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BSM in VBS Processes

Idea: a concrete new physics scenario (Type Il Seesaw) and ways in which
the vector boson scattering can improve searches for its predictions

@ New production mechanisms, new Monte Carlo (MC) tools,
and new MC modeling

Today:
@ Motivation for new physics from the 1/ sector

@ LHC searches for doubly charged Higgs /A" (see L. Barak's talk)

© Room for improvements
o VBF@N LO in MadGraph5aMC@NLU (this is the cool bit!)
© Outlook
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Motivation for new physics from » physics
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Neutrinos Masses and New Physics
To generate Dirac masses for v like other SM fermions, we need Ng

®)+ h

Ly yuk. = _yuia)NR +Hc =-y (W 7) << 0

——

=mp

> Ngr + H.c.

However, N;'? do not exist in the SM, implying mp =0

Significance of Neutrino Oscillations:
o Neutrino masses = Luniverse 7 Lsm  (+Lgravity)
o Instead, Luniverse ~ Lsm  + Ly masses +
——

BSM physics! ZL

Neutrino masses —> existence of physics beyond the SM!
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Neutrinos Masses and New Particles

Nonzero neutrino masses = new degrees of freedom exist [Ma'98|:

m,, # 0+ LH currents

SN

LH Majorana Mass : m cvpv$ and/or  Dirac Mass : mﬁ)ﬁNH

l |

mb = y(A) or strong dynamics mb = y(®sy)

m,, # 0 4+ renormalizability + gauge inv. =— new particles!

@ New particles might be charged under new or old gauge symm.
E.g., Ng may have U(1)g_, charge and /\; is scalar SU(2), triplet
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https://arxiv.org/abs/hep-ph/9805219

Type Il Seesaw?

%)% s AT (AT
v Z P (A7)

%74 = 7 A ++

N N
q NATT(AY) N AT

2Konctschny and Kummer ('77); Schechter and Valle ('80); Cheng and Li ('80); Lazarides, et al ('81); Mohapatra and
Senjanovic ('81)
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Type Il Seesaw Mechanism

Hypothesize an SU(2), scalar triplet with

A ‘ 2N A
A= (\/AMO ‘CN > , with Lao 3 ppa (@14 @7+ He)
The mass scale iy explicitly breaks , and induces (A):
VE(A) = va ~ g

This induces a left-handed Majorana mass for neutrinos

_ Area - A 0 0 (v
AL = -HIfAL = —\%(w )(VA 0)()
> —%(\/EygvA)u?u"
—_———

—mi

Generates light 1/, masses via vev WITHOUT invoking a sterile V!
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Type |l Seesaw is characterized by new scalars A, A* AT+ 0

e Couples directly to W, Z,~ (unambiguous xsec prediction)
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LHC searches for A, A" are on going!
@ See nice talk by L. Barak
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Room For Improvements

Searches for /\ are classic LHC exotica, but room for improvement exists3

Monte Carlo generation:

@ Pythia 8.2 for Drell-Yan production of pp — A" "/A "~ but in context
of Left-Right Symmetric Model

° for Drell-Yan production of pp — A" AT

e NLO K-factor / normalization with CTEQ6

Modeling Woes:

@ VBS production A"/~ biased by LRSM Higgs sector
(not same at Type Il)

° event generation and CTEQG6 normalization do not describe

associated soft hadronic and jet activity

@ Uncertainty propagation and control over evt gen. limited, etc.

Rizzo ('82); Huitu, et al ('96); Muhlleitner and Spira ('03); Akeroyd and Aoki ('05); Perez, Han, et al ('08); etc

>3, Universite Catholique de Louvain
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TypeIISeesaw@NLD4

* * +

I, y/zr oA e s AFE g 7 e, #ATT (A7)
//\/v /\/\x <!

