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thank you for the invitation!
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motivation
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Problem: according to the SM, my, = 0. (Not enough ingredients!)
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Discovery of neutrino masses — opens several questions:
@  have mass. What is generating m, ?
@ 1 masses are tiny. What sets the scale of m,?
@ m, are nearly degenerate. What sets the pattern of m,?
e v carry no QCD/QED charge. v, U
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the SM provides some theoretical guidance!
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m, # 0 = new physics must exist Ma('98) + others
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https://arxiv.org/abs/hep-ph/9805219

m, # 0 = new physics must exist Ma('98) -+ others

m, # 0+ left — handed (LH) weak currents

(renormalizability)

Taiorana macs - LonLiz7,C : —
LH Majorana mass : gm,vivy Dirac mass : m?7zvp

(gauge invariance)

m% = y(A) or new dynamics mP = y(dgy)
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m, # 0 = new physics must exist Ma('98) -+ others

m, # 0+ left — handed (LH) weak currents

(renormalizability)

Taiorana macs - LonLiz7,C : —
LH Majorana mass : gm,vivy Dirac mass : m?7zvp

(gauge invariance)

m% = y(A) or new dynamics mP = y(dgy)

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

New particles must couple to gy and L, often inducing
non-conservation of lepton number and/or lepton flavor
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Solution (and problem): this can be realized in many ways!

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); many others

New particles must couple to g\ and L, often inducing
and lepton flavor violation (LFV) in experiments
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right-handed neutrinos at the LHC!
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lFor reviews at colliders, see Cai, Han, Li, RR [1711.02180] and Pascoli, RR, Weiland [1812.08750]
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https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/1812.08750

adding v to the SM

To generate Dirac masses for v like other SM fermions, we need vg

o ) (") et e

—y (®)Tvg + Hoc. + ...
——

'sz Yuk. — —yyiéuR + H.c.

=mp

vr do not exist in the SM, so pretend that they do and vr = vg:

-1 (— —¢ 0 mp VL
= Luass = 3 (7T VR) ( > < c
—— VR

mass matrix (chiral basis)

mp  py
chiral state
(sizes of mp & py have major impact on pheno; see Pascoli, et al [1712.07611])

R. Ruiz - IFJ PAN
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adding v to the SM

To generate Dirac masses for v like other SM fermions, we need vg

—y, (70 7)) (<¢>0+ h) v+ H.c.

—y(P)Tvr + Hoc. + ...
——

'Cu Yuk. — _sza)VR + H.c.

=mp

vr do not exist in the SM, so pretend that they do and vr = vg:

-1 (— —¢ 0 mp VL
= Lumass = 3 (7T VR) ( > < c
—— Vr

mass matrix (chiral basis)

mp  py
(sizes of mp & py have major impact on pheno; see Pascoli, et al [1712.07611])

After diagonalizing the mass matrix, identify v, (chiral eigenstate) in
the SM as a linear combination of mass eigenstates:

|/,/L>

chiral state

chiral state

cosf |v) + sinf |N)
—~—

light mass state

R. Ruiz - IFJ PAN

heavy mass state (this is a prediction!)
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https://arxiv.org/abs/1712.07611

For the experts (1 slide)

Generically paramerize active-sterile neutrino mixing via Atre, et | [0901.3589)]
3
v R E UrmVm + Vimy—aNpy—4  (neglect heavier N,,)
~—~

flavor basis =1

mass basis

The SM W coupling to leptons in the flavor basis is

Lint. = —% Wi [(4* Py + H.c., where Pp = (1 —1~°)
= W coupling to N in the mass basis is

Elm;. = —% W/: E;:e |:7’}/'U’PL (Z?ﬂ:l Ulnﬂfm + VU\/N):| + H.c.

= N is accessible through W /Z/h bosons
and LFV with VBS — MTTD23 10 / 33


https://arxiv.org/abs/0901.3589
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Major improvements since Snowmass 2013: > 10x better sensitivity

to LNV + LFV Only one plot; see [1812.08750] for various flavor, Dirac vs Majorana, and /s permutations
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http://arxiv.org/abs/1812.08750

how heavy can we go at the LHC?
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N from W* W+ scattering
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OvBBOLHC

VBS probes spin & charge configurations inaccessible with quarks/gluons
= VBS is uniquely sensitive to Standard Model and new physics!

