPDF2.0
=
2 """""" o .
= 104k 4 1 1% |
i B,lO e
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o 12t 1
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[y
| HERA2 | CT14
o PDF sensitivity exceeds scale uncertainties x> [ 20 ] 16
. (dof = 15)
@ = can use these data for PDF fits calculated using xFitter!
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2D t¢: PDF fit [arXiv:1703.01630]

QCD factorisation: g 0

ox = ZCL’bfdefldIEQfa(ZEl,H?f)fb(l?Q,u?)a’ab_)X(xl,xQ,/j,?c, )

Bp ~ me

1,2 = 1/ @eiy(tt_) = 0.01 Sz1,250.25 4'\Q0000A—=—
cMS o Using xFitter (former HERAFitter):

<2 ot 230000 Gev: Wb open-source QCD fit framework

30'4_ [ HERA + CMS W* 8 Tev [EPJ C75 (2015) 394, xfitter.org]

5 £ + P, 0. 0] 8 Tev )

50-2_ 1« b, M) Tev o Input data:

2,
f

0+ yed, My 8 Tev o HERA inclusive DIS data [EPJ C75 (2015) 580]

o CMS W asymmetry [EPJ C76 (2016) 469]
o these 2D ¢t

3xg(x, 1
=)

@ NLO calculations for t£ [NPB373 (1992) 295]
using MCFM @ ApplGrid

@ Significant improvement of g at high =

10° 10 1 o Best improvement comes from M (tt)-y(tt)
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2D tt: PDF fit: 2D vs 1D [arXiv:1703.01630]

@ Repeated analysis for 1D distribution pr(t), y(t), M (tt), y(tt)
@ Checked their impact on PDFs

CMS
I U AL ORI AN, ]
N;»'OA [ xg(x) ufz = 30000 GeV? NLO h
X [ [JHERA+CMS W* 8 TeV ]
(2] -
502-_|Z|+y(tt)8TeV h
N—‘{ i [+ (), M(x) 8 Tev ] e 2D impact exceeds 1D
% ok 4 o First study of such kind
<0 @ Strongly suggests to use
o2k these data in global PDF fits
0.4]-
[ sl L P | MR i
10° 10 10 1
X
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Triple-differential dijets [CMS-PAS-SMP-16-011]

Measurement at 8 TeV, L = 19.7 fb~ !, anti-k7 R = 0.7

-0 g9 jets ©qai-jets © qijets
@gqjets (o <xo) NN ©qq-jels EEE @ qd-ets
- gajets (x> Xo)

3D cross sections

® prave = (P11 +p1.2)/2,
o rapidity separation y* = 1|y1 — y2|

o dijet boost y, = %|y1 + yo|

@
=
| 34 : 1000
— ! Pr.ove | GeV
=

I~
Il - gg-jets @ qaq ~jets ®q@~jets
M @ga-jets (p<x;) WEN Sqq-jets  EEE @ qg-ets
5 B3 gq-jets (x> Xo)

Subprocess fraction

200

300
Pr.avg / GeV

3 > 80% with at least one g at large y;
U = %‘Ul + 1|
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Triple-differential dijets [CMS-PAS-SMP-16-011]
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108 19.7fb-1 (8 TeV)
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d3o
dpr. avedyndy *
=
o
2
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NLOJET++ (NLO®EW®NP) +
NNPDF 3.0
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PT,avg / GeV

200 300

with theory over a wide range of phase space
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Triple-differential dijets [CMS-PAS-SMP-16-011]

Data uncertainties:

@ jet energy scale (2.5-12%)

@ statistical uncertainties ~ 1%, up to

20% at hlgh PT,avg

Theory uncertainties larger than experimental

13/19

yy = 3lu1 + ol

O. Zenaiev

19.7fb-! (8 TeV)
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+ Data
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0.6 F — CT14 - NLO®EWeNP
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ABM11 — NLOGEWeNP
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0sy <1
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—~ ABM11 - NLOGEW®NP

