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Disclaimer

® A lot of Run | SM measurements! In this talk:
» multi-jets, Z/y/W+jets, di-boson
» No soft QCD and Higgs: discussed already today
» No Top (no time...)

® For more details

» CMS: http://cms-results.web.cern.ch/cms-results/public-results/publications/

» ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
» LHCDb: http://cds.cern.ch/collection/LHCb?%20Papers?In=en

Belgian IUAP meeting, Antwerp, Dec 2015

jeudi 17 décembre 2015


http://cms-results.web.cern.ch/cms-results/public-results/publications/
http://cms-results.web.cern.ch/cms-results/public-results/publications/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
http://cds.cern.ch/collection/LHCb%20Papers?ln=en
http://cds.cern.ch/collection/LHCb%20Papers?ln=en

=

il

)

Why doing SM measurements at the LHC
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® | HC is a discovery machine: Higgs and/or SUSY,
other exotic scenarios.
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LHC discovery potential may depend very strongly on our ability to
model the background processes.And that relies very strongly to our

ability to model QCD (and QED)!
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Parton Distribution Function (PDF)

® How is this critical? For instance:

» Higgs boson couplings measurement
» W mass measurement

» Prediction for heavy (> nTeV) new particle production (e.g. SUSY)

® General idea
» |) Use NLO or NNLO prediction to match data (jets,V+jets, top,...)

» |) Deduce what parametrization of the PDF does the best job!
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g-PDF from >=2-jet cross-sect

[Eur.Phys.].C (2015) 75:288]
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u/d/s quark PDF @ 7 TeV

® Use Wtjets

el
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[PRD 90 (2014) 032004] [JHEP 02 (2014) 013]
» W+c :sensitivity to s-PDF Inclusive WV: sensitivity to u/d PDF

Exploit muon rapidity asymmetry
HERA I DIS + CMS W production
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PDF from global fits

LHC data are now used by most PDF coll.
Generally quite good agreement!

[CERN-PH-TH-2015-249]
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Prospects for Run Il

 g-PDF
» Jets: profit of NNLO + and probe higher x

» Exploit further pt spectra ratio (13/8/7/2.76 TeV)
» photon: NNLO could be needed to go further.

» Exploit pt spectra ratio (13 TeV/8 TeV): partial cancellation of
systematic uncertainties. First tests are encouraging.

e q-PDF

»  W-+c: make sure that ATLAS and CMS results are comparable. ‘Fake’
discrepancy from 7 TeV analyses should be avoided

» DY:improvement expected at low x~0.0001 and high x ~0.2.
» 2/3D measurements could be used.

» Intrinsic charm PDF: through deviation of jet pt spectrum!

Belgian IUAP meeting, Antwerp, Dec 2015

jeudi 17 décembre 2015



xs(Q) @ 7
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Jets @ 13 TeV
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Data/MC comparisons for V, V+ light jets
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V, V+jets fnis

® stress test of event generators/
calculations

» tree-leve[NLO,NNLO (ME), Parton Shower
(PS)

» Madgraph_ aMC@NLO, Powheg, Sherpa,
BlackHat, MEPS@NLO,
ALPGEN,Pythia6,Pythia8,Herwig, ... hy

» ME+PS: KtMLM , MLM, ShowerKt, CKKW-L
FxFx, UMEPS, UNLOPS,...

12
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Inclusive V production @ 13
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| Sensitivity to PDF |
already present
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Z+jets

CMS@8 TeV CMS@ 13 TeV

ATLAS@ 13 TeV
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do/dpr(j‘) [pb/GeV]

MadGraph/Data Shema2/Data

10§

Z+jets

CMS@8 TeV

CMS Ro&mmry [
196" @ ToV) SH, oan
T == Sherpa2 EZ@NLO 34j@LO « PS)
“dfi Madgraph + Pythia (<§BL0 + PS)
"k.. [CMS-PAS-SMP-13-007]
.
.
-
-
-
-
-
.-
**
© 3
antik, (R « 0.5) Jots Ty
B >30 GeV, 1| <24 .
Ziy*» Bchannel 3
P | M P L by | P

-lllll \ |\ lllll

llllll‘

—4

C]sut.mc (om)

100 200 300 400 500 600 700 800 900 1000
P, () [GeV]

do/dp_(j) [PL/GeV]
S

107’

aMC@NLO/Data

‘ leferent trends observed. Generally very reasonable
q agreement, even with tree- Ievel predlctlons

e

.
TP T

uu<lw\l i

CMS@ 13 TeV

CMS Profminary [ L824 oua f2ses)
25t (13 TeV) :

. —4— NCONLO + PYB (S NLO + PS)

[CMS-PAS-SMP-15-010]

u p ™ > 30 GeV, |ym| <24
I ny'-a un chamel

e
-
g
B s
; g
B
=_ antik, (R = 0.4) Jots |

.

pTu) [GeV.

Belgian IUAP meeting, Antwerp, Dec 2015

|5

jeudi 17 décembre 2015



V+jets ratio: Z+jets/y+jets @ 8 TeV

1) Precision measurement (partial ca

T
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ncellation of systematics)

[arxiv.1505.06250]
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Run Il prospects for V+jets

® V+jets measurement are high priority in Run |l

» background for Higgs, SUSY,... searches
» Challenge: fast measurements coming sufficiently early!