See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics ('22) [2106.01393]

wEw+ — /f(f is the high-energy realization of nuclear 0/ decay

Dicus, et al (PRD'91)

Lost in the literature but revived:
— Majorana N (smerTedim7) at LHC

w/ Fuks, Neundorf, Peters, Saimpert [2011.02547]

— Weinberg operator (smerredims) at
LHC/].OO TeV w/ Fuks, Neundorf, et al [2012.09882]

— Majorana N 4+ W PDFs at 100 TeV

Schubert & Ruchayskiy [2210.11294]
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https://arxiv.org/abs/2106.01393
https://inspirehep.net/literature/314680
https://arxiv.org/abs/2011.02547
https://arxiv.org/abs/2012.09882
https://arxiv.org/abs/2210.11294

so we ran the numbers!

LV and LEV with VBS — MTTD23 15/ 33



Plotted: Normalized production rate (o/|V/|*> *)) vs mp
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X Heavy Neutrino Mass, my [GeV]

wEw+ — phenomenology is wild and rate is competitive
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anatomy of the 0v 3 process
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helicity preservation in W~ W* — ¢, (]

R. Ruiz - IFJ PAN

The helicity amplitude for the LNC
process qi1G2 — {105 ;b is

M v W AW Tpo
Mune = J; I AP AL TR D(pn)
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helicity preservation in W~ W* — ¢, (]

The helicity amplitude for the LNC
process qi1G2 — {105 ;b is

M v W AW gpo
Mune = J; I AP AL TR D(pn)

Tine = Tr(pr)y P x ( PN o ) X 7 PLvr(p2)
LH helicity state Py mnPr=0
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helicity preservation in W~ W* — ¢, (]

! The helicity amplitude for the LNC
process qi1G2 — {105 ;b is

_ M v W AW Jpo
Mune = Jg, g g, BupBo TineD(pn)

TiNe =1L PP % + m X ¥ Ppv,
tne = ur(pr)y? P x ( Pn N ) X7 PLvr(p2)
LH helicity state Py mnPr=0

— MLNC ~

% scales with momentum transfer!
(Py—my)
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helicity inversion in 1/ W/ — (7

The helicity amplitude for the LNV
process qi1G2 — {105 g1 b is

A _ yz v W W pPo
My = Jo oo g BrpBoe vy D(P)

R. Ruiz - IFJ PAN LV and LFV with VBS — MTTD23 19 / 33



helicity inversion in 1/ W/ — (7

The helicity amplitude for the LNV

process qi1G2 — {105 g1 b is

f _ M v W AW ro
My = Jo oo g BrpBoe vy D(P)

Intuition: CPT Theorem = CT-inversion = P-inversion

PO L — - ~
Tinvv = UrR(p1)y” Pr x( v+ mpy ) X¥7 PLvr(p2)
~— ~— ~—
CPT: P,—Pgr Pr pi Pr=0 RH helicity state
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helicity inversion in 1/ W/ — (7

The helicity amplitude for the LNV
process qi1G2 — {105 g1 b is

f _ M v W AW ro
My = Jo oo g BrpBoe vy D(P)

Intuition: CPT Theorem = CT-inversion = P-inversion

[ oA — " R
Tinvv = UrR(p1)y” Pr x( v+ mpy ) X¥7 PLvr(p2)
~— ~— ~—~

CPT: P,—Pgr Pr pi Pr=0 RH helicity state

mpy

fr— "\/l ~N ——
LNV (p2N m%v)

scales with mass!
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The remainder of My depends on:
— WW scattering system
— N's pole structure
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The remainder of M, depends on:
— WW scattering system
— N's pole structure

Explicit computation shows amplitude is driven by WojE WOlL scattering

M2
,\/lL/\/\/ ~ 61‘1‘/1()\1)6”/2()\2) ~ ML%:V
“Low-mass” limit (Muw > mp):
my my ~ _Mn +O<m/2v M3y )

~Y
(P& —my) (M —miy) M M Mipy’

(amplitude grows with mass!)

