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I Introduction ﬂ("'

e Institute of Technology

Goal

m test the Standard Model (SM) at the LHC with the highest possible precision
m look for deviations from the SM in a model independent way

Methods

m more precise SM prediction, reduced theory error = ANLO
m parametrize beyond-SM effects = Anomalous Couplings (AC) / EFT
m improve analyses = better cuts and observables, dynamical jet veto

Tools

a VBFNLO: diboson production at NLO QCD with AC
a LoopSim: nNLO based on VBFNLO input
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I Diboson production at the LHC AN{

uhe Institute of Technology

Why Diboson ’\/\/\/V\V<

m leptonic decays: “easy” to tag, precise
knowledge of final state

m access to triple gauge couplings,
deviations in EW sector

Observables

@ new resonances

m enhanced production at high energy
= AC

® M7, Prv,Pr1I
m decay angles, spin information

N n
:

Motivation: Diboson production at LHC
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I Current state of diboson production at the LHC A\‘(IT
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Dec. 2015 CMS Preliminary
T T T T I T T T T I T T T T
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +———o—+—i
vs. NLO (nnLo) theory 8 TeV CMS measurement (stat,stat+sys) — +———e—+—
13 TeV CMS measurement (stat,stat+sys) +———e——
VY, (NNLO th,) — 1.06£0.01£0.12 5.0 fb*
Wy —_—— 1.16 £0.03+0.13 5.0fb*
Zy —rot— 0.98 £+0.01+0.05 5.0fb?
Zy —o—i 0.98 £0.01+0.05 19.5fb?
WW+WZ ————————— 1.05+0.13+0.15 4.9fbh*
Ww ———o—t—t 1.11+0.04+0.10 4.9fb*
WW, (NNLO th.) —f— 1.01+0.02 £0.08 19.4fb*
Wz o 1.17 £0.07 £0.07 4.9fb*
wz i 1.12 +0.03+0.07 19.6 fo*
WZ ———————— 0.86 £0.11+0.17 1.34fb*
7z ——————— 0.99 £0.14 £0.07 4.9fb?
7z —— 1.00 £0.06 + 0.08 19.6 fb*
zz ——————— 1.00+0.16 +0.06 1.34fb?
; ; ; ; I i ; ; ; 1|5 ; ’ ; ! 2
° iip o ahaIoN7 Production Cross Section Ratio: Oy, / Oyeo

Motivation: Diboson production at LHC
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I Anomalous Couplings AT

m only use SM fields and preserve symmetries
® add higher-dimensional terms to Lagrangian £ = Lgy + > _; %O;
m contributions to WWZ vertex at dim 6 from 3 operators:

Ow = (D®) Wi (D, ®), Opyw = Tr [WW Wee W,/;”] :

Op = (D, @) BL (D, @)

Relation to x Framework

. M M2
w Tofirstorder: Ary = % (fa + ), A9E = 5%fw, ...

m EFT inherently gauge invariant, works consistently beyond LO

Limited Validity of EFT

a low-energy expansion of unknown higher-energy model

a only valid if expansion parameter small
validity depends on phase space region/kinematics

Anomalous Couplings
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I Anomalous Couplings

Example operator: Oy = (DM<I>)T Wrv (D, ®), L =Lgy+ j\—"gOW +...

A

) 1. fw
. pv i TW _ Ay . . vV M MV
WWH vertex: igmy g 21/\2ng< 9" (Pn - P— + pn p+)+php_+php+)
SM Ow
WH production %' f
A=1TeV _
§ 0.01 |-
5
FW=-1 — —
0.001 | W=+t ——

0 50 100 150 200 250 300 350 400 450 500
Py / GeV

Anomalous Couplings
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I LoopSim ﬂ("'
ldea

m “Giant QCD K-factors beyond NLO”

[Rubin, Salam, Sapeta, 1006.2144]
2 2
m merge different multiplicity final states . 2 U(()) UE )
X@NLO + Xj@NLO = X@nNLO §
a parton level L2 1 cr((;) 051) o
m use NLO events, interface to existing b
Monte Carlos programs 0 0(()0) 050) aéo) 0':(30)
Properties 0 1 2 3

m misses finite 2-loop contributions
k (legs)

m include dominant contributions from
extra emissions, O(ax In? prier/mz)

m preserve NLO total cross section
m nearly NNLO in high-pr tails

Beyond NLO: LoopSim
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I LoopSim ﬂ( T
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I LoopSim ﬂ( T
dea |
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I LoopSim ﬂ( T

m “Giant QCD K-factors beyond NLO”
[Rubin, Salam, Sapeta, 1006.2144]

m merge different multiplicity final states
X@NLO + Xj@NLO = X@nNLO

m parton level

m use NLO events, interface to existing
Monte Carlos programs

Properties 0 1 2 3

m misses finite 2-loop contributions

m include dominant contribzutions from k (legs)
extra emissions, O(as In“ Priet/mz) )

m preserve NLO total cross section X"‘Jet@ NLO

m nearly NNLO in high-pr tails

| (loops)

