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Past, present, and future of VBF

Outline and motivation

VBF-V: EFT dimension 6 studies @ LHE.

Y% Based on previous studies in the field:
o W+2j:35.9fb™113 TeV CMS analysis

o Z+2j: 35.9 fb™ 13 TeV CMS analysis
Why VBF — V?

Interesting process for testing the
standard model (SM), complementary to

Y%  Preliminary analysis at parton level:
o no detector effects, no backgrounds;

o describe analysis set up and strategy; Higgs boson measurements.
o show some preliminary results. Sensitive to anomalous trilinear gauge
couplings (ATGCs): indirect search for
% Outlook: plings ( )

beyond-the-SM physics at mass scales

o show some possibilities for future : .
b not directly accessible at the LHC.

studies.
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https://link.springer.com/article/10.1140/epjc/s10052-019-7585-7
https://link.springer.com/article/10.1140/epjc/s10052-019-7585-7
https://link.springer.com/article/10.1140/epjc/s10052-018-6049-9

Past, present, and future of VBF

VBF -V

generate p p > 1+ 1- j j SMHLOOP=0 QCD =0 QED=4 NP=1

Production of a V boson from a purely
electroweak process @LO O(a*a’ ):

Vector boson fusion

generate p p > 1+ vl j j SMHLOOP=0 QED=4 QCD=0 NP=1 Bremsstrahlung-like

d" d d " d d

d \Z‘%ﬁ/ Multiperipheral
d /WL Including
w* non-resonant

diagrams
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SMEFT

Past, present, and future of VBF

Valid up to a certain energy
scale of New Physics A

The SM could be interpreted as an effective low energy approximation of a more complete theory.

Loy =L

Renormalizable
SU(S)C x SU(Z)L x U(l)Y

Flavia Cetorelli
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This talk

Q(5) Z C(G)Q(6)
A2
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No L-conserving
(removed)

Dimension-six terms:
C, Wilson coefficients
Q, gauge-invariant operators

Higher dimensional
interaction terms
(neglected)

Defined in the Warsaw basis



https://link.springer.com/article/10.1007/JHEP10(2010)085

Operators choice

39 (25) for Z(W)+2j dim-6 SMEFT operators with various field content from Warsaw basis.
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SMEFT Monte Carlo generations

39 (25) for Z(W)+2j dim-6 SMEFT operators with various field content from Warsaw basis.

%  Generated at LO with SMEFTsim + MadGraph5_aMC@NLO (2.6.5).
o Insertion of one operator per diagram in production/decay.

o U(3)® flavour symmetry, {mW,mZ, GF} input scheme, CP-even, A =1 TeV.
o Used LO MG re-weight:

m generate events once;
m reweight to different Wilson coeff;
m algebra to extract single components.

Faster than single
components generation

Quad
/—’\2 s F ng / > Calp t
N o |~ASM| 4. Z ﬁ : ? Re(Asm.AQa )J_*_ﬁ . |AQQ| + Z; NG . Re(-AQQAQB)
« v a’,f » o =
Lin MiXx
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https://link.springer.com/article/10.1007/JHEP04(2021)073
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Phase space selections

Chose the leptonic decay mode:
clearest signature;
favorable signal to background ratio.

Reproduced LHC-like selections, based on the characteristic signature of VBF-V leptonic final state:
2 energetic jets well separated in pseudorapidity
1(2) charged lepton(s) (e or p) from W(Z) decay

Z+2j
W+2j Ppyy > 50 GeVand p,, > 30 GeV
Pt > 70 GeV and Prio > 70 GeV m, > 200 GeV and |A1|jj| >1
m, > 400 GeV and |An,| >4 Pr;> 25 GeVand p;,> 20 GeV
Doy > 25 GeV and |n11| <2 77 GeV < m, < 107 GeV
| P, > 30 GeV
p,™s$< 100 GeV

Flavia Cetorelli



Signal region

For each operator and channel distributions of several observables are investigated
— looking for the most discriminating one