“High-mass” limit (Myww < my):
m M~ O ()

(PN —my) (M —my) my

(slower decoupling since d = 7, not d = 8)

LV and LEV with VBS — MTTD23 20/ 33



Plotted: Normalized production rate (o/|V|? () vs mass (my)

w/ Fuks, Neundorf, Peters, Saimpert [2011.02547]

Full 2 — 4 calculation at NLO
(+PS) in QCD is more involved

Used mgbamc + HeavyN UFO libraries

CCDY (NLO) 13 TeV LHC

“Low-mass” limit (Muw > my):
GWHW+ 5 1417)

S \wy (nLo
41,04 my N \““LE@&ﬁ)
Ngwf | e Z T~ -
W > WA (NLO)
“High-mass” limit (Myww < my): © \
6’(W+W+—> ) 13 ] L =
4 |Venl* My 91
Womy miy, gm} Wy 1

107 10° 10
Take away: WEW* — has [ .
Heavy Neutrino Mass, GeV
largest rate from my 2 1 — 3 TeV! Y M [GeV]
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https://arxiv.org/abs/2011.02547
https://feynrules.irmp.ucl.ac.be/wiki/HeavyN

Plotted: LHC 13 sensitivity to active-sterile neutrino mixing (coupling) vs
heavy neutrino mass (my)

[ {amany T T
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£ 359fb e ——t 3ab J
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1072 e =
z F ~CCDY + Wy, E
>:' _37 ] - “3ab?! ]
=210 E ) (Projection) Indirect upper limiton [V e
i — = — = — JHEP 08 (2016) 033
10 E
0% , L3
E i CMS 95% CL upper limiton [V | 95% CL sensmwty E
[, 13Tev, 35.9 b, PRL 120 (2018) 221801 13TeV LHC ]

] N Ll Ll
10

102 10° 10*
Heavy Neutrino Mass m, [GeV]

WEW= — (" allows direct probe my ~ 1 —10 TeV at |V|? < 0.1
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Tracking Down the Origin of Neutrino
Mass

EperimentsSioportTheoryfor

138 b1 (13 TeV)
T

95% CL upper limit

Observed
Expected -
68% expected
95% expected
sl CMS same-sign dilepton
[ T JUHEP01(2019)122

! CMS trilepton
PRL 120(2018)221801

1
0.01 | ra

o7
my (GeV)

Search for WEW* — """ quickly adopted by
LHC groups!

T

ATLAS

S e e L]

o

Observed 95% CL Limits on |Vyy|?

PR | Ll Ll n
10 5 7

UmERTL

Ll

ATLAS t-channel
this work
£=140fb~1
ATLAS s-channel
JHEP 10 (2019) 265
£=35.9fb?
ATLAS s-channel
JHEP 07 (2015) 162
Vs =8TeV
£=20.3fbt
ATLAS displaced
arXiv:2204.11988
£=139fb!

CMS t-channel
arXiv:2206.08956
£=139fb!

CMS s-channel
JHEP 01 (2019) 122
£=359fbt

CMS displaced
JHEP 07 (2021) 081
£=139fb7!

10 10 10 10

+ CMS ('22) [2206.08956]

LV and LFV with VBS — MTTD23

ATLAS ('23) [2305.14931]
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https://arxiv.org/abs/2305.14931
https://arxiv.org/abs/2206.08956

something interesting
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W W — (71" at high energies

WiE W scattering dominates when
m, < My < MWW < my:

2 Vi 3
M~ gy <2mNAN45V> Miyw
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https://arxiv.org/abs/hep-ph/0006358
https://arxiv.org/abs/2011.02547

W W — (71" at high energies

WiE W scattering dominates when
m, < My < MWW < my:

2 Vi 3
M~ gy (zmine ) Minw

Now, J = 0 partial wave is given by:
aj—o = ﬁ f_ll dcosfy M
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W W — (7" at high energies

WiE W scattering dominates when
m, < My < Mww < my:

2 Vi 3
M~ g5y (smiie ) Miwy

Now, J = 0 partial wave is given by:
aj—o = % f_ll dcosfy M

Req. that |aj—o| < 1, means:
g3 _ __ 16nMjy/gj,
U™ [Xk Ven,mn, Ven, |

Ey is the WOjE WOjE scattering scale (My/) above which pert. unitarity is
Vi0|ated ® Maltoni, Niczyporuk, Willenbrock [PRL'01]; Fuks, Neundorf, Peters, RR, Saimpert [2011.02547]

Interesting that Ey is finite. Using GERDA('20) limits: Ey = 72-87 TeV

R. Ruiz - IFJ PAN LV and LFV with VBS — MTTD23 25 /33



https://arxiv.org/abs/hep-ph/0006358
https://arxiv.org/abs/2011.02547

W* W= scattering at dimension five
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Weinberg operator is the only SMEFT
operator at d = 5:

£=%"0.T;
= 3 [®- Lf]lLe - @]

contributes to » masses after EWSB:
myyr = Cgﬁ <¢>2/2/\

Nuclear 077 only sensitive to (/" — eel
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Weinberg operator is the only SMEFT
operator at d = 5:

o
= 5[ L[y - @]

contributes to » masses after EWSB:
myyr = ng <¢>2/2/\

|

Nuclear 077 only sensitive to (/" — eel

Difficult to simulate since Weinberg op. modifies propagator of 1,

modern Monte Carlo tools work in mass basis and do not like the idea of (0|7,7,|0)

vi(p) vil=p) ., .~ 2 . :
iy —iCs" v UMyt
p—>—

R. Ruiz - IFJ PAN
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Weinberg operator is the only SMEFT
operator at d = 5:

£=%"0.T;
= 3 [®- Lf]lLe - @]

contributes to » masses after EWSB:
myyr = CSM <¢>2/2/\

Nuclear 077 only sensitive to (/" — eel

Difficult to simulate since Weinberg op. modifies propagator of

modern Monte Carlo tools work in mass basis and do not like the idea of (07,714 |0)
C
vy Vp(— . -~ . ;
é(p> ['( p) 7 _chf 1)2 7 'mefl
—=—0—— = —0 — 4

p—— p A P’

Solution (highly nontrivial): Invent an unphysical Majorana fermion
with (small) mass my, that couples to all lepton flavors

o P B 6y ’YaPLi%Z/PL’YB . [1 O (

recovers right behavior!

)]

27 /33
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Plotted: Normalized production rate (Cs = 1) vs scale (A)

w/ Fuks, Neundorf, Peters, Saimpert [2012.09882]

Full 2 — 4 calculation at NLO(+PS)

in QCD Used mgbamc NEW sMWeinberg UFO libraries 1023 o E
E pp - I#1%jj + X (NLOQCD) 3
Driven by W, W;" scattering % 10¢ E
202 L _
GWFWH =)~ S .
A L 27 Tev ]
107 | hc13Tev E
Take away: sensitivity with a simple 07 100Tey 2
cuts at £ = 300 (3000) fb~*: —c { K
NJ|CE*) < 8.3 (13) TeV 10" - Wilson Coeffiient C = 1 NS
= |muul 2 7.3 (5.4) GeV o 105 e T
Jb i 13 TeV
~0.95 z ; ;
LHC 95% CL upper limits: ST 10 102 10°
CMS: ‘m/m‘ < 10.8 GeV [2206.08956] b4

Effective Field Theory Scale, A [TeV]
ATLAS: |muu| < 16.7 GeV [2305.14931]
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https://arxiv.org/abs/2011.02547
https://feynrules.irmp.ucl.ac.be/wiki/SMWeinberg
https://arxiv.org/abs/2206.08956
https://arxiv.org/abs/2305.14931

brief outlook for future colliders
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WHW* — (5@ 100 TeV

P|0tted: SenSItIVIty to aCtiVe-SteriIe mixing VS my Schubert & Ruchayskiy [2210.11294]
1

WBFe@HL-LHC

0.100

IR SRR

0010 *" CMS WBFeHL-LHC(

. WBF@FCC-hh
0.001 B Seo

[©u1 P (pp - u*p*+jj)

: ST T e E

Eoo - ]
[ S 3

E E

[ ! ccDY+WyeHL-LHC ]
105 — VI . . L . . |

50 100 500 1000 5000 10*

my, in GeV

caveat: study employs effective W approximation (W PDF of proton)

@ unsure assumptions for EWA are met see, Ruiz, Costantini-Maltoni, Mattelaer [2111.02442]
R. R
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https://arxiv.org/abs/2210.11294
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11" 11 collider

Plotted: sensitivity to active-sterile mixing vs mpy  wekala, Reuter, Zarnecki [2301.02602]

207
>

£1072

W0 T

LRALLL BRI YRR

10
107

Muon Collider 10 TeV,

10°°

()
PRRTTT RRETIT ERTTT EEWTTTT EAWETTT WA

ARRLLL BRRRULL RS B

10—7 L MR | L L MR | L
10*
my, [GeV]
note: great outlook for high-mass sensitivity in s-channel
@ conjecture: W*TW~ — E,Wf can do better s, costantini, Ruiz, et al [2005.10289]
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https://arxiv.org/abs/2301.02602
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summary and conclusions

VBS/VBF probes neutrino mass models
configurations inaccessible to q/g
v @colliders review [1711.02180]

VBS/VBF review [2106.01393]

ATLAS and CMS are using VBS to
search for and LFV

— same-sign in the pipeline ('23/'24)
— same-sign 7 on the agenda ('24/'25)

— wanted: add'l interpretations of results

Future colliders = interesting results
— worth further investigations!