Beyond NLO: LoopSim
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I LoopSim ﬂ( T
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nNLO for WZ production
LHC, 13 TeV, inclusive cuts
=251 (NLO)
=250 (NNLO)
- e Aus=1{05,15}
(] --- SM(NLO)
g 10-1 — SM(nNLO)
F
s
~
Q
©
S 102

50 100 150

PTi,max / GeV

WZ production with a dynamical jet veto

200
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do / dHrjets / fo/GeV
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AC for diboson production \“
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11 = 2*" 10 (NLO)
-~ FW=5
FW=-3
E -- FW=4+10
2 10-1 -~ SM(NLO)
s
€
=
Q.
©
S 10-2
o4 -
9 o
1.2 -
=
a‘
8 1.0}

50 100 150 200 250 300
pTI,max / GeV

WZ production with a dynamical jet veto
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AC for diboson production
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1= 2% g (NLO)
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> :\L/j - {50.5,1.5)
s _.
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AC for diboson production
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I Jet vetos

Karlsruhe Institute of Technology

want VV + jets, not Vj + V — - -
Traditional (fixed) jet veto

m don’t allow any jets above a fixed pr
threshold
m introduces large logs l0g prveto/ Myy

m cuts away relevant phase space:
j myy = 1TeV < prjet = 50/300 GeV

Vi

Va Dynamical veto

Vi m veto scaled depending on overall
scale = smaller logs

m allow more QCD radiation in tails of
EW distributions

Zjets ETJ
>jets ET,i + Er.w + Er 2

Xt =
jet
Va

[Campanario, RR, Zeppenfeld, 1410.4840]

WZ production with a dynamical jet veto
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I Observable Xjet =

Ziets ET,I'

2 jets ETitEr w+Er 2

Karlsruhe Institute of Technology

7
SM, p = Qtlﬂo prz > 200 GeV
6F jJ,- bo--- fw=-56 ]
1 = 1 ; = —
sl 4 LI Tw = i |
2 : : r!J | fw =+
B [ fw=+10
A dov e 1
2 !
= 3F | 1
S) i
= |
L! J
LIA
1l i N |
-LLL“-‘.A
- 0 F' I L e
gafii-, ]
Tk i T D T D s smmarmara et e ety B8]
il <
S H . . . . . . .
%.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Tiet
WZ production with a dynamical jet veto
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Dynamical veto to improve AC sensitivity \“
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R.s ={0.5,1.5}
1 =2%"5 (NNLO)
- 1 =2%"5 (NLO)
8 101 --- SM(NLO)
> — SM (nNLO)
= FW=-5
] FW=-3
3
=
3102
IS
© ~
103
2.0
o)
-
Z15
=
[
1.0

50 100 150 200 250 300
pT\,max / GeV

inclusive

WZ production with a dynamical jet veto
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Dynamical veto to improve AC sensitivity
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do / dprimax / fo/GeV

Karlsruhe Institute of Technology

Rus =1{05,1.5}
1= 2% g (NNLO)
1= 2% 15 (NLO)

-~ SM(NLO)
— SM(nNLO)
— FW=-5
FW =-3
FW = +10

100

750 200 250
Pri,max / GeV

Xiet < 0.2
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Beyond NLO: Loopsim

a method to combine multiplicities consistently at parton level
X@NLO + Xj@NLO = X@nNLO

m captures log enhanced terms of real emission

m nearly NNLO in high-pr region

Anomalous couplings

a diboson production interesting channel to study triple gauge couplings
m validity depends on coupling and phase space region

m increase sensitive = dynamical jet veto
Xy — Zjets ET,i
let = o ET,itET, wHET 2

I Conclusion ﬂ("'

VBFNLO: https://www.itp.kit.edu/vbfnlo [0811.4559, 1107.4038, 1404.3940]

Outlook
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I VBFNLO AT

VBFNLO [0811.4559, 1107.4038, 1404.3940]

K. Arnold,J. Baglio, J. Bellm, G. Bozzi, M. Brieg, F. Campanario, C. Englert, B. Feigl,
J. Frank, T. Figy, F. Geyer, N. Greiner, C. Hackstein, V. Hankele, B. Jager, N. Kaiser,
M. Kerner, G. Klamke, M. Kubocz, M. Léschner, L.D. Ninh, C. Oleari, S. Palmer,

S. Platzer, S. Prestel, M. Rauch, R. Roth, H. Rzehak, F. Schissler, O. Schlimpert,

M. Spannowsky, M. Worek, D. Zeppenfeld

a Monte Carlo program for hadron collider cross sections at NLO QCD
m focus on processes with EW bosons: VBF, VV, VVV (+jets)
a includes leptonic decay of vector bosons with full off-shell effects

m anomalous triple/quartic gauge couplings

efficient by reusing electroweak part of diagrams in terms of leptonic tensors

m BLHA interface to event generators: NLO event output

Backup
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I Validity of EFT approach AT

of Technoloay

EFT assumptions

a all NP scales well above observables, no resonances at measurable scales
m f/A2 “small”, depends on coupling: O(1) or O(aqep)

