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An Emerging Picture of New Physics Physics

The LHC is operating amazingly! £ ~ 40 fb=! at 13 TeV (3-4xLTevatron)

Plotted: Excluded (mpy, Mz,) from pp — Zr — NN searches
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While no confirmed BSM discoveries at colliders, it certainly still possible
@ Remaining model space is hierarchical = extrema of phase space
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Left-Right Symmetry...

When hierarchies are present, often a qualitatively different picture
emerges. = Quantitatively, difficult problems become simpler to solve.

o E.g., Effective Field Theory, Hadronization, Classical Mechanics

Question: Does collider pheno for neutrino mass models (Seesaws)
qualitatively change for hierarchical regions of model parameter space?

R. Ruiz - IPPP
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Left-Right Symmetry...

When hierarchies are present, often a qualitatively different picture
emerges. = Quantitatively, difficult problems become simpler to solve.

o E.g., Effective Field Theory, Hadronization, Classical Mechanics

Question: Does collider pheno for neutrino mass models (Seesaws)
qualitatively change for hierarchical regions of model parameter space?

... At the Edges of Phase Space and Beyond.
© Left-Right Symmetric Model Primer
@ LRSM at the Edges of Phase Space
© LRSM beyond the Edges of Phase Space
© Redux I: Edges
© Redux Il: Beyond
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Motivation for new physics from v physics
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Our Motivation

The SM, via the Higgs Mechanism, explains how elementary fermions
obtain mass, i.e., the ms = yr(®), not the values of my.
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Spanning many orders of magnitudes, the relationship of fermion masses is
still a mystery. Two observations:

@ Neutrinos have mass (BSM physics! \‘3')

@ Neutrinos have unusually small mass (new physics? 37)
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Collider Connection to Neutrino Mass Models (1/1)

Seesaw models predict new Seesaw particles of all shapes, spins, and color:
N (Type 1), T%* (Type lll), Zg_y, (Type I+I1), ...
Through gauge couplings and mixing, production in ee/ep/pp collisions

DY :qg —1*/Z* = T+*T~ and qq - Wz = N

VBF : WEW* — H**  GF:gg — h*/Z* — Ny,

Identification of Seesaw partners is then inferred by their decays to SM
particles and the associated final-state kinematics
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Left-Right Symmetry at Hadron Colliders
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Left-Right Symmetric Models (LRSM) postulate that the SM's V — A
structure originates from the spontaneous breakdown of parity symmetry:

SU(3). ® SU(2), ® SU(2)g ® U(1)p_,

After scalar Ag acquires a vev vg > vspy: — U(1)y
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Left-Right Symmetric Models (LRSM) postulate that the SM's V — A
structure originates from the spontaneous breakdown of parity symmetry:

SU(3). ® SU(2), ® SU(2)g ® U(1)p_,

After scalar Ag acquires a vev vg > vspy: — U(1)y

Higgs field ® then breaks down the EW group SU(2); ® U(1)y — U(1)em

With Ng, all SM fermions can be grouped in SU(2), and SU(2)g doublets.
Dirac masses generated in (mostly) usual way with @, i.e., AL > QP QR

Neutrinos obtain LH (RH) Majorana masses from triplet scalar A; (Ag):

M = (1) = (vova™y3 ) (®)2(85) ™" ~ O(0) + symm -breaking
Type 11

Type I a la Type II
Major pheno: heavy N, W'/Z' (~ Wgr/Zg), and H**, Hji, H?
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Wk coupling to quarks is analogous to SM W&y, couplings:
L= _%WEM Eq:u,d,...[gf VijCKM PVMPRUII] +H.c.
In chiral/gauge basis, couplings to leptons is given by:

L= —EWg, Y5, ["7"Pr ] + Hec.

a
NR
~—
Note: |Ng)=X|vm)+Y|N,)

This is not a practical basis to use.
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Wg coupling to quarks is analogous to SM Wsjy, couplings:
L= —\% Wf;u Zq:u,d,...[gj V,-J-CKM ’y”PRU,'] + H.c.

In mass basis, coupling to leptons can be generically parametrized as?:

3 6
L = —% WEM Zz:e Y Pgr Z Xom VUm+ Z Yo Ny | + H.c.
m=10(m, /my) m=4 0(1)

Note: |Ng)=X|vm)+Y|N,,)

2Atre, Han, Pascoli, Zhang [0901.3589]; Han, Lewis, RR; Si [1211.6447]
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Wg coupling to quarks is analogous to SM Wsy, couplings:
— 7 \/CKM’
L= —\% We., Zq:u,d,...[dj % v Pgru;] + H.c.
In mass basis, coupling to leptons can be generically parametrized as:

L= Wo, S0 S y—a 7" PR Y Noy] + Hee.

3Atre, Han, Pascoli, Zhang [0901.3589]; Han, Lewis, RR;-Si [1211.6447]
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Wg coupling to quarks is analogous to SM Wsy, couplings:
L=-5EWg, S a—ud. Ldi VKM it Pruj] + Hec.

In mass basis, coupling to leptons can be generically parametrized as:
LB We, ST, 50 17 Pr Yo N + He.