R. Ruiz - IFJ PAN

and LFV with VBS — MTTD23

10"
mu (GeV]

ATLAS t-channel
—— this work
£=140fb~*
ATLAS s-channel
—— JHEP 10 (2019) 265
£=359fb!
ATLAS s-channel
JHEP 07 (2015) 162
T Vs=8TeV
£=203fb"
ATLAS displaced
—— arXiv:2204.11988
£=139fb!
CMS t-channel
~—- arXiv:2206.08956
£=139fb"

CMS s-channel
— -~ JHEP 01 (2019) 122
£=359fb"
CMS displaced
JHEP 07 (2021) 081
£=139fb~*
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https://arxiv.org/abs/2106.01393

Thank youl!
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Backup
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VBF vs s-channel

R. Ruiz - IFJ P '/ and LFV with VBS - MTTD23 2/13



Evidence for trend that VBF/S rates will always exceed s-ch. rates

Is this obvious? (not to me at firstty Is there intuition for this? (s
w/ A. Costantini, et al [2005.10289]

Idea: crudely compare the production of X by writing generically

s—ch. (s=M3) (s—=M3) 2
o N~y YR < assumes s > My,

do’VBF (M\z/v/ - M)2<) (212257M2) oS_Ch'

o g Y f f / ~ f f / X

dz1dz; V(“ZIF))D\'/: SZZ)(M‘Q/V/ _ M\2/)2 V(Zl) 1% (22) (z122)2 (S,Mi)
7 s

M\2/V/ :Z].ZQS>>M%/

PDFs are largest when z = Ey/E, < 1 but Ey ~ /s > My

- fV(Zi) ~ 4r z;
os—¢ch « f dz1dz> ... is solvable for My, > Mx!

2
w L og (Mi%> + crude approximation

Observation: ¢vBF =

'/ and LFV with VBS - MTTD23 3/13
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https://arxiv.org/abs/2005.10289

Universal behavior: when production of X by VBF and annihilation are
driven by same physics, VBF dominates when /s satisfies

VBF 2

2
P (BN (5 ) 1?5 qee
o ar ) \MZ) %% Mz T

>1

Scaling estimate not so bad if My > M),,. Difference is about O(10%)

mass (Mx) [TeV] | SZ (Singlet) H»Z (2HDM) ¥ (VLQ) it (MSSM)  XOx° (MSSM)  y*x~ (MSSM) | Sealing (Eq. 7.7)
400 GeV 2.1 TeV 2.1 TeV/ 11 TeV 2.9 TeV 3.2 TeV 7.5 TeV 1.0 (1.7) TeV
600 GeV 2.5 TeV 2.5 TeV 16 TeV 3.8 TeV 3.8 TeV 8.1 TeV 1.3 (2.4) TeV
800 GeV F 8LV 22 TeV L 5 TeV 1.7 (3.1) TeV
2.0 TeV 4.0 TeV 4.0 TeV 30 TeV 11 TeV 3.7 (6.8) TeV
3.0 TeV/ 4.8 TeV -30 Te] 13 TeV 5.3 (9.8) TeV
4.0 TeV 5.5 TeV 30 TeW 13 TeV 11 TeV 15 TeV 6.8 (13) TeV

Table 9. For representative processes and inputs, the required muon collider energy /s [TeV]
at which the VBF production cross section surpasses the s-channel, annihilation cross section, as
shown in figure 17. Also shown are the cross over energies as estimated from the scaling relationship
in equation (7.7) assuming a mass scale My (2Mx).

Evidence that PDF prescription works quantitatively
1/ and LFV with VBS — MTTD23 4/13



Kinematics at NLO+PS

after baseline cuts / pre-selection

and LFV with VBS ~ MTTD23 5,13



The collider signature exhibits both LNV and VBS/F characteristics
pp — i+ X
@ same-sign, high-p7 charged leptons without MET and back-to-back

o forward, high-pr with rapidity gap
@ See backup slides for kinematic distributions at NLO+PS

Built simplified analysis for expedience:

TABLE III. Pre-selection and signal region cuts. TABLE IV. Visible signal cross sections (and efficiencies) after
applying different selections to the simulated events.