» Getting sensitivity to QED corrections

» Testing new NNLO predictions

» High statistics means also focus on detailed regions of the phase-space
» radiative production of W, Z,...

p better sensitivity to PDF

|7
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Data/MC comparisons for V+ heavy-flavoured jets*

*only LHC...but Tevatron has also new results
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Number of quark flavour in p (NQF)
ME-PS merging vs NQF

Scales
Q mass [Phys.Rev. D89 (2014) 012003]
fragmentation, deca - ——————— e —————
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1

.,yes

Really worth
spending time on it?

Exp.

-

heavy flavours tagging 05 055 06 065 07 075 08 085 09 0985 1
much smaller statistics BDT output
potentially large background

removing DPS component

- J
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W+1 b/c @ 1.96,7 TeV
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Z+2b@7,8 TeV

[JHEP 10 (2014) 141] CMS-PAS-SMP-14-010
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V+HF in Run II? fnis

2.00— jy AN - | ] ]
® Run Il wish list Lol o S
0.503— Zbb .
» V+Ib/c at very high Pt(V): test the n-partons 020
numbering schemes 0.10F

0.05 |

» Angular correlation: collinear production of the —
0.02 aMC@NLO
heaV)’ quar'ks —

________
______

» Use b’s and c’s. Key measurement: collinear
production of bb/cc with a W. This possibly

O MW OO W O

O OO O N0 OO O
l\ et
11 L LR |

solves the W+ | b-jet data excess. A AAAAMARMSAE
0 e . s
» Why c? Exclusive D-mesons decay provide a AR[B,.B,]
clean signature. e.g. D*—KTTTT,
D*— KTTTTTT,...but lot of statistic is needed.
22
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Diboson st

CMS Pradminary LMD (13 TeY) CMS Pradminary LMBI3TeV)
> [} R B ) ' ] L B | L B B > SRR -n-|n ||~|| .-ll ¢o| |-| "
L P @ 14
8 25}~ —e— Data - (U] —s— Data
o P QG- 2247 1 S abe P qq-Z7 47
® . 2247 ~ 12 4 . o224/
W ZWZaX 8 ZWZ+X .
- >
L w
N 2
15
10

70 80 T R
m; [GeV]
1.34 (13 TaV) 134157 (13 Tev)
TN sy (.10, L 1L e s ROREC G
3 '5-CMS - 3 _| cms
® WZ © 140 Profminary d & 2 . :
R « Data = @ .
o 120~ - vz - € =
i1 P -2z - 2 :
100 — -V v w «
an=— . 7y i r
- -V . i
&0 o Data driven . =
Q ' 3
- , % sigidad
Sl TR DN TR VED | R [ EE & 0% 55 100 150 200 250 300 350 400 450 500
my-(GeV) My (GeV)
== - s —————
[
I‘ L]
| Excellent agreement of theory with data!
- — N e e e —

23

Belgian [UAP meeting, Antwerp, Dec 2015

jeudi 17 décembre 2015



CMS

Diboson studies

e Why!?

» Background for searches
» ZLWWYY
» Gate to explore «extended» Standard Model
» moving to dim 6 or 8:adds new couplings without involving new particles
» Trilinear anomalous gauge couplings
y ZZY,ZYyY,WWy, ...
» Quartic gauge couplings
> WWWWWWLZ/Z,.
» diboson process xsec are well predicted by theory (NLO, NNLO)

» Any significant deviation could be a sign of anomalous gauge coupling

® Run I: limited by statistics.

» Run Il will enhance strongly the discovery power power!

» Prediction from theory has evolved a lot (NLO)

Belgian IUAP meeting, Antwerp, Dec 2015
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CMS
//j Conclusion

® |mpressive effort in LHC experiments to improve our knowledge
of Standard Model during Run |. Run |l data analysis has started...

Dec 2015 CMS Preliminary

i 7 TeV CMS measurement (L < 5.0 fb™)
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—
o
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o —
2 1
o'V E
< 104 ;_ - e = CMS 95%CL limit =l
o — : : o -
.'(H; : 0 ; : : ; : :
®10° . | =
P = - ] | —
(n — : : ﬂm : ]
7)) = . . . . - . =
O 1 0 E : % ; ; - m_ o : =
O ol | - #2049 BN
C E : i ﬁ H E
.9 — ! § % ya —
-+ B : j ' ]
Q 1 o | = =
g F =R s 5
=107 SN | =
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10% = - { y=

10 e - : | =

‘ w Izu | >2j ‘zaj | >4 | z ‘ >1j | >2j ‘zsi ‘ >4j |w7 | Zy lww|wz { 7z ‘EA’VW|CEK‘;"’Z|HV'V’L§%J§;‘T Iww‘ tt l 1] | 2 ‘ 3j |1,Ch | W |1m‘ tty ‘nw | 1z IggH‘gg‘ﬂ VH | ttH |
All results at: http://cern.ch/go/pNj7 EW: Woslv, Zoll, <o Th. Acy,in exp. Ac

