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a fun idea: is it possible to see the (standard mechanism for)

) )

neutrinoless /7 process (0v///7) at accelerators?

Vi

Why? Colliders, beam dumps, etc., can access ;. and 7 sectors!

for reviews on LNV/LFV at colliders, see w/ Y. Cai, T. Li, T. Han [1711.02180], and w/ S. Pascoli, et._al. [1812.08750]

#Pheno21 - 0w BBOLHC 2/15


http://arxiv.org/abs/1711.02180
http://arxiv.org/abs/1812.08750
https://twitter.com/hashtag/Pheno21?src=hashtag_click

Many ways to explain m, # 0, so take an effective field theory approach:

The Weinberg operator is the only SMEFT operator at d = 5: weinberg (97)
ce _
L= [0 L]lLe -]

Can be generated in many ways at tree- and loop-level

Eg. Ma ('98), Bonnet, et al [1204.5862]

Importantly, after EWSB, generates a Majorana mass matrix for v/
mygpr = Cgel <¢>2/2/\ «—(flavor basis!)

Type-l See-Saw Completion of the Weinberg Operator
one interesting way to generate
the Weinberg operator is if
a heavy gauge-singlet
fermion has Yukawa
couplings to the
left-handed
leptons
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constraints on the Weinberg operator from nuclear 0 decay
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The Weinberg operator:
00! _
£="510 TflLe - 9]

generates 7 mass matrix:
!/
my = CEE(P)2/2A

since
ec] = |23y Uk, Uk

“mass” in flavor space

— nuclear 037 decay rate:
1/-,-01/55 ‘M0u65’2 ~ ’mee’2
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The Weinberg operator:

Plotted: Excluded/allowed “effective
e . (/7 Majorana mass” vs lightes m,,
EZ A [(DLZ][Lg/(D]

(assumes no other new physics)

10°
generates 7 mass matrix:

myy = CE (D)2 /2N

Excluded by current Ovp experiments

since

|Mee| = Zi:l Uekmy, Uek

“mass” in flavor space

e

Inverted | |

S0V

= nuclear O decay rate:
YT~ (MO | meef?

- ol Lol
10" 1
J. Detwiler

10

10?
mlightest [mev]
Searches for nuclear O[3 set strong constraints, e.g., cerpa [2000.06079]
N/ Cs¢ 2 (3.3—-7.6) x 101 GeVv

566 can natura"y be ZerO/Sma" Eg. symmetry [0810.1263] or interference
o

[Asaka('20)x3]
& =) «= = DA
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So what about the other C{“'?

#Pheno21 - 0w BBOLHC 6/15


https://twitter.com/hashtag/Pheno21?src=hashtag_click

W* W= scattering at dimension five
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The helicity amplitude for the Ov 7
process qq’ — (F (5 ff'is

Muny = Jg ! ff/AWA T/ D(py)
;\,_/

lepton current

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

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

vi(p) vi(=p) ., .-l 2 . :
_ G vT dy  imyy
—_0— R 4
p—— P A p p

Solution: Treat vertex as a particle! Invent unphysical Majorana fermion
W|th (Sma”) mass m(( that Coup|es to a” |epton ﬂaVOrS recovers right behavior!

)|

ml p

TEI\;'VD(pl,) x yaPL%fyﬁpR aPleu PP x [1 +0 ( .
e’
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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(+4PS) i E

in QCD is more involved e pp - I#1%j + X (NLOQCD) =

Used mgbamc + NEW SMWeinberg UFO libraries § 10; =

o L 3

; +14/+ : E E

Driven by W," W, scatterélenzg ik 27 Tev E

cAr(W+ W+ ) ~ |CE |2 - LHC13Tev v 3

187A 107 100Tev 3

Once o is obtained for a “high” 07 E

scale, i.e., C&¥ =1,A =200 TeV, 10 E -

rescale for other A/Cs. i

0 105

O I i3tey ]

Cs€/N is heavily constrainted. What g*% : ‘ : :

0 9 no 1 10 107 10°
can the LHC say about ;1 ¥ Effective Field Theory Scale, A [TeV]
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The collider signature exhibits both and VBS characteristics
pp — J+X

(L) Ep= (R) Hr/p}!

