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VV production at NNLO Y

YY - inclusive and fully differential cross section
[Catani, Cieri, de Florian, Ferrera, Grazzini 'l2], [Campbell, Ellis, Li,Williams ' 6]

ZZ - inclusive cross section [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,

von Manteuffel, Pozzorini, Rathlev, Tancredi,Weihs '14]; see also: [Heinrich et al.' 7]

- fully differential cross section [Grazzini, Kallweit, Rathlev 'l 5];

Zy - inclusive and fully differential cross section
[Grazzini, Kallweit, Rathlev, Torre 'l 3], [Grazzini, Kallweit, Rathlev 'l 5]; see also: [Campbell et al."|7]

WY = inclusive and fully differential cross section
[Grazzini, Kallweit, Rathlev, Torre 'l 3], [Grazzini, Kallweit, Rathlev '| 5]

WW = inclusive cross section

[Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, Pozzorini, Rathlev, Tancredi '14]
- fully differential cross section [Grazini, Kallweit, Pozzorini, Rathlev, MW 'l 5]
WZ - inclusive cross section [Grazzini, Kallweit, Rathlev, MW 'l 6]
- fully differential cross section [Grazzini, Kallweit, Rathley, MW '1 7]
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VV production at NNLO Y

YY - inclusive and fully differential cross section
[Catanl Clerl de Florlan Ferrera Grazzml 12], [Campbell EII|s L| Wllllams I6]

\ ZZ - II‘IC'USIVE CI’OSS SECtIOI‘l [CaSC|oI| Gehrmann Grazzml Kallwelt Malerhofer

von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14]

fully differential cross section [Grazzini, Kallweit, Rathlev 'l 5];

Zy - inclusive and fully differential cross section
[Grazzini, Kallweit, Rathlev, Torre '1 3], [Grazzini, Kallweit, Rathlev "I 5]

. WY - inclusive and fully differential cross section
[Grazzini, Kallweit, Rathlev, Torre '1 3], [Grazzini, Kallweit, Rathlev '| 5]

' WW - inclusive cross section

[Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, Pozzorini, Rathlev, Tancredi '14] |
‘, fully differential cross section [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15§
! WZ - inclusive cross section [Grazzini, Kallweit, Rathlev, MW '[ 6] ]
fully dlfferentlal cross sectlon [Grazzml Kallweit, Rathley, MW ° |7]

all done W|th MATRIX or previous version of the code

M. Wiesemann  (CERN) VV production October 31,2017 | 3



We implemented...

o 4 Bl AW ==

ml:.lj ot e Sl - *
-

. - _l_t...p_] i ll_‘.."_ll_l.

§ M.v-.n! X B il -..... — ey y ...._.___l.....r.... Dﬁhﬁﬁh&#‘ﬂ
“ﬂhﬂl\.* ' e 5 . .__.-\. : *hﬁ. Pl - ..l... lt‘_ ¥ :
- n ¥ - 'l ar - |...l. l N il L] _‘
' P g g . g W L e N e, v .li -
" A N N o, - .._.r -__.”*.1 "l L' et i . . u
r~ B .irh. 53 gk = % - _ hﬂ\ﬂ“ﬂ*‘n _-...I. : nuﬁ

e ins B L — g g o e oy et i F . ... u._l.i-.l..r..r ﬂn].T-llll. oy oy - L]
.. e " - Ls ’_' » ¥ l. ‘..i...l_l g, R N

Py "ok B -
e s Nl o et MR e Wy,
=W T~ e . - o - ol E&Q-’p 1 -
SR e % e AT st e . o e ==
‘ .
il N A 8 - g =109 ‘b‘l - ...H__...q_a_.n.rl ..HA. ..-ll.{l. - o & -
—— - e - - . L
R EXs”™ ™ 'l - ._.._. &y ...._\.. - il..._..._r.. _l.-’.-.-.r “.lu.. — N %
- r - O . - o L 4 " -



[Grazzini, Kallweit, MW]

Amplitudes

OpPeENLOOPS Dedicated 2-loop codes
(CoLuier, CutTOols, ...) | (VVampr, GINAC, TDHPL, . .. )

MUNICH
MU N 1 CH

gt subtraction <= ¢r resummation

MATRIX
MUNICH Automates qT Subtraction
and Resummation to Integrate X-sections.




process status comment

pp—=Z/YV*(—08/VV) ,/ validated analytically + FEWZ
Dp— W (= 4V) V4 validated with FEWZ, NNLOjet
pp—H / validated analytically (by SusHi)
PP YY v validated with 2yNNLO
DP—=ZY— 00y V4 Grazzini, Kallweit, Rathlev '1 5’

PP ZYVVY / ‘Grazzini, Kallweit, Rathlev '1 5

Dp— WY vy V4 Grazzini, Kallweit, Rathlev '15

pp—ZZ / ‘Cascioli et al. '14]

PDp—ZZ— 0000 V4 Grazzini, Kallweit, Rathlev ' 5]
pp_pzzqggg'g' / ‘Grazzini, Kallweit, Rathlev ' 5]

PP —ZZ— 20V'V' v NEW

Pp-ZZ/WW-0ow NEW

pp—>WW / ‘Gehrmann et al. '14]

pp— WW - Qv 0'V' / 'Grazzini, Kallweit, Pozzorini, Rathlev, MWV '| 6]
pp—/WZ J ‘Grazzini, Kallweit, Rathlev, MW 'l 6]

Dp— WZ— 0voP V4 Grazzini, Kallweit, Rathlev, MW '17

PP WZ—0'v'20 / ‘Grazzini, Kallweit, Rathlev, MW '17]

pp—2HH 1 not in first public release



MATRIX features on one slide Y

Colourless 2— | and 2—2 reactions (decays, off-shell effects, spin correlations; previous slide)

physics features:
NNLO accuracy based on qr subtraction
loop-induced gg component part of NNLO cross section (effectively LO accurate)
CKM for W-boson production
essential fiducial cuts, dynamical scales and distributions already pre-defined for each process
final-state particles directly accessible (for distributions, cuts, scales)
scale uncertainty estimated automatically estimated (7- or 9-point) with every run

NEW: automatic extrapolation of qr-subtraction cut-off to zero (with extrapolation uncertainty)
technical features:

Core: C++ code; steered by Python interface (compilation/running/job submission/result collection)
LHAPDF 5 or 6 pre-installed & Python 2.7 with numpy
Otherwise fully automatic! (download/compilation of external packages;inputs via interface etc.)

local and cluster support: LSF (Ixplus), HT-Condor (Ixplus), condor, SLURM, Torque/PBS, SGE

— missing your favourite cluster? Let us know!
option to reduce workload (output) on slow file systems

all relevant references in CITATION.bib (provided with every run)

comprehensive manual shipped with the code
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enter the MATRIX @

After unpacking start MATRIX with:
S$ ./matrix




enter the MATRIX

After unpacking start MATRIX with:
S$ ./matrix

Inside the MATRIX compilation shell
| ===>> list

lists all process IDs. Select ID, eg:

| ===>> ppeeexex04

[[wiesemann:~/different-branch-munich/MATRIX]

/
N/ 1l
[
I

Version:

_l
\\
\

1.0.0.release_candidate4

/matrix

N 1N 77
|11 \\ 7/
[l /7 \\
L /7 O\

Aug 2017

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

\ \
\ \

/ /
/ /

\
I\
+ | y====
|/
/

M. Grazzini
S. Kallweit
M. Wiesemann

I\

(grazzini@physik.uzh.ch)
(stefan.kallweit@cern.ch)
(marius.wiesemann@cern.ch)

MATRIX is based on a number of different computations and tools

from various people and groups.

Please acknowledge their efforts

by citing the list of references which is created with every run.

<<MATRIX-READ>> Type process_id to be compiled and created. Type "list" to show

ppnenex02
ppenex02
ppexne02
ppaal2
ppeexald3
ppnenexa3
ppenexa®3
ppexnea®3
ppzz02
ppwxwo2
ppemexmx04
ppeeexex04
ppeexnmnmx04
ppemxnmnex04
ppeexnenex04
ppemexnmx04
ppeeexnex04
ppeexmxnm@4

_ppeexexne04

available processes.
"exit" or "quit" to stop.