® Run |l should bring further on almost all topic already studied,
and will allow us to push new gates, thanks to the improved
statistics, increased cross-sections, and lessons from Run |
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PDF from >=2-jet cross-sectio

CMS Simulation gluon

=
o

D
o 0.8
>
£ 1500f 0.6 A
& 04 %
102 &
o
1000} 0.0 ©
C
o
-0.2 §
g
—0.48
500 —-0.6
—-0.8
-1.0

10 1072 1072 107} 10°

Strong correlation in (x,Q)
=>good to constrain PDF
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PDF from n-jet cross-sei

[Eur.Phys..C (2015) 75:288]

40 HERAPDF method

435 Exp. uncert
HeraFitter package used to constraint the PDFs Z e = o
- CMS Jet Pt data: input x 20
- input compared with prediction from theory (NLOJet) 10

0.5
0.0

- PDF parameters chosen to fit the theory to the data

'g 0.4- !
Q 0.2
S 0.0
‘g -0.2
& 04
10 ¢ 10 * 10 ° 10!
X
Reduction of uncertainties, Impact on all PDF’s is present,
especially for g-PDF here at Q?=1.9 GeV?
40CMS_5.0f7'(7TeV) HERAPDF method 1 0CMS 5.0fb~"(7 TeV) _MC method
' - 2  [@8 HERA1DIS + CMS | ' 3 1DIS + CMS |
Y 3.5} F=1.9GeV ~ E HERALIDIS o) [ g=1.9Gev T Lo e

Fract. uncert.

2ting, |

10~ 1072 102 10~
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S 0.24
0,22
0.2
0.18
0.16
0.14
0.12
0.1
0.08}

R

o EMS___ 50m7(7Tev)
™ I A R v T rrrrr L—— —POWHEG+Pythiab (22°) x EW
aiae 10" *ly|<0.5(x 10
s CMS incl. jets : ug(Ml-Onesoo * - 0.5< |y] < 1.0 (x 107

o -10 yl < 1.5 (x 10°)
e ‘|)1<2AO (x 10

CMS R, 1 5
P '20 Iyl <25 (x 10°)

CMS 1f cross section -
CMS inclusive jets :
CMS 3-Jet mass

[Eur. Phys. ].C75(2015)288]

o’ ofp gy (pb/GeV)

...‘.. o %000...:-}..
antik, R= 0.7 " u—u_._
Musk .
2«10 10" 210°
Jotp (GeV)
DO inclusive jets 1
DO angular correlation ‘ MS 5.0fb " (7 TeV)
H1 3 8= , i
ZEUS : Q16| == Daa/ne
: z CT10-NLO, APDF CL68
e — e 1.4 [ Antik B=0.7, [ylmee < 1 [Eur. Phys. ].C75(2015)186]
10 10° 10 512l
Q (GeV) Qlel_
Q1.0 |-
Zogffrr
T T TT T T T T ||||| T T T T T TTT 'gO.GF—MSTwzma.NLO

= &0.4| = — - NNPDF2.1-NLO N
—¢— ATLAS 2010 N,, " | ---. HERAPDF1.5-NLO” / /\
—4— D@ inclusive jet

—— D@ RAR

—a— H1 inclusive jet

—»— ZEUS inclusive jet
5 PDG 2012 world average
ag(M,)=0.1184 = 0.0007

------- ABM11-NLO

500 1000 2000
m; [GeV]
B ATLASPreI|m|nary | N
T Vs=7TeV

Q
g L anti-k, jets, R=0. W
. T:f [[®7] Data 2010

NLO pQCD, PDF
MSTW2008NLO and
non-pert. corrections

45 —

0.2

o
~
T ‘ T ‘ T TT ‘

||||||||||||I|||I|||I|||I||
R
o
D

$ D aS(M )=0.110
—e— ) 0.130
, )§ 120 | [ATLAS-CONF-2013-041]
S 1 —4—9-
— ATLAS Preliminary * . g os ﬁq ﬁﬂ”ﬁ # #
IIII| | | IIIIII| | | IIIIII|_ 0‘6:— -
10 102 10° 7010 200 300 1000
Iead [GeV]
Q [GeV] 30
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Gap Fraction

Theory/Data
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Data 2011
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.....
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------------ Pythia6 Z2* ]
— CMS _ ]
------ Herwig++
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—-_—— MadGraph + Pythia6 Z2* T
anti-k, R=0.7 Powheg + Pythia6 Z2* ]
v p”‘a">1100 GeV (x10%) -
A 900<p"‘a*<11oo GeV (x10') e
A 700<pmax<900 GeV (x10°) N e —
o 500<p"‘a"<700 GeV (x10° Dl ]
= 400<pP<500GeV (x10) L -~ L
Thax 2 R %E"E‘ |
o 300<pT <400 GeV (x10°) . -{_:E =
e  200<p™<300 GeV (x10°) et -
T == =
...... _ e N
] [F A
= =
..... - ==
-'F+'FI. . ;bﬂb ]
__ oo ﬁ@@# =
.- :E’;E_ﬁ -
_________ e u_:s:-fg' -
Coora=nrd e arad _E_;,Q;El- _i__._-f'“ u
I | | =

Belglan IUAP meetlng, Antwerp, Dec 20 I 5

21t/3 5n/6

A¢_ (rad)

Dijet

31

jeudi 17 décembre 2015



10135 T

1 - ly]< 0.5 (x 10)
1011?_ 4+ 05<yl<1.0(x10°) 3
3 v 1.0<|yl<1.5(x 10%) 3
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| Ratio cancels partially the exp. uncertainties,
| no significant deviation from NLO]Jet

prediction

CMS Ppreliminary

5.43 pb” (2.76 TeV)
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TEEC:angles between all

xs(Mz) from TEEC/AT

combinations of jets.