Pre-selection Cuts

SO0 ST (10) Gev, | <27, n =2, x| oo (] ot M) (A) o M) ()
) - T 5 - 5

vh>25GeV, [l <45 w22 Temv| s ams G 1o @90

L. .5 Te' .45 3. 38% R 63%

Quy % th: L M_(]l,.l‘z) > 700 GeV 5TV | 152 058  (38%) 046  (79%)

Signal Region Cuts 15TV | 0190 0072 (38%) 0056 (78%)

pht, i > 300 GeV

TABLE I. Generator-level cross sections [fb] and cuts, i, i, TABLE V. Expected number of SM background events in the

scale uncertainty (%], PDF uncertainties [%], and perturba- L o _ B _ —1 a1
tive order for leading backgrounds at /5 = 13 TeV. Signal Region at the (HL-)LHC with £ =300 " (3 ab™).

Process Order Cuts oS () +5,, . Collider |QCD W*W*jj EW WEW=jj WV (36v)|Total
W*W#jj (QCD) NLO in QCD  Eq. (1.2) 385 BT LHC 0.05 0.52 0.14 0.71
WEWEjj (EW) NLO in QCD Ba (12) + 254 pST HL-LHC 0.49 5.17 1.40 7.10

diagram removal :
Inclusive W*V (3tv) FxFx (1j) Egs. (4.3), (4.4) 2,520 o N

IFJ
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Top: pi', pi?, Btm: Ap(u1, p2), MET

pp— ptpt i+ X, Vs=13TeV, £=300fb!

pp— ptpt i+ X, Vs=13TeV, £=300fb!

10° 10°
my =750 GeV my =750 GeV
my =1500 GeV. my =1500 GeV.
my =5000 GeV. 102 my =5000 GeV.
£ £ 10
5 5
§ §
& & 100
10!
107
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
pr (1) [GeV] pr (k) [GeV]
pp—pEpjj+X, Vs=13TeV, £=300fb! pp— pEpt i+ X, Vs=13TeV, £=300 fo!
10° 10¢
my =750 GeV
100 my =1500 GeV.
my =5000 GeV.
< <
5 5
8 )
2 2
g §
& &
. my =750 GeV
5
%0 05 10 15 20 25 30

B (1, )

Ef™ (Gev]

'/ and LFV with VBS - MTTD23




Events / bin

Events / bin

Top: pj} % Btm: 7', An(ji,2)

pp— ptpt i+ X, Vs=13TeV, £=300fb!

pp— ptpt i+ X, Vs=13TeV, £=300fb!

10° 10°
my =750 GeV my =750 GeV
my =1500 GeV. my =1500 GeV.
my =5000 GeV. my =5000 GeV.
102 102
=
5
10* g 10t
§
g
bt
10° 10°
!
a - L
10 100 200 300 400 o 50 100 150 200
pr (1) [GeV] pr (32) [GeV]
pp—pEpjj+X, Vs=13TeV, £=300fb! pp— pEpt i+ X, Vs=13TeV, £=300 fo!
10° 10°
10?

Events / bin

10t} ] =750 Gev
~1500 Gev
=5000 GeV
2
107 -5 0 5
i) An (i, 32)
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Top: Hr = X |ph|, X7 = Hr + X |pY|, Btm: Hr/pit, X7 /p}

pp— ptpt i+ X, Vs=13TeV, £=300fb!

pp— ptpt i+ X, Vs=13TeV, £=300fb!

Events / bin
g

m

my =750 GeV
my =1500 GeV.
=5000 GeV/

Events / bin

my =750 GeV
my =1500 GeV.

my =5000 GeV.

10"
102
107
200 400 600 800 1000 1200 1400 500 1000 1500 2000 2500 3000 3500  400C
Hy [GeV] Xr [Gev]
= pEpFjj+X, Vs=13TeV, £=300fb! = pFpFjj+X, Vs=13TeV, £=300fb!
P m=J3 PP mea7
10°
my =750 GeV 10° my =750 GeV.
my =1500 GeV. my =1500 GeV.
102 =5000 GeV my =5000 GeV.
\ -
c 10' £
5 3 10!
8 )
2 2
3 100 &
10°
10" 10
2 2
%0 05 10 15 20 25 500 1 T 2 3 4
Hr [ pr(u) Xr [ prin)
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HeavyN: feynrules.irmp.ucl.ac.be/wiki/HeavyN

HeavyN_vSMEFTdim6, TypeIISeesaw, EffLRSM, WZPrime, SMWeinberg, ZeeBabu

also available feynrules.irmp.ucl.ac.be/wiki/NLOModels!

