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(Soft) QCD effects INnVBF/VBS

Simon PIStzer
Particle Physics N University of Vienna

at the
HXSWG General Meeting

Remote | 9 November 2020 [See YacineOs talk tomorrow on STXS VBF/VH bins]
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If Pxed order was enough

3 jets full NLO QCD

FULL 1308.2932 NNLO-QCD
NLO-QCD NLO NNLO-QCD  NON-FACTOR
hep-ph/030610 0707.0381 1506.02660 1906.10899

2003 2007 2015 2019

1992 2010 2016

3 jets NLO QCD checks

NLO-QCD NNLO-QCD N3LO-QCD e
INCLUSIVE INCLUSIVE INCLUSIVE of VBF approximation
hep-ph/9206246 1003.4451 1606.00840 1802 : 09955

3 jets NLO QCD
hep-ph/0609075

Karlberg NVBSCAN Helsinki meeting
Additions by PlStzer



PP collisions are more complex gt
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QCD description of collider reactions:
Complexity challenges precision.

Hard partonic scattering:
NLO QCD routinely

Jet evolution N parton showers:
NLL sometimes, mostly unclear

do ~ dopara(Q) X PS(Q — 1) X X ...
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PP collisions are more complex WG

<

QCD description of collider reactions:
Complexity challenges precision.

Hard partonic scattering:
NLO QCD routinely

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.12
[Les Houches O19 N In progres

Jet evolution N parton showers:
NLL sometimes, mostly unclear
[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in prepara

Hadronization

do ~ dopara(Q) X PS(Q — 1) X X ...
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Coherent emission of soft large angle gluons from systems of collinear partons.

Parton branching algorithms: dipoles vs angular ordered, recolls closely tied to accuracy.

constructive interference branchings dipoles
in each collinear region orderin ~angle orderin~p,
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Colour InVBF

Coherent emission of soft large angle gluons from systems of collinear partons.
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Parton branching algorithms: dipoles vs angular ordered, recolls closely tied to accuracy.

T

constructive interference branchings dipoles
in each collinear region orderin ~angle orderin~p,




Fixed Order, Parton Showers and Variations iRt

\ Need to switch off shower == [ —% %
N evolution at a scale of the o - T
NLOPs order of the hard process  "....| |
/ / scale. N N == AL
— —— As with all scale choices this 8
- IS anything from unique. £ 10
(\é’i. . — ‘ Dﬁ0.8
T sl \ Functional from of smearing
0s - has signibcant impacton . :
04t fmmonor reliability of hard scale ] S ———
02 | __ reacmmaton proble \\\i variations. 2 *%é
ol I IR T T

q / GeV

) [Rauch, PIStzer B EPJ C77 (2017) 2¢
[Bellm, Nall, PIStzer, Schichtel, Siodmok b EPJ C76 (2016) 665] [Rauch et al. ForVBSCAN study b EPJ C78 (2018) 6
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Benchmarks for VBF Higgs production

Jets  pr;>25GeV nj| <4.5  Scale j2- !

SN
5
Q
7 N\
oS
N———

O
_|_
=
0
T

Baseline: tight VBF selection ", -",;, < O | > 4.5 m; j, > 600 GeV

1112

Loose selection to test impact of VBF approximatior™ ;.| > 1 mj, j, > 200 GeV
generator matching SMC shower recoil used in Sec. 4.2
Plethora of
: VBFNLO-+Herwig7/Matchbox = HERWIG 7.1.5 global (q) / local (dipole) v (§)
matChlﬂg and HJets+Herwig7/Matchbox T HERWIG 7.1.5 global (q) / local (dipole)
MadGraph5_aMC@NLO 2.6.1 = HERWIG 7.1.2 global v’
shower setups MadGraphS aMCONLO 2.6.1 5 PYTHIA 8.230 slobal
POWHEG BOX V2 R PYTHIA 8.240 local (dipole) v’
POWHEG BOX V2 R PYTHIA 8.240 global
POWHEG BOX V2 ® HERWIG 7.1.4 global (q)