Y

pp-->12

pp --> WA

P --> WA+

p --> eM- Mt
pp-->v_et v et
pp-->et v et

pp -->eM v et

p p --> gamma gamma

pp -->er et gamma
pp-->v_etr v_eM gamma
pp -->et v_ et gamma
pp -->eM v_et gamma
p --> 71

P -=> WA+ WA-

pp -->et mut- e+ mut+
P -=> e e e
Y
p
Y
Y
p
p
Y
e

-=> e v_mut- v_mut+
--> mut+ v_mut- v_e’+
--> e v_eM- v_eM
--> mut- e v_mutM+

--> eN- e v e+

--> eM mut+ v_mun-

-=> er+ e+ v_eh-
>> ppeeexex04f

Try pressing TAB for auto-completion.

Type

on-shell Higgs production
on-shell Z production

on-shell W- production with CKM
on-shell W+ production with CKM

Z production with decay
Z production with decay

W- production with decay and CKM
W+ production with decay and CKM

gamma gamma production

Z gamma production with decay
Z gamma production with decay
W- gamma production with decay
W+ gamma production with decay
on-shell ZZ production
on-shell WW production

ZZ production with decay

ZZ production with decay

ZZ production with decay
WW production with decay
ZZ/WW production with decay
W-Z production with decay
W-Z production with decay
W+Z production with decay
W+Z production with decay




ppemxnmnex04 >>
ppeexnenex04 >>

p

p

ppemexnmx@4  >> p

enter the MATRIX s
ppeexmxnm@4 >> pp --> e+ mu+ v_mut- W+Z production with decay

p

e

ppeexexne@4  >> --> e eM v_et- W+Z production with decay
[ >> ppeeexex04

p --> mut+ v_mut- v_e+ WW production with decay
p --> e v_et- v e ZZ/WW production with decay
p --> mut- e+ v_mut+ W-Z production with decay
p --> et- e v_eM W-Z production with decay
p
p
X

After unpacking start MATRIX with:

$$ o /matrlx <<MATRIX-READ>> Do you agree with these terms? Type "y" to agree, or "n" to

abort the code.

Inside the MATRIX compilation shell
Do you agree with these terms? Type "y" to agree, or "n" to

I ===>> liSt : abort the code.

lists all process IDs. Select ID, eg:

Do you agree with these terms? Type "y" to agree, or "n" to
abort the code.

| ===>> ppeeexex04

for pp—ZZ—4£. Confirming with
|===>> '

the MATRIX usage agreements, the
code will automatically start to:

dowload/compile of OpenLoops

compile of Cln and Ginac

compile MATRIX

<<MATRIX-INFO>> Process folder successfully created.
<<MATRIX-INFO>> Process generation finished, to go to the run directory type:
i cd /home/wiesemann/different-branch-munich/MATRIX/run/ppeeexex04_ MATRIX
download OpenLOOpS amPIItUdes <<MATRIX-INFO>> and start run by typing:
./bin/run_process

Create MATRIX run folder. for. the pI’OCGSS [wiesemann:~/different-branch-munich/MATRIX] I




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process I

enter the MATRIX

After changing into the run
directory we start the run script

$ ./bin/run_process




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process

enter the MA I RI x MATRIX: A fully-differential NNLO(+NNLL) process library

\/_ | \\ /7
A2 1 I P Il \\ /7
| I /7 \\
(I B O I /7 \\

Version: 1.0.0.release_candidate4 Aug 2017

After changing into the run
directory we start the run script

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

$ ./bin/run_process

First, choose a name for the run:

. Grazzini (grazzini@physik.uzh.ch)
Kallweit (stefan.kallweit@cern.ch)
jf - . Wiesemann (marius.wiesemann@cern.ch)
I >> run_mY_ 1rSt_ZZ MATRIX is based on a number of different computations and tools
from various people and groups. Please acknowledge their efforts
by citing the list of references which is created with every run.

<<MATRIX-READ>> Type name of folder for this run (has to start with "run_").
"ENTER" to create and use "run_01". Press TAB or type "list" to
show existing runs. Type "exit" or "quit" to stop. Any other
folder will be created.
>> run_my_first_zzJj




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process

enter the MA I RI x MATRIX: A fully-differential NNLO(+NNLL) process library

\/_ | \\ 7/
N\ [_I

|

|

I Il \\ 7/
I I /7 \\
I I /7 \\

After changing into the run
directory we start the run script

Version: 1.0.0.release_candidate4 Aug 2017

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

$ ./bin/run_process

FirSt’ Choose a‘ name for the run: M. Grazzini (grazzini@physik.uzh.ch)

S. Kallweit (stefan.kallweit@cern.ch)
>> f - t ZZ M. Wiesemann (marius.wiesemann@cern.ch)
I run ln 1rs MATRIX is based on a number of different computations and tools

from various people and groups. Please acknowledge their efforts
by citing the list of references which is created with every run.

The MATRIX run She” haS man)’ Type name of folder for this run (has to start with "run_").

"ENTER" to create and use "run_01". Press TAB or type "list" to

M M M M show existing runs. Type "exit" or "quit" to stop. Any other
options, eg, modify input files typing: fotder will be crested
[ run_my_first_ZZ
Type one of the following commands: ("TAB" for auto-completion)

===>> parameter

help menu.
===>> model help <command> help message for specific <command>.
list i available commands again.
exit the code.
the code.

===>> distribution

parameter Modify "parameter.dat" input file in editor.
model Modify "model.dat" input file in editor.
distribution Modify "distribution.dat" input file in editor.

cross section computation in standard mode.
only grid setup phase.
run_pre only extrapolation (grid must be already done).
run_pre_and_main after grid setup (grid must be already done).
VT ER only main run (other runs must be already done).
run_results only result combination.
run_gnuplot only gnuplotting the results.
setup_run the run folder, but not start running.
delete_run Remove run folder (including input/log/result).
tar_run Create <run_folder>.tar (including input/log/result).
[ >> parameter

>> distributionli




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process

MATRIX: A fully-differential NNLO(+NNLL) process librar

# MATRIX input parameter #
B e e e P L e e

After changing into the
directory we start the r 17 e R b

coll_choice 1 # (1) PP collider; (2) PPbar collider
switch_off_shell = 0 # switch for effective integration for off-shell Z bosons (eg, Higgs analysis)

$ ./bin/run proce:

91.1876
91.1876
0

renormalization (muR) scale

factorization (muF) scale

dynamic ren./fac. scale

0: fixed scale above

1: invariant mass (Q) of system (of the colourless final states)

2: transverse mass (mT”2=Q"2+pT"2) of system (of the colourless final states)
relative factor for central scale (important for dynamic scales)

switch for muR/muF uncertainties (0) off; (1) 7-point (default); (2) 9-point va
symmetric variation factor; usually a factor of 2 up and down (default)

First, choose a name for tsgs

dynamic_scale

I ===>> run my fir"' factor_central_scale =1

scale_variation
variation_factor

The MATRIX run shell \
options, eg, modify inpu

PDFsubget_LO

| ===>> parameter ki

HHEHEHAERHER
N o e s s — — — — — — —— —— ———— — —— —— —

# switch for LO cross section (1) on; (0) off
NNPDF30_lo_as_©0118 # LO LHAPDF set
0 # member of LO PDF set
l.e-2 # precision of LO cross section

0 # switch for NLO cross section (1) on; (@) off
NNPDF30_nlo_as_0118 # NLO LHAPDF set

| # member of NLO PDF set

precision_NLO . # precision of NLO cross section

NLO_subtraction_| # switch to use (2) qT subtraction (1) Catani-Seymour at NLO

# switch for NNLO cross section (1) on; (@) off
NNPDF30_nnlo_as_©118 # NNLO LHAPDF set
member of NNLO PDF set
precision of NNLO cross section
switch to turn on (1) and off (@) loop-induced gg channel

PDFsubset_NNLO
precision_NNLO
loop_induced

# Jet algorithm

jet_algorithm = (1) Cambridge-Aachen (2) kT (3) anti-kT
jet_R_definition (0) pseudo-rapidity (1) rapidity

jet_ R = 0.4 DeltaR

# Jet cuts

define_pT jet = 25. requirement on jet transverse momentum (lower cut)

define_eta jet . requirement on jet pseudo-rapidity (upper cut)

define_y jet = 1. requirement on jet rapidity (upper cut)

n_observed_min jet minimal number of observed jets (with cuts above)
maximal number of observed jets (with cuts above)

(1,0) Git-release candidate (Fundamental Fld) 8:56AM 4.63
Folding buffer...