Vs = 13.0TeV £ =300.0fb "
— T T T T T T T T T T L e e e L A e e e e e e
Vi—13.0Tey - WV (3lv) + Al Backgrounds W EWE (QCD) 4+ All Backgrounds
£ = 30000 VEE (EW) Weinberg Operator (x1000) ) Weinberg Operator (x1000) A/CL* = 200 TeV

VW (QCD)

EW)
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AN/d(He/pht)
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The collider signature exhibits both and VBS characteristics
pp — J+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 11. Particle identification and signal region definitions

TABLE III. Expected number of background and 0v32 signa
events in the signal region with £ =300 fb~! (3 ab™1).

Particle Identification Cuts
P2 Ul S 10 (10) [25] GeV,  Anticky (R=0.4)

i (r) J]‘ <25 (27) [4.5] Collider |QCD W=W=j; EW W=W= ;57 W=V|Total |Signal
Sienal Region Cuuts LHC <0.01 6.40 .16 | 7.56 | 0.013
o m2) o 97 (10) GeV, ny=2, n; =2, HL-LHC < 0.01 64.0 11.6 | 75.5 | 0.13

Mo =nmma =0, Qu %X Quy =1, M(j1,j2) > 700 GeV
E 230 GeV, (Hp/pht) < 1.6
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the big picture
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With a minimal cuts (= can be improved) £ = 300 (3000) fb~1
AJ|CE <83 (11) TeV = |my,| > 7.3 (5.4) GeV
Plotted: Allowed and projected reach of |177,,| vs lights 7 mass

[meer| = [CEX1(®)2 /2N = | 231 Ugiemy, Upi]

S 1018 B LHOeIsTev G00fbY) | iucePUB 201509
() E  Exp. upper limit at 95% 3
= a2 L B
] 5 10 E 3
§ 10M - NAB2(2017) - Obs wpper Mt 29096 CL_ _ _ reerwriams oo

1 1010 [ _ATLASCMS13Tev (3001b”) - Exp. upper limitat 5% ]
13 TeV (3ab™)

100 TeV (3

HHHH‘ TTT
\1 HHH‘ LIl

=
=
|—\O\oao

NO

w

10

e
59
‘N

=
3
»

Effective Mgjorana mass
=
S
= T TRy

o 107 10 10 1
Lightest neutrino mass [eV]

LHC is most competative but all can be improved!
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Summary

o Colliders are incredibly complementary to oscillation facilities:
» Direct production of Seesaw and particles
» Test both neutrino NSIs and UV realizations of EFTs

o If BSM is heavy, the Weinberg op. parametrizes the origin of m,
» Ov[ experiments strongly constrain A/ CE® but insensitive to

» For high-energy scattering and decay processes, a prescription for
describing the Weinberg op. has been developed (and implemented into a UFO!)

w/ B. Fuks, J. Neundorf, K. Peters, M. Saimpert [2012.09882]

» For first time, there is a roadmap for probing Weinberg op. with
at accelerators (LHC, HL-LHC, beam dumps, etc.)

@ Lots not covered, so see papers for details! [2011.02547; 2012.00882]
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Thank you.
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Backup
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)]

anatomy of the 0v 3 process
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helicity preservation in W~ W™ — ¢, (]

! The helicity amplitude for the LNC
process q1q2 — {143 q1q5 is

Mine = I} I DA TR D(pw)
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helicity preservation in W~ W™ — ¢, (]

The helicity amplitude for the LNC
process q1q2 — {143 q1q5 is

Minc = Jl) a JngﬁAWAWTf,‘\’,CD( N)

TP =1L PP x + m X Y7 PLv,
Ine = r(pu)y?PL x ( PN Wy ) X Y7 Prvr(p2)
LH helicity state P mnPr=0
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helicity preservation in W~ W™ — ¢, (]

! The helicity amplitude for the LNC
process q1q2 — {143 q1q5 is

Minc = Jl) a JngﬁAWAWTf,‘\’,CD( N)

TP =1L PP x + m X Y7 PLv,
Ine = r(pu)y?PL x ( PN Wy ) X Y7 Prvr(p2)
LH helicity state P mnPr=0

— ML[VC ~ Sl - 2) scales with momentum-transfer!