Comparison between tools

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.124

Transverse momentum of the Higgs boson (R = 0.4) Transverse momentum of the leading jet (R = 0.4)
- - . ;' - N‘NNNN‘NNNN‘NNNN‘NNNN‘NNNN ;' *N‘NNNN‘NNNN‘NNNN‘NNNN‘NNNN4
Different setups agree well in tight VBF v I e S — o
T 50 —— POWHEG+Py8-dipole | "2 —— POWHEG+Py8-dipole _
I t f I B t d & - VBFNLO 3+H7 & VBENLO 3+H7
o 4 = Eo]
Selection, IT colour 150w respected. L )
o - e o
2 = - = -
Herwi hat less OjettyO, b ~
erwig seems somewhat less QjettyO,but -  “~—0 . ™
. . . S L LA IR BN B L L L L B N L RN
105 — 105 ]
all consistent within 10%, shapes of hard g e A
= ;‘l_,_|_,—|_|_'_‘_,_,_|_‘_,_|_,—'_‘_‘ E = - ‘,_",_Iﬁ—l_‘*\_,—-—u—' ’JE
& 0.95 T & o9E E
o= E oF 13
SpeCtranOtaItered. O_OBZgllll‘llll‘llll‘llll‘llll‘llllg O_O8z§ll‘llll‘llll‘llll‘llll‘llllg
0 50 100 150 200 250 300 50 100 150 200 250 300
pr.H [GeV] prj1 [GeV]
. . . . Higgs plus dijet transverse momentum ( R = 0.4) Normalized pseudo-rapidity of the third jet relative to the tagging
Pythia global recoil not compatible with = A AR AMA ARt VN b S A RS AN MY
. . . 2 =1 — POWHEG+Py&-dipole J g 300 —— POWHEG-+Py8-dipole -
other results. Pythia dipole recoil NLO oo 1 F el
5 1 °
" " . 10 1 - 200
matching only available via Powheg.
© 102 =5 E 100%
= : E
108 ;‘=:'=E
2 By 1| | | | oy | | =
\ 1.8; | | | T | | B %
\/ o %461%: . :% o
T 12- e T s = B I I = R
/ /\ - 12_::2_.—-—'_'—:_'_l~ B L_;E i
0.8 = 3
06 = 14‘01 ! 16‘01 ! 18‘01 ! 11501 ! 11‘26 ! 114‘16 ! 11‘66 ! 11‘86 ! ;00

PT.H,j.j, [GEV]
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Shower Variations and Jet Radius Dependence 1 gt

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.124

Still signibcant shower variations shedding =~ . .
light on jet activity after showering, Ao B kel
otherwise distributions stable at NLO+PS. 1%&
More careful investigation of shower scale & "~ 01 T = o
probles and cut migration needed. ol 1

B ll ‘2 S (l) S l2 | ﬂ4 | 08+ l1300l - l15100l - l20100l - l25100l ~300¢
Jet radius dependence shows expected S e —mm o d
perturbative behaviour. P o

Need to confront with perturbative
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. N EPJ C80 (2020) 93]

Ratio to R=0.1

Ratio to R=0.1




Shower Variations and Jet Radius Dependence

<3 2 g ® ® [ N
AR
2 KRN
; 247 A preaTs \ T
z 4 :t:-"k ! 5
w\ B\ (3] =
- wall (1] f
7’\ —— - '.‘?,
Ty 3%

Minimum ! ! between the third and the tagging jets

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.124

Dijet invariant mass

Still signibcant shower variations shedding
light on jet activity after showering,

otherwise distributions stable at NLO+P¢ : ———

) NI.COY (Iixed order)
— MGz.aMC+H7-Default
MCs aMC 1 Py8
= —— PowhegiDy8

- — == Powheg-no shower

) $1. - .' = ¢
', “+i,;;-: a J.ll".’ [fb, (,Je\—]
[~

More careful investigation of shower sca -
probPles and cut migration needed.

~ = VBINLQO 3+H7-Dipaole
| -

VBFNLQ 3+H7 Defaull

LO, VBENLO+j E - LO, VBFNLO+ ¢
——— NLO, VBENLO+j S : ——— NLO, VBFNLO+ ¢
— LO, VBENLO+Dipole '_N_' - —— LO, VBFNLO+Dipole
I:h r]—_— NLO, VBENLO+Dipole] = ﬂ_\_\_\_\_‘—\; —— NLO, VBFNLO+Dipole
Rapidity difference of the lwo leading, jels (NT.O1PS)
— 0.6
g I — NILO {lixed order)
31—‘ 0.5 — —— MGs.aMC+H7-Defaull
< - /= A = MG3 aMC+Py8
Tf'.: 04 = "—'; —— PowhegtPy3
o I — - — = Powheg-no shower
F — VBFNIT.O) 31 Hy-Defaull
, VBFNLQ 3+H7-Dipole
S =
™~

0.1 — ~—
| T 1 ] s ] I—TL'_]—_' ]

halio

Jet radius dependence shows expected
perturbative behaviour.