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process

enter the MA I RI x MATRIX: A fully-differential NNLO(+NNLL) process library

\/_ | \\ /7
A2 1 I P Il \\ /7
| I /7 \\
(I B O I /7 \\

After changing into the run
. . Version: 1.0.0.release_candidate4 Aug 2017
dIrECtory We Start the run Scrlpt Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --

Automates qT-subtraction and Resummation to Integrate X-sections

$ ./bin/run_process

FirSt’ Choose a‘ name for the run: . Grazzini (grazzini@physik.uzh.ch)

Kallweit (stefan.kallweit@cern.ch)
. Wiesemann (marius.wiesemann@cern.ch)

MATRIX is based on a number of different computations and tools
from various people and groups. Please acknowledge their efforts
by citing the list of references which is created with every run.

The MATRIX run She” haS man)’ Type name of folder for this run (has to start with "run_").
"ENTER" to create and use "run_01". Press TAB or type "list" to
M M M M show existing runs. Type "exit" or "quit" to stop. Any other
options, eg, modify input files typing: fotder will be crested
[ run_my_first_ZZ
Type one of the following commands: ("TAB" for auto-completion)

|===>> run my first ZZ

===>> parameter

help menu.
===>> model help <command> help message for specific <command>.
list i available commands again.
exit the code.
the code.

===>> distribution

parameter Modify "parameter.dat" input file in editor.
model Modify "model.dat" input file in editor.

NOW We Can Start the r.un’ type distribution Modify "distribution.dat" input file in editor.

I ===>> run cross section computation in standard mode.

only grid setup phase.
run_pre only extrapolation (grid must be already done).
run_pre_and_main after grid setup (grid must be already done).
VT ER only main run (other runs must be already done).
run_results only result combination.
run_gnuplot only gnuplotting the results.
setup_run the run folder, but not start running.
delete_run Remove run folder (including input/log/result).
Create <run_folder>.tar (including input/log/result).

parameter

model

distribution

runfi




enter the MATRIX

After changing into the run
directory we start the run script

$ ./bin/run_process

First, choose a name for the run:

|===>> run my first ZZ

The MATRIX run shell has many
options, eg, modify input files typing:

===>> parameter
===>> model

===>> distribution

Now we can start the run, type

| ===>> run

The code goes through all run
phases and collects the results at the
very end.With default inputs it runs
LO with 1% accuracy.

<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-JOBS>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>
<<MATRIX-INFO>>

<MATRIX-RESULT>

<MATRIX-RESULT>
<MATRIX-RESULT>
<MATRIX-RESULT>

<MATRIX-RESULT>
<MATRIX-RESULT>

Finished:
Finished:
Finished:
Finished:

| 2017-10-16 16:33:50 |
| 2017-10-16 16:33:55 |
| 2017-10-16 16:34:00 | Queued:
| 2017-10-16 16:34:00 | Queued:
All runs successfully finished.
Cleaning previous results (result
Collecting and combining results...
| 2017-10-16 16:34:00 | Queued: 2 |
| 2017-10-16 16:34:05 | Queued: 0 |
|
I

Queued:

| Running:
Queued: |

I

I

Running:
Running:
Running:

run)...

Finished:
Finished:
Finished:
Finished:

Running:
Running:
Running:
Running:

| 2017-10-16 16:34:05 | Queued: ©
| 2017-10-16 16:34:05 | Queued: ©
Plotting results with gnuplot...
Trying to plot: pT_lepl_lep2__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: pT_emZlepZ2__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: pT_epl__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: pT_lepl__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: m_lepl_lep2__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: dR_eml_epl__ LO
Running gnuplot...

Plot successfully generated.
Trying to plot: pT_lep2__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: pT_eml__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: n_jets__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: m_Z1__LO

Running gnuplot...

Plot successfully generated.
Trying to plot: pT_emZ2epZl__LO
Running gnuplot...

Plot successfully generated.
Trying to plot: m_Z2__LO

Running gnuplot...

Plot successfully generated.
Combining all pdf files into single file "all_plots.pdf"...

Final result for:
pp -->et et et et @ 13 TeV LHC

PDF: NNPDF30_lo_as_0118

Total rate (possibly within cuts):

LO: 5.815 fb +/- 0.027 fb (muR, muF unc.: +6.3% -7.4%)
All results (including the distributions) can be found in:

/home/wiesemann/different-branch-munich/MATRIX/run/ﬁpeeexex04_MATRIX/resul

[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX]




pr subtraction master formula: y

dONNLO = {dO 5;}1)‘1% — XNNLO ® do1,o0| + HNNLo & doro

[Catani, Grazzini '07]

practical implementation:

subtraction not local

both terms in squared brackets separately divergent

introduce lower cut-off rc,c on dimensionless quantity r = prww/mww

use very small re, value and integrate both terms separately down to r > reu
assumption: for r < rc. terms cancel (true up to power-suppressed terms)
numerics forbids arbitrarily small rc. values: use fit towards rc,e — 0 limit

MATRIX uses extrapolation rc.« — 0 to obtain the final prediction

Marius Wiesemann (CERN) VV production October 31,2017 17



rcue— 0 extrapolation in MATRIX Y

voso oo VR o HABTY g oo - WM pp 22 Q13 TV
+0.20 | 1 +0.20f
+0.10 | “ M[lﬂ 1 +0.10}
N yre I ERVYE T O 2 s Y %
0 : qobiidoobs :_-__1__1::_: 0 j_ L [ fi _}““*TT ‘.} : I IIEIHIEIEI.E-.}.I.---.I.
~0.10 | ! —oxoftt--— ]
Oilxlfllﬁgolated ( Fout Z 0.1 5) | alixl&lﬁopolated ( Feut > > 0.1 5)
—0.20 _ i}xﬁitO(SUSHI) _ —0.20 _ 1(ile(sIL;‘:Jt(gZVVPROD)
, oxno(T) . oxno(r) ]
—0.30 Lo, T T T T T ST O POUUT TUUUT T FUTT PN T T T T ooy —0.30 Mevoriiren, e
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0
(off Shel ) o ~2.3 factor
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openoncod) 2249 B 35T8G) 5767 1578w a8t +591%  +266% DT TeV
_ _ 27%
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ARSIV SLOHE S SHOMEE 62.18(65)722% b 62.07(84)72%% b +1205% +166% QT T eV
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on shell) ~2.7 factor
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A _ 119(9)F277% 1 2% 3.3%
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paa 0
1361(1)*25% fh
+5. 2% —|—2 9% 19% +3.2% +3.2%
9.845(1)*52% pb  14.10(0 52.9%) 16.68(1)3 2% pb  1667(1)*52%ph  +433%  +182% | 3 TV
(on Shell . ~2.7 factor
4821(11) 2% g
23.59(1) 1% pb  35.56(2) 2% pb i ((52 2)0/1337 44.36(17)752% pb  44.46(33) T2k pb  +50.7% +25.0%27 TeV
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b 247 e 5(;9)(7 300.4(L1) 3% pb 200.8(1.3)7 33 b +67.0% +17.7% QT TeV
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Inclusive diboson results: NNLO vs data
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Inclusive diboson results: NNLO vs data
[ATLAS 'l 6
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Recent |3 TeV ATLAS results for ZZ

&N

N/

[ATLAS '17]
measured and predicted fiducial cross sections
(36.1 fb-!)
Channel = Measurement [fb] Prediction [fb]
4e 13.7710 [ £0.9 (stat.) £0.4 (syst.) 93 (lumi)]  10.9703
2e2u 20.9714 [ £ 1.0 (stat.) 0.6 (syst.) 707 (lumi)]  21.2797
4y 11.5709 [ 0.7 (stat.) +0.4 (syst.) 0.4 (lumi.)]  10.975
Combined 46.2753 [+ 1.5 (stat.) T} 3(syst) 71 (lumi)]  42.97}7

prediction: NNLO by MATRIX
with global factor 0.95 for NLO EWV [Biedermann et al.'l 6]
and gg-channel times |.67 [Caola etal.'l5]

and 2.5% from EW-Z/Zjj generated with Sherpa

M. Wiesemann

(CERN)

VV production October 31,2017
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Recent |3 TeV ATLAS results for ZZ

[ATLAS '17] |~ 3.25% at 36.1 fb-!

measured and predicted fidu i
(36.1 fb-1)

~ 0.35% at 3 ab“!