VBE-Z+2j 100 fb" (13 TeV)
(2]
i ie? VBF-Z+2]
0 /77 SM Stat. Unc.
10° i.....: Quadcqq3
t_...Lincqqd (3)
[] SM + EFT cqg3=0.01 Qq
10* SM + EFT cqq3=0.1 q
= oo 1 SM+EFT cqq3=1.0
103:5 ..........
L Departures
102 [E o from the
- SM are well
g — | visible for
i I I values of
15 —
5 ‘—ﬁ cqq3 =1
§ B manans e 2 L T : /: f:...,,,;,,,///%,///”/;//
05 4 5 6 7 8
An
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Events

BSM / SM
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VBE-W+2j 100 fb™" (13 TeV)
100
- VBF-W+2j
sl 7/ SM Stat. Unc.
e £~ Quad cqq3
- 1. "7 Lincqq3
10° [ [ SM + EFT cqq3=0.01

SM + EFT ¢qq3=0.1
[] SM + EFT cqg3=1.0

T
3
10:E
y-
7% ///////
2 7 /////////////////%//%///
0.5 - L n L - %

% 45 5 65 6 B85 7 75 8
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Shape analysis

Performed shape analysis with MC templates of SM, lin, int, and quad components to extract
operators constraints at 68% and 95% c.l.:

Poisson
VBF-Z+2j 100 fo' (13 TeV) N ;
2 N N
[ =4 . 3
O 10° VBF-Z+2j ( L (C)) R
@ 7 SM Stat. Unc. ﬁ((j) — 6 l‘,( ) >< 7_(_(9‘0)
107 I} Quad cqq1 | I n ) ]
T ...+ Lincaqt P ke o S
10° SM + EFT cqq1=0.1 bin=Fk S’y.st—j
[ 1 SM+EFTcaql=1.0
10° SM + EFT cqq1=10.0

Systematic uncertainties as nuisances

"°E N(c) = SM + Z aCaLing + ¢ Quad, + Z CaCpMixap
°E c af
L ol
5 |
B s Assumed SM scenario n = N(o)
0.5 7 v 7 v - L
oo o [g:v] Considered only one nuisance: 2% on luminosity.
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Analysis strategy

VBF-Zjj[EWK]  mjscan 100fb™ (13TeV)

Performed a 1D (2D) likelihood scan o
. N20F
for each (pair of) operator(s) for each s | 1D case
observable: 16- Sensitivity estimated as:
. ) e 68% c.l.: 2Alog L <1
VBF-Z+2j 100fb™ (13 TeV) 12; o
-3 — 10 95% c.l.: —2Alog L < 3.84
i " ///// SM Stat. Unc. 8:*
107 {.-..i Quad cqql E
E T..7Lincqql 60
108 "1 SM + EFT cqq1=0.1 =
g [ SM+EFT cqql=1.0 420
e — amganily 8 NB: other 2 \ /
o * :"""‘ ) ) ‘\‘/‘ ) o o o .
: operators $04=002 0 002 004 0.06 obégzm
e are set to ; 4
i . VBF-Z jj [EWK] A¢H scan 100fo™ (13 TeV) 0On0 O . .
g Likelihood i 0 during e Sensitivity estimated as:
v- Likelihood mput the scan. %o = W8T 68% cl: -2Alog L < 2.30
5" ' — 95% c.l.: —2Alog L. <5.99
% VG sspsspssmssnsemmecssss W3 . r »
o 80 85 90 95 100 105

Ranking the variables wrt to
1 o range (area).

N ng »
e} = H We(e))™ k’é:?) e~ Nel) % H 7(0]0)
bin=k ’ syst=j

2
cddt

2D
Flavia Cetorelli case



Best Confidence Interval

1D Results: sensitivity

Z + 2j channel more sensitive than W+2j

Past, present, and future of VBF 11

Between Q_ ® and Q,,_ there are seven orders of
magnitude difference in terms of sensitivity.