200

300
Pr.avg / GeV

Data are well described in most of the phase
space, but some differences at high pr ave, s

= data can constrain PDFs
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Triple-differential dijets: PDF fit [CMS-PAS-SMP-16-011]
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100 T

~—HERAPDF Method (Hessian)
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xg(x,Q?)
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15}
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@ 3D cross sections ultimately probe Q?, x1, z2 in PDFs

o PDF fit using HERA DIS + thes

e 3D dijet data

e strong improvement of gluon distribution, precise s extraction:

a5(Mz) = 0.1199 4 0.0015 (exp) =+ 0.0002 (mod) T9-9992 (par) 0-0051

—0.0004 —0.0019

(scale)
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Inclusive jets [arXiv:1609.05331]

@ Measurement at 8 TeV, anti-kr R = 0.7:
o 74 < pr < 2500 GeV (L = 19.7 fb~1)
o 21 < pr < 74 GeV (L = 5.6 pb~1) NEW!

@ 2D cross sections as function of pr and y

— 107 T T — T STEV_
o) |€ Open:L_=5.6 pb* =
2| g1 Filled: Ly, = 19.7 fb™* —
| E— K int s
olB B, e CT10NLO ONP O EWK
“o| 27104 B, o, —— CT10NLO O NP —
© iy —
v g oo _
108 k8 -A-_A__A_'I- _
Voy. o AL —
g | ¥ .
5 e _'
10 e ke =
102 - -e-y| < 0.5 ( x 10°) o
-m-05<|y| <1.0( x10°) el
101 = 1.0<|y|<1.5( x10%) i

= 15<|y|<2.0( x10°%)

1074 =—20<|y|<25(x 10?) *

—+25<|y| <3.0( x10%)
107 - 32<lyl<47(x 10°%)
oo | | L

21 30 40 100 200 300 1000 2000
Jet P, [GeV]
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Inclusive jets: comparison to theoretical predictions [arXiv:1609.05331]

Ratio to CT10

16/19

cMs
8 TeV 0.16 7 T T )
2 — — r o DataiNP ]
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Data uncertainties: jet energy scale = [ hERaroris
_ . H 8 2F — MmHT4 B!
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reduction of uncertainties
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Jetp (GeV)
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Inclusive jets: PDF fit [arXiv:1609.05331]
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CMS NLO HERAPDF Method (Hessian)
150 - -
o HERA I+lIDIS Q= 100000 GeV
X | [ HERA I+l DIS + CMS jets 8 TeV
o
100
x

50

0.4
0.2
0
-0.2

Fract. uncert.

-0.4 4\ I Lol Lol L
10° 10° 10 10

@ Data: combined HERA DIS + these jet data

@ Theory (for all jet results): NLOJET++ interfaced to fastNLO + EWK, if
available

@ Strong improvement of gluon distribution, precise s extraction:

s(Mz) = 011851 5o (exp) [ ot (model) 155604 (param) “gi (scale)

—0.0018
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2D tt vs 2D inclusive jets vs 3D dijets

CMS % HERAPDF Method (Hessian)
;\rf xg(x) u2 = 30000 GeV2 NLO 1 6 80 P 8 HERA I+11 DIS + CMS Inc. Jets |
3 1.4F HERA + CMS W 8 Tev — 3 70 Preliminary HERA I+1I DIS + CMS Dijets
&3 r CJ + € 1 70 Q2=104GeV2
‘é [ [ZZJ HERA+CMS jets 8 Tev i 60|
= 12 CZJHERA+CMSW*8Tev+ ] 50
e [y(th), M(tD)] 8 Tev E i
=} . 40 |
< L 30
(=2 1 [
~ 20}
[ 10 }
0.8 L0 . .
r 04F T T T
: : g
0.6 202}
L T -04} . .
AT BT PR < — - - -y
) —~ ") 10 10 10 10
10 10 10 1 X