Channel = Measurement [fb]

de 137750 [ £0.9 (stat) 0.4 (sye) 703 (lumi)]  10.9%93
2e2u 20.9714 [+ 1.0 (stat.) +0.646yst.) 707 (lumi)]  21.2797
4 115709 [ + 0.7 (stat.) 874 (syst.) £0.4 (lumi)] 10.9703
Combined 46.2753 [|+ 1.5 (stat.)|*}3(syst.) 71 (lumi)]  42.97}7

prediction: NNLO by MATRIX
with global factor 0.95 for NLO EWV [Biedermann et al.'16]

and gg-channel times |.67 [Caola etal.'l5]
and 2.5% from EW-Z/Zjj generated with Sherpa

M. Wiesemann  (CERN) VV production October 31, 2017 25



Recent |3 TeV ATLAS results for ZZ
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[ATLAS 'l 7]
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Recent |3 TeV ATLAS results for ZZ
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Recent |3 TeV ATLAS results for ZZ
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Reach in the tails for ZZ
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ZZ(—~2e2u)@LHC 13 Te

V

L1 IIIII|,|,| | IIIIIIII | IIIII|,|,| | IIIIIIII | IIIII|,|,| L

produced with MATRIX

400 600
Pr,, [GeV]

800

1000

Q
Q
~~
o.
=

=

S,

27 TeV

ZZ(—»2e2u)@LHC 27 TeV

JWW"WW"WN

produced with MATRIX

600
Pr,, [GeV]

M. Wiesemann  (CERN)

VV production

October 31,2017

28



Reach in the tails for ZZ
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Reach in the tails for ZZ

Events/40 GeV

13 TeV, 3 ab-!
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Reach in the tails for ZZ

Events/40 GeV  ZZ(-2e2p)@LHC 27 TeV, 15 ab™
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

SM measurements

ONLO [fb] ONNLO [fb] OATLAS [fb]

channel oro [fb]
+ o+
prete
18.32(0)*2:3%
ATLAS (8 TeV):
efete” 039
o 18.37(0) 55

36.3 + 5.4%(stat) 4+ 2.6%(syst) £ 2.2% (lumi

(syst) (lumi)

7 +5.4% . +1.8%
32.76(1)5 1% 35.53(2) 150 + 3.7%(syst) + 2.2% (Tumi)
(syst) (lumi)
(syst) (lumi)

e sy 381 £ 6.2%(stat) + 4.5%(syst) + 2.2%(lumi
32.85(1)*34%  35.64(2)*1 8%

(stat)
35.7 + 5.3%(stat)
(stat)
33.3 +4.7%(stat) £ 2.5%(syst) £ 2.2%(lumi

combined  18.35(0)23%

32.81(1)"21% 35.59(2)T18% 351 £ 2.7%(stat) £ 2.4%(syst) £ 2.2%(lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
prete” s s Logy 001 E 11.1%(stat) = 5.1%(syst) £ 2.4%(lumi)
L 28.83(0)Tgsez 57.69(1) )30 63.93(3)75 7% .
et 75.2 +9.5%(stat) + 5.3%(syst) £ 2.3%(lumi)
ATLAS (l 3 TEV): efete~ 50.5 + 14.2%(stat) & 10.6% (syst) =+ 2.4%(lumi)
28.90(0) 24 57.84(1)T34%  64.09(3) 227
pEp 63.6 + 8.9%(stat) + 4.1%(syst) £ 2.3%(lumi)

combined 28.86(0)f2:§§

F7.76(1)245%  64.01(3)72%%  63.2 £ 5.2%(stat) £ 4.1%(syst) & 2.4%(lumi)

01,0 [fb]

channel

ONLO [fb] ONNLO [fb] ocMs [fb]

CMS (13 TeV):

combined 148.4(0)4_?3;2

301.4(1)F55%  334.3(2)23% 258 4 8.1%(stat) T2 (syst) & 3.1(lumi)




WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
prete” \oa% e sy 6.3 £ 5.4%(stat) & 2.6%(syst) £ 2.2%(lumi)
18.32(0) 35 32.76(1) 7 10 35.53(2)" g0
AT LAS (8 Tev). eTutu” 35.7 + 5.3%(stat) £+ 3.7%(syst) £ 2.2%(lumi)
®
efete” 38.1 £ 6.2%(stat) £+ 4.5%(syst) £ 2.2%(lumi)
18.37(0)123%  32.85(1)"31% 35.64(2) 1187
+ 4+ 270 17 .97 .
pEpt 33.3 £ 4.7%(stat) + 2.5%(syst) £ 2.2%(lumi)

perfect agreement at NNLO combined 18.35(0)*23% 32.81(1)734% | 35.59(2)F18%  35.1 4 2.7%(stat) & 2.4%(syst) £ 2.2% (lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]

prete” 55.1 £ 11.1%(stat) + 5.1%(syst) £ 2.4%(lumi)

28.83(0) "3 4% 57.69(1)734% 63.93(3)23%

ety oo 75.2 + 9.5%(stat) + 5.3%(syst) = 2.3%(lumi)
ATLAS (l 3 TEV): efete~ 50.5 + 14.2%(stat) & 10.6% (syst) =+ 2.4%(lumi)
28.90(0)T2-2%  57.84(1)"4%  64.00(3)22%
pEp 63.6 + 8.9%(stat) + 4.1%(syst) £ 2.3%(lumi)

combined 28.86(0)"54% 57.76(1)*53% 64.01(3)123%  63.2 & 5.2%(stat) + 4.1%(syst) £ 2.4%(lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] OCMS [fb]

CMS (13 TeV):

combined 148.4(0)*34%  301.4(1)T23% 334.3(2)*23% 258 £ 8.1%(stat) T2 (syst) + 3.1(lumi)




WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
+ ot - :
prete 36.3 £ 5.4%(stat) £ 2.6%(syst) £ 2.2%(lumi)
18.32(0)"25%  32.76(1)"31% 35.53(2) 15
AT LAS (8 Tev). eTutu” 35.7 + 5.3%(stat) £+ 3.7%(syst) £ 2.2%(lumi)
®
efete” 38.1 £ 6.2%(stat) £+ 4.5%(syst) £ 2.2%(lumi)
18.37(0)123%  32.85(1)"31% 35.64(2) 1187
44 270 1% 9% .
pEpt 33.3 £ 4.7%(stat) + 2.5%(syst) £ 2.2%(lumi)

perfect agreement at NNLO combined 18.35(0)*23% 32.81(1)734% | 35.59(2)F18%  35.1 4 2.7%(stat) & 2.4%(syst) £ 2.2% (lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
+ ot - .
prete 55.1 £ 11.1%(stat) + 5.1%(syst) £ 2.4%(lumi)
28.83(0)*1%  57.69(1)*3 5% 63.93(3)123%
et 75.2 +9.5%(stat) + 5.3%(syst) £ 2.3%(lumi)
ATLAS (l 3 TEV): efete~ 50.5 + 14.2%(stat) & 10.6% (syst) =+ 2.4%(lumi)
28.90(0) 24 57.84(1)T34%  64.09(3) 227
pEp 63.6 + 8.9%(stat) + 4.1%(syst) £ 2.3%(lumi)

perfect agreement at NNLO combined 28.86(0)*24% 57.76(1)*54% | 64.01(3)*23%  63.2 & 5.2%(stat) & 4.1%(syst) % 2.4% (lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] OCMS [fb]

CMS (13 TeV):

combined 148.4(0)*34%  301.4(1)T23% 334.3(2)*23% 258 £ 8.1%(stat) T2 (syst) + 3.1(lumi)




WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
+ 4 ,— .
prete 36.3 £ 5.4%(stat) £ 2.6%(syst) £ 2.2%(lumi)
18.32(0)723%  32.76(1)"31%  35.53(2) 5%
\ '] eTutu” 35.7 + 5.3%(stat) £+ 3.7%(syst) £ 2.2%(lumi)
ATLAS (8 Te : tete 38.1 £ 6.2%(stat) + 4.5%(syst) £ 2.2%(lumi)
eTete . 2% (sta 5% (sys 2% (lumi
18.37(0)123%  32.85(1)"31% 35.64(2) 1187
pEp 33.3 £ 4.7%(stat) + 2.5%(syst) £ 2.2%(lumi)

perfect agreement at NNLO combined 18.35(0)*23% 32.81(1)734% | 35.59(2)F18%  35.1 4 2.7%(stat) & 2.4%(syst) £ 2.2% (lumi)