(pjzv_m/\/
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helicity inversion in 1/ /" — (7

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

A _ yz v W W pPo
My = Jo i g BrpBoe vy D(P)
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helicity inversion in 1/ /" — (7

The helicity amplitude for the LNV

process qi1G2 — {105 g1 b is

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

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

PO L — - ~
Tinv = 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/ /" — (7

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

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

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

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

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

my

fr— "\/l ~ ——0
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

Mny ~ EWI()\]_) Wz()\2) Mavw

Miy
“Low-mass” limit (Muw > mp):
2 2
mpy mpy ~ mpy mN MW )
(PN_’"N) (M —miy) M +0O ( " My

(amplitude grows with mass!)
“High—mass” limit (MWW <K I”N):
my my n N Ma/W
~ 5 ~ =+ O

(PN —my) (M —my) my

(slower decoupling since d = 7, not d = 8)
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Plotted: Normalized production rate (o/|V|? () vs mass (my)

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

Ema

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

Used mgbamc + HeavyN UFO libraries

13TeV LHC

CCDY (NLO)

“Low-mass” limit (Myw > my):
s(WTWT — )

my

X

4 4
NgW’VZN‘ i,

— W*W* (NLO)

“High-mass” limit (Myw < my):
GWTWH = 7 07)

4
~ gh \Vzg/\4 MVXW
Wmgy, my,

" 10° 10° 10*
X Heavy Neutrino Mass, my [GeV]
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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 next few slides for kinematic distributions at NLO+PS

Built simplified analysis for expedience:

TABLE III. Pre-selection and signal region cuts.

Pre-selection Cuts
Pt 2 5 97 (10) GeV, [l < 2.7, n.=2,
ph>25GeV, |n| <45, n;>2,
Qui X Quy =1, M(j1,72) > 700 GeV
Signal Region Cuts
pht, i > 300 GeV

TABLE I. Generator-level cross sections [fb] and cuts, i, i,
scale uncertainty [%], PDF uncertainties [%], and perturba-
tive order for leading backgrounds at /5 = 13 TeV.

Process Order Cuts oS (D] 5, :

W*W#jj (QCD) NLO in QCD Eq. (1.2) 385 4

Eq 1.2) + % %

WEWEjj (EW) NLO in QCD - (42) 254 pST
diagram removal

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

IFJ

TABLE IV. Visible signal cross sections (and efficiencies) after
applying different selections to the simulated events.
my | 0% (] o7 ] (A) o )] ()
150 GeV. 13.3 37 (28%) 05 (14%)
1.5 TeV 8.45 318 (38%) 19 (63%)
5 TeV 1.52 058 (38%) 046  (T9%)
15 TeV 0.190 0.072  (38%) 0.056 (78%)

TABLE V. Expected number of SM background events in the
Signal Region at the (HL-)LHC with £ = 300 fb~' (3 ab™").

Collider |QCD WEW*jj EW WEW=jj WV (30v)| Total

LHC 0.05 0.52 0.14 0.71
HL-LHC 0.49 5.17 1.40 7.10
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Kinematics at NLO+PS

after basis pre-selection
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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

v =5000 GeV' my =5000 GeV

Events / bin
Events / bin

200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
pr () [Gev] r (k) [GeV]

. pp—pEpjj+X, Vs=13TeV, £=300fb! o pp— pEpt i+ X, Vs=13TeV, £=300 fo!
my =750 GeV,
108 my =1500 GeV

my =5000 GeV.

< <
5 5
8 )
2 2
g §
& &
my =750 GeV
10?
5
%0 05 10 15 20 25 30
Bp (pys pa) Ej~ [GeV]
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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
§
@
10° 10°
1
!
a - L
10 100 200 300 400 5 1 50 100 150 0
pr (1) [GeV] pr (32) [GeV]
pp—pEpjj+X, Vs=13TeV, £=300fb! pp— pEpt i+ X, Vs=13TeV, £=300 fo!
10° 10°
10?
c 10'
5
)
2
g
@100
10t} ] =750 Gev
=1500 GeV/
=5000 GeV/
2
102 -5 0 5 10
i) An (i jz)
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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!

10° 10°
my =750 GeV my =750 GeV
N my =1500 GeV. my =1500 GeV.
10 my =5000 GeV. my =5000 GeV.
10*
< <
5 5
g 100 2
§ §
o @
10"
102
107
200 400 600 800 1000 1200 1400 500 1000 1500 2000 2500 3000 3500  400C
Hy [GeV] Xr [Gev]
pp—pEpjj+X, Vs=13TeV, £=300fb! pp— pEpt i+ X, Vs=13TeV, £=300 fo!
10°
my =750 GeV 10° my =750 GeV.
my =1500 GeV. my =1500 GeV.
102 =5000 GeV my =5000 GeV.
107
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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