Consistent and competitive PDF constraints using different CMS data!
Complementary sensitivity to as and m
=> one should use all the data sets to better test/constrain different QCD aspects
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Many new results from CMS using xFitter:

e 2D ti [arXiv:1703.01630]:
o first PDF fit of 2D tf: demonstrated better impact on PDFs w.r.t 1D
e results competitive to those from jets
o WISH: fully-differential NNLO = would allow to study PDFs, as, m: by
fitting e.g. total + 2(3..)D normalised ¢t x-sections
o 3D dijets [CMS-PAS-SMP-16-011]:
e ultimate probe PDFs
e improved gluon distribtuion, accurate as determination
o WISH: NNLO needed to match data precision

o Inclusive jets [arXiv:1609.05331]:

e improved gluon distribtuion, accurate o determination
e ratios 7/8, 2.76/8 available: partial cancelation of theory and exp. unc.
o WISH: NNLO needed to match data precision

For many of these measurements data are typically more precise than theory:
need higher order calculations to fully reveal data precision
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BACKUP
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BACKUP. Multijets [CMS-PAS-SMP-16-008]

21/19

@ Measurement at 8 TeV, L = 19.7 fb~!, anti-kz R = 0.7

@ 2-jet and 3-jet event cross sections as function of average transverse
momentum Hr2/2 = %(prr,l + pr,2) of two leading jets

s CMS Preliminary 19.7 fb™ (8 TeV)
f>\ 10° g
> 10° L antik R=07 —e—n;22 — CTI00NPOEWK
% 10% - Ivl<25 —+n;23 — CTI00ONP
3 £
& 102 E
107 g
o 10 B

do/d(H
.
S

=
S
o
Ty

300 400 500 600

o

1000 2000
H, /2 (GeV)

Data are described by theory predictions
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BACKUP. Multijets [CMS-PAS-SMP-16-0

3-jet to 2-jet cross section ratio R3s:
@ many uncertainties cancel
@ sensitive ag

@ = «, extracted, also in ranges of Hr /2

1
«~ 035 CMS Preliminary 19.7fb” (8 TeV) CMS Preliminary
N =
F antik R=07 S 28 —— CMS Ry, preliminary, IS = 8TeV, ay(M) = 0.1150° 0%
F t Data/NP I E —e—cCMS Ru preliminary. (s =8Tev
03 W<2s ——CT10 a,(M,) = 0.112 - Min. Value 026
r —CT10a,(M,) =0.118 024
C = —v—cMstl, s = TTev
0.25 —=CT10 ay(M,) =0.127 - Max. Value 022/ - CMS 3-Jet Mass . 15 = 7TeV.
r =R —#— ATLAS TEEC, 5 =7 TeV
r 0.2 —&— DO Incl.Jet
r E DO Angular Correlation
0.2~ 018 HL
[ E —o— zeUS
C 0.16— - - World Avg ay(M,) = 0.1181% 00011
0151 014
0.12—
01—
. . . 0.08— ) ) )
300 400 500 600 000 1680 5678 10 2630 40 100 200 300 1000 2000
Q (GeV)
Hr o2 (GeV)

Precise o, extraction, consistent with other CMS results:

a,(Mz) = 0.1150 + 0.0010 (exp) =+ 0.0013 (PDF) - 0.0015 (NP) Thonet (scale)
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BACKUP. Measurement of associated Z + charm production

[CMS-PAS-SMP-15-009]

[do(Z+¢)/dp?[do(Z+b)/dp?]

23/19

o Measurement at 8 TeV, L = 19.7 fb~*
@ Cross section of Z + ¢ and ratio Z + ¢/Z + b as function of pr
o Important for searches beyond SM, sensitive to possible intrinsic charm

IN
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e

—}— Stat. uncertainty
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Data are compared to NLO calculations with different PDFs
(including those with IC)
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BACKUP. Inclusive jets: determination of as

CMS 19.7 fb* (8TeV,
200 —
[ e xlagM,)] 1

— Polynomial Fit 1

105 (M) = 0.1164° 0% i
w | /I =, 1) ]

L X2 IN,, = 186.5/185 4

il Neins.