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]
prete” s s Logy 001 E 11.1%(stat) = 5.1%(syst) £ 2.4%(lumi)
L 28.83(0)Tgsez 57.69(1) )30 63.93(3)75 7% .
et 75.2 +9.5%(stat) + 5.3%(syst) £ 2.3%(lumi)
ATLAS (l 3 TEV): efete~ 50.5 + 14.2%(stat) & 10.6% (syst) =+ 2.4%(lumi)
28.90(0) 24 57.84(1)T34%  64.09(3) 227
pEp 63.6 + 8.9%(stat) + 4.1%(syst) £ 2.3%(lumi)

perfect agreement at NNLO combined 28.86(0)*24% 57.76(1)*54% | 64.01(3)*23%  63.2 & 5.2%(stat) & 4.1%(syst) % 2.4% (lumi)

Channel 01,0 [fb] ONLO [fb] ONNLO [fb] OCMS [fb]

CMS (13 TeV):

2 66. BUT low statistics combined 148.4(0)*34%  301.4(1)T53% | 334.3(2)723% 258 £ 8.1%(stat) T4 (syst) + 3.1(lumi)
- J

—6.4% —4.5%




WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements

channel 01,0 [fb] ONLO [fb] ONNLO [fb] O ATLAS [fb]

36.3 & 5.4%(stat) & 2.6% (syst) =+ 2.2%(lumi)
35.7 + 5.3%(stat) & 3.7%(syst) (lumi)
38.1 & 6.2%(stat) & 4.5% (syst) =+ 2.2%(lumi)

(stat) (syst) (lumi)

utete”

18.32(0)35%  32.76(1)"}1% 35.53(2)115%

stat syst) & 2.2%(lumi

ATLAS (8 TeV):

" 33.3 +4.7%(stat) + 2.5%(syst) £ 2.2%(lumi

perfect agreement at NN ¢ 35.1 + 2.7%(stat) + 2.4%(syst) % 2.2%(lumi)

OATLAS [fb]

55.1 £ 11.1%(stat) + 5.1%(syst) £ 2.4%(lumi)
75.2 +9.5%(stat) + 5.3%(syst) £ 2.3%(lumi)

AT LAS ( I 3 TEV): efete” N £ 14.2%(stat) + 10.6%(syst) £ 2.4%(lumi)

28.90(0)F534%  57.84(1)*54%  64.09(3)722%

pEp ' 63.6 MB.9% (stat) + 4.1%(syst) £ 2.3% (lumi)

perfect agreement at NNLO combined 28.86(0)73%% 57.76(1)"54% | 64.01(3) 2% 63.24.1%(syst):|:2.4%(lumi)

Channel 01,0 [fb] ONLO [fb] ONNLO [fb] OCMS [fb]

CMS (13 TeV):

7 combined 148.4(0)721%  301.4(1)*5%% | 334.3(2)723% 258 + 8.1%(stat) T k¢ (syst) 4 3.1(lumi)
2.60, BUT low statistics

—6.4% —2.1%




WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements (ATLAS 8 TeV, 20.3 tb-!)

dao/bin [fb] WZ@LHC 8 TeV (ATLAS data) dao/bin [fb] WZ@LHC 8 TeV (ATLAS data)

I I I I I I I I I I I I I I I I I I I I I I I I
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WLZ tully differential at NNLO y

N/

[Grazzini, Kallweit, Rathlev, MW '17]
SM measurements (ATLAS 8 TeV, 20.3 tb-!)

do/bin [fb] W-Z@LHC 8 TeV (ATLAS data) do/bin [fb] W*Z@LHC 8 TeV (ATLAS data)
I I I l I I l I I l I I I l I I I I I I I l I 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

I 1
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WLZ tully differential at NNLO y

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches
inspired by [CMS-PAS-SUS-16-024]

definition of the selection cuts for pp — (Zv, 030, £, 4,0y € {e,u}

w 'z “Z )

CMS 13 TeV | pre, > 25(20) GeV if 64 = e(u), pre, > 25GeV if {1 = pand l>5 #
(cf. Ref. [63]) Pries, > 15(10) GeV if £y = e(p), me < 2.5, 1, <24,

‘mgg — m2’ > 15GeV, my+p- > 12GeV

Category I: no additional cut
Category II: priss > 200 GeV

Category 1I1I: mrw > 120 GeV
Category 1V: My, e, > 105 GeV

M. Wiesemann (CERN) VV production October 31,2017 35



New-physics searches = 7™ ol owoll mwoino mwofmo B

Category I

Category I: no additional cut (e 494500 0412(2)T%  105.9(1)F2%  90.3% 12.6%

Category II: p?iss < 200 GeV Crerem 48.97(0)TEER 93.13(2)TA8% 104.7(1)23% 90.2% 12.4%

Cat - 190 GV C=0re= 32.04(0)723%  63.68(3)"5 %% 71.89(4)*33%  98.7% 12.9%

ategor ; m > e

gory w et 31740157 63.002)F30%  71.13(4) 2% 98.5% 12.9%

Category 1V: my,e, > 105 GeV combined 162.2(0)*20%  313.9(1)*49%  353.7(3)722%  93.5% 12.7%
Category 11

CHere 0.3482(0)135%  1456(0) T 179910 318% 23.6%

(O 0.3486(0)728%  1.452(0)*1% 1.780(1)F51% 316% 23.2%

C=er0 0.1644(0)725%  0.5546(1)3%%  0.6631(4)153%  237% 19.6%

(=06~ 0.1645(0)725%  0.5535(1)112%  0.6600(3)742¢  237% 19.2%

combined 1.026(0)"37%¢  4.015(1)T13%  4.911(3)719%  292% 22.3%
Category III

(e 0.3642(0) 5% 0.5909(1) 55%  0.6373(16) 11 5% 62.3% 7.86%

cretes o 1.090(0)3 7 1.904(0)T5 5 2.071(2)T100 A% 8.79%

Ot 0.2055(0) 0% 0.3447(1)F55% 0.3731(9)115%  67.8% 8.22%

0T 0.6463(1) 2% 1.136(0)T55L  1.232(1)1ITE 75.8% 8.42%

combined  2.306(0)"2%%  3.976(1)T3T%  4.313(6)T18%  72.4% 8.50%
Category IV

Ot 250000)50%  4.209(1) 5 4.682(2) 158 72.0% 8.92%

(R 2.063(0)T85% 3.740(1) T30k 4.160(2)5 0% 81.3% 11.2%

(=0 1.603(0) % 2.805(1)153%  3.058(1) gk 75.0% 9.01%

emetes 1373(0)555% 2.591(1) TR 2.904(1) 5 88.7% 12.1%

combined 7.540(1)"33%  13.44(0)*54r  14.80(1) 1% 78.2% 10.2%




New-physics searches

no additional cut
pRss > 200 GeV

mrw > 120 GeV
my, e, > 105 GeV

Category I:
Category II:
Category 1II:
Category IV:

QCD corrections VERY
different for various
Categories (cuts)

channel oLo [fb] onLo [fb] onnLo [fP] onLo/0Lo  ONnNLO/ONLO (D]
Category I
CHere 49.45(0)TH% 04.12(2)%58%  105.9(1)T33 90.3% 12.6%
Crerem 48.97(0)TEER 93.13(2)TA8% 104.7(1)23% 90.2% 12.4%
C=0re= 32.04(0)723%  63.68(3)"5 %% 71.89(4)*33%  98.7% 12.9%
et 3174(0)T55% 0 63.00(2)T30%  71.13(4)122% 98.5% 12.9%
combined 162.2(0)"50%  313.9(1)T9%  353.7(3)*22% | 93.5% 12.7%
Category 11
CHere 0.3482(0)725%  1.456(0)113%  1.799(1)TEAE 318% 23.6%
CHerem0.3486(0)725%  1.452(0)T13% 1.789(1)TILt 316% 23.2%
C=er0 0.1644(0)725%  0.5546(1)3%%  0.6631(4)153%  237% 19.6%
(=06~ 0.1645(0)725%  0.5535(1)112%  0.6600(3)742¢  237% 19.2%
combined 1.026(0)"37%¢  4.015(1)T13%  4.911(3)729% | 292% 22.3%
Category III
CHerem 0.3642(0)T55%  0.5909(1) 5% 0.6373(16) 7150 62.3% 7.86%
CHerem 1.090(0)T5I% 1.904(0)Ta8%  2.071(2) 0% T4.7% 8.79%
C=er0 0.2055(0)72%%  0.3447(1) 5% 0.3731(9) %% 67.8% 8.22%
0T 0.6463(1) 2% 1.136(0)T55L  1.232(1)1ITE 75.8% 8.42%
combined  2.306(0)"2%%  3.976(1)T3T%  4.313(6)T18% | 72.4% 8.50%
Category IV
CHere 2.5000)T3E 4.200(1) A% 4.682(2)T1 T 72.0% 8.92%
erere 2.063(0)T34%  3740(1) A% 4.160(2) 722 81.3% 11.2%
C=ere 1.603(0)T3% 2.805(1) 152 3.058(1)TT e 75.0% 9.01%
erem 1.373(0)T38% 2.501(1)TATE 2.904(1) 2% 88.7% 12.1%
combined 7.540(1)"33%  13.44(0)*54r  14.80(1)T1%e | 78.2% 10.2%




New-physics searches

no additional cut
pRss > 200 GeV

mrw > 120 GeV
my, e, > 105 GeV

Category I:
Category II:
Category 1II:
Category IV:

QCD corrections VERY
different for various
Categories (cuts)

~ 200 Events at 40 fb-!