Need to confront with perturbative

0 = 1
1.4 =
1.3 =
1.2 =
c 1.1 - - | )
5 10 E —— _ﬁ
0.9 Se— e ‘
0.7 =
0b = T
L lll.[llll 0.'?.; ll]ll IIAl lllAl l L1 1 1 Ll
50 3000 3500 4000 3 < 5 O 7 5 g
m . | GeV ] '\yi.i;

[Rauch et al. ForVBSCAN study b EPJ C78 (2018) 671]

variations and soft QCD.

Ratio to R=0.1

Perturbative scales and R see LH jet study

[Bellm et al. N EPJ C80 (2020) 93]
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Shower Variations and Jet Radius Dependence

[JSger, Karlberg, PIStzer, Scheller,Zaro N 2003.124

Transverse momentum of leading jet (2)

Still signibcant shower variations shedding . e ——
. . . . . Q (E R ~— NLO, VBFNLO* ¢
light on jet activity after showering, 2 100 S [ Lo emsomome
otherwise distributions stable at NLO+P$ ;S0 — o+ esge r—
2 Ee iSO
. L = gt —wME NG
More careful investigation of shower sca = =~ | ——to" st e
probles and cut migration needed. S IFHI:__ IﬁﬁF
| g L II_OI" IF)IS I(pIOTN) o |\/IIEI [ 1 | | i - o
¥ L5E = LO ™ PS(res) e i \ z Co b T
g :E: é'g | é_ -'VLI/- IHQI [ I | \\I lJIS [ I | ;"——‘;‘z—]
Jet radius dependence shows expected ¢ ,, — o7 estRo - s Al e
. . = ll ‘ X <X AW i
perturbative behaviour. B e R &g
g —I II_O I" IF)IS I(plo\|N) I ulH I L \I \I | y
| 15 LAY o = ;
" " 1 ?\\\\\\\ - S | | BN \\\\§ :t‘\\\\: —
Need to confront with perturbative - il by i
= I I I [ | I| I I IS I [ | I| A

variations and soft QCD. 107 10

ps (jet 1) [GeV]

Perturbative scales and R see |LH jet StUdy [Bellmr, Nail, PIStzer, SChIC‘htel’[SIOdImOkID EIPJ 276 (201¢ , | I !
g T T T VT W W N R T A

[Be”m et al N EPJ C80 (2020) 93] 45 5 55 6 6.5 7 7.5 8 8.5! 129 0 100 200 300 400 500T 6:)0




Third Jet & Impact of VBF Approximation

In loose setup we see signibcant
deviations between VBF approximation
and full calculation available from HJets +
Herwig 7 / Matchbox.

"l > 1 m; i, > 200 GeV

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.124

Transverse momentum of the first tagging jet

%‘ L
) - LO, HJets+§
3 ——— NLO, HJets+j
= 10" —— LO, VBFENLO+j
IS - —— NLO, VBENLO+j
~ i
s L
S i
=
1 —
= | I | I S | I I ‘ I | ‘ I S |
1.05 £
E . ]
9 1.0 = — = I—II_I_:E=E:F
T 0.95 —
P~ 0.9 £
0.85 —
08:1111‘llll‘llll‘llll‘llll‘llll
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Transverse momentum of the third jet
E 10t F~
g | Tight 2 jet NLO
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© e
T - 1
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101 ——- MG5.aMC+H7ug) 05 ===
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1.8 =
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Transverse momentum of the third jet

=

LO, Hlets+a
—— NLO, Hlets+&
—— LO, VBFNLO+ ¢
—— NLO, VBFNLO+ ¢

= — [— |_
E i ==

:lll‘lll‘lll'll[llll'lll'lll'l

0 20 40 60 80 100 120 140
prj3 [GeV]

