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The Large Hadron Collider
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The Large Hadron Collider [FIC

INSTITUT DE FISICA
CORPUSCULAR

M5 DETECTOR STREL RETURN YOKE

Sl wrght £ 14000 fonaes 1590 s SILICON TRACKERS
Overall dirmater © 150 m

Overalllemgeh

Magoete frkd

MO CHAMBIRS
Berr: 188 Prid Tube, 480 Koy Pt Chepmbers
B 408 Catbde S, 413 Brsntrs Pl Chambets

PRESHOWER
= et st - i’ = 111008 ok

FOOWARD CALORIMETER,
[y, ey

HADRON CALORIMETER (HEAT)
Bt Pl sl -0

Tile calorimeters

LAr hadrenic end-cap and
forward calorimeters

LAr electromagnelic calorimeters

Muon chambers Solenoid magnet J Transition radiation tracker
Semiconductor fracker

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 4



The Large Hadron Collider
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Proton Collider: Initial Proton- Proton Collision

Proton: Not only valence quarks (uud)
Gluon relevant: carry half of the energy
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Final State: Complicated Topologies:
ppmpH+ Xmp 4e+X

ATLAS: 18-May-2012, 20:28:11 CEST, run number 203602, event number 82614360
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Transverse Plane
ATLAS: 18-May-2012, 20:28:11 CEST, run number 203602, event number 82614360

ATI.AS
h'‘']E)(I’ER]M.EI:IJ

== m(4l) = 124.5 GeV

m(2l) = 70.6 , 44.7 GeV
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The HIggS Slgnal Evolution PR R
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution

= L |
& 30 ys=7Tev | Ldt=483m" Nov 3 2011 ]
Ip] — _
P 25: fs=8TeV | Ldt=1595f" Oct28, 2012 ]
[ - = _ |
Q — _
o - ATLAS Preliminary
20— H—zZ"' 4l channel ]|
L [ Signal (m =125 GeV)
15— I Background zZ"' ¥
- I Background Z+jets, tt ]
B —4— Data ]
10— =
o \ | y -
e nl
| o
= _|
2
b
m —1
8
a 50 100 150 200 250 300 350 400 450 500

M, [GeV]

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 22



[FIC

The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution
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The Higgs Signal Evolution

Dr. Marc Bret Cano [Higgs Couplings 2017, Nov 6]
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The Higgs Signal Evolution

Dr. Marc Bret Cano [Higgs Couplings 2017, Nov 6]
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Precise Knowledge of Backgrounds

[ATLAS-CONF-2018-004]
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Needed Precise Theoretical Predictions
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Beyond NLO: Precision frontier

MATRIX o(pp = WZ)
ATLAS 7 TeV i 66 GeV < m(Z) < 116 GeV
CMS 7 TeV + » 71 GeV<m(Z) <111 GeV

Do ]
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2 mu —e— inarkiv: 1606.04017
—e— DATA/NNLO,, NNLO/NNLO .
+~—=o— DATA/NLO s NLO/NLO,
| | | | | | | |

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
data/theory

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 33



Status Theory

a LO:
s Automatize (Madgraph, Sherpa...)
s Public libraries (optimized code):(MCFM, VBFNLO)
m NLO QCD:
s Automatize (MG5 aMC@NLO, Gosam/OpenLoops+ Herwig/Sherpa)
m (processes with >4 legs in the final state, still might be challenging
s Public libraries (MCFM, VBFNLO)

a NLOEW:
s 2 — 1 (solved), many 2 — 2, some 2 — 3/4 processes
a NNLO QCD:

s 2 — 1 (solved), many 2 — 2 processes
s Public libraries (MATRIX, MCFM) and private codes
ma NNNLO QCD:
m pp — H :via GF (effective theory) and VBF (VBF approximation)
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Re-discovering the SM
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Re-discovering the SM

VBF, VBS, and Triboson Cross Section Measurements siws mach 2018
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Goal at LHC

Test Standard Model & Hints of New Physics
Method
Improve SM prediction Reduce Theory Uncertainty
Framework to parametrize Beyond Effective Field Theory
Standard Model physics
l Anomalous Couplings
Improve Sensitivity Cuts and Observables

Tools

Monte Carlo tools at the precision frontier:

NLO: MG5_aMC@NLO, Gosam/OpenLoops+ Herwig/Sherpa, VBFNLO+Herwig ...
NNLO: MATRIX,MCFM, DY/HNNLO,..
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Anomalous Couplings via Effective Field Theory

m Search for New Physics through Anomalous couplings
NH\PN ;

Zy

m New Physics at high mass scale: A

m Higher-dimension terms to Lagrangian: 1/ A
mmm) Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

L = LSM‘|‘ W Ow —I—

Ow = (D, ®)" Wr (D, ®)
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Anomalous Couplings

o
WWH Vertex: === &eeeeeeeeaaaann-. H
W
igmyg"” —lifﬂgmw (—g“” (Pn - P— +Pn-P+) + Pp p’“_ + p’“‘p”’)
—_—— 2 N2 — h M+ ’
SM NG

Ow

\

Ow = (D, ®)" W (D, ®)

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 39



Anomalous Couplings === Limits to fy,
[FC,Roth,Zeppenfeld,20014]
1 .
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Anomalous Couplings === Limits to fy,
[FC,Roth,Zeppenfeld,20014]
1 .

Tiny effects in the bulk of o
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Anomalous Couplings === Limits to fy,
[FC,Roth,Zeppenfeld,20014]
1 .

Tiny effects in the bulk of o
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Relevant Beyond (N)LO effects IFIC
[FC,Sapeta,20012]
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¥ {10+ Ew‘i/,._ —
O 25" —+— ——t | ——t _ o ]
— c -
2 20t _— m Precision is needed
8 10| g ﬁfﬁffﬁiﬁfﬂi’fﬁﬁi’%ﬁ” %
X 05 E. v
0 200 400 600 800 1000

Hy [GeV]
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Theoretical Ingredients

mem pPa:tnna
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Initial and Final States at LHC

T

T

N AN

Proton

21.05.2018

Francisco Campanario — Precise Phenomenology@LHC

Proton
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Particle Content

K\

PDF’s{

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 46

Proton Proton



Particle Content

Hard
Process

PDF’s{
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Particle Content

Parton
Shower

Hard
Process -

PDF’s{

Proton Proton
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Particle Content

Hadroniz
ation

Parton
Shower

Hard
Process -

PDF’s{

Proton Proton
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Factorization

R, ~1fm~10""m

Hadroniz /
ation

Parton
Shower

Hard
Process -

PDF’S{

Proton Proton
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Factorization

R, ~1fm~10""m 1/10 GeV ~ 0.02 fm
Hadroniz /
ation
Parton {
Shower
Hard
Process —

PDF’S{

Proton Proton
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Factorization

R, ~1fm~10""m 1/10 GeV ~ 0.02 fm
Hadroniz /
ation
Parton {
Shower 1/M,~0.002 fm
Hard
Process —

PDF’S{
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Libraries
Hadroniz {
ation

Parton {
Shower

Herwig, Pythia,Sherpa

MG5_aMC@NLO

Hard
Process - MCFM, VBFNLO

Gosam/OpenLoops/VBFNLO + Herwig/Sherpa

PDF's { ABM, CT14, MMHT14, NNPDF3.0, PDF4LHC15
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Partonic Cross Section

~ -
~ -
~ ™~
/ ™~
Proton Proton
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

x oap(ab — X;12) @ (C(X)) F(X — X)

Proton Proton

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 55



Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

Proton Proton
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

; Hard Scattering

Proton Proton
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

Cuts to Final State:e.qg.
60 GeV < my, < 120 GeV

Hard Scattering

Proton Proton
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

x Tan(gh= Xipp) © (C(X)) F(X - X)

Ve

How partons
recombine into Jets

Cuts to Final State:
60 GeV < my, < 120 GeV

Hard Scattering

Proton Proton
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Perturbative Expansion of Cross Section

2 2 2 2 2 _ .
o = Z o (uz) a’n(ﬂR,Ew) T » 117) (M%) = (137.03599911)

m.n a,(M2) = 0.1185 + 0.0006

_ LO LO NLO

Leading Order

Proton Proton
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Perturbative Expansion of Cross Section

g = Z a’;n(ﬂ}z{) " (ﬂlz{EW) O-m,n(/llz{a lulzi)

m,n

_ LO LO NLO

N\

Next-to-Leading Order: ag

Proton Proton
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Perturbative Expansion of Cross Section

g = Z a’;n(ﬂlz{) a’n(/l}z{,Ew) O-m,n(ﬂlz{aﬂlzi)

m,n

_ LO LO NLO

Next-to-Leading Order: «@

Proton Proton
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Perturbative Expansion of Cross Section

g = Z a’;n(ﬂlz{) a’n(/l}z{,Ew) O-m,n(ﬂlz{aﬂlzi)

m,n

10 LO LO NLO
o= ot +a:rgm + o + och

Next-Next-to-Leading Order: a%

Note: @ =~ &’é

Proton Proton
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Coupling Constants Run

a(M?) = (137.03599911)""