~ 15000 Events at 3 ab“!

channel 0LO [fb] ONLO [fb] ONNLO [fb] UNLO/ 0LO UNNLO/ ONLO [fb]
Category I
CHere 4945000750 94.12(2)58%  105.9(1)*23% 90.3% 12.6%
Crerem 48.97(0)TEER 93.13(2)TA8% 104.7(1)23% 90.2% 12.4%
C=erem 32.04(0)725%  63.68(3)T00%  71.89(4)T2%%  98.7% 12.9%
et 3174(0)T55% 0 63.00(2)T30%  71.13(4)122% 98.5% 12.9%
combined 162.2(0)"50%  313.9(1)T9%  353.7(3)*22% | 93.5% 12.7%
Category I1
CHere 0.3482(0)725%  1.456(0)113%  1.799(1)TEAE 318% 23.6%
CHerem0.3486(0)725%  1.452(0)T13% 1.789(1)TILt 316% 23.2%
(=0t 0.1644(0)725%  0.5546(1) %% 0.6631(4)1)3%  237% 19.6%
(=06~ 0.1645(0)725%  0.5535(1)112%  0.6600(3)742¢  237% 19.2%
combined 1.026(0)"27%  4.015(1)* 292% 22.3%
Category III
0.3642(0) T35  0.5909(1)*53%  0.6373(16)"1 5% 62.3% 7.86%
CHerem 1.090(0)T5I% 1.904(0)Ta8%  2.071(2) 0% T4.7% 8.79%
C=er0 0.2055(0)72%%  0.3447(1) 5% 0.3731(9) %% 67.8% 8.22%
0T 0.6463(1) 2% 1.136(0)T55L  1.232(1)1ITE 75.8% 8.42%
combined  2.306(0)"2%%  3.976(1)T3T%  4.313(6)T18% | 72.4% 8.50%
Category IV
Ot 250000)50%  4.209(1) 5 4.682(2) 158 72.0% 8.92%
erere 2.063(0)T34%  3740(1) A% 4.160(2) 722 81.3% 11.2%
C=ere 1.603(0)T3% 2.805(1) 152 3.058(1)TT e 75.0% 9.01%
erem 1.373(0)T38% 2.501(1)TATE 2.904(1) 2% 88.7% 12.1%
combined 7.540(1)"33%  13.44(0)*54r  14.80(1)T1%e | 78.2% 10.2%




WLZ tully differential at NNLO )

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches

Category |: no additional cuts

do/bin [fb] WZ@LHC 13 TeV (Category |) do/bin [fb] WZ@LHC 13 TeV (Category I) do/bin [fb] WZ@LHC 13 TeV (Category |)
T | T T T | T T T T T T T T T T T T T

10% g
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WLZ tully differential at NNLO )

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches

Category |: no additional cuts

Events/40 GeV ~ WZ@13 TeV, 3 ab™! (Category |) Events/40 GeV ~WZ@13 TeV, 3 ab™! (Category ) Events/40 GeV ~ WZ@13 TeV, 3 ab™! (Category )
I | I | I | I | I I | I | I | I | I I I I I | I I I I | I I I I | I I I I | I I I I

106 s- ____________ ............ I3Tev, ““ ::ICEO ....... -_- .............. ............ I3Tev, “" T

I i I 4 AEVy N0 EH D AE Wy NLO }
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e t ___________ S T == S N N R -
02k ____________________________________________________________________________ ______________ - S R S 5
101 m|SS‘=1t ___________________________________ m _____ SR D .. = S §
wlPT Mt T
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches

Category ll: ptmiss>200 GeV

do/bin [fb]
7 !

Len : ppmm
L ; e L L g :
..............

WZ@LHC 13 TeV (Category Il)

WZ@LHC 13 TeV (Category Il)

L L1l
produced with MATRIX

BT
-

do/bin [fo]
E 1 1 1 1 I 1 1 1

Ll L L1 L L1t 1 L1 1 1111
produced with MATRIX

' ' 0.8
600 800 1000 0 100

200

300

500

Marius Wiesemann (CERN)

VV production

October 31,2017
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WLZ tully differential at NNLO )

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches
Category ll: ptmiss>200 GeV

104

Events/40 GeV  WZ@13 TeV, 3 ab™! (Category I1) Events/40
- T T T l T l T = T T T T

T | | | . 3 10%¢
, T :

1035?

GeV  WZ@13TeV, 3 ab™! (Category II)
1 1 1 l 1 1 1 1 l 1 1 1 1

I I l I I I

!

10% &

107

| IIE‘IIII L1 1itiil 11 1111l |
produced with MATRIX

12 Dl LI 1L 11 1L 11 1L 11 L1111
produced with MATRIX
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches
Category lll: mtw>120 GeV

10% g ! !

Events/40 GeV  WZ@13 TeV, 3 ab™! (Category Ill)
T T T ! T ! T

WZ@

produced with MATRIX

Events/40 GeV

!

Laun

.....

LT

......
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T T T l T T T T l T T T T
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1L 1 11111l

llllll

produced with MATRIX
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches
Category IV: mi>105 GeV

. Events/40 GeV  WZ@13 TeV, 3 ab™! (Category 1V) . Events/40 GeV  WZ@13 TeV, 3 ab™! (Category 1V)
1 I 1 I 1 I 1 I 1 ? E I | I | I | I | I E
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C T rmTw "
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Summary Y

MATRIX: (public release in preparation!)
tool for fully-differential NNLO(+NNLL) computations -- flexible, powerful and simple!

large list of 2— |,2—2 Higgs and vector-boson processes
includes: full leptonic (2—4) processes, with: all topologies, off-shell effects, spin correlations

== realistic computation of cross section in the fiducial phase space

Physics applications:
All diboson processes available now at NNLO (both: inclusive & differentially; VWWZ was the last)

Very good agreement of theory and data for VV processes (shown for ZZ and WZ)

evident: importance of NNLO for precision and accuracy (to describe data)

Prospects at the HL/HE LHC.:

Statistical error subleading for integrated (inclusive & fiducial) rates (reduce systematics?)

Far reach in tails of kinematical distributions for VV processes:
w=» up to O(I TeV) for pr and invariant-mass distributions at 13 TeV, 3 ab-!
== well beyond O(l TeV) for pr and invariant-mass distributions at 27 TeV, |5 ab-!