Transverse momentum of the third jet

Tight 3 jet NLO

MG5.aMC+H 7,H+3j
——— MG5.aMC+Py8,H+3j L

= MG5.aMC+H 7,H+3j,ug,l 05 ==
— — — MG5.aMC+Py8,H+3j,ju ] 0.5 _|=|=
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= e
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Third Jet & Impact of VBF Approximation

[JSger, Karlberg, PIStzer, Scheller, Zaro N 2003.124

Transverse momentum of the first tagging jet Transverse momentum of the third jet

In loose setup we see signibcant 7L omeed | Tl e Py
deviations between VBF approxim .
. . — o HJets = Herwig 7 |
and full calculation available from 2 - """ l
Herwig 7 / Matchbox. | : i
m,> 0GeV -.. .................... | |, |
m;,>200 GeV Y |
| m, ;>400 gez \ | | o
‘ ' jle‘ > 1 M,y = 200 GeV 27600 Ge .
. L.
| | | . | | 3 40
1 | | I i i E SeV]
: _s
g - —\‘: .'*.'2 | |
, ot} <
P
0 | 1 | 2 | é | CII | é | é | ; | é | 0 100 200 300 400 500 600
AYyo me -
[Campanario, Figy, PIStzer, Sjsdahl B PRL 111 (2013) 211802] I
e [Campanario, Figy, PIStzer, Rauch, Schichtel, Sjsdahl ® PRD 98 (2018) ( |
0.8
0.6
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More Perturbative Studies L wien

More perturbative studies underway
In following up on Les Houches 2019:
Powheg, Herwig and Sherpa.

= - E:: | o |
& 103 B g — =
Detailed investigation In various = = =0
= E = I~ __l___
- _ : . N u __
Kinematic regions, shower differences ;. — rewiowr 5 1T ey .
- erwig Hjj - < 10 —+— Herwig Hjj =
. i N ] - — - -
beyond matching,VBF approximation. ' s L T A0 -
’ 100 1 &~ —t+— Sherpa VBF : . —t+— Sherpa VBF —
: ~ T~ Sherpa Hj . e + = Sherpa Hj;j
10 2 = ‘|‘i | —= 1 — —
4 B A + i e
%g =L u—I—.___'_i:i—_p:___l_. 12 — T ==t
8§ ? | | o 82% 3 _'—-———._I___,_
8:@|||||||||||||||||||||| i | E 8:gl | | | ||||§
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More Perturbative Studies L wien

[Buckley, Chen, Ferrario Ravasio, Hoeche, Huston, PIStzerE N in progress]

More perturbative studies underway
In following up on Les Houches 2019:

] g 104 %l [ I- [ I_I——I [T [T T 1 [ 1 T | [T T 1 [ 1 T | [ :Ig

Powheg, Herwig and Sherpa. R = -
e 5 L[ = 1
Detailed investigation in various wr” | L HerwigVer 5 -
Kinematic regions, shower differences .. - - Herwigllj .
- 1 Herwig VBF AO - — I
beyond matching,VBF approximation. ' ; Herwig Hj AO | =
10t T o't  —t— Sherpa VBF H—l — -
" - — 1 — Sherpa Hjj _:_: E —
i%j_H:__ 10_2 §_I || ‘ I I ‘ I ‘ I || I | | ‘ || L | | ‘ I I_I§ N
_% éi ;!:FIEI: 1.4 E—l [ ‘ I I|I I_l I ‘ I [ I ‘ I Ii ;I [T 1 ‘ I I_IE 3
Tl I3 e | 5

. £ M= i | = e

% gg ::—_\:'\:'\_— I | : : E 1jj/ GeV

H 8% é_I L1 | ‘ I I ‘ I T ‘ I T 1 I ‘ I rI--—I-: :I [ ‘ I I_;
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MPI & Colour Reconnection N for example Herwig P Wit
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;

Assume some matter distribution in the o T g pemet s,
proton, and effective multiplicity s [\ T EM o
distribution of additional scatters. ) .