7 (a) SAT( SAF Y (c) SATT(AY)
Y ++ —_— A+t
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Y Taa s VRS

(d) (f)

4vvith B. Fuks, O. Mattelaer, and M. Nemevsek [1912.abcde|, feynrules.irmp.ucl.acibe/wiki/ TypellSeesaw
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https://feynrules.irmp.ucl.ac.be/wiki/TypeIISeesaw

TypeIISeesaw@NLO FeynRules Libraries

The lack of MC support for Type || Seesaw was an oversight
@ HeavyN, MLFVtIIIseesaw, EffLRSM Universal FeynRules Object
(UFO) libraries exist®
@ UFOs work as plugins for mainstream MC event generators to
simulate BSM at high energy experiments (not just colliders)

After a request by a certain hep-ex group, we wrote TypelISeesaw@NLO
@ Already available online and paper out in 1-2 weeks

import model Type I I NLD UFD ‘TypeIISeesaw : Canonical type Il Seesaw at NLO in QCD
generate p p > d++ d-- [QCD] .
output TypeIInlo_DYX_DxxDxx_NLO
launch

I

th Miha Nemeviek and Richard Ruiz. See anv: 1911, MNNNN [hep-oh]
ModelDescription and FeynRus implemeniation

>

>

>

>

> order=NL0O 9 o L . ths gives
> fixed_order=0N -
>
>
>
>
>

o+ THD,A'DAA] Va4 Ly a

set mdpp scanl:range(100,2001,50)
set dynamical_scale_choice -1

set no_parton_cut

set jetalgo -1

set jetradius 0.4
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https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

Some Results
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Charged Current and Neutral Current Drell-Yan

q ,\,*/Z* 7 A++ (A+) /Aii

Y P H/i*

A A
NATT(AY) N AT

q
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Charged Current and Neutral Current Drell-Yan

Drell-Yan production at NLO in QCD is sanity check®

—_ N I L B BN =

- With one event generator, 210 -

all the following can be 1%2 ; 14 TeV LHC E

computed: pp — ATTA T, <Ql0°E E

AFEAT ATA ATAC, L 1oL N

AF\O A%\O (« unexplored) & PN 7

' 2 E

- Other channels necessary to 1L 7 4%y -

determine gauge quantum _2§ (’"Lo) ]

numbers and discriminate 107 E

against 107 M T My T M !

s X

2t -y ]

- At NLO, jet vetoes can be E 15 ————— — (N:(Y{)A NLO) :

.\ 0k . 3

modeled / implemented ﬁ 02040608 I 1214 16 18
(vay!) ™ Triplet Scalar Mass, m, [TeV]

50nly other group to compute this is Muhlleitner and Spira ('03)
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Unfortunately, for high-mass BSM, jet vetoes = poor signal efficiency :

Plotted:” jet veto efficiency ¢ = JNLO‘FNNLL(pjT < pyete) / oLO

Q.
Z e
o
~~
—
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Z,
+
o
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© AT ]

pp— AA LHC 14 R=04]

Lo 1 ol
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p}r’e“’ [GeV]

Signal veto efficiency is pretty terrible for p\T/eto =20 — 50 GeV

8 are meritted

@ Clear that dynamic / safe jet veto schemes
7Using MG5aMCONLO+SCET. See Becher, et al [1412.8408]
8See with Pascoli and Weiland [1805.09335, 1812.08750], as well as with Fuks, Nordstromj and Williamson [1901:09937]
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https://arxiv.org/abs/1412.8408
https://arxiv.org/abs/1805.09335
https://arxiv.org/abs/1812.08750
https://arxiv.org/abs/1901.09937

Photon Fusion

! o AT

N A
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vy — ATTA T is wickedly cool!

- Modern v PDFs match
(elastic PDF) and

perturbative QCD

(inelastic PDF) formalisms

- can match ~
to g — ~vq splitting, i.e.,
match to forward jets

- How do different v PDFs
compare?

]

(see talk by M. Gallinaro on ~y~y scattering at the LHC)

e L e s sy ey

14 TeV LHC

T \HHH‘ T HHH\‘ T \HHH‘ T \HHH‘ T HUH{( TTTTT

T

A*AT(NLO)Y E
A¥A(NLO) 3

02040608 1 121416 1.8
Triplet Scalar Mass, m, [TeV]

*For details, see home.thep.lu.se/ torbjorn/pythia81html/SpacelikeShowers.html
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http://home.thep.lu.se/~torbjorn/pythia81html/SpacelikeShowers.html

Historically, back-and-forth about importance of vy — A" A

@ How do different v+ PDFs compare?