O Utl OOI( ZZ with neutrino decay at NNLO; mixed ZZ/WW —£V£V channel
beyond MATRIX release: pr resummation, NLO gg, NLO EW, ...
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Introduction

Vector-boson pair production: Data vs. Theory

Diboson Cross Section Measurements

Status: July 2017

T
A QXK
AR

7Y T T s — September 2017 CMS Preliminary
Wy—{)t’vy 0 SRR . ATLAS Preliminary T - T ; ; ; ; T - - - T
= Mjer = SRELRIRS! = CMS measurements 7 TeV CMS measurement (stat,stat+sys) o+
X% W Run 1,2 =7,8,13 TeV
Zy—tly .o.‘. - un Vs © vs. NNLO (nLO) theory 8 TeV CMS measurement (stat,stat+sys) — +—+e—+
= [njee = 0] T 13 TeV CMS measurement (stat,stat+sys)  +—+e——
O e — - e vel VY 1.06 £0.01+0.12 5.0fb"
WV 0 e — Wy, (NLOth,) 1.16 +0.03+0.13 5.0 fb”
- WV-iv) I e— T ‘0‘0’0"o‘0’0‘0‘0’0’:‘0’0‘0‘0‘0’0‘0‘0‘ NNLO QCD Z'Y, (NLO th.) o+ 0.98 + 0.01 +0.05 50 fb-1
WW = ‘ Zy, (NLO th) —o—i 0.98 + 0.01+0.05 19.5fb"
388 - B8 NLoacp WW+WZ 1.01+0.13£0.14 4.91b"
—WWosep, [ = 0] S LHC pp V3 =7 TeV WW o 1.07 £ 0.04 +0.09 4.9 b
- WWosep, [ 2 0111 ‘ xm O WW o 1.00 £ 0.02 +0.08 19.4fb™
=Wy, [her = S g oK St syst WW el 0.96 +0.05 = 0.08 2.3 fb"
wz . LG PP BB T Wz o 1.05+0.07 + 0.06 4.9 fo
S ata
CWZostvee g@&% : B WZ i 1.02 £ 0.04 £ 0.07 19.6fb™
RS : _ wz e 0.80 + 0.06 + 0.07 2.3 fb"
77 - LHC pp Vs =13 TeV
| S mm 77 0.97 +0.13+0.07 4.91b"
I ... stat @ syst 77 e 0.97 £0.06 +0.08 19.6 b
S, —— 77 ——e——i 1.14 +0.04 £ 0.05 35.91fb™
—ZZ—tlvy A’f’f":ﬁ’f 7 —— | | . | . . . . |
Z2Z* —4¢ T—rs— Al rg'ssults at: 1 i 1o in- 2
—2Z'> . R ee— hitpioarm obaloNi7 Production Cross Section Ratio: 0, / Oy,
0.6 0.8 1.0 1.2 14 1.6
ratio to best theory
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pT subtraction master formula:

doONNLO = [d

[Catani, Grazzini '07]

F+1jet
ONLO

— 2NNLO ® dO’LO} + HnNLo ® dor,o

Marius Wiesemann (CERN)

VV production October 31, 2017
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pr subtraction master formula: y

AdONNLO = [dcf ﬁfcl)jet — 2NNLO ® do Lo} + HxnnNLo ® doLo

[Catani, Grazzini '07]

subtraction terms known from resummation:

dO_F—I—ljet Z9T<<Q> [do_(res)} — Z(pT/Q) 2 dor.o

do.(res)
dp2T dy dM d)

: b
Resummation formula: ~ /dbEJo(bPT)S(I% A, B) Hi e, T fNQJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]
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pr subtraction master formula: y

dONNLO = [d 5&1)‘]61: 2NNLO @ do Lo} + HNNLO @ do1,o

[Catani, Grazzini '07]

subtraction terms known from resummation:

do et pr<LQ [d (res)}f — Z(pT/Q) 2 dor.o

NNLO accuracy consequence of unitarity:

do.(res)
dp? — d In(Q?b*/b3) — In(Q*b? /bz + 1
) do.(res) b
Resummation formula: |25 0m00 / db = Jo(b p1) S(b, A, B) Hny,n iy fNQJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]
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rcue— 0 extrapolation in MATRIX Y

ool B HOBTY ool o281 Ty
+0.20 | 1 40201
10.10 | ] 40101
0f 0k
—0.10 ; ] —0.10 i |
. — oo | O E———
3 : exac usHI 1 L : exac
—0.20 } ONNLO 1 —0.20 } OEINLO
0.30 —— oxnLo(T) 0.30 —— oxnLo(7) ]
. 0 01 02 03 04 05 06 07 08 09 1.0 . 0 01 02 03 04 05 06 07 08 09 1.0
Tcut [%] Tcut [%]
olo — 1% + olo — 1[% +
‘|‘O2O /|N1\|1L0||[(|)] -------------------------------------- ]I?pﬁlel{e@l?)’]?ev +O5O _.-./.-L-:.l\.I.l.\I:.[:.O.-L-- ;;;; L'.;[ ;;;; (3 ;|; ____ L AL 0 AL LSS S L'.;.'.'].)g.'.:t.'.'.e'.;f. LL.'.'@LL.':!'-.SLL.'T?LX
+010 ;::::::::::::::::E:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Z e
0} R e g
T ‘*f{ ;
_0.10 Hf H {'{ """" }" '{ '{ H H Hf ﬁ {'{HHHIHHHH —0.50 5_:::::é{};':::::éc::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:
I ) too E : extrapolate ]
: | }[{H {H HHH it 5 HH&HH; — N%Lg 1 : Z(’rcut > 0.15)]
—0.20 j extrapolate | IHHHE — ONNLO ( cut = 0. 05)
' f — ot (e > 0.15) f ~1.00f . SR ONNLOIED)
[ : exact(NNLOJET) ] [ P NNLO
—0.30 i ONNLO R £ FI3z
0.40 — 7iao(r) N S I
. 0 01 02 03 04 05 06 07 08 09 1.0 . 0 01 02 03 04 05 06 07 08 09 1.0
Teut| /0] Feut| 70)]
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Status of pt resummation Y

PT = transverse momentum of Born-level system, eg: pt4¢ in pp—=ZZ—4¢

Why resummation? Observable divergent for pt—0 at fixed order!

pT subtraction <= pt resummation: all NNLO directly also at NNLL

dONNLO = {dO ﬁfcl)jet — XNNLO ® do LO} + HNNLO ® doro

Marius Wiesemann (CERN) VV production October 31, 2017 50



Status of pt resummation Y

PT = transverse momentum of Born-level system, eg: pt4¢ in pp—=ZZ—4¢

Why resummation? Observable divergent for pt—0 at fixed order!

pT subtraction <= pt resummation: all NNLO directly also at NNLL

AONNLO = [da'gﬁcl)jet — 2ZNNLO ® dO’LO} +M
+NNLL

d O.(res)
dp2 dy dM d<

b

da.(res)
dn? — d
/ PT p2. dy di d6) 7t ®doro

Marius Wiesemann (CERN) VV production October 31, 2017 | 50



Status of pt resummation Y

PT = transverse momentum of Born-level system, eg: pt4¢ in pp—=ZZ—4¢

Why resummation? Observable divergent for pt—0 at fixed order!
pT subtraction <= pt resummation: all NNLO directly also at NNLL

currently restricted to a charge-neutral  [Grazzini, Kallweit, Rathlev, MW '[ 5]

. 0.8 ! ! ! T ' ' .
final-state system (ie, no W and WZ) | | | ~ NNLL+NNLO ——
0.7 :-:-_--:%-::-::5 """"" """"""" """"""" """"" NLL+NLO -----_. .
will not be included in first public ~_ o6[ [ o 2y @8Tev NLO
N 05| - ; g NNLO ..
version (due to lack of testing time) E
o :
. : [s z
first application to on-shell WW/ZZ <
o |
© :
Q B . . . . . ]
g 1 %""";" """""""" i;.ﬁn..g """ & """" a """""" ________%________‘
& o05F ............ ...... "','",'.'T'.”E.',',‘.'f'.'"','...; ........... SRR ,,,,, _

p1(ZZ) [fb]

Marius Wiesemann (CERN) VV production October 31, 2017 | 51



Recent |3 TeV ATLAS results for ZZ

[ATLAS 'l 7]

r— L e s _ L ;I T _ """
> 1SFATLAS /5=13TeV, 36.1 fb I 3 |ATLAS 5=13TeV,36.1 1"
(D i ] (5 0.8f .
— 14r e Data ] ~ _ e Data
é 10 Total uncertainty ] qg Total uncertainty
' }_ N Systematic uncertainty ' NN Systematic uncertainty
1ot —— MATRIX NNLO + corrections —— MATRIX NNLO + corrections
g i |+ MATRIX NNLO Z g MATRIX NNLO '
© | _ | © ——
~. 08f SHERPA ] e SHERPA
5 - POWHEG + PYTHIA ] b 04r & " 4L POWHEG + PYTHIA I
O g6k (SHERPA gg & ZZjj) ; © (SHERPA gg & ZZj))
> © =
4Y] QY]
© ©
— — 7% 77
U‘ U. ---------------------------
n&j 9 ............. . ]
0 0 50 100 150 200 250 1500
P,z [GeV]
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Reach in the tails for ZZ y