ATEEC: removes contribution from 2 jets events. What

remains is dominated by gluon contribution = s

A

(energy-weighted)

i

[arxiv:1508.01579v|.pdf]

—&— Expermental Uncertainty

Total Uncertanty

POG Total Uncenainty
ATLAS Energy Energy Comelations
CERN-PH-EP-2015-177

ATLAS N
ATLAS-CONF-2013-041 (2013)

Malaescu & Starovoitov ATLAS Inclusive jet
Eur, Phys. J. C 72 (2012) 2041

CMS R,
Eur. Phys. J. C 73 (2013) 2604

CMS inclusive |t cross section
Eur. Phys. J. C 75 (2015) 288

CMS 3.0t mass
Eur. Phys. J. C 75 (2015) 186

CODF Inclusive jet cross sections
Phys. Rev. Lett. €3 (2002) 042001

DO Inclusive jet cross sections

° o % LI 1 T ~ R i R Phys. Rev. D 80 (2009) 111107
w ad N\ -t - -1 2
o / » \ - - ] DO Jet angutar correlations
% “(, 35 L ATLAS \s - 7 Tev -[ L dl — 158 p - 3 - ATLAS \s = 7 Tev J. l_ dt = 158 pb1 N Phys. Lett. B 718 (2012) 56
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o/ C ik, @ =0. 3 = - = = i-K, | > T T 70
] 0ak anti-k, ‘ tsR=04 o paia(exp. unc) E N Bl o(m,) =0.1195  anti-k jets R = 0.4 | Nuct Phye. B 884 (2012} 1
{ ' : a:'(mz \- 0.1173 - NLO pQCD (th. unc.) ; % E —o— Data (exp. unc.) _é H1 Multijet production at high Q7 in ep collisions
I 0.25/— \ CT10 NNLO . - C BE= NLO pQCD (th. une) Eur. Phys. J. C 75 (2015) 65
i :' E B el CT10 NNLO T H1 « ZEUS Inclusive je1 cross sections in ep collisions
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3 g 10%E —— = World average 2014
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V,V+tjets
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W/Z and Zly+|ets ratio f_!_:!l‘s

[PLB708(2012)221-240]

19.7 b (8 TeV)
T | T 1T 17T
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Dynamics of W, Z bosons: do/dp~

[SMP-13-006]

CMS Preliminary {s=8TeV j L dt = 19.7 fb”

E‘ : | | | | | | | | | | | | | | :
Z 0<|Y(2)|<2 ]
_g 10°F == ——Data = ® Very simple final state
e — MadGraph kNNLOE » | or2leptons
10k / - — RESBOS . ® Large statistics
- — - » ~% level uncertainty
1 == =E
E [SMP-13-013] E
i | | | | | | | | | | | | | | i
-'CE 1 .4__ | | | | | | | | | | | | | ]
CQU 1 2: < MadGraph kN/Data_
% 15 No prediction matches the data, LO or NLO
' XX B A XXX .a,v , ,
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Number of jets: W+jets @

BlackHat+Sherpa (1 to 5 jets NLO)
M Theory stat.

CMS \s = 7TeV 50fb" = — T T T T T
= 3 T T T T T e ro%
g 10 S465: Dal 1 2 karas W(= ) + jets [Eur. Phys. ].C75(2015)82]
— —e— BlackHat+Sherpa (NLO) 1 ko _ %% Data,
8 02 B e hialo) S = :fntl gc;ectss': 3.4’ 44 (s=7TeV, 4.6 b
z.i e a==C] RS MadGraph+Pythla (LO) g E 105 T > ev, I | <4. - BLACKHAT+SHERP
> 10 S - —s— ALPGEN
= e ] . —»— MEPS@NLO
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///// /7
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Ill ll{llll

0.5F It — '
) S;:rpa’ mg:‘a 2ed %o = o 1t 2 3 4 5 6 7  F—t—t—— :
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- B . s
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- Final state up to 6/7 jets. Data generally well described N
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ik LA