Benchmark: Simply consider only the lightest N = N,,y_4 and that the N
mass state is aligned with flavor state, i.e., |Yen| = 1.

3Atre, Han, Pascoli, Zhang [0901.3589]; Han, Lewis, RR;-Si [1211.6447]
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Wg coupling to quarks is analogous to SM Wsy, couplings:
L=-5EWg, S a—ud. Ldi VKM it Pruj] + Hec.

In mass basis, coupling to leptons can be generically parametrized as:
LB We, ST, 50 17 Pr Yo N + He.

Benchmark: Simply consider only the lightest N = N,,y_4 and that the N
mass state is aligned with flavor state, i.e., |Yen| = 1.

e Wgr — Ne decay rate is BR ~ 10% for
Mwy,, > my (90% to quarks)

u;

o N — W,’gi — (7qq’/tb are dominant 7
decay channels with BR ~ 100%

3Atre, Han, Pascoli, Zhang [0901.3589]; Han, Lewis, RR;-Si [1211.6447]
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Hallmark LRSM collider signature is the spectacular same-sign lepton pairs:

/

qq — Wz — NI — qq

Proposed by Keung & Senjanovic ('83) and basis for most Seesaw searches

° Wléc is heavy*. If kinematically accessible, s-channel gq’ — Wg
production rate is largest at LHC

e L-violating process! = Majorana nature of » [Black Box Theorem]
o Wy — ¢'q allows for full reconstruction of kinematics/properties

e High-pt ( without light » = no transverse mom. imbalance (MET)

“ATLAS [1506.06020; 1512.01530] and CMS [1407.06020; 1512.01224]
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8 TeV LHC Exclusion with £ ~ 20 fb~!

LHC expts have performed remarkably!

Plotted: excluded (my,, Mw,) from searches for resonant Wk,
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8 TeV LHC Exclusion with £ ~ 20 fb~!

LHC expts have performed remarkably!

Plotted: excluded (my,, My, ) from searches for resonant Wg, N
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Similar sensitivity to searches for pp — Zgr — NN — +nj+ X

= For both Wk and Zg, loss of sensitivity when my < My

(Lets see what is going on.)
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Failure of Electron ID in pp — Wr — (EN(— (*qq)

T T T
£ my i 0.4 !
= Fle v = 1% 1= L 4
5 | We 1 5 I L ]
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For a 1 — 2 process, mi = (pi + pj)* = 2E;Ej(1 — cos b)) ~ E;E;07
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Failure of Electron ID in pp — Wr — (EN(— (*qq)
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Jj + X contains two same-sign charged leptons
- S/B power comes from high-pr leptons without accompanying MET

Question: Is it necessary to identify the second lepton or jet multiplicity?

R. Ruiz - IPPP
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Neutrino Jets® (n):
(i) hadronically decaying, high-pr heavy neutrinos;

(ii) a fat jet originating from a heavy neutrino

Vas

Py > my

N Wi

°A. Ferrari, et, al, PRD ('00); Mitra, RR, Scott*, Spannowsky, PRD ('16)
[1607.03504]; Mattelaer, Mitra, RR [1610.08985]
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Jet Structure and Substructure

Consider the Higgs decay h — bb with p, = pj + pk and z = E;/Ej.

h(pn) b(pj) m3 = (p; +pr)? ~ 2(1 — 2) E36%,

Il
my __ 2my

b(px) = AR ~ Oy = 2(1-2)E,  En

In 1 — 2 decays we have z=(1—-2) =05 = =2

1
z(1-2)

Decays of boosted objects are collimated: v =E/m>2 — ARj <1
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Jet Structure and Substructure

Consider the Higgs decay h — bb with p, = pj + pk and z = E;/Ej.

h(pn) b(pj) m3 = (p; +pr)? ~ 2(1 — 2) E36%,

Il
my __ 2my

b(px) = AR ~ Oy = 2(1-2)E,  En

In 1 — 2 decays we have z=(1—-2) =05 = =2

1
z(1-2)
Decays of boosted objects are collimated: v =E/m>2 — ARj <1

Collimated objects are difficult to resolve.
-—> - Solution: Instead of treating decay products
as individual objects, consider them as a

single object, a Higgs jet.
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Neutrino Jets in LRSM

Change the scale of our problem: treat like any other poorly isolated
parton bathed in QCD radiation and cluster via a sequential jet algorithm®

=

Changing scales simplifies the problem, a lot:

For my < Myy,, one has a different collider topology:

pp — Wrp — N — Jrat (+ no MET!)