0113 0116 0119 01238  0.127
ag(M,

CMS
@ 0.24= CMS Incl.Jet, V5 = 8TeV, ay(M,) = 011647 o0
5 C —e— CMS Incl.Jet, Vs = 8TeV
0.22— —=— CMSR,,, 5=7Tev
C ——+— CMSIncl.Jet, Vs = 7TeV
0.2 —=— CMSTt, f5=7TeV
= CMS 3-Jet Mass , 15 =7TeV
0.18— —&— DO Incl.Jet
£ DO Angular Correlation
0.16— L
C —&— ZEUS
014 - == World Avg a,(M) = 0.1185 +0.0006
0.12f—
0.1—
0.08—
Bl | | .
67810 20 30 40 100 200 300 1000 2000
Q (Gev)

ts(Mz)(NLO) = 0.1164" 5333 (PDF) 7 6g35 (scale) + 0.0001(NP) *{gty3 (exp) = 01164 5nis

o Using CT10NLO PDFs

@ Result consistent with other determinations

@ Performed in separate pr bins: determine running o = a(Q)
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BACKUP. Kinematic reconstruction

"I';\ _ m‘s‘ @ Measured input:
Vhw T Iv,” leptons, jets, MET
."':."": e Unknowns: p,, ps (6)
b :: | o Constraints:
1 ] o m¢, mg (2)
v o Myy+, myy— (2)
P t w* o (pv +po)r = MET (2)
@ Take weighted average of
100 reconstructions with
W’/— N inputs smeared by their
' t ‘:‘ P resolution
I" _ \‘\‘ @ This helps to recover
I” o b LT T TN events with no solution
:‘n_ 4 mt = mf ) because of detector effects
l"—--_ -.~~\~..----"'
* ~ _V‘i e _'l’" [Phys. Rev. D73 (2006) 054015]
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BACKUP. Kinematic distribution

CMS Preliminary 19.7 fb™ (8 TeV) CMS Preliminary 19.7 tb™ (8 TeV) CMS Preliminary 19.7 fb™ (8 TeV)
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BACKUP. Unfolding

bl A

TUnfold [JINST 7 (2012) T10003]

x> minimisation with regularisation (~ 1%)

C s |§

* statistical fluctuations

e ?: ] y

2d distributions are mapped to 1d arrays

reco. data unfolded distribution regularization strength

A * detector resolution
' -

!

|

1

1

1

regularization conditions
(second derivative)

kN » 4 »
v =(Y=AX)'V,(Y-AX)+o*(X-X,) L' L(X-X,)
v - v
gen. distribution
ido)ij_ 1 X"

C'db’ "% BR-L-AY

migration probability matrix ~ stat. errors of reco.

Y=N NBackgmund For each Aa": | (

measured
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BACKUP. Comparison to MC

CMS 19.7 b (8 TeV)
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BACKUP. Comparison to MC

20/19
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BACKUP. Comparison to MC
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BACKUP. Comparison to MC
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BACKUP. Comparison to MC
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BACKUP. Comparison to NLO
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BACKUP. Comparison to NLO
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BACKUP. Comparison to NLO

35/19

d’o(th)

o(th) dag(tHAM(t)

1

[GeV'rady

Ratio to CT14

CMS 19.7 fb™ (8 Tev)
E T T T T T T T T T
E340<M(t)<400GeV} 400<M(t))<500GeV } 500<M(tf)<650GeV } 650<M(tf)<1500GeV
[ ¢ Data
3 F o« T O(ad) [MNR] E
o CTiap
Sl L. CT14 p + PDF
E3 ¥ e % HERAPDF2.0 1
......... d
L]
3 3 E ) ¥ o ]
+ t ! t t ! t
L [ 3 ;
............................. S . S B
¢ j — I
1 2 3 1 2 3 1 2 3 1 2 3