Power counting in A

M = Mgy + MJG° + M3E®
—— =

1/A2 1/8%
M2 = | Msul? +2Re Mg ME® + | ME5 ‘+2ReMSMM 84 |mis®
N — — _/—’
1/A0 1/A2 104 1/a% 1/78

) L2 _
= power-counting A~*: [MYS8|", Mg, MI8 2
m conservative: experimental fit only in range where |Mac|? < MgyMsm

m but: Mgy accidentally small (phase space, weak coupling compared to Mac)
= M Mac suppressed, |Mgge|2 leading 1/a* term

Backup
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I ATLAS WZ pr2 \‘(IT

60

> T 17T | LI ‘ T 1T LI T 1T L LB ‘ L | T T ‘ LI
8 160 :_ 4-data _:
S 140F + o =
@ u BW/Z+y ]
£ 1201 ’H EWiet
2 . DZ+jet .
w 100 v/ DTop -]

80;_ + ‘H-¥ ATLAS Preliminary -

ﬂ+ \s=8TeV, [ Ldt=13f"

i
+ M 77
1 ol S .

0 20 40 60 80 100 120 140 160 180 200
p7 [GeV]

40

20

JL.|..‘1§.-.+r

Backup
Robin Roth — Anomalous couplings in WZ production beyond NLO QCD 14.06.2016 3/13



I Event Selection ﬂ("'

lsruhe Institute of Technology

prj > 30GeV pr; > 15GeV pr > 30GeV

|'r]j| <45 [m| < 2.5 R/J > 0.4
60GeV < my < 120 GeV

boosted: prz> > 200 GeV

Input values

m EW constants: VBFNLO default
m PDF: NNPDF23

Backup
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Different xj; cuts

do / dprimax / fo/GeV

=210 (NLO)
1t = 251115 (NNLO)
Rus = {0.5,1.5}
FW = +10
FW=-5
FW=-3
SM (NLO)
SM (nNLO)

50 100 150

pTI,max / GeV

Backup

200
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1= 24110 (NLO)
1= 2% 15 (NNLO)
Ris={05,1.5}

— FW=+10

— FW=-5

FW =-3

SM (NLO)

SM (NLO)

150 200

100 250 300
P1i,max / GeV, Xjel <0.2
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Different xj; cuts

Backup
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do / dprimax / fo/GeV
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Xjet NNLO corrections

Backup

—_
n

nNLO/NLO
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=210 (NNLO)
o Aus={05,15}
— FW=4+10
— Fw=5
FW=-3
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I Observable: Xjet, Xz

AT

e Institute of Technology

a 3 particle final state (WZj)
m the transverse momenta can be parametrized using only two variables

6 d.o.f. (porw, Prz, Prjet )- 2 (total pyr = 0) - 1 (no ¢ dependence) - 1 (rescaling at

high pr)
m dalitz-like construction

> jets ETi o — Erv
Yiets ETi +Erw +Erz’ v Piets ETi+Erw +Erz
Xet +Xw + Xz =1
Xx; < 0.5 (atLO only)

other choices: pr instead of Et, partons instead of jets, ...
Careful not to be (too) infrared-sensitive

Xiet =

Backup
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I Observable: Xjet, Xz ﬂ("'

A% /dxjeedxz / b

0.6 54
0.5} F 48
42
0.4 36
30
N 0.3
24
0.2 18
12
0.1
6
0

0.6

o

0. : : :
bo o1 02 o3 o1 o

Tjet

Backup
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PS effects on Xxje \“(
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PS effects on Xxje
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d%0/dxP iRl [fb]
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I The LoopSim Method — “Looping”

(a) Input event (b) Attributed emission seq. (c) Born particle ID

1 1
1/2 . >/z . I/z
\

Is

(d) Output 1-loop event (e) 2nd output 1-loop event (f) Output 2-loop event

I> [
| |

m cluster by distance to get emission sequence (C/A algorithm)
m captures soft/collinear divergences

m subtract divergences by generating looped diagrams with negative weight

a Catani-Seymour like generation of looped kinematics
m Clustering radius R g gives estimate of dependence on merging

IT

K

m Scale dependence preserved for additional emissions, overestimates the NNLO

scale dependence

Backup
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Previous LoopSim results
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VBFNLO+LoopSim VBFNLO+LoopSim
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z 13 E ,,,,,,,m/////////////////,'////é’////Mé’////’ﬂ/////,i 2 g0 = . — - E
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[Campanario, Rauch, Sapeta, 1309.7293]
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Anomalous Couplings

=\
WH; with inclusive cuts and several values of f,y /A2 in TeV ™2 and no form factope= s
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Anomalous Couplings

A2 2 =\
with form factor (7) ,A=2TeV
R
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