LHC Run Il first QCD

10%¢ - . . . —
F antik jets, R=04;1y|<0.5 ATLAS Preliminary -
- 13 TeV, 78 pb’ -
R [ATLAS-CONF-2015-034] .
- o
= . ry
19E . F
- . ] —_
- J o 1 4k 1 ATLAS Preliminary
° Ao A -
3 I = E ] %
—— 1 9, i ) 78 pb
i & e - 13 TeV
9 i /]
@) - 4 anti-k jets, A=0.4
1= e Data . = g ] yi<os
E ~ Systematic L z ®) E i { 1 o DATA (syst, total)
: uncertainties — ] > 0.8 1 NLOJET++
= — - 4 x Non-pert. corr.
- NLOJET++ (CT10) x o = = 1 ey = pmm
- Non-pert. corr. - P 0.6~ = -*CT:‘O .
1 Relative uncertainly of 9% in the integrated luminosity not inciuded ; 0 4—_ Relative uncertainty of 9% in the _-: ~4— MMHT
10 e 5107 610 TXIF S0P 2 "L integrated uminosity rotinciuced {4 wweors
X X X X
* _ & 4100 5x10°  6x10? 7x10° 8x10°
p. [GeV P, [GeV]
T d

= - = —_———— e ————

; Normalisation: data and MC are in a reasonable agreemen
\
| Shape: very good agreement
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LHC Run Il first QCD resu

[ATLAS CONF-2015-039]

S' L ® ATLAS Zi*— 1l ======- Zi* (pp) '3' E ®/O ATLAS/CMSW-—lk sesens W (pp)
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- | a dependence | -
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1°F, _ _ xsec ratio. = | |
1 10 e ——————————— ]
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LHC Run Il first QCD re

[ATLAS-PHYS-PUB-2015-021]

wn T T T ) ’ !
.9 6 P . —— Data
= 10 - 2> W +jets ] MC Stat. @ Syst. Unc.
- ATLAS Preliminary e
w 3 (] Z-
105k 13 TeV, 78 pb I Diboson
- B Z- ot
N [ Top
10 P anti- kt, R=0.4
* p’e' >30 Gev :' l L} L} L) I L} L} L) l L] L) L) l """ 'D't """""""
10° <25 - 7w+ jets T oaa
|Yp | C HH ] [ ] MC Stat. ® Syst. Unc.

~ ATLAS Preliminary ) Zo ww

Entries / 5 GeV
6;

107 - = 13 TeV, 78 pb’’ B Diboson
= C Tzt
10° 7] Top
S 14t ‘ o = anti-kt, R=0.4
e o'g bbb . - P > 30 GeV
S06L- — 102 "V <25
0 1 2 C

Events with = N jets

- First detector-level comparison = 18 _.:i"*""'::t':::‘""""':::f::"'""?“‘"i::':::"'".'"‘:'::::7:t::'::::.:::"“+"'""’1r"'“"""" """" Skl
| between data and MC! o 1 < ’{' '
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P, leading jet [GeV]
40
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do / dp: [pb/GeV]
5&: a_'.
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Dynamics of W, Z bosons: do/dpT

CMS Preliminary Vs=8TeV '[ L dt = 19.7 fb”

102

d o [pb]

10

N

t

[SMP-13-013]
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P+(2) [GeV]

[SMP-13-006]

® Very simple final
state

» | or 2 leptons

300

No prediction matches the data, LO or NLO

Belgian IUAP meeting, Antwerp, Dec 2015

[pb/GeV]

W
T

do/dp

Theory/Data Theory/Data

Theory/Data

fn's/F

CMS Preliminary

10°E- il
B L
10°E s =
S e 3
= 2 ]
» - i
10 = v =
E P E
1 E wee =
E 184 pbTat Ys=8TeV 3
- 2& -
~ Wopuv -
T “ —
10 § —&— data W ~4‘ §
- XY POWHEG CT10 NLO .
B :| FEWZ CT10 NNLO 7]
10 E 7/} resbos cT10ONNLL T
10—3 I 1 1 L1 111 I| 1 1 11 111 II 1 1 11 1
CMS Preliminary, 18.4 pb™ at Vs = 8 TeV
1.4 ResBos W v '
1.2
0.8 =+ Data stat
Data stat+syst
0.6
1.4
1.2
1§
+ Data stat —
Data stat+syst E
E = Data stat
0.6— [CCJQCD scales Data stat+syst
— [ stat

1 10 10?

jeudi 17 décembre 2015



Z/Yy+]ets ratio

R [SMP-14-005] R
.8 QCD/EWK corrections
* Why Z/y? &
» In high Pt M
>
Pt(V)

» Both Z and y+jets are large background processes for many searches

» Particularly relevant for the modeling of Z—=vv+jets (SUSY) in MET
+jets final state

® Exp.final state:
» 2lept + >=| jet, Pt>20 GeV, |n|<2.4, trigger match, M(ll)e[81,101] GeV

p Y+ >=Ijet,Pt>100 GeV, |ny|<| .4
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Z+)/Psi

i
2

> _||||III||III|||||III||III|||||||||I|||||||||I||||_
3 80F amas 4+ Data E
- _ -1 — Total ]
8 70 \s=8 TeV, 20.3 fb Prompt signal -
o O I e Non-prompt signal
; 60:_ i Total background _:
- 5
LLi - | .
40 A E
30_— .:.' ‘.‘: — ;l 10-5 T T T -1| T — |_E
" (N . o ATLAS, (s=8 TeV, 20.3 fb ]
N q 000 ] Q) N
20 oo -] — pp — prompt JAp+Z i pp — Z ]
" : : ’ — 6L
[ ; : - o~ = —e— Dat =
10 ] . = 107 S:iz-alignment uncert.
e L 1 G ‘ . . ? R RN T XX Total theoretical uncert.
C - N =] NLO NRQCD CO i
8_1 o b et Loy Poeaaan L g a Loy 1] B’ 10-7_ ////////////// Il NLO NRQCD CS —
= DPS uncert. 3
6 28 3 32 34 36 © ﬁ - %ﬂ Estimated DPS contrib.
JAp invariant mass [GeV] 5 sl B 2
x 10°F t E
= - -
F '
= 10°F E
= -
m B
1070
E §§§;\§\\\\\\\ OO
1 0'1 1 | | | | | | | | | | 2
10 20 30 4050 , 10
P2 [GeV]
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Z+1,