At NLO:
) (Q0p)
a(Q7) = -
|- X (<
3n 0
At M;:
a(M2) ~ (128)7!
a HighQ — Non-perturbative
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Coupling Constants Run

,(M2) = 0.1185 + 0.0006

At NLO:

2
a’S(Qz) — a’S(Q )

L+ (11— 2np) 2l (

é%IQ
N —

For high Q:

ny < 33/2 === Asymptotic Freedom
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QCD Coupling Constant

05—
g ' —4— CMS Ra; ratio —— HERA
S —#— CMS i prod. —{— LEP
0.20 —&— CMSincl. jet —/— PETRA
—— CMS3etmass —V— SPS -
- —(O— Tevatron |
0.15} .
0.10 f -
_ as(Mz) = 0.1171+3302 (3-jet mass)
0.05 L - r:lrs(Mz] = 0.1185 + 0.0006 (World average} )
) l

10 100 1000
Q[GeV]
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2 2 2 2
Scale Uncertanty o = Z @ () @ (UR pw) Tman(URs H7)

m,n

121 e

LG jj+ X

10 54
- LO

14 TeV

NLO

o[fb]
2

UI L L L .

10" ;1
by

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC
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Conventional scale
variation range

Theory scale
uncertainty at LO
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2 2 2 2
Scale Uncertanty o = Z a, (Ug) a’n(ﬂR,Ew) Tmn(Ug > Up)

m,n
12 — T T
= g s
PP — kil LL jj+ X
101 /s = 14 TeV Conventional scale
‘ . - LO == variation range
8F “—NLO g
— oL )
O
—. 6F .
° | —— | Theory scale
/_/— uncertainty at LO
47 T
2L _
Scale Uncertanty: Theoretical error estimate of missing higher order corrections
U | 1 1 1 | 1 PR T S T T
10" 1 10

b/
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2 2 2 2
Scale UnCertanty g = Z ngn(/,[R) a/n(/’lR,EW) O-m,n(ﬂRa /JF)

m,n
12 I T T J LI | T T T T T
T
pp — Ll Ll jj + X |
10 " /s = 14 TeV Conventional scale
AN Lo variation range
8 =NLO -
—_ N (—
0O
= 6F - |
° | —— | Theory scale
/_,_ uncertainty at LO
47 =
2L

Scale Uncertanty: Theoretical error estimate of missing higher order corrections

Central value p, not unique: chose appropiate one representing physics of
process. Here py= ) pr
o
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Scale Uncertainty

21.05.2018

o[fb]

12 - e

- pp — Ll KL jj + X |

10 (s=14TeV | -
----|LO

8F — NLO .

61 N ]

2'_ _]

U | bl L

10" 1 10
b/

Francisco Campanario — Precise Phenomenology@LHC

Theory scale

uncertainty at NLO
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Central Scale Choice Dependence

180 | | | T T T
HF = HR = xMy ———
UF = [ = YMwWH
160 | MHF = HR :XEt.hnd,squarcd i
Hr = Mg = X Eihadmax ———
::Ziiu HF = MR = X Eowi squared hatf
140 L TS Hr = Mg = X Exw.squared -
i‘:—'&; h‘““n.‘h“*"“--.,‘_ MF = HR :XEl,nI],squmtd -
_ B, e T NLO e
= 10} e
!
100 +
80 R
60

X Theory (scale)
uncertainty at LO
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Central Scale Dependence

180 . . . T T T
HF = PR = YMz ———
MF = [g = YMwH
160 F MHF = HR :XEt.hnd,squarcd _—
Hr = Mg = X Eihadmax ———
::Z:zm HF = MR = X Eowi squared hatf
140 hq%:::'::“ﬂ-_.,_“ HF = HRr = XELWH.squach -
“i—‘:::g: Nnn"‘uh“‘*""nh HF = Hr :XEl.nll.squmcd —
— B o e TR NLO pr = g = xEian —
S 0L =
!
100 +
80 R
60

X Theory (Scale)
uncertainty at NLO
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WZy Production

3.5}
3f v | NLO
29 T solid: HE=UR =& 1y T
- 5 | dashed: pg =& g, ug =N
= dotted: pg =pg, mg = § 1o
b
1.9 F I — —
1 :____ LO
0.5 F
0.1 1 10

3

m No ag at LO: Accidental LO small scale uncertainty
u NLO/LO>2: Is perturbation theory broken? ag(myzy)~ 0.1
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WZy Production

3.5 ¢
3p .| NLO
29 [ solid: e =pg =& Yo ]
- 5 | dashed: pg =& g, ug =N
= dotted: pg =pg, mg = § 1o
b
1.9 F N I —
1 :____ LO
0.5 F
0.1 1

3

m No ag at LO: Accidental LO small scale uncertanties
u NLO/LO>2: Is perturbation theory broken? ag(myzy)~ 0.1
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WZy Production

35 | '
3f v | NLO ‘
25 solid:  pp=pg =& ng T
= 5| dashed: pg =& g, ug =N ]
= dotted: pg =pg, g =g Hy
o
15 | S :
1 T LO .
- AN . Vc_

CAUTION at LHC:

Scale Uncertanty: Theoretical error estimate of missing higher order corrections
Depends on the process, selection cuts...

m No ag at LO: Accidental LO small scale uncertanties
u NLO/LO>2: Is perturbation theory broken? ag(myzy)~ 0.1

+_
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

Proton Proton
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Parton
Distribution
Functions
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DIS: Deep Inelastic Scattering

a Kinematic Relations:

. 2
+ 1)k _prq 0
€ (1-y) y = X = M = +xs
> T op-k 2p-q
.
1,02 = —¢? 0 = xys
Kk : :
m  Q: photon virtuality
XP m transverse resolution at which it
P probes proton structure
Proton = X longitudinal momentum fraction of
parton

m y: momentum fraction lost by electron
(in proton rest frame)

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 78



DIS

21.05.2018

H1

Run

122145 Event 69506 Date 19/09/1995

Q* = 25030 GeV?, y = 0.56, M — 211 GeV

Francisco Campanario — Precise Phenomenology@LHC
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DIS Structure Function

d>c™  Adxa” (1 + (1 —y)?
dxdQ> ~ xQ* 2

FSm 4 O({T))

, 4 |
F5" = x (Z;Q;qf(.x)) = .J:(au(.x) + gd(,ﬁf) + . )

m d(x),u(x): Parton Distribution Functions

m Assuming SU(2) isospin symmetry:
neutron = proton with d <= u

4 1 4 1
FY=x (au(.x) + ad(.r)) Y= x (ad(.x) + 615(;:))

F3" — d(x), u(x)
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DIS and DGLAP

F (x,.Q%)
DGLAP (CTEQSD) —— | m Parton distributions run:
1.6 1 ZEUS |
NMC —— = Dokshitzer-Gribov-Lipatov-Alterelli-
12 1 Q% =15.0 GeV? | Parisi (DGLAP)
08 | — dq(x,?) _ as (1 AX/z,12)
. dlnp2 ~ 2mn fx dz qu(Z) z
\*\ﬂ"‘!_
0.4 t b 7 K - Splitting kernel
\\\ qq(2): Splitting kerne
o~ 1422
0 | Lyl T .KCICI(Z)_CF 1—27
0.001  0.01 0.1 1
X
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DIS

and DGLAP

S (x,Q9)

16

DGLAP (CTEQSD) ——
ZEUS |

Q% = 15.0 GeV? -

0.001

21.05.2018

FD (x,Q%)

DGLAP (CTEQSD) ——
16T ZEUS
1.2 F Q? = 150.0 GeV?>"
08 | -
0.4 | -

0 L Lol L L0 aaaal ] L0
0.001 0.01 0.1
X
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PDF’s sets (ABM not shown)

NMLO, OF = 100 GeV?

up quark

ufx O Juix O [ref]

10 107 i 10
X

NMLO, OF = 100 GeV?

gluon

=
i

g (%, @ /g (x O [ref]

=
in

107" 1ot 10 « 10 1!

=]
i

21.05.2018

dx Q) /d(x, Q) [ref]

s (%, @) /s (% O [ref]

NNLO, QF = 100 GeV?