10 ‘ bY ‘(NL‘O) ‘ = \ bY ‘(NL‘O) ‘ =
F NN3.1+LUXqed E \ \NN3.1+LUXqed E
— 1o YY—=ATAT (LO) 3 — YY—=ATAT(LO) 3
i";\ F w./ K, variation ] i% w./ PDF variation 3
7' ER E
9 F 1 “ - 1
Lote E I\ R o—
S [ NN3IHLUXged AN © NN3. 1+ LUXged
1072 MMHT+LUXqed MMHTHLUXged
oL 14TeVLHC 14 TeV LHC \
2 o BT A aRST. 3 I DI
g f 7 NNBAAUKqed MMIAT A 0 X e
: ; E oZ 7 ~ CTI40ED 7
%’b 02 04 06 08 1 12 14 Eb 02 04 06 08 1 12 14
3 Triplet Scalar Mass, m , [TeV] 3 Triplet Scalar Mass, m , [TeV]

With LUXqed, discrepancies have disappeared (again)
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Gluon Fusion

9 7000 7 AT (AY)
AT s

A - {
N
9 7000 NA (A

~ R. Ruiz - CP3, Universite Catholique de Louvain | VBF@NLO in Type Il Seesaw - VBSCan®Lisbon 19 / 31



Threshold Resummation for Gluon Fusion

QCD corrections to gg — hgnp are large
h

[

GFQLO is excluded by LHC data!

R ! o
. LIIC 14 TeV my = 2TeV NNPDF23
ATLAS Prehmme:ry —i Total 55 "
[ Vs=13TeV,13.3fb - T T T T T T
‘CONF-ATLAS-2016-067
o L ! oz s 3l gg>H(mH=2TeV) ]
P [T g =020 000
wo L _023 1% 2.5 | . [l 4
wi Han e State-of-the-Art
Mg |- —e—— n, =224705 | Q  2¢ 1
=
n 99F@LO —e—i =059 0% 2 1.5
o [P 3~ 2 o =059 Zozs © S5E e . i
Honz - ggF@N3LO e+ Mone =085 0 1t 1
ol sgr@NNOT e E] o) o 12,
2 a4 0 1 3 4 5 ) )

p = [o(Obs) - 5(SM Bkg)] / o(SM Sig)  [1409.0864] T,  NLL* NLL NNLL® NNLL NOLL-

Corrections also large for heavy H°, A°
Resummation captures leading FO ' AL s
corrections sonvini, et al, [1409.0864] - <

Use SM technology for A production!
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https://arxiv.org/abs/1409.0864

Threshold Resummation in SCET

Each component of the Factorization Theorem obeys DX =X
Collecting like-terms shows scattering rates have the form?:
do(pp — B+ X) = f(ur) x f(ur) x Alps) X U(pr, pis, o) X% d6 ()
Messy, but universal
fc/p(ﬂf)®7a<—c(p¥etoa .uf)
P Hard
:’} process (Q?)
68 (ab— X)

Er(Q% py, jim)

Hadronic
process (s) |
olpp = X +Y) XH(LI)((QZ. 1)
PI* fp)

fc/p(:u’f)®7b<—c(

This expression is known as “RG-improved” factorization theorem (SCET)
@ Sudakov-like factors act as “dressing” functions, in QFT sense
21 /31

9Contopanagos, et al; Becher, Neubrt etc; Bauer, Stewart, Tackmann etc
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Threshold resummation at (approximately) N3LL captures leading
normalization at N2LO in QCD

TH

3
Loop-induced gg — AA is 5
possible at LO with new UFO T

t
£
S

14 TeV LHC

- N3LL a bit more work

For lower masses, gg and v 1t

are competitive, but vy g

becomes more relevant 1071?