[JHEP 01(2015)064]

e MCFM MSTWO08 massive LO Data
o MCFM MSTWO08 massless LO D stat
= MCFM MSTWO08 massless NLO [_]Data .

LHCb, (s =7 TeV

!

N

i Z+b NEW

Y

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
100 200 300 400 500

o, +b(pT > 10 GeV) [fb]

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
50 100 150 200 250

O(P, > 20 GeV) [fb]

| Ge;e;ally MCFMagrees quite well with data ‘
"i small deviation for LO Z+b prediction and h _
“ soft Pt regime ,:

\

2b

[PRD 91, 052010 (2015)] oA

1

i (a)

-
o
w

oo

Events/dD,, JL

102 » T ER :

10: ““““ :

DO, L=9.7fb"

® Data

--Z+2 b jets
- Z+2 C jets
““““ Z+2 light jets
- Sum

o

Z+2bj/Z+2j

\\\E\JL\‘JL\\‘L\\\L\\\l

0 01 02 03 04 05 06 07 08 09 1

o(pp— Z + 2 b jet) Jolpp — Z + 2 jet)

(2.36 £ 0.32 -

NLO QCD(MSTW)

-0.35) x 1077

PYTHIA ALPGEN

(1.76 £ 0.26) x 10~2

2.42x1072 2.21x1072

' Pythia and ALPGEN predictions match the data
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Z+2b
ZIW
ZIW
B
Jet radius 0.4 B .
No use of jets
[JHEP 10 (2014) 141] -~ [JHEP 12 (2013) 39]
. w L B

O PO T CMS Preliminary ' > 19817 @8Tev) F 03T ks g i
il = ) D oy - \ e o [ CMS L= 521b 1
"gﬁo N: ATLAS  Z+22 bijets ': k:t:zqnv s & L y / \ N = az;graph S :O 25¥ =7 TeV B MG 5F CTEQSL1
o =0, - reee = - -
gle = SHCONLO 45NS s F asarapn 45 +pymas | S| P * uwvme
~— - .- ) | |
. < 5 === Powheg + Pythia6 | l
'8 -8 0.2 ~4~ SHERPA e 10" §_ 5 e — S 8 0.2 ;L* Y aMC@NLO MSTW2008 :
0.1 & 1;' |
0 102 = 0.15 + ! ‘;
"""" = - | ]
— 0. ++ 414y 7'
3 0.0¢ o
%_ MadGraph 5FS + Pythia6, normalized to oy +-A ! f
= ! ; ; ; \ | [ -
3 i 3 3 3 P PR — == e o
3 ¥ —~=— Y ¥ Y 4 Y ] E ]
f_ Maleraph 4FS I+ Pythia6, nlormalized tq Ono 6 1 5 :f * %
= — - T 1E -y 471 : =
= Powlheg+Py1hie|16, normalizled to oy . . . | | | 2 E__ . i

0 05 1 15 2 25 3 35 4 ZSR 5 00 < Ts’ g 1 15 2 5”5‘ 3 35 4
- . W [Fad] ARBB

45 1 15 2 25 3 35 4 45 5

AR(b.b) Z+2B

ATLAS and CMS 7 TeV measurements: excess of data around ~O 5 CMS (except ALPGEN)
be @ 8TeV excess unseen with jet radius=0. 5

|
L , — - ——————
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[PLB 743, 6 (2015)]

W+I1 b/c

ZIW

[1/5 (W)][ds (W+D*) / dp{(D*)] [GeV/c]

2 4‘Dz L=8.7fb" e Data
pd - e
o 350 e NLO CT10/MSTW2008
s "L W+b-jet 0 e SHERPA
= - B ALPGEN+PYTHIA
c 3 e NLO scale uncertainty
2.5
2
B
| R ¥ JO——
e ITITInITITITIIIITITITIIIIIIIIIIIII
S memolnnaramam s SRR x
0.5 e
- ~*~
0 C 1 1 1 | 1 1 1 | 1 I 1 r_l_/l Ill 1 1 1 | 1 1 1 | 1
20 40 60 1;00 120 140
" ﬂW ey
e} 4
= " DQ,L=8.7fb" ata
<Z: . - /o N---\ELO CT10/MSTW2008
= Uo P SHERPA
2 N W+ cjet e ALPGEN+PYTHIA
6:“ 3 NLO scale uncertainty
2.5 :— e -”
B - -
2 &£
1.5F ++
: | | | | | | | | | | | | | | | | | | | | | | | | |