13 T T

down quark

PR R T
e
XA

10 10" 10 107
x

NNLO, QF = 100 GeV?

i 107 [ il 107
®

Francisco Campanario — Precise Phenomenology@LHC
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Sensitivity of LHC to PDF’s

2 g T ToF § % % % § £ U f
ATLAS

13 TeV, 81 pb’

RW'!’W- =vad+ /G{vfd'

B data + total uncertainty
data * stat. uncertainty

I

A ABM12

vy CT14nnlo

m NNPDF3.0

® MMHT14nnlo68CL
A

OJ

—
ATLAS-epWZ12nnlo

HERAPDF2.0nnlo

™
—J

| L l il L 1 l il ' N | l L L L l i | L l il L 'l I

12 122 124 126 128 13 132 1.34
fid / fid
O\ / OW
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PDF’'s overview

100 . . _
10| CTEQ6L1 19—
1k Q = 100 GeV [ B
Boon N, 1 u ——
& I T eervereeres
103 F 5
10~4F G e
10—5:_ E_) S
i [
10-6" | | l “
0 0.2 0.4 0.6 0.8 1

i

m Large gluon pdf’'s at small x: Phenomenological consequences
LHC =) gluon machine
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[FIC

INSTITUT DE FISICA
CORPUSCULAR

HARD PROCESS
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Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

Proton Proton

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 87



Cross Section at Hadron Colliders

1
c(H Hy = X) = ), fo doxg dxp Sy, (Xas 12) fios 11, (X, 1)
%

; Hard Scattering

Proton Proton
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Cross Section at Hadron Colliders

g = Z Q’ZL(}UZR) a’n(NZR,EW) O-m,n(ﬂzRaﬂl%)

m,n

B LO NLO
o=o0 +¢ och + s +a'g&D

Leading Order

Proton Proton
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LO Cross Section

|
o=y fo A, Aty £20 (a0 1) £20 (0 i) 08,
a,b )

Proton Proton
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LO Cross Section

f dx, dx; fLO (X, /‘[F) (xba /«‘1%) O-aBb

O'QBb fd(D2—>n|MB|
papb

/S
Phase Space integration / \/
511
,L? s
Mp =— w,
/ 4\
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NLO Cross Section

I
oNO = Z f dxg dxy, £ (ar ) 10 Gt pi) [0 + 0
ab Y

do™0 [ dux
doLO /dx

Kewio =

Proton Proton
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NLO Cross Section

1
oNO = Z f dxg dxp f 0 (s 1) fi - (s i) [0 + O
ab YV

doNLO dx\

doL0 /dx

Kocplro =

B doNO /dx
doLO /dx

Proton Proton
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Details of NLO Calculation

gg;w:fdgv + f do® —I—de'C
n n+1 n

ok =

f d(D2—>n+l |MRE|

4papb fn+l } .

",
MRE ) ", 7

a [Initial state gluon
Implications

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC
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NLO effects

LO NLO QCD (WZ+j at LO)
g Z g Z
q AR
g
é w q ‘71 W
m Subprocesses: ma New Subprocesses: LO
qq 48,498
m Large corrections due to gluon PDF’s
) 2
fg(-xmﬂp) fg(xaaﬂl:)

~ 1) o) ~ 1
fz;(xb,}u%) ff?(xbﬂf‘%)
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NLO effects

LO NLO QCD (WZ+j at LO)
g Z g Z
q
2 W ‘%vw » PT

\(1’5 lIl

My

m Back to back topologies a Soft and Collinear W
Radiation

m Large corrections:

T
pr = 1000 GeV ‘ afgln2 F x07
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NLO effects

LO NLO QCD (WZ+j at LO)
Z Z
_ z
g
g w q‘lzv W
m Subprocesses: ma New Subprocesses: LO
1 4848
a Total effect
2
fg(xm HF)(},’ 1112 PT 7
r = 1000 GeV o) s — =
o fa(xb,u%:) My
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Details of NLO calculation

a;i)w:fda" + f do” +fdac
n n+1 n

O-R — qu)2—>n+1 |MRE|

4papb ffz+l }

Mpp =

a Final state gluon:

same initial partons === “only” In2 T o0

|14
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Relevant NLO effects IFIC
[FC,Sapeta,20012]

10 L WI;ZR uisTeJSTWNNLozuEE . ft?(xba /JF) MW

60 {mz{12(}GeV ;:-.Hl{llﬂ_ﬂs ] /
iz o LL;z:
HLU' ﬁﬁz,,_ el
R v W
L

9100 | Rusvar
= r
s
5
B
8 ,
< 10 E"’—*{
g 25¢
g 20}
Z15E
8 10 g rctf{i’fﬁz&‘fﬁfﬁ’ﬁmﬁ/’“
X 05B. s
0 200 400 600 800 1000

Hy [GeV]
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WZy Production

3.9}
3F T NLO
T —
29 [ solid: HE = lg = & Ug T
- 5 | dashed: pg =& g, ug =N
= dotted: pg =pg, Mg = g Mg
o
1.5} I — —
1 :____ LO
05}
0.1 1 10

u NLO/LO>2: Is perturbation theory broken? ag(myzy)~ 0.1
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WZy Production

3.5}
3l T NLO
T —
25 solid:  pp=pg =& ng T
- 5 | dashed: pg =& g, ug =N
= dotted: pg =pg, Mg = g Mg
b
1.9 F I — —
1 :____ LO
0.5 F
0.1 1 10
g
m NLO/LO>2

a New gluon initiated processes + new kinematic topologies
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Details of NLO calculation

gg;w:fdgv + f do® —I—de'C
n n+1 n

O'V fd(DZ—m 2 Re (MvMB)
4papb
{/n}
. -
[’Z/f
f/z’f,f

m Same initial partons and kinematics:
mes) ' : Naturally suppressed sy

Q
2
%

S
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Cancellation of Divergences

as dE do
xn E 6

+2CF
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Details of NLO calculation

a;\;w:fda‘” + f do” —I—de'C
n n+l n

m Collinear counterterms: renormalize PDF’'s in MS

1 1
A0S, (Pa, py; ) = — = //duddlf‘m
Jub(p :prU’F) Qﬂ_r(l_s)g 0 ~q Uzp O-cd(zp 7prb)

w4 6061 — ) |- (“"‘zypw(za)]

2
£\ HF
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Dipole Substraction Method: [catani,seymour,1997]

8:0) + fn (dav+do-c+ jl‘ do-A)SO

™ do

- | (a0
n+

a Add counterterm: dJgo®

d O‘A soft/coll. d O'R

region

0 R e i o Y L
|

do / dE;

/ do™ — do? —>
m-+1

1 1
10° 10" 102  10°

E [GeV]

1
2 10-1

4

107 10
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Dipole Substraction Method: [catani,seymour,1997]

) fn (dav+do-c+ jl‘ do-A)SO

™ do

- | (a0
n+

m Add counterter

do?

soft/coll.
dot —5

. 0.2
region

0.2 F
0.4 F

=¥
Q

N

do / dE;

-0.8 [

-1.2 F

-1.4
107

1 1
10° 10" 102  10°

E [GeV]

1
2 10-1

4

107 10

a Numerically Integrable D=4
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Dipole Substraction Method: [catani,Seymour,1997]

o) F f (dO'V+d0'C + fl dO'A)SO

™ do

- | (4o
n+

0 f do*: Analytically integrable
|

1
/ dorAJr/ ag_/ [do” ® I +/ d:r:/ [do® ® (P(z, u7) + K(z))]
m+1 m m 0 m
m e.g: forV,VV,VVV production:

47r}u%

07

q(e)) = |MB|22—"CF[
JT

) I'(l1 +¢)

2 3 4
— + 49—’
g & 3ﬂ]

Cancel divergences of do-"
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Dipole Substraction Method: [catani,seymour,1997]

oo’ = fnﬂ (dO'R‘gzo - dO‘AL:O) T L(dgv #dot \[dO-A)go

O f do : Analytically Integrable
1

/mH dJAJr/mffSl/m [do” @ I + d:r:/m [do® ® (P(z, ) + K(z))]

I'l+e)|=+=-+9—-=n

g2 & 3

(I(€)) = |MB|2%CF(
JT

3 42]

m Numerically Integrable D=4
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At NNLO:

|
PN = 3 [ dn £ i) £ i)
ah 0

[ O'B + O'NLO 4 O_NNLO]

ab
do-NNLO /dx f’fq,%/ &

K> =
QCD.(N)LO — do-(NLO /dx

Proton Proton
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NNLO Topologies

m Soft and collinear W, Z
radiation

m New subprocesses:
0 === | O process

m Overall effect at small x and large momenta:

7 9
Xas 1) fo(Xa, i) L
f;'q( a M f:e( @ K a% In P1 > 20

ﬁ?(*":b}#%) ff}'(“rbaﬂ%) My
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Beyond (N)LO QCD effects:
for X4 ....X,, colorless Particles in Final State

m NLO QCD corrections large é
= New LO sub-processes 6 g '

= New topologies

a At NNLO NLO

» New LO sub-processes

wo DC In pT _]et
a New topologies < F
NNLO ™
m Potentially large corrections g
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Relevant Beyond (N)LO effects