O. Zenaiev

xFitter performance: CMS report and wishes



Comparison to fixed-order predictions
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BACKUP. Systematics

Following 1D cross section measurement (TOP-12-028):
pile-up
lepton selection

37/19

trigger efficiency

jet energy scale and resolution (< 2%)

b-tagging efficiency

kinematic reconstruction efficiency
background variation:

DY varied separately by +30%
other backgrounds varied simultaneously by +30%

model uncertainties (< 10%):

perturbative scale variation

matching scale variation

my variation

PDFs

Hadronization (PowhegHerwig - PowhegPythia)
Hard scattering (PowhegPythia - MadgraphPythia)
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BACKUP. x? comparison w.r.t NLO

T MC NLO nominal (including PDF unc.)

Distribution NDoF
MP|PP|PH|MHHERAPDF2|MMHT14| CT14 |[NNPDF30/ABM11nf5| JR14 CJ12

(1) — pr(t) 15 |96 |58|14]46| 46 (40) | 26 (24) | 24 (21) | 28 (25) | 62 (51) | 47 (47) | 24 (23)
M (tE) — y(t) 15 [53(20[13]21| 52 (44) | 22 (20) | 19 (18) | 14 (14) | 71 (55) | 44 (44) | 20 (20)
M(tE) —y(tt) | 15 |19]21]15]|22| 29 (25) | 15 (15) | 16 (15) | 10 (10) | 42 (31) | 25 (25) | 15 (15)
M (%) — An(tD)| 11 [163]33[20(39| 46 (43) | 31 (31) | 32 (31) | 45 (42) | 48 (44) | 39 (39) | 32 (32)
M(tt) — pp(tt)| 15 |31[83|30|33 | 485 (429) (377 (310)[379 (264)|251 (212)|553 (426)|428 (415)|382 (378)
M(tE) — Ag(tF)| 11 |21 [21]10] 17| 354 (336) [293 (272)|296 (259)[148 (143)|386 (335) 329 (324)[297 (295)
Monte Carlo NLO

@ MP: MadGraph(CTEQ6) +

Pythia6

@ PP: Powheg(CT10) + Pythia6
@ PH: Powheg(CT10) + Herwig6
o MH: MCONLO(CTEQS6) +

Herwigb

Overall description by MCs:

@ best: Powheg + Herwig

o worst: MadGraph + Pythia

38/19

Some comments on PDFs:
@ MMHT14, CT14 and NNPDF30: use LHC data

@ other PDFs: no LHC data
Overall description by different PDFs:

@ best: MMHT14, CT14, NNPDF30, CJ12
@ worse: HERAPDF2.0, JR14, ABM11nf5
Particular distributions described by “best” PDFs:
@ bad description of A¢(tt) and pr(tt)

o also bad description of An(tt)

@ reasonable description of the rest
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BACKUP. Framework of QCD analysis

In short: similar to HERAPDF2.0 fit with tt data included
(any publicly reproducable PDF fit would serve the purpose)

-
o Platform: xFitter (former HERAFitter) XFitter
[www.xfitter.org] 7

o Input data: HERA e*p inclusive data [1506.06042], Q2 > 3.5 GeV? +
CMS W asym. 8TeV [1603.01803] + tt normalised 2D data

@ RT optimal variable-flavour-number scheme with ny = 5,
at? = (Mz) = 0.118, M, = 1.47 GeV, M, = 4.50 GeV
@ Predictions for tt:
o MNR calculations [NPB373 (1992) 295] via MCFM ® ApplGrid ® xFitter
e pole top mass m¢ = 172.5 GeV
o scales 2 = 2 = m? + (p3.(t) + p2.(D) /2
o PDF parametrisation: 18 free parameters HERAPDF style
o Uncertainties:

o Experimental: from Ax? =1
o Model: from theoretical and model parameter variations
o Parametrisation: from :“’?‘0 and parameterisation form variation
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www.xfitter.org

BACKUP. NLO vs NN

(pictures taken from arXiv:1511.00549)
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