40 60

80

100 120 140

et /1~ v\

5~~

R "§_
Large data/MC excess 1; ¢

P SN Fe—

- \~
A 2
2
A 2
5
2
A 2
A 2
5
A

A

uu<lw\l i

-3
5 ):(1' 0| L B S B BN L ]
45 I Ldt=97®" W—ev CDFRunll Preliminary
4 =
3.5 N/ Vi ~—}— Data + stat -
) E
3 - - ‘ﬂﬁ) fl"—l—‘ Data + stat + syst ]
2.5 s ~ N =
o / VN N\ | === pymias.2.16 (CTEQSL) 3
15 3
s W+c .
3 : [CDF note 11087] E
0.5 S E
ol 1 | P T - —— 1
5 0 15 20 25 3
p{ D* ) [GeV/c]
20
- ATLAS Data 2011,1s =7 TeV |
- —&—— Electron Channel 4
- ~——@—— Combined Electron and Muon _[ Ldt=46M0" _
15} ——=—— Muon Channel .
© = MCFM 4FNS + 5FNS .
- Powheg + Pythia h
: ------------ ALPGEN + Herwig (norm. to NNLO inclusive W) b
10 -
W+b [JHEP 06 (2013) 084] { i ,
. N .
e ~
*_ .................... 1»'”".'.;"“'"”‘1""2'"' h
1 jet 2 jet 142 jet
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W+b/c, W+2b

ZIW

W/Z

fnis/

LA Lsanrt Da

CMS L= 5/fb \s = 7 TeV_
[CERN-PH-EP-ZOIS-I |8] / /N N W+C/b2 LHCb | ]‘Total uncert. data: 0 53* OOS(stat) 009(syst)
Result M ot [ Stat. uncert. + 0.06 (th)+ 0.01 (lumi)pb
esults prediction
7TeV 8 TeV 7TeV 8 TeV

— [PLB 735 (2014) 204]
"EW]§ x 10| 0.66£0.13+0.13|] 0.78£0.0840.16 | [0.747015 | | 0.7710-15
e x 10%|__5.80+0444+0.75)| 5.62+0.28+0.73 | | 5.0270¢9 || 5.31%057 ® MCEM MSTWO8 A
A(Wb) 0.51£0.20£0.09  0.274+0.13+£0.09 027705  0.287903 P:>25 GeVie, Inf'<2.1
A(We) —0.09+£0.084+0.04 —0.01 £0.05+0.04 —0.15%g0; —0.147703 pm >25 GeV/c, ’<2.4

] h hadron

oW20) 10.49 £ 0.28£0.53 944019047  9.90702  0.48+018 i ol

o(Zj) 0.24 035 anu-KT R=0.5
gus 6.614+0.1940.33  6.02+0.13+£0.30 579702 5527913

1;1111 11111111111111 A

02 025 03 035 04 045 0.5 0.55 0.6 0.65
pp— W(uv)+bbX production cross-section (pb)

Good agreement between data and MCFM | ) |
| | Good agreement MCFM ,

L
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CMS Preliminary

19.6 fb" (8 TeV)
%‘ 7.
G 10
Y- ,
S U
g_ 10* _ o
% 103f v
qg 107 | )
10|
1)
10"
102 |
10‘3é
10
10° *—

Z+jets @ 8 TeV

L) 0.0<}y]<0.5 { » 10%
- 0.5<]y}<1.0 { ~ 10%
A 1.0<}yj<1.5 (= 10%)
v 1.5<)y]<2.0 {  10%)
2.0<y]<2.5 ( x 10%)
2.5<)y]<3.2 (~ 10%
3.2<}y]<a.7 { x 10%)
MadGraph Z+ < 4j @LO
Sherpa Z +1,2) @NLO, < 4j@LO
.
°
.
*
" g
o & .
a -
: o,
A -
A
v —h
_— -
v
' -
S '
- Y
=
10°

Leading jet P, (GeV]

[CMS-PAS-SMP-14-009]

Double differential
measurement of jet
kinematics.

Eta coverage extended to 4.7
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W+b/c, W+2b @ 7,8 TeV

fnis/

LA Lsanrt Da

ZIW W/Z
B B
CMS L= 5/fb \s = 7 TeV_
[CERN-PH-EP-ZO |5-| |8] W+C/b: LHCb | l‘Total uncert. data: 0 53* 0. 05(stat) 0 09(syst)
Result M ot [ Stat. uncert. + 0.06 (th)+ 0.01 (lumi)pb
esults prediction
7TeV 8 TeV 7TeV 8 TeV

— [PLB 735 (2014) 204]
"EW]§ x 10| 0.66£0.13+0.13|] 0.78£0.0840.16 | [0.747015 | | 0.7710-15
e x 10%|__5.80+0444+0.75)| 5.62+0.28+0.73 | | 5.0270¢9 || 5.31%057 ® MCEM MSTWO8 A
A(Wb) 0.51£0.20£0.09  0.274+0.13+£0.09 027705  0.287903 P:>25 GeVie, Inf'<2.1
A(We) —0.09+£0.084+0.04 —0.01 £0.05+0.04 —0.15%g0; —0.147703 pm >25 GeV/c, ’<2.4