Highlighting operators to which VBF-V channels are more
sensitive put basis toward LHC data analysis! — final goal

Ve |
5 VBF-Z jj [EWK] 100 fb (13 TeV) VBF-W+2j 100 fo'! (13 TeV)
i!!!!1”E!!!t!d! ] = FTTTTT I T TS
- * 1o Expecte i - + A HHHHHBHBHEHH B
15 | I + 26 Expected 1 £ 450 * 1o Expected | ]
: b . 1 o ~“F || £ 20 Expected .
1: o BestFit B § - | o BestFit
B ] s | N
= HHH 4 S8 -
2 [it 1 S osf
z RS AT 1 8 B
5:0:018:0:0/010:0/0-0:0:0:01010:0:01010:0:010:0:0:0i0:0:0:0+] E.d A8
| 9- 1i=i=i _I — 0_: N HE
n " ] = 1HH
_05F T 1  _oskE 1
- 1 4
=18E m 1.5 ‘
o i BT CITMSE oS et malle il g o e o o Rl b w2 e = e U o el - DOl = T =T
et bl S R AT E ERE EEE R AR R EEE-
o 3\ o

Most stringent constraints are on 4-fermions operators

Flavia Cetorelli



Past, present, and future of VBF 12

ivity

t

sensi

2D results

2D scan: 2 Wilson coefficients at time, all possible pairs tried with all possible variables.

Ranking wrt area of contour at 1.

_____________________________m_________

(13 TeV)
|

100 fo™’

VBF-W+2j
[

gbHo Lbbo
agHo €bbo
Lbbo | 1bbo
Mo €bbo
€lHo Lbbo
9YMND LI
ayMNo Lgbbo
ayMmno | Lbbo
ayMNo €bHo
aMH2 €bbo
Lo 1gbba
8YMND gIHD
Lo Libbo

1 1bbo Lgbbo
gbHo Lebbo
¢bHo | Lbbo
€IHo LEbbo
€IHD 1 1bbo

\bbo ¢bbo
ayMno gbbo
Lo gbbo
¢bHo gbbo
¢bbo |gbbo
€IHo gbbo

1 1Lbbo gbbo

1

o 7o} ~ Il
o

N
o < =} Q

™
T

e o =
S s 5 T 9

[eAIB}U| BOUSPLUOD }sog

______

_____________

______

(13 Tev)

100 fb™!

TN

VBF-Z jj [EWK]

EEENNEENEEN

1o Expected

0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0:0

+ 26 Expected

.

|

o BestFit

%

e

€bH2 nno
€IH2 Nno
M2 nno

nno ynbo
gbH2 1nbo
€IH2 1nba
M2 1nbo
€IHO EbHD
M2 EIH2
MO L1bbo
1bbo nno
M2 Lbbo

| Lbba nna
€bHo 1bbo
€bH2 | 1bba
€IH Lbbo
€IH2 L1bbo
1bbo nbo
L1bbo 1nbo
M2 EbH2
Lgbbo nno
1bba | 1bbo
Lgbbo nbo
M2 Lebbo
€bHo 1gbbo
gbbo nno
€IHO Lebbo
gbbo nba
M9 gbbo
1bbo 1gbbo
L1bbo 1gbba
£bHo gbba
€IH2 gbbo
gbbo 1gbboa
1bba gbbo

1 1bba gbbo

_____________________

N = o oo (V)

:.vixve 60j) reasju| 8ousplyuo) jseg

Most stringent constraints

include 4-fermions operators
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2D EFT studies: correlation

From 2D likelihood scan:

e Area (previous slide) — sensitivity and create ranking of most constrained operators
(as for 1D case)

e Shape of the contour — indicate: Useful info for N-dimensional studies:
0 possible correlation between Operators flat directions must be avoided, since make fit fail!
o flat directions Indication of STRONG correlation.
VBF-Zj[EWK]  plscan 100fo™ (13TeV) VBF-Zj[EWK]  Ap scan 100fo” (13TeV)

1l

cqql

0.08

cHI1

-
-
+ Best Fit & + Best Fit

—*1c

0.06 E c==420,

—*1c

sz=t20

0.04

0.02

-0.02

-0.04

-0.04 -002 O 0.02 0.04 0.06

cqqit cHe
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Summary of results and outlook

VBF-V channels are good candidate to put constraints These LHE preliminary results are the inputs

on dimension 6 operators: pointing towards an LHC data analysis,

o in particular 4-fermions and Vff 1nclud1ng all backgr.ou'nd, detector effects and
systematic uncertainties.