Colour reconnection crucial to describe I

MinBias and UE data: lack of knowledge N e
about colour correlations. B3 XS X SR R

b {fm)]

[Gieseke, Kirchgaesser, PIStzer B EPJ C 78 (2018) 99] [Gleseke, Rshr, Siodmok B EPJ C 72 (2012) 22



MPI & Colour Reconnection N for example Herwig P Wit
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Assume some matter distribution in the R o T S
proton, and effective multiplicity S L\ e EM ~
distribution of additional scatters. ' ) .
Colour reconnection crucial to describe | apT——
MinBias and UE data: lack of knowledge N g
about colour correlations. Rl A

[Gieseke, Kirchgaesser, PIStzer D EPJ C 78 (2018) 99] [Gleseke, Rshr, Siodmok B EPJ C 72 (2012) 22



MPI & Colour Reconnection N for example Herwig P Wit

P

3
)

Assume some matter distribution in the R o T S
proton, and effective multiplicity S L\ e EM ~
distribution of additional scatters. ' ) .
Colour reconnection crucial to describe | apT——
MinBias and UE data: lack of knowledge N g
about colour correlations. Rl A

[Gieseke, Kirchgaesser, PIStzer D EPJ C 78 (2018) 99] [Gleseke, Rshr, Siodmok B EPJ C 72 (2012) 22



MPI & Colour Reconnection W
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[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in progre
Soft QCD effects are not absent: signibcant

Impact on interjet activity and jet shapes.

£
§10 — :5: == :_, I_;_:—- = _ _
i : i = artonic —]
Questions to be raised: _ _EM;I - -

] B f jﬂ ronization B )
¥ Quantify impact (and how certain that is) Herwig 7.2 | | | |
¥Determine interplay with perturbative 3 S L A

variations and models | | ]
¥Watch out for lack of perturbative S =
dynamics beyond current NLO+PS | S 2 13

Benchmark iIsVBF Z production, but Pndings should be ~ universal.
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[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in progre
Soft QCD effects are not absent: signibcant

Impact on interjet activity and jet shapes.

@5 |
50 —— = =
= ) =
Questions to be raised: _ — f“f?t
e . . L o R=0.7 H-
¥Quantify impact (and how certain that is) ez N E
¥Determine interplay with perturbative we DR
variations and models g i e
¥Watch out for lack of perturbative o ==l =
dynamics beyond current NLO+PS T e
Yis3

Benchmark iIsVBF Z production, but Pndings should be ~ universal.



MPI & Colour Reconnection W

[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in progre
Soft QCD effects are not absent: signibcant

Impact on interjet activity and jet shapes.

£

. . - — artonic —
Questions to be raised: _ — W _
. . . . 1 — ) ul R:]..O :I_
¥Quantify impact (and how certain that Is) [ | | :
¥Determine interplay with perturbative w1 I \ =TS
variations and models | N
¥Watch out for lack of perturbative T gEe L
dynamics beyond current NLO+PS 1] T S T S
Yis3

Benchmark iIsVBF Z production, but Pndings should be ~ universal.
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Model variations I wien

[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in progre

Mean average transverse momentum, transverse region

¥Vary colour reconnection and MPI parameters to stay
within ~ 10% agreement of typical tuning observables T b

¥Vary perturbative scales, specibcally shower hard scale

¥Full NLO+PS study including shower variations

mean p ) |GeV]
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&~ > - e -
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distributions 0! - -
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Model variation surprises L wien

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection, R=0.7
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~ B shower variations
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[Bittrich, Kirchgaesser, Papaefstathiou, PIStzer, Todt N in progress]
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Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection, R=0.7
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B shower variations
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I shower variations
iations
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cross section [fb] / 0.1
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Third jet rapidity
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Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection, R=0.7
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Model variation surprises
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Summary

NLO+PS tools are in good shape for VBF andVBS, though uncertainties remain at the
10% level In between different algorithms for hard spectra.VBF specibcally sensitive tc

colour coherence and recoll effects.

VBF approximation is under control for a tight selections, but can become signibcant
Impact for loose(r) selections N that not meaning OinclusiveO.

Perturbative variations at this level now need to be confronted with soft QCD effects
from multi-parton interactions and hadronization.

Should not forget about more recent development on Glauber exchanges.

[Liu, Melnikov, Penin]
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Resummation of observables which P, [as, z} = a = 2 [ (1+ Z)}

o _ o 21—z 27T 1 —=2
globally measure deviations from 2-jet limit.
[n jets in large-N limit]
Initial conditions & kinematics crucial to
get large-angle soft radiation right.
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No global measure of deviation from jet conbguration:
Coherent branching falls, full complexity of amplitudes strikes back.

If non-global bit is Isolated can use to resum In the large-N limit.

[Dasgupta, Salam, Banb, Marchesini, Smye, Becher et al