[FC,Sapeta,20012]

104 L ak, Fe0.45, MSTW NNLO 2008
- 60.<m; < 120GeV, aﬁl{m_ 03

L0 O

nLD m

o100 Fusvar o, \
= : 3
= ]
5 ]
5] _
L /
X 10E wi f (x 2)
—+— J: ———t———— g o> HF
O a5} 3 04
Z 20} 2
= E
= s f‘ (x )
215 g\ADb>s HF
8 10 = ;:?affff;’%’ff}ffﬁﬁmf’“
¥ 05F, ., . . .
0 zm} 4@(} BD[} am:} 1000

Hy [GeV]

fﬁ'("rﬂayll‘) fg(-xmﬂp) 21]]4 p_TO_LO

fa(Xp. 1) fo (X ,uF) My
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WZY Production [FC,Rauch,Rzehak,Zeppenfeld,1011.2206]

3.5 } 1
3 - T ‘rm.,,__"_‘_h__ﬁ NLO i
‘"‘“‘—‘*m"——_._h._____ﬂ______ """"""""""
29 I solid: pp=pg=E&unyg -
= 5 | dashed: Ug = € Ho: LR = Ko i
= dotted: pg =pg, g =& Ko
b
15} - 1
: :_____ LO .
0.5 | 1
'D N , P | —
0.1 1 10

21.05.2018

Francisco Campanario — Precise Phenomenology@LHC

113



NLO QCD effects: for X; ....X,, JIn Final State

m NLO QCD corrections large §
LO

» New LO sub-processes

= New topologies

do p%" jet
. O(l 5]
: : df? mzz—
m Potentially large corrections
/ RN\I‘N\W
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WVY + J [FC,Englert,Rauch,Zeppenfeld,1106.4009]

)
b
6 5 -
4 } f+\’”ﬁ’1 @ LHC |
solid: Up=pp=E&m
2 I dashed: ME=€ Wy ﬂg’é My .
0 dotted: HR= G Myyy HE= My
0.1 1 10

S
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NLO QCD effects: for X4 ....X,, JJ In Final State

m NLO QCD corrections large

= No New LO sub-processes LO
(W+W+j)) §

= No New topologies

m Moderate corrections
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Zij Production [FC,Kerner,Ninhn,Zeppenfeld,1405.3972]

12 —— e
- pp — Ll KL jj + X |
100 (s=14TeV | -
- e S |
8t — NLO g
= -, (—
= eF |
b " Theory scale
| | ‘

; - : uncertainty at NLO
s/ R '

U | 1 1 1 PR | 1 L L8
10™ 1 10
b/
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Phenomenology
VV Production
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Introduction

Goal
Test Standard Model & Hints of New Physics
Method
Improve SM prediction Reduce Theory Uncertainty
Framework to parametrize Beyond Effective Field Theory
Standard Model physics 3

Anomalous Couplings

Improve Sensitivity Cuts and Observables

Tools

VBFNLO: Diboson (+ up to 2 jet) production at NLO with AC
LoopSim: Merge NLO samples to provide approximate higher order
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Di-boson production

m Background to many SM and BSM searches (including Higgs)

Zy
Status:

m NLO QCD known for a long time: 40-300%

NLO EW known for almost all processes(on-shell): in tails up to 30%
LO QCD GF induced contribution (NNLO) known: up to 20%

NNLO QCD known: MATRIX
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[FIC

The Higgs Signal Evolution

> E .
o 35 - Ys=7TeV | Ldt=4.831b " ATLAS Preliminary
] == ]
P ~ ys=8TeV | Ldt=2065f" H-zz""-4Ichannel 1
s 30— =
O - [ Signal (m =125 GeV) .
25— I Background 22" —
Z B Background Z+jets, tt .
20— —4— Data =
15 ;_ SM signal strength
10 :—
sF
- N
|y
3
2
Q
3]
m
g -10- —
A 100 120 140 160 180 200
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Precise Knowledge of Backgrounds

[ATLAS-CONF-2018-004]

R 0T O signal 250
O 1800F ATLAS Preliminary Cncersnty o< 350 0.3
Z 1600F H—WW —evpv, N <1 = o o background
£ 1400 V5=13TeV, 361 " O wis-io
% : Wz
12DD:- ) [] et
1000f B tiooe
o m Theoretical error of 30%
,_mf_ In background as large as
200} signal
5 2000 4| === No measurement
of g
50 100 150 200 250
m; [GeV]
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Di-boson production

m Background to many SM and BSM searches (including Higgs)
m Search for New Physics through Anomalous couplings

NH\PN K
Zy

Status:

m NLO QCD known for a long time: 40-300%

NLO EW known for almost all processes(on-shell): in tails up to 30%
LO QCD GF induced contribution (NNLO) known: up to 20%

NNLO QCD known: MATRIX
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AC via Effective Theory

m New Physics at high mass scale: A

m Higher-dimension terms to Lagrangian: 1/ A
mmmm) Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

L = Lgpy —I— W Ow —I—
OW — (D,ucb)T WHY (D, d)
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Effective Theory

m New Physics at a high mass scale: A

m Higher-dimension terms to Lagrangian 1/ An
mmmm) Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

WWH Vertex:
4 L/ 1 fW 17 N L/ : 17
igmy g jgfpgmw (—g“ (bh - P— + pn - p+) + PP+ pﬁm)J
SM g

Ow
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Effective Theory

m New Physics at a high mass scale: A

m Higher-dimension terms to Lagrangian 1/ An
mmmm) Parametrize deviations from SM, e.g. in triple/quartic gauge couplings

01 | AR
=
8
8 :
= 0.01 | :
E ‘h"‘u,_ - - e . E
L] i, :
S LO 5_\\
NLO T
000 Li0NLO) 0
-10 (NLO) :
+1 (NLO)
-1 (NLO)
0.0001 1 1 | 1 1 1 1 1 1

0 a0 100 150 200 250 300 350 400 450 500

Pry [ GeV
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VV@NNLO

New Sub-processes:
PDF’s

d_ﬂ' 1 p%",%et
A ds? m
VVj at NLO

m IR divergences upon parton integration

m How to exploit the known NLO results for VV + n jets?
s Merging: Sherpa, Herwig++, MG5 aMC@NLO
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VV@NNLO

m Neutral Processes

GF ZZ at LO

m LO Kinematics, but gluon PDF’s
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Loo pSI m (M.Rubin,G.Salam,S.Sapeta,ArXiv:1006.2144)

m Merge processes with different multiplicity: VV, VV|,VV]|

» Include dominant contributions of extra emissions, possibly log
enhance

= New Sub processes

X @QNLO
XjQNLO
Loop Xj@NLQO (Catani-Seymour like generated of loop kinematics)

Vi...V,@LO + V...V, jQLO — Vi...V,@nlLO
Vi.. V,@NLO + Vi...V,JQNLO — Vi...V,@nNLO

Inspired by CKKW matching
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Loo pSI m (M.Rubin,G.Salam,S.Sapeta,ArXiv:1006.2144)

m Merge processes with different multiplicity: VV, VV],VVjj

» Include dominant contributions of extra emissions, possibly log
enhance

= New Subprocesses

X @QNLO
XjQNLO
Loop Xj@NLQO (Catani-Seymour like generated of loop kinematics)

Vi...V,@NLO + V;...V,jQNLO
+ V.. VjjQNLO — V...V, @anNLO

Inspired by CKKW matching
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ZZ@nNLO (FC,M.Rauch,S.Sapeta: ArXiv:1504.05588)

m VBFNLO: ZZ@NLO, ZZJ@NLO, GFZZ@LO and
GFZZj@LO [Fc,Q.Li,M.Rauch,M.Spira,1211.5429] (NNNLO)

oLo [pbl 5.0673(4) T18% (Ref. [32]: 5.060 T15%)
oNLO [DD] 7.3788(10) +28% (Ref. [32]: 7.369 T357%)
ONLO+LO-GF [Pb] 7.946(3) 5300

oNNLO [Pb] (Ref. [32]- 8.284 5’133’2)
onNLO [Pb] 8.103(5) Tyt (1) Toge (Ris)

ORNLO+ALO-GF [Pb] 8.118(5) T3 7% () TO8% (Ris)

Ref.[32]: F. Cascioli, T. Gehrmann, M. Grazzini, S. Kallweit,
P. Maierhfer, A. von Manteuffel, S. Pozzorini et al.,arXiv:1405.2219

m GF 60% of total NNLO corrections
m NNLO vs NNLO 2%: within scale uncertainties
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Anomalous Coupling Searches

PDF set: MSTW2008 at NNLO

Scale:

1
HF,R — HO = 5 (Z PT partons T \/P%Vl + m%’l + \/p%"jf'g + m%’g)

pre > 20GeV, Ine| < 2.5,
pt?jet > 25 GCV, |??_]E’[.‘ < 45,
ARf:jEt > 0.3 ) ARE}E > 0.2.
Z 7 selection: mz,,mz, € (66,116) GeV ,