Inclusion of QCD background:
e EFT dependence of the QCD induced sample
(O(a%a?y ) never weakens the sensitivity, as
shown in VBS EFT paper.

Combination:

e of VBF-V channels, Z+2j and W+2j — to put
tighter constraint (as shown in 2016 CMS reco
analysis)

e with other VBS and triboson channels:

— Towards global EFT combination in LHC!

RN

Ken Mimasu ®
Flavia Cetorelli


https://link.springer.com/article/10.1007/JHEP05(2022)039
https://link.springer.com/article/10.1140/epjc/s10052-019-7585-7
https://link.springer.com/article/10.1140/epjc/s10052-019-7585-7

Backup
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Analysis framework

Comprehensive framework developed and maintained in Milano-Bicocca:
from generations of events to datacard creation and fitting model!

Ntuples and LHE generation framework:
https: //github.com /UniMiBAnalyses /D6EFTStudies

Post-processing, QCD merging, and shape maker based on:
https: //github.com /GiacomoBoldrini /D6tomkDatacard

Flavia Cetorelli


https://github.com/GiacomoBoldrini/D6tomkDatacard
https://github.com/UniMiBAnalyses/D6EFTStudies
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Dimension 6 operators in SMEFT

Bosons and 2 fermions operators 4 fermions operators
3 o and (AD? W2 (LL)(LL) (RR)(RR) (LL)(RR)
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Warsaw basis
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https://link.springer.com/article/10.1007/JHEP10(2010)085
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Irreducible background

Irreducible bkg for VBF-V are all diagrams involving QCD interactions leading to same final state.
They are of order O(a’a’y) @LO and interfere with the EW signal.

Z+2j W+2j
d d d
g d
d
u w* u

Flavia Cetorelli
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W+2j: operators and best observable

Best observables are usually jet
related ones.

Between Qqq(?’) and Q,_there are
seven orders of difference in terms
of sensitivity.

— Strong indication for a possible
additional study at the reco level!

Flavia Cetorelli

Operator Best 68% CL interval 95% CL interval
variable
QY m; [-0.021,0.022] [-0.041,0.043]
QY e [-0.056,0.055] [-0.110,0.107]
3 it [-0.061,0.062] [-0.119,0.121]
é,‘l) Prs [-0.083,0.083] [-0.161,0.164]
= it [-0.083,0.121] [-0.133,0.183)]
) m [-0.099,0.114] [-0.143,0.158]
Quw Re e [-0.101,0.102] [-0.196,0.203]
% ;i [-0.220,0.267] [-0.346,0.406]
Quwn 7t [-0.323,0.333] [-0.625,0.665]
Qupp ;1 [-0.566,0.581] [-1.096,1.156]
Qw m;; [-0.608,0.561] [-1.035,0.951]
o o [-0.855,0.897] [-1.213,1.255]
o |AG;| [-0.889,0.902] [-1.518,1.542]
g yp [-0.966,0.939] [-1.354,1.327]
o P [-0.974,0.882] [-1.955,1.641]
o 7t [-1.595,1.973] 2 4)2 2.890]
Quu m [-2.151,2.137] [-3.017,3.003]
Qui Pry [-2.834,2.244] [-3.883,3.288]
4 m [-4.489,4.084] [-6.453,6.012]
Qu Prs [-10.358,10.974] [-14.661,15.278]
&) m [-52,45] [-100,81]
Qed m;; [-109,111] [-154,156]
Qs mj; [-132,130] [-185,184]
Q.. | A4 [-1438,1439] [-2019,2020]
Que |An;| [-81429,80881] [-160086,157980]




Past, present, and future of VBF 20

Variables ranking

Variables are sorted wrt to their 1 sigma interval (or area in the 2D case).

VBF-Z jj [EWK] 100 fb™ (13 TeV)
e 6T T T 1 y
E | |Operator: cdd1 ]
k7 | + 1o Expected i
‘u:| Al I + 26 Expected
3 i (O BestFit ]
(&)
: |
= il = 1 .
L - a
0 o100 00 Q00
- (=] =l et
- =) = -] B il
|- ] _
-2 I
-4
& o g £ o.: £ QS -3 Q[f
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