(again, cool) 1072 %g
F(N'LL)

107 =0 T M 7]

we assume all A

3R

= E AHA~ (N2
masses degenerate B ?;A R A% (NLO) ]
— scalar-scalar couplings S of 0T 0E 0 T3 1‘4A 1“. (Nqu) ]
are small (probably not justified) 1l 0. O'_ 0.6 0.8 : : 6 1.8
& Triplet Scalar Mass, m , [TeV]
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Weak Boson Fusion
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A+ from Vector Boson Scattering

Weak boson fusion is a useful production mechanism of A" (see k. Santo's talk)

o Except W*W* — A™" is vev/coupling-suppressed

@ Except VV — AT "A  is mass-suppressed

WEW* — ATFAY for mpo < mp++ keeps important features
° /LFV dilepton signature with resonant invariant mass

o Difficulty is modeling beyond NLO in QCD (needed for jet veto modeling)
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Vector Boson Scattering beyond LO

NLO+PS(LL) is necessary to describe leading QCD radiation in
@G — A A g, at O(a?)

Difficulties are not NLO corrections to VBF topology; difficulties are

COping W|th (interference is numerically large)

@ Numerical instabilities due to t- vs s-channel momentum flow

@ New poles and resonances from EW gauge bosons

@ Non-VBF/S topologies dominate event generation

a At

II,’«F* /

WFE
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Vector Boson Scattering at LO

MC inefficiency controlled at LO using generator-level cuts
o Cuts: mgq, 2 200 — 500 GeV, |An(q1,q2)| 21— 3, etc
e New poles and resonances regulated and/or removed

e VBF/S topologies dominate event generation

/\/\/7/_;’
N A0 ! W

At NLO, one works with parton-clusters to retain infrared safety

@ After phase space point generated in mgbamc@nlo,
run all final-state QCD partons through kt-algorithm

@ Soft/collinear, i.e., unresolved, QCD rad. are clustered with parent
© Apply o',

cuts to clusters, not partons

n
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Pathologies at NLO

At NLO, one works with parton-clusters to retain infrared safety
o Cut on leading clusters: mj;, 2 200 GeV, |An(j1,/2)| 2 1, etc

e Pathologies appear when qq’ are clustered (eads to resonant V o worse)
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Pathologies at NLO

At NLO, one works with parton-clusters to retain infrared safety
o Cut on leading clusters: mj;, 2 200 GeV, |An(j1,/2)| 2 1, etc

e Pathologies appear when qq’ are clustered (eads to resonant V o worse)

Idea: veto clustering of isospin partners
e Effectively a phase space cut on pr of W/Z/v* (¥ <2my/R)

@ Analogous of on-the-fly flavor-tagging jets

@ Turn off hard-coded change of variables in mgbamc@nlo

Universite Catholique de vain VBFG@NLO in Type Il Seesaw - VBSCan®@Lisbon 27 /31



pp — AT AYj + VBS Cuts at NLO is under control!

UDY/UVBF ~ 103difFerence
hides three things:

- VBF cuts already applied at
generator-level

- Scalar-scalar couplings are
small since mass degenerate

- Larger mass splittings
—> higher mass reach

This is being investigated

(give me 1 week)

- CP3, Universite Catholique de

51037 f
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- 55 ‘ ‘ ‘ ‘ ‘ TR (NLO)
® 02040608 1 121416 1.8
v

Triplet Scalar Mass, m , [TeV]
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Summary
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nonzero neutrino masses are clear evidence of physics beyond the SM

@ Lack of guidance from 03, oscillation data, flavor factories, etc
= broad hep-ex/ph/th approaches are needed

@ Colliders are incredibly complementary to oscillation facilities:
see review with Yi Cai, Tao Han, Tong Li for details! [1711.02180]

» Direct production of Seesaw particles
» Direct test of LNV/LFV and UV realizations of neutrino EFTs / NSls

@ Type Il Seesaw is an excellent and viable candidate to explain m,, # 0

» No N as m, originate from new set of Higgs: A°. AT A+t 0
» LHC searches are ongoing but room for improvement exists

© Report update for tools and modeling Type |l Seesaw at colliders

» TypeIIScalars@NLO UFO allows reliably modeling of jet vetoes
» VBS channels probe unexplored WEW= — AFEAL | etc.
» Propose procedure for generator-level VBF cuts in MG5_aMC@NLO
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http://arxiv.org/abs/1711.02180
https://feynrules.irmp.ucl.ac.be/wiki/TypeIISeesaw

Thank you.
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