] h hadron
oW20) 10.49 £ 0.28£0.53 944019047  9.90702  0.48+018 i ol
o(Zj) 0.24 035 anu-KT R=0.5
gus 6.614+0.1940.33  6.02+0.13+£0.30 579702 5527913
1;1111 11111111111111 A

02 025 03 035 04 045 0.5 0.55 0.6 0.65
pp— W(uv)+bbX production cross-section (pb)

Good agreement between data and MCFM | ) |
| | Good agreement MCFM ,
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Z+>=|b-jet

CMS Preliminary 19.8 fb™ (8 TeV)

—e— DATA
MadGraph 5FS + Pythia6

[JHEP 01(2015)064]

[pb/GeV]

9
'q
q

= B = o MadGraph 4FS + Pythiaé
e - o
e MCFM MSTWO08 massive LO Data 3 = T o Powheg + Pythia6
LHCb, \s=7TeV o MCFM MSTWO08 massless LO L] stat © 10° 5 -
m MCFM MSTWO08 massless NLO DData tot © = TR
— o
: Qe
—e—t : Z+ b 5 G
. . 10 *

I 1 1 1 1 I: 1 1 :I 1 I 1 II 1 I: I 1 1 1 1 I Z/Y*+at IeaSt1 bjet

00 200 300 400 500 anti-k. (R = 0.5) jets S —

Oz, > 10 GeV) [fb] 10" 7 b > 30 GeV, ™l < 2.4
: ‘ : : E 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
. . 1.2 —_— —
- s "k + ;1] l I
C ' » + 1 o o , . - 1 i T i
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | ~ 08 —— MadIGra:ph |5FSI+ Plythllae’ Inorrl’nalllzed .to CTNNL(.) L N N N N L N N N N L N N f N 1
50 100 150 200 250 = L
(P, > 20 GeV) ifb] : }Wﬁ%%ﬁ%ﬁ%%—%%—%
c | -
F os “-MadGraph 4FS-+Pythia6, normalized to o, ,
" " " " 1 " " " " 1 " " " " 1 " " " "

1.2 _
1 —
0.8 Powheg + Pythia6, normalized to oy - T

S S S U U E S S S|
0 50 100 150 200 250 300

Z boson P, [GeV]

| Ge;e;ally MCFM agrees quite well with data
"; small deviation for LO Z+b prediction and
“ soft Pt regime
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Neutral ZZy and Zyy aTGC: Z)

Zy (lly) ZZ (212v)

CMS Preliminary 2012, f L=19.6fb", Vs=8TeV

> E — ] o (e 3
-1 o E [ ]zz—o2p2yv [ ]z-2l(data) 3
CMS L=19.5fb" (8 TeV) O, [ top, W, W+iets (data) [l WZ — 3hv 7
< P 0z onvP0002  —— 7722y 20005
8 12— Z’Y @ [ zz-22vf=00 7z - 2l2v 220,02 ]
é E - q ' "E’ 10 E_ e data _g'
ig. 10 p——— 1 E
- = =
3 f b= Z/v" 10" -
o E
3 1 qz-'['--'h [ 3
. Data combined: uuy, eey —t A 102
10" & Il vcFv (nLo)
E SHERPA (LO) up to 2 partons, stat. unc. only . 10°
10‘2 i ! ! ! ! R | 1 1 1 q l © T I T I
o) R T -
20 30 4050 10? 2x10? = mEEE
P (GeV) S A
. ppy and eey channels, 19.5 b7 (8 TeV) .8 500 300 400 41300
x10” Dilepton p_ [GeV/c
e 01077, CMS Preliminary ' & P Pr [ ]
0.08 Data best f 0973
Data CL = 95% ©
0.06 MC CL = 68% 089
0.04 MC CL = 95% 0.7 &
0.02 skl 065
0 05 3
O . .
0.02 / 04 2 So far, no evidence for aTGC: new
'0.04 { 03 . . °
0.06 77 02 couplings compatible with 0
-0.08 Y 0.1
01
-0.01 -0.005 0 0.005 0.01
hg
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—_
o

Events / bin

So far, no evidence for aQGC: new couplings (Phys. Rev.D 74 (2006) 073005) compatible with O

aQGC using same sign W)

\'A%
\A%

CMS

)

—q

19.4 fb™ (8 TeV)

@ Data
—— SMF,,/A*=0.0 Tev*
------- aQGCF_ / A*=-5.0 Tev*
——aQGCF_ / A*=+5.0 Tev*

7

0|||||
100

200

300 400 500
m, (GeV)

data vs 2 aQGC scenarios

s
<
p=
y
y

[SMP-13-015]

Same sign W bosons: suppresses QCD background

©)

ad

VBS=Large rapidity + high mass between forward jets

19.4 " (8 TeV
~ 1000 CMS (8 TeV)
U) -

L - — ~ Expected 95% CL
Qbserved 95% CL
I e SM
500
0._
-500 -
- . A l A A A A A A A 1 A A l A A A A A
1000 -200 -100 0 100 200
FS.o

Limits (here on 2 couplings only)
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