5Sequential jet algorithm ~ definition of collimated, clusters of partons that is
meaningful at all orders of perturbation theory, i.e., Infrared-Collinear (IRC)-safe
LRSM: Edges of Phase Space and Beyond - UMass 17 / 36



At parton-level + smearing, expected invariant mass peaks are visible:

F T T T T
F (5Tev, 1 _, n (4 TeV, 400 GeV) ]
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QCD corrections do not change this; oddly, exhibits “ideal” jet behavior
With parton shower + P.U. 4 detector simulation, structures are retained:

1000 . . — — — 1000
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Wg=3TeV ! Wr=3TeV N =150 GeV ——
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Neutrino jets inherently contain less QCD radiation than top jets
@ Prongs within a jet are more likely to be resolved

e¥
—_ N Ej
N W,% * o N
U; i

[T T]

Retain resonant structure and substructure more ideally than top jets:

normanzea rate

dofdm [fb /5 GeV]

S S N N

N 1 L 1 1 1 2
0.1 02 03 04 05 06 07 08 09 1

150 160 170 180 190 200
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dGNLOPS/GLOPS
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Discovery Potential at the Edge of Phase Space

For my/My, < 0.1, the region where ATLAS/CMS searches breakdown,

neutrino jet searches recovers lost sensitivity

2000y 3500y -
1800k 7 = B 100 TeV VLHC 3
g 1 30007 =
1600 \ BTeVIHC i el ]
C * e .l clg Y =
;1400: r B ;2500: 'E ATLAS 95% CL > 1
1200F % = | Exclusion, 8 TeV 20.3 {b! E
8 1000:7 /Exgili‘:.“ssg—srgvczléj ! = 8 2000 j_' JHEP07(2015)162 [1506.06020] B
— E % JHEP07(2015)162 [1506.06020} - — C ]
ERTRAR o aswd £
2 my 0.4 H " 500! 25ab" ]
600F GVBP (Kamiand) WMu, E 1000 p —
400} 09 tb 3 PRI[DBSSO;; 2]I (2013); //E E / E
200 3 150fb‘ 2 S00¢ ]

1 15 2 2 5 3.5 4 4 5 ‘5 5 10 15 25 30

w [TeV] w [TeV]

Signature: pp — (* + jp,; + X [no MET, p /> 1 TeV, M;; Cut]

e 13 TeV: My, ~ 3 (4) [5] TeV discovery after 10 (100) [2000] fb~!

e 100 TeV: My, = 15 (30) TeV discovery after 100 fb~1
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Left-Right Symmetry Beyond the Edge of Phase Space:
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Left-Right Symmetry Beyond the Edge of Phase Space:

A pathological but plausible scenario.
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Limits on neutral flavor changing transitions require’ Ag sector to be
(AR) Z O(10) TeV

What if LR gauge and Yukawa couplings have similar values as in the SM?
e What if My, ~ g1(ARr) ~ 6.5 TeV and my ~ y&\(Ar) ~ 100 GeV?

"Bertonlini, et al [1403.7112, + others]; Zhang, et al. [0704.1662; + others]
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Limits on neutral flavor changing transitions require’ Ag sector to be

(AR) = O(10) TeV

What if LR gauge and Yukawa couplings have similar values as in the SM?
e What if My, ~ g (Ar) ~ 6.5 TeV and my ~ ySM<AR) ~ 100 GeV?
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Data may be Suggest”‘]g EW—scale N = 2500 95% CL Expected limit " JHEP 1507 (2015) 162 ]
i i N . £ E ++ 95% CL Expected limit 1 forXiv:1506.060201 ]
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1500 -
1000F =g
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£ ee ]
B G L LN
1000 1500 2000 2500 3000 3500
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"Bertonlini, et al [1403.7112, + others]; Zhang, et al. [0704.1662; + others]

R. Ruiz - IPPP
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Limits on neutral flavor changing transitions require’ Ag sector to be
(AR) Z O(10) TeV

What if LR gauge and Yukawa couplings have similar values as in the SM?
e What if My, ~ g (Ar) ~ 6.5 TeV and my ~ ySM<AR) ~ 100 GeV?

3000~ R —

\:| 95% CL Observed limit TLAS

[o-meeee 95% CL Expected limit ‘J".JHEP 1507 (2015) 162 |

2500 I o [arXiv:1506.06020]
' 95% CL Expected limit £ 10 -

T

my [GeV]

Data may be suggesting EW-scale N/
but kinematically inaccessible Wk, Zg

- mgEm,

2000 "
1500F

1000F

500i Vs =8TeV, 20.3 fb;

ee

2000 3500 300035

mWR[GeV]

Searches follow Keung & Senjanovic ('83), and assume resonant Wg, N
@ Zero sensitivity to My, > 6 — 7 TeV due to finite data set

@ Naive Question: is an on-shell Wg necessary for discovery of N7

Eoo oo il
1000 1500

"Bertonlini, et al [1403.7112, + others]; Zhang, et al. [0704.1662; + others]

LRSM: Edges of Phase Space and Beyond - UMass 22 /36



Of course pp — W — N/ + X can occur via an off-shell mediator.
e Simply LR analog of Fermi contact interaction £ = Gg[N~*P][v,/]

Interestingly, in the limit that My, > v/3 but my < O(1) TeV,
pp — N/ + X production in the LRSM and “Type 1" are indistinguishable®

8Han, Lewis, RR, Si, PRD ('12) [1211.6447]; RR, EPJC.('17)-[1703.04669]
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Of course pp — W — N/ + X can occur via an off-shell mediator.
e Simply LR analog of Fermi contact interaction £ = Gg[N~*P][v,/]

Interestingly, in the limit that My, > v/3 but my < O(1) TeV,
pp — N/ + X production