ZZ* selection: myz, € (66,116) GeV, myz, € (20,66) U (166, Mz max) GeV,
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Hp = ZpT,jets -+ ZPT.Z
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ALO-GF BREE]
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WW@nNLO (FC,M.Rauch,S.Sapeta: ArXiv:1309.7293)

s VBFNLO: WW@NLO, WWj@NLO, GF WW@LO
m W W~ decaying to: I, 7, I, v, and I~/
a PDFs: MSTW NNLO 2008

O IFR = % {Z PT partons T \/p%'__w + m%v + \/D%W + mﬁv}
m Cuts:

yi| <25,  pr, >20GeV

anti — k;, R = 0.45

jet| < 4.5 pr, > 15 GeV
Eprojectedmiss > 20(45) GeV

my >12GeV,  |my — Mz| > 15GeV
‘A(‘?’{’H — @hardes[jet._pt;}15)| < 165
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dﬁ'F'T,I, masx [fb"lﬁev]

K factorwrt NLO K factorwrt LO

21.05.2018
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WZ@n NL (FC,S.Sapeta:ArXiv:1209.4595)

m VBFNLO: WZ@NLO, WZJ@NLO, (FC,s.Kallweit,C.Englert,Spannowsky,
Zeppenfeld,ArXiv:1006.0390)

o W7Z and W~Z channels decaying to: eeuv, and pijeve
a PDFs: MSTW NNLO 2008

@ HF.R= % {Z PT .partons + \/P%W -+ m%y + \/p%z + m%}
a Cuts:

Y| < 2.5. pr, > 15(20)GeV
60 < my < 120GeV

Etmiss > 30GeV

anti — k;. H = 0.45

et| < 4.5 pr,, > 30 GeV
Ryjy > 0.3
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NNLO QCD fakes AC effects [Fc,Roth,Sapeta,Zeppenfeld,2016]
W+Z

— FW=-5
FW = -3
- - SM (NLO)
— SM (uNLO) |
FW = +7
FW = +10

do /dptimaz [ th/GeV
3

[
=
]

S 14}
Z 1.2
Z 1.0

150 200 250 300
ptlmazx | GeV

50 100
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NNLO QCD fakes AC effects [FIC
[FC,Roth,Sapeta,Zeppenfeld,2016]

scale nNLO
scale NLO
rls

FW = -5
SM (NLO)
FW = +7
FW = -3
FW = +10

1.4+

1.2+

7/SM NLO

1.0

50 100 150 200 950 300
ptlmax | GeV
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Jet Observable (Fc,R.Roth,zeppenfeld:ArXiv:1410.4840)
Wtz

103 — FW=35 A
p i FW =-3
"o o — - SM (NLO)
o 10 1
= — SM (nNLO)
& FW =+7 ]
— 101 FW = +10
~ ]
m' 0
& 107
-,
©
- 10_1 E

= 1.2f ]
z ;
= .
= :
2 2f ]
",:;f-u
< ] fe AR\ AT A —~ <O o
0.0 0.2 0.4 0.6 0.8 1.0

x;, ET [ GeV
ZkE {jets} E T.k
ZkE {jets, Zs} ET-.-JEC

Ijet =
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WZ@nNLO + AC IFIC

INSTITUT DE FISICA
CORPUSCULAR

— FW=-5 — FW=-=5
FW=-3 FW = -3
—_ -- SM{(NLO) . -~ SM (NLO)
> —  SM (nNLO) > 101 —  SM(nNLO) -
S 101 FW = +7 (O] FW =47
:.!i FW = +10 :.!i —— FW=4+10
q 4 102
o o
S S
T 102 ©
 W*Z, pp, 14 TeV W*Z, pp, 14 TeV
without veto , 10-3 with veto
50 100 150 200 250 300 50 100 150 200 250 300
PT 1, max [GEV] P11 max [GEV]
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WZ@nNLO + AC

21.05.2018

2.0

1.5

/M NLO

1.0% ;

50 100 150 200

1

BN scale nNLO
L scale NLO
i B 1ls

— FW =2
| — SM (NLO)

FW = +7

| FW = -3

— FW = +10

ptlmazx,vetoET | GeV
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Summary

Total Cross section:
a Good agreement for ZZ at NNLO (not compared for other)

Differential Distributions
s Corrections can be large 30-100%
a Observable favoring LO kinematics: 5%
s (GF)ZZ@nLO: 50% corrections

Anamolous Couplings
s NNLO can fake AC effects
s More sophisticated analyses are needed to increase sensitivity

Outlook:
VV@nNLO+AC, VV@nnNLO, VVV@nNLO

VBFNLO: https:/iww.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview
LoopSim: https://loopsim.hepforge.org/
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INSTITUT DE FISICA
CORPUSCULAR

VBFLO
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‘G) & https://www.itp.kitedufvbnlo/wiki/doku.php?id=overview B - ﬁ‘ ‘CQ Buscar n @ & D ¢

Project Description

VBFNLO

VBFMNLO is a fully flexible parton level Monte Carlo program for the simulation of vector boson fusion, double and
triple vector boson production in hadronic collisions at next to leading order in the strong coupling constant.
VBFMNLO includes Higgs and vector boson decays with full spin correlations and all off-shell effects. In addition,
VBFNLO implements CP-even and CP-odd Higgs boson via gluon fusion, associated with two jets, at the leading

order one loop level with the full top-quark and bottom-quark mass dependence in a generic two Higgs doublet
model.

A variety of effects arising from beyond the Standard Model physics are implemented for selected processes. This
includes anomalous couplings of Higgs and vector bosons and a Warped Higgsless extra dimension model. The
program offers the possibility to generate Les Houches Accord event files for all processes available at leading
order.

All implemented processes can be found here.

The list of people involved in VBFNLO is here.
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VBFNLO MC Q

Todo Maps Imagenes Videos Moticias Mas Configuracion Herramientas

Aproximadamente 4.930 resultados (0,55 segundos)

Quizas quisiste decir: VENLO MC

overview[VBFNLO - A parton level Monte Carlo for processes with ...
hitps/fwww.itp_kit. edu/vbinlo/wiki/doku_php?id=overview * Traducir esta pagina

b6 feb. 2018 - VBFNLO is a fully flexible parton level Monte Carlo program for the simulation of vector
boson fusion, double and triple vector boson production ...

Falta: mc
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Project Members
= Julien Baglio Ivan Rosario Bonastre

= Johannes Bellm

» Christoph Englert

® Jessica Frank
» Terrance Figy

» Christoph Hackstein
» Vera Hankele

Gluseppe Bozzi Task:
Martir.1 Brieg | EW YY” at LHC
oo e e Interface with Herwig: VV/(V)(j)

Bastian Feigl
Florian Geyer

Barbara J3ger
Matthias Kerner Main DeveloperS
Michael Kubocz
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Process List

The complete list of implemented production processes and decay modes in VBFNLO is summarized in the following.
Except for gluon fusion, all processes are implemented in MLO QCD. For Higgs boson production plus two jets
without Higgs decay the NLO electroweak corrections are also implemented. All processes can be run in the
Standard Model. Several processes also allow for Beyond the Standard Model Physics effects. These options are
shown in the third column.

Jump to:

Higgs boson production plus two jets via Vector Boson Fusion

Higgs boson production plus three jets via Vector Boson Fusion

Higgs boson production with a photon and two jets via Vector Boson Fusion
Single vector boson production plus two jets via WVector Boson Fusion
WBF production of two Higgs bosons and two jets

WBF production of a spin-2 particle

Vector boson pair production plus two jets via Vector Boson Fusion
Diboson production

Triple vector boson production

Double vector boson production in association with a hadronic jet
Triple vector boson production in association with a hadronic jet

WH production

W production

WH production in association with a hadronic jet

W production in association with a hadronic jet

QCD induced production of a vector boson in association with two jets
QCD induced diboson production in association with two jets

Higgs boson production plus two jets wvia Gluon Fusion

Gluon-induced diboson production

Gluon-induced diboson production in association with a hadronic jet
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Higgs boson production plus two jets via Vector Boson Fusion

Processes with fully leptonic decays:

100 pp — Hijj

101 pp — Hijji— vyji

102 pp — Hijj— ptp jj

103 p{p] — Hig— 71t 339

104 pp — Hijj— bbjj

105 pp — Hijj— WW jj — Ll vy by 7y, 55
106 pp — Hijj— ZZjj— L e L8, i

107 pp — Hjj— ZZjj — 68, vy,oy, ji

anomalous HVV couplings, MSSM

Processes with semi-leptonic decays:

() e .. .
108 pp > Hjj—+W'W jj—qql 7,35
109 pp — Hijj— WHW— jj > £ruqq ji anomalous HVV couplings, MSSM
1010 pp > Hjj— ZZ5j ~ @'t jj
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Higgs boson production plus three jets via Vector Boson Fusion

110 PP — Hijjj

11 PP — Hjjj = 77ij

12 PP~ Hijj— p' e i

112 PP - Hijj = 77 jij

4P i b B
115 PP~ Hijj = W' W jj — 6w, 0y, 5ij

116 PP~ Hijj = 22— 64 8, jjj

117 PP — Hjjj— ZZjj — €18 vy, jij

Higgs boson production with a photon and two jets via Vector Boson Fusion

2100 PT:}'—}HTJ}

2101 pp — Hyji = yrvii

2102 PP — Hyjj — ptpvij

2103 pp — Hyjj— v'm vjj

2104 pp —+ Hyjj — bbyjj -
2105 pr — Hyjj — WYW vy jj — £ vy by 5,7 i

2106 P?;'—}H-rjj—yzzvjj—}ﬁqqujj

2107 PP — Hyjj — ZZvyjj — £ € vyig,vji
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Diboson production

Processes with fully leptonic decays:

-} _ _ anomalous HVV and gauge
200 pp S+ W'W = £l v, b, 7, couplings

)
310 pp =+ WHE 8wy b F,

- - anomalous gauge couplings
320 pp W 2= E]_l_rhf;!;
320 P‘f,'_}zz_;.g;‘f]—g;g; anomalous HVV couplings
340 PP — Wiy — &fuy

t—i - anomalous gauge couplings
250 pp <+ Wy £ oy

=}
360 PP — Ey— f*f'r

- L anomalous HVV couplings
=70 PP 7Y

Processes with semi-leptonic decays:

(=} _ -
301 pp +WIW™ —qf £ vy anomalous HVV and gauge
202 p‘f:-'—}W”‘W‘—M*wqq‘ couplings
312 pp — WHZ 5 qq €8
313 p':fn-'—}W‘*E—b £y g
- anomalous gauge couplings
322 pp W Z gt
323 pp W Z 8 pqq
331 P:I_g.' — ZZ gy &£ anomalous HVV couplings
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Triple vector boson production

Processes with fully leptonic decays:

400 PP S WIW Z Ll by o by s

410 pp = ZIW £ 8 L6 8w,

@ o aw dngns e e e
430 p‘f:’ S WIW Wt = 8l £ o 831y,

440 pp S W WIW ™ = £ oy, El v by 7y,

450 PP = ZZZ - £ £ L el

460 ptf}' — W Why = £ oy £y

470 PP > ZZy > £ 8 by

480 pp = W' Zy— oty £y

=0 PP oW 2y Lot by anomalous gauge couplings
500 p‘fm’—}W‘*ﬂ = £ upyy

310 p‘f:'—>w-w — £ Tpyy

520 p‘fa’ — By —+ £ yy

. PP = Z7y = mom

=20 PP 1M

Processes with semi-leptonic decays:

[—} _ _
401 pp — WW-Z = qq £, vy

qq
402 pp +WIW Z = £lvy qi £ £,
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WH production in association with a hadronic jet

1600 pp - WHHj— £t yHj

1601 p‘f:-'—:rW‘ij —+Evpyy

1602 pp +WHj— oty j

1603 pp =+ WHHj =yt j

1604 pp — WHH j — £1ubb j

1605 pp = WiHj— WIWIW j— & v bl 5y, j

1606 pp S WHH - WHZZj— Elu 616,018

1607 pp — WHHj— WHZZj— Elv £ €, v,ie,
anomalous gauge couplings

1610 pp =W Hj— £ 5Hj

1611 p‘f;'—:rW‘Hj—:rrﬁmj

1612 !,-:utj;-r W Hj—Egutp j

1613 pp =W Hj—E ot j

1614 pp — W Hj— £ 7bbj

1615 pp W Hj—W W W j— 60,8 u b0y j

1616 p‘f;'—}w-ﬂ'j—}W—EEj—bf,—ﬁt.qqqfij

1617 p‘f;'—;w-ﬂ'j—}W—E’Ej—bl;ﬂg.qq%f'ﬁj
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QCD induced production of a vector boson in association with two jets

3120 PP — Zjj £ G

121 |plp > Zjj > vondi

50 W g )
190y oW 5o

QCD induced diboson production in association with two jets

3210 |pp = ZZjj 66 66 i
211 |pp — ZZjj — 4] v i
220y W Zij > (wlit i
3230 p‘fm’—}w-ﬁﬁ—ﬂfﬁﬂqgﬁ
25 PP S WIW G v i
3260 |pp S W W jj = 44y P,
3270 PP = Wi — L vy jj

3260 |pp 5 W yjji— £ Py

3290 |pp =+ Zyjj = £'€ ji

291 |pp = Zyjj — vy

21.05.2018 Francisco Campanario — Precise Phenomenology@LHC 158



21.05.2018

Manual

The manual is shipped together with the program in the VBFNLO-Download in the doc folder. You can also
download it from below.

VBFNLO Version 2.7.1
The manual for the current release is available in pdf format for download:

g@Manual for version 2.7.1

VBFNLO Version 2.7.0
The manual for version 2.7.0 is available in pdf format for download:
a@Manual for version 2.7.0,
but it can also be found on the arxiv:
Parkiv:1107.4038v3
The release note for version 2.7.0 is @here or on the arXiv:

@ arxiv: 1404.3940
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Software Download

The current release is Version 2.7.1, released on 05 August 2015,

Version 2.7.1

Source tarball: gmVBEFNLO-2.7.1.tgz August 2015)

For installation instructions see Documentation = Installation

For a list of known issues and fixes see Download = Known Issues

GitHub Repository
You can also get recent versions from our public repository at @ GitHub.

The tagged releases are identical to the tarballs. In the future, we will put small bug fixes to the code there
also between releases, so you have faster access to those.
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[FIC

GitHub Repository

VBFNLO Monte Carlo Program https://www.itp.kit.edu/vbfnlo

vector-bosen-fusion higgs-production monte-carlo-generator particle-physics

D 10 commits I 3 branches ©» 7 releases 41 1 contributor gfs GPL-2.0

Branch: master = MNew pull request Find file Clone or download ~
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Releases:

3.0.0 beta 5

% v3.0.0betas

O 1F409ed ﬁ michael-rauch released this on & Feb - 0 commits to v3.0 since this release

Assets

9 vbfnlo-3.0.0beta5.tgz 16.2 MB

.

I Source code (zip)

[I) Source code (tar.gz)

Major Enhancements

® |arge speed improvement in real-emission calculation of Hjjj production (processes 110-117)

Bug fixes

® Fix two bugs in NLO calculation of Hjjj production (processes 110-117)

® Fix number of active flavours in BLHA interface
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First Steps:

Download:

— g
=TI = II' L
e . e Lk .

f SCHOOLS tar xzf vbfnlo

T

=
o}
=
o}
=
o
b

LGl M M =
0 0 on
it

—
[
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Installation

21.05.2018

Installation

VBFNLO includes a GNU conforming build system for portability and an easy build and installation procedure.

Prerequisites

The basic installation requires GNU make, a FORTRAN 95 (we have tested gfortran and ifort) and a C++
compiler. VBFNLO offers the possibility of using the @ LHAPDF library for parton distribution functions. In order
to include the electroweak corrections, the program @ LoopTools is required. Additionally, @ FeynHiggs can be
linked to the code in order to calculate the Higgs boson sector of the MSSM, although a SLHA file can be used
as an alternative. If the simulation of Kaluza-Klein resonances is enabled, an installation of the GMU Scientific

Library @ GSL is required. VBFNLO can also be linked to @ROOT and @HepMC to produce histograms and event
files in those formats.

Compilation and installation

After unpacking the source archive and entering the source directory, the configure script can be invoked with
several options, a complete list being available via . fconfigure --help. Among these, the most important
ones are:
®m —-prefix=[path]
Install Vbfnlo in the location given by [path].
® ——enable-processes=[list]
By default, the code for processes that do not contain hexagons (i.e. all processes except triboson + jet
processes) is compiled. Optionally, [list] gives a comma-separated list of selected processes to be compiled.
Possible process names are:

» vbf — Vector boson fusion processes

® godvij — QCD-induced vector boson plus two jet production

® godvvii — QCD-induced vector boson pair plus two jet production

® diboson — Double gauge boson production, including W and WH production

® triboson — Triple gauge boson production

® dikosonjet — Double gauge boson production with a hadronic jet, including Wj and WHj production

Francisco Campanario — Precise Phenomenology@LHC 164



Configure, make, make install

francam@lhcpheno2?:~/Work/Projects/SCHOOL/VEFNLO-3.0.0betabs

={home/RUN/5CHOOL --disable-static --enable-MPI --enable-qua i CC=mpicc FC _“L—IL--
CXX=mpic++

Installation path: No static libraries: Compiler options:
faster to compile

--enable-MPI: allow mpi to use
more than one core of the PC

-enable-quad: quadruple
precision for difficult processes

FC and CC: chose compiler
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Configure, make, make install

a Output:

o
m

T
re

4/

RTET T

YHHIGGES
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Configure, make, make install
Configure help:

122 1 ~/Work/Proj

e e e e Vet e e W

—-A10

=
=]
=

m

|
|
a
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Configure, make, make install

F 8 e T

e T A L

FC=mpifort

All processes selected

oo

o
=]
o
=)

e

=ooE
[

(]
ey
T
]
]
[
I
m
L

= B

Increase compilation time: $ S 33 N compiler gfortran
There are 0 2 2 2
pp— VVjj at NLO QCD
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Configure, make, make install

make —8:  Here 8, numbers of cores of PC

:~/Work/Projects/5CHOOL/ VBFNLO-3.