HeavyN : The Standard Model + Heavy Neutrinos at NLO in QCD
Contact Author
Richard Ruiz

« Institute of Nuclear Physics Polish Academy of Science (IFJ PAN)
« richard.physics AT gmail.com

In collaboration with:

D. Alva and T. Han [ 1

; C. Degrande, O. Mattelear, and J. Turner [ 2 ]; S. Pascoli and C. Weiland [ 3, 4 ]; and V. Cirigliano, W. Dekens, J. de Vries, K. Fuyuto, E. Mer
Usage resources
« For detailed instructions and examples on using the HeavyN UFO libraries, see C. Degrande, et al, = arXiv: 1602.06857 and S. Pascoli, et al, = arXiv:1812.08750 .
« *New* For heavy neutrinos in vSMEFT, see V. Cirigliano, et al, =+ arXiv:2105.11462.
« See Validation section below for additional information
Citation requests
+ Far studies of heavy Majorana neutrinos, please consider citing [ 6 ] for the Lagrangian and [ 1, 2 ] for the Majorana FR/UFO files.
+ For studies of heavy Dirac neutrinos, please also consider citing [ 4 ].
+ *New* For studies of heavy neutrinos in VSMEFT, please consider citing [ 5 ].
Model Description

Majorana N

This effective/simplified model extends the Standard Model (SM) field content by introducing three right-handed (RH) neutrinos, which are singlets under the SM gauge -
Majorana mass. After electroweak symmetry breaking, the Lagrangian with three heavy Majorana neutrines Ni (for i=1,2,3) is given by [ 6 ]

L=CLoy+ Ly + Ly 1ne. (1

The first term is the Standard Model Lagrangian. In the mass basis, i.e., after mixing with active neutrinos, the heavy Majorana neutrinos' kinetic and mass terms are

1— 1
Ly = 5 Vi PNy — 50 N, K

.3 (1
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FeynRules to MadGraph5aMC@NLO

Given a Universal FeynRules Object (UFO) file, run mgbamc out of the box

Pascoli, RR, Weiland [1812.08750]

c e
$ ./bin/mg5_aMC 4[| cCDY (NLO) ]
> import model SM_HeavyN_NLO ’_‘10 = E
>definep=gucdsbuvc~y & F 100 TeV VLHC 7
d~ s~ b~ a nDleST -
> define ell = mu+ mu- N R 3
> generate p p > n2 ell [QCD] ~ r SF (NLL) b
> output PP_Nmu_NLO EIOZ; =
> launch PP_Nmu_NLO A N\ .
> order=NLO g 10 OJ‘ \\NLO) -
> fixed_order=0N 5 = ) TS 3

= { \‘x\ ]
> set LHC 100 - ©) ~ ]
> set vmun2 1.0 1:? .
> set mn2 scan:range(5,1001,25) Q ;M
> set wn?2 auto [w 1ENC DY (NLO) CCDY (NLO)

B EVBENLO)

2 4 6 8 10
Heavy Neutrino Mass, m,, [TeV]
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O(10) lines to get each curve —


https://arxiv.org/abs/1812.08750

mgbamc+MadSpin-+Parton Shower

If the narrow width approximation is justified (I'y/mpy < 1), efficient
generation of — Z = vN — vl qq' possible with MadSpin:

Spin-correlation fully treated, RR [2008.01092]

In madspin_card.dat, write:

set spinmode onshell

é;? define g =ucdsu” c” d” s”
N 1 define ee = e+ e-
Wy 7
SM q decay nl > ee q q
launch

TTuizOmac-1RQ-359:~/Scripts/MG5aMC$ more runEffLRSMnlo_pp_Ne_Update.txt
launch EffLRSMnlo_pp_wr_Ne_NLO

Parton showering with PY8 or
HERWIG straightforward mmi

compute_widths nl
set no_parton_cut
set nevents 100k

. . set LHC 13

Fun Fact: possible to steer entire B i el S

process with a script — e e
shower=0N
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