13 TeV 27 TeV

ZZ(—»2e2u)@LHC 13 TeV

do/bin [fb] ZZ(—2e2)@LHC 27 TeV

103

do/bin [fb]
E = |

| IIIIIII| | IIIII|,|,|

produced with MATRIX

102
107 ¢ | |
1 0'4 : | | | | | | | | |

L

q
H

produced with MATRIX

| - - - - T T T = — — - - - - - o — [
JI— . [ —
U S .. 08_ ......................... TR HUUUURURURURURUNN RO Y (SRR FURURUTRRRURURY IR OURY FORURUPR SR —_—
R " . . - 1
- = - N N — 1

o6l . T T B N 06b T T v ] L

0 200 400 600 800 1000 0 200 400 600 800 1000
Pr,, [GeV] Pr,, [GeV]
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Reach in the tails for ZZ

102
10’
100
10
1072
1073
107
107°

1.4

1.2

0.8
100

13 TeV

ZZ(—»2e2u)@LHC 13 TeV

E |

o e

-------------

IIIIIIIII IIIIII|,|,| IIIIIIII| IIIIII|,|,| Ilil

produced with MATRIX

d

o/donLo

- - - - - - -« - s _

150 200 250 300 350 400 450 500
m, [GeV]

27 TeV

da/bin [fo]

ZZ(—»2e2u)@LHC 27 TeV

103

RN N N N Y B

2 L. ............ _
10 ¢ o
101 :_ ..... 7 = —ZE
. = é [ e VO ; 77j7 :E
L My
SN N L
10-1 E_F‘JI ...... ................ ................ ............... ............... ........ ——— NLO ....... —5%)
s —NNwWo S
IIIiIIIIiIIII.IIII.IIII.IIII.IIII|IIII|IIII Q"

1072

do/donLo

0.8
100 200 300 400 500 600 700 800 900 1000

m, [GeV]

M. Wiesemann  (CERN)

VV production

October 31,2017
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Reach in the tails for ZZ y

13 TeV, 3 ab-! 27 TeV, 15 ab-!

Events/20 GeV  ZZ(—2e2u)@LHC 13 TeV, 3 ab™’ Events/40 GeV ZZ(—>292p)@LHC 27 TeV, 15 ab™

106

= = e

LTI ]

------
--------

10°

—
B
| IIIIIII'
)
.
»
»
u
T
Il
n
n
L]
1
-+
.
H
n
L]
e
1
-JA‘ !
|
r |

BTN N 0 == N e e - Tt o
E §,<[: B 1 _— 1
B 1= B Lo - 1=
102 ? ................. R e e Ef') 104 = f)
- § : -+ E = -
N m : 4= B L = 2
101 ? ................................................ il 4' ................................. LO ....... —gg 103 o PRy O 8
100 ;_ ................................................... ............................... -t NLO ....... ;fé ? : : : : : : T NLO ?%ﬁ)
_ _ — NNLO 39 el - — NNLO ¢
10'1 | L1 1 1 L1 1 1 L1 1 1 | I I | L1 1 1 L1 1 1 | | I I | Q“' 102 L1 1 | L1 1 1 | L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 | L1 1 1 | L1 1 1 Q_'

do/doNLo do/donio

o |"":"":"":"":""E""EIIII II"''|"'':"'':"":"":""_"'EII
Al S . -
192 _% ....... [ ...... : ; _

O e Yo COV) EITORS INPETS IELe wuts 1 — -------- _

0.8 .
100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800 900 1000
m,, [GeV] m, [GeV]
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Reach in the tails for ZZ y

13 TeV 27 TeV

do/bin [fb] ZZ(—»2e2u)@LHC 13 TeV doy/bin [fb] ZZ(—»2e2u)@LHC 27 TeV
= e 3 [ ! ! ! !

3 T
10 %;

produced with MATRIX

produced with MATRIX

1 0-2 i | | | | | | | | | | | | | | | | | | | | | I7
do/do
1.6 ———NLO

1 _._._._._._._._._..-___._._._._._._g._._._._._._._._._g___-___._._._é ................. —_— .
0.8-||||i||||i||||%;;fféfrll_ 0'977 I | I ;7igig7kfgig7}7*77F7777i77”*r****
0 100 200 300 400 500 0 200 400 600 0 1000
Pr.4 [GeV] Pr.4 [GeV]
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Reach in the tails for ZZ
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

no loop-induced gg component at NNLO

Large QCD corrections due to radiation zero [Baur, Han, Ohnemus '94]

Diboson processes at NNLO completed!

WV, Z identification

definition of the fiducial volume for pp — ¢Zv, 050, 0,0y, 0, € {e, p}

different Wiz Tz
ATLAS 8/13 TeV pre, > 15GeV,  ppe >20GeV, 1 < 2.5,
(Cf. Ref. [5,6]) |mgzgz — mz‘ < 10 Ge\/, mrw > 30 Ge\/, ARgzgz > (.2, ARgzgw > 0.3
CMS 13 TeV pre,, > 20GeV,  pry,, >10GeV, pr,, > 20GeV, 17, <2.5,
(Cf. Ref. [7]) 60 GeV< my, e, < 120 GeV, my+,- > 4GeV

Marius Wiesemann (CERN) VV production October 31,2017



WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
New-physics searches
Category lll: mtw>120 GeV
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
New-physics searches
Category IV: mi>105 GeV
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive: distributions (8 TeV)
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]
WW signal cuts: distributions (8 TeV)

do/dAcI)” WY [fb] p*e "u‘) (WW cuts)@LHC 8 TeV do/dm, [fb/GeV] K€V Y o(WW-cuts) @LHC 8 TeV
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]

WZ(DF)@LHC 13 TeV (Category 1)

New-physics searches
Category lll: mtw>120 GeV
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
various channels: SM measurements

different-flavour (DF) channels
PP — M*Vuete, pp = e*Ve. U*HU- (identical for massless fermions)
PP — M-Vuete, pp — eVe U*H- (identical for massless fermions)
same-flavour (SF) channels
pp — e*Ve eter, pp ™ U*Vy MU*H- (identical for massless fermions)
PP — eVeete, pp = MVy M*H- (identical for massless fermions)
fiducial phase space (ATLAS/CMS) for pp = I'vrll (LI' € {e,u})

Z/W reconstruction: trivial for DF; CMS: Z=lepton pair closest to mz, ATLAS: "resonant shape" for SF
[arXiv:1603.02151]

for all possible combinations of pairs W=(I',vi) and Z=(I*,) compute

2

1 1
P = X

2 PDG PDG 2

2
_ : TPDG _
Mg ey = (mP0) + i T5P0 m3 Mgy = (1 w

2,
PDG) 4 F};‘IIJG mPDG

2

and identify W and Z bosons by combination with highest estimator value P

Marius Wiesemann (CERN) VV production

October 31,2017 | 64



WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW '17]
various channels: SM measurements

different-flavour (DF) channels
PP — M*Vuete, pp = e*Ve. U*HU- (identical for massless fermions)
PP — M-Vuete, pp — eVe U*H- (identical for massless fermions)
same-flavour (SF) channels
pp — e*Ve eter, pp ™ U*Vy MU*H- (identical for massless fermions)
PP — eVeete, pp = MVy M*H- (identical for massless fermions)
fiducial phase space (ATLAS/CMS) for pp = I'vrll (LI' € {e,u})

Z/W reconstruction: trivial for DF; CMS: Z=lepton pair closest to mz, ATLAS: "resonant shape" for SF

w'Z 7z )

definition of the fiducial volume for pp — ¢Zv, 050, 0,0y, 0, € {e, p}

ARgzgw > 0.3

ATLAS 8/13 TeV pre, > 15GeV,  pp, > 20GeV, 1, < 2.5,
(Cf. Ref. [5,6]) |mgzgz — mz‘ < 10 Ge\/, mrw > 30 Ge\/, ARgzgz > (.2,
CMS 13 TeV pre,, > 20GeV,  prg,, >10GeV,  pr,, > 20GeV,
(Cf. Ref. [7]) 60 GeV< my, e, < 120 GeV, my+,- > 4GeV

My < 2.9,

Marius Wiesemann (CERN) VV production October 31,2017
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WLZ tully differential at NNLO )

[Grazzini, Kallweit, Rathlev, MW '17]

New-physics searches

Category |: no additional cuts
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