122 ~/Work/Projects/5CHOOL/VEBFHLO-3.0.
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Configure, make, make install

The installation path and compiler options stored in:

cphenold i ~/Work/F
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Binary and Input Files

m Create a RUN directory somewhere and link the exe there:

"SCHOOL,/VBFNLO-3.0.0betass

DR T S

S home /RUN/ SCHOOL,
: /home /RUN/ SCHOCLS 1=

Jhome [/ SCHOOLS mkdir RUN
: /home / SCHOOLS cd RUN
: /fhome / SCHOOL/RUNS 1n -s ../bin/vbfnlo

% I ' B L R

2
2
P
2

O T T

S home/ SCHOOL/RUN: 1=

T s W

2/ home/RON/ SCHOOL/RUNS 1=
. HWVW . histograms.dat random.dat
anomyvV .datc kEk coupl inp.dat spinZcoupl .dat
cut=.datc kEk inmput.dat =u=sy.datc
ggflo.datc procinfo.datc vbfnlo
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Input Files

m Main files for SM physics:
a Vbfnlo.dat, gglo.dat, cuts.dat
a Vvbfnlo.dat:
m Process
m Statistics
a Energy Collider
s EW input parameters
s Masses....
m Central Scale Choice

L1 Ry |

NLO SEMILEP DECAY
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Input Files

m cuts.dat:
m cuts for particles
a Rapidity
n PT

' min.

! max. m 1g

'"TMISS MIN
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Input Files

m Main files for SM physics:
a Vbfnlo.dat, gglo.dat, cuts.dat
a ggflo.dat:
a Specific for GFHjj processes
m Eff vs Full Theory
= Model SM or BSM
m Switch on sub-processes §

00 g
H H W

m

2181818
(ALTLTAVATAY Y

", #
x\‘
b
PN H. A 2 H. A
¥ M o — - - =
e
&
ra e’
A R
L
P .{,-' _;_.-'
LRIy
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Input Files

m Otherfiles:

a histograms.dat, random.dat,
procinfo.dat

a Random.dat

= chose initial seed
number: by default O

a Procinfo.dat
m List of processes
a Histograms.dat

s Change range of plotted
histograms (Save
compilation time)

m Smearing & errors

w histogram data files

-00-:———-F1 histograms.dat Top L1
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Input Files ﬁ’\lﬂ

m Main files for BSM physics:

Kaluza-Klein and Spin MSSM
models

Anomalou coupling Paraters
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Running the Code
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Running the Code

m grid2_1.out.X : MonteCarlo grid of random number. One can store it for
next run, if parameter has not been changed

LOG.procl00 statZ20 LO.

m Evolution of cross section per iteration
a Cuts, input parameters
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accumalated statistics:
integral = 2.526406E+403,

MONLCO: grid written to file

MONACO input parameters:
= 256k,

grep —A10 “iteration “ LOG*

integral = .518029 0 igm 1.1 ] hi fiteration = 9.485E+03
MOHACOC

MOHACO

- l'.n
s LN}
5 i} |_-tj L

44

accumual d =statistics:
integral = .S18885E+03,

MONACO: grid written

MONACO input parameters:
ndim ncall 1M,

y efficac
057TE-1, £ zero =
accumulated statistics:
integral = 2.525142E+03, =igma

MONACO: grid written to file

result (LO): 2525.
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Plots: histograms.gp or individually in histograms.dir

m Generating the plots:

B B Y
..:_--'_-L---:--I_-LL .

Fu
b - |
[N
i I T
o
O
(i)
=]
m
_.l
I||
=y
L
(]
I
!
!
|
F
it
[T}
i

oo
i
[T T O 1 i IO i

eEmMpty vV
EmMptyY ¥V

it
0

b

it
[}

empty v
empty v

]
i 0
. . . o i
i R e N o Y e Y o |

[ T N T I =
m M M M

o
b= I
it
]
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Default Plots: Limited amount

dS/dpT; (VGeV)

25 F

15 LI

™,
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Default Plots: Limited amount

21.05.2018
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Adding New histograms: GF HJJJ

-

/\

.....

=
N\

P =
=PE

ZEEE
SEE
€

&
N
B

1
L\ \ i
/II ~ : i f{l}"\\\
[ \\. l\-- i I"\. |
16 EY, 18 4
AN
|
’\ i\
80 85
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Adding New Histograms:

m Source code: utiIities/histograms.F

amiEdl hepheno? i~/ Work/ Pr

et
="
et

t=
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Adding histograms: histograms.F

a Filling the histogram with the observable:
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m Higgs observables:

(Cemp, pthi, vhi,
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PT Higgs in GF HJJJ Production: Preliminary

dS/dpT (fo/GeV)
’1 D | | | |

0 200 400 600 800 1000
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Future Developments VBFNLO

m Interface with Herwig ======) Parton Shower and Hadronization
a Ivan Rosario Bonastre, et al.

m Electroweak Corrections

m New GF induced processes
» HJJJ (B)SM
s HH pair at NLO (B)SM
a Jonathan Ronca et al.
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Summary

LHC complicated machine
PDF’s, Hard Process, Parton Showers and Hadronization
Factorization of different parts is crucial
Precision is needed to find hints of new physics
mmmm) NLO, NNLO QCD & EW NLO needed
There are many public tools to do phenomenology

VBFNLO, one of the group
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THANK YOU FOR YOUR ATTENTION
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BACKUP SLIDES
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66000y
Aéég( 7’&33&;\
- = Vif g Vof Vol Vaf gU‘ 2 ViVa V3V I
% % % g _"'MV1V2V3V4, — glifgYalgValgVs (4‘() ( 1V2V3 4.;”"/{1

Vi V3V,

AV AW LWLY

M, = MP=* (D - 4) MER,

MPR _. Rational Terms coming from +#~,, = D contractions

These terms are written:

MP=4DR) _ ZSIVI,T F1;.
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SM; ..: Standard matrix elements along the quark line

1 :|: 'F:r"5
2

SMi - = U(k2)y"4712 9 29" papspow-u(ke), ws =

F1j= > Fi [ ] pm - <(pn).
k m,n

Fk: Functions with loop information (Bg, Co, ...Fj)

MP=% &  MPR : Full Result

4 o~ M M2
JME_d. — "‘"IMT —|_ T —|_ 2T B
£ £
-y ..-"Ik"llpl
(D —4)MPR = N, + —,
£
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féa ﬁé i é%

i Ve v Wi wW Vi v | T T

m Effective current approach

_ M1 M2 — .
AV1 VoVaVy,r — J 1“‘J 57 tpe, T = MV1 Vo,

—/ g;" G
J.Hl — TSN 1 H r.ﬂ*
V] (Cﬁ) q12 . ME’I _ MV{ rw ( Iz q12 _ MEf‘ _ | MVI* rV{' ViV Vs

12 Universal Blocks ~ 5000

Code: Fast to compile & Easy to handle, e.g. numerical uncertainties
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{ g

) [
Vi Va Va Vi v Va Vilg i Vi v Vi Ve Vy Vg
Building Blocks:
—"a—w‘—r"\-r [ e e ——— —_— e e
2 §
a
a) g + t + t + t
g
_ﬂ_m e e e g T e e e
—qa—m e R —_—
E
b) R poe e+ 5 others
=
o
—LWV\.- —_— e e b
=-|: e —_—— T
- g 4 + ! + ) + 10 others
* e e T [FC 1105.0920]

21.05.2018 Francisco Campanario — VV@nNLO 195



21.05.2018

a Ward Identities Gauge Test: (e(p;) — pj)

hexline=penline(1)-penline(2)
penline=boxline(1)-boxline(2)

m Divergent pieces factorize against born amplitude

My, vy

Vi f Vi f
= gi'. gics

as(p)
47

e

(.,"VI VT

Arp? ¢ 2 10-D B
+ ( S ) M1+ ¢) [_6_2 ~ o, ] .,Mw__,vn_,,—)

m Renormalization scale independence

For on-shell massless particles(g,~), transversality must be
used(e(p;) - pi = 0)
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Higgs Searches

pPre > 7GeV, ne| < 2.5,
pr.u > 0GeV, .| <24,
Ptbrardese > 20GeV mye > 100 GeV |
Pt becond-nardess > 10GEV

40 < myp < 120 GeV for the £¢ pair with mass closer to mz,
12 < myp < 120GeV  for the other ¢¢ pair,
myp > 4 GeV for any oppositely-charged pair of leptons.
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METW WKL 2008
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LoopSim

Input event Attributed emission seq. Born particle id.
1 1 1 5
2 2
4 T/ jet clustering 4 / 4\
™~ beam — = ~ > ‘
'3 3 ;
Output 1-loop event 2nd output 1-loop event Output 2—loop event

(loop over beam)

N AN (R

Sum of weights = 0 (Unitarity)

21.05.2018 Francisco Campanario — VV@nNLO 200



Ingredients

VBFNLO:
ZZ@NLO ZZJ@NLO
GF ZZ@LO GF ZZ)@LO

Note that GF ZZ@LO contributes at NNLO and
GF ZZJ@LO contributes at NNNLO

Merging Convention:

GF ZZ@LO + GF ZZj@LO =GF ZZ@nLO
ZZ@ONLO + ZZJ@NLO + GF ZZ@LO =ZZ@nNLO
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4 |lepton observables

-l T T T T T T ILI:IFIEI__ 0| T T T I:.I_ﬂ.Lﬂ-ﬂé:“‘., .
[ NLOWLO-GF [ | nLO-GF =]
nLO-GF ANLC#nLO-GF {1} :
- nMLOLO-GF () (L5751 1077 ik nNLOnLO-GF (R o) T -
102 NLOWNLO-G (R F \ |
i ":'IE -
> >
% 102 g 12 -
: :
g 10 - l g 1ort :
: 0% 3
105
a 108 -
METW NHNLO 2008 !
E 108 |+ E 5] -
1.2 1 . a9 L
315 1 2 .2 ﬁf‘ﬁ
g i 9 1 b i
= E 2| : — e RN x““z
i Y] SSANNNNNNNNNNNNRNNRN
= 0.9 ] ] ] ] ] ] ] ] w2 0.6 ] ] ] ] ] |
100 200 300 400 500 600 TOO @00 900 1000 0 200 400 600 800 1000 1200
my [GaV] pr_u [GeV]
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nLO-GF ESe
nNLOWNLO-GF () W22 |
ANLOH-ALO-GF Ry g)

ZZ, pp, 8 Tel
ZZ-typee sdacion outs

ant-k;, R=0.4 2
METW MNLD 2008

dodpfF [vGey]

1" it

K tacior wei LO
[V S S
\q

—_
I-\.
-

LL (]
g 1.8
S - QM
Q0
= !4 T A ﬂé
= et
< 1z O R A
= i =N B :
% o.aH
w1
o 200 400 600 800 1000 1200

P [GeV]
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1002 162
_ LD F—= Lo =1
" WML LO-GF P WLOWLO-GF
A ALO-GF f ALO-GF ES=X
| b AMLOALO-GF () AT ¥ ARLOWALO-GF ju)
. ANLO+ILO-GF (R s il e ] ANLO4ILO-GF (R g)
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Hr = ZPT,jets + ZPT,Z
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K factor wrt LO

K factor wrt NLO
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Huge K-factors from LO to NLO

Good agreement between nLO
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Large nNLO corrections
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Marginal reduction of scale
uncertainties
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K factor wrt LO

K factor wrt NLO
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K factor wrt LO

K factor wrt NLO
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Ingredients at NLO
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do? Z Z Di; «

pairs ki j
1J
1 1 Ty Ti
Djk=——— — m{1,....m| Vi |L..om)m
2papPi  Xijk T; ———
S~ Se— —e— Mm
if ij, or k spin and colour correlation

in initial state

Vii k depends on dipole type.
e.g. initial state g — gg with final state spectator:

-

m{sl Vfi‘sf}m = SWE-E'EE{TS TR[l — €— 2ka,a(1 - X:’k,a)]dss’
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TECHNICAL DETAILS:
NUMERICAL ISSUES AT NLO
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o [ L
2 (p1 +1)212

o / dl 1 Lo / dl &
— e
PP S o 02 T T ) o (112

with
Ny = 1%, Ni=(1+mpm)?
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I8 (p3,p3,p1 - pa) = PICL + phtCy

Contracting with p’i'l or p‘;l — Recursion Relations

Z11 219 (& _ Bo(1) — Bp(0) — r Cy _ Ry
Zoy Zay C Bo(2) — Bo(1) — (ro — m1)Co Ry

Ci = (ACHYEY(Z1 Ry + Z15Ry)
Cy = (AP TD(Z19R) + Z9oRy)

If A®) small — Cancellations and lost of precision.
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A®) = 4(pips—pi1pd); detAbs"™) = 4(abs(pip3)+abs(p1p3))

Tr = ﬁ order of cancellation.
1 digit — 22 =541073 < 2 < 25 =4.6+102)
2 digit — 5%1071 < z < 4.6 = 10=3)

Precision for Cy, Cj; for x = 4.6 = 10(=6);

Integral | Precision

Ch dble -5 digits =11 digits
C1,Cy Co -5 digits=6 digits
Ci1,Chia | Cp-2(5 digits)=1 digits
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Point instable: Gauge test > 10—°6
e Pentagons: ~2/1000
e Hexagons: 2%-10%

Instabilites due to small Gram determinants in C and D functions

det/|det| ~ 10(=3) —  cancellation of 3-5 digits expected
D’s, up to Rank 3 —  9-15 digits loss over 16 of Dble precision
e For Hexagons:

1/3 pts fails the gauge test for an accuracy of 101

We need more digits for those— Quadruple precision
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Point unstable: Gauge test > 10—°
m Pentagons: ~2/1000
m Hexagons: 2%-10%

Instabilities due to small Gram determinants in C and D functions

If Gauge test Failed(10% of the times)
1) QUAD only to determine Cg,Dg,Cj;,...(10% of the CPU)

Gauge test failed: 10% — 0.2% (0.02%,0.0008%,0)
2) Full QUAD for 0.2%
Gauge test failed: 0.2% —10.1% (0.007%,0)

From 400% — 50% CPU time in adition.
A < 10~% — Routines for small Gram Determinants.
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However, QUAD ~ 40 times slower than Dble precision!!!!

First: Evaluate Dble Precision and apply Gauge Test
If Gauge test Failed(10% of the times)

Option 1
1) Revaluation with QUAD precision
Option 2
1) QUAD only to determine Cp,Dg,C;j,...(10% of the CPU)
Gauge test failed: l’f]{}{e — 0.2% (0.02%,0.0008%,0)
2) Full QUAD for 0.2%
Gauge test failed: 0.2% — 0.1% (0.007%,0)

From 400% — 50% CPU time in addition
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For 5 10° cut-accepted points with VBFNLO for EW pp—WWjj
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e=abs((QUAD-DbI))/abs(QUAD)
Imp(,2,3,n): Gauge test < 10(-5=2=31) . Dble=QUAD
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GF H+2J:
m Background to WBF

m Sensitive to: CP-structure and coupling of fermions
m NLO known within Effective Theory campbell Eliis zanderighi hep-ph/0608194]
m LO known for the full Theory [Del Duca et al.hep-ph/0105129;FC,Kubocz, Zeppenfeld 1011.3819]

GF H+3J:
m Background to WBF process! (CJV strategies known at NLO)

' [Figy,Hankele,Zeppenteld 0710.5621; FC,Figy,Platzer, Sjodahl 1308.2932]
m NLO corrections known within Effective Theory [cullenet al. 1307.4737)
m Here: LO corrections for the full Theory [Fckubocz 1306.1830; 1402.1154)
m Soft radiation: Distort CP-sensitive distributions?
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m sensitive to the CP-structure — azimuthal angle correlation

T T T T T T T ﬁ‘fukawa — yqa q H _I_ lj?qaﬁ}ﬁ q A

10 | — A/225 tanp=1-
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B B 1
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"LO™: one loop 2 — 3 process of O(a?)

\l
/
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2+ Yq _ %
N o bottom-quark: suppressed
150 -90 45 f. 45 90 150 o top-quark: effective theory
‘i’jj — ‘Jﬁ‘F — '5.35'5'
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~_H, A H, A
L _ - — - - —
Noieieieie)
1 Xs ~a ~auv 1 Xs ~a Aauv

m Validity: myjgqs < m¢ and p’T < my
m |f used correcty — powerful tool
m bottom loops: Not described (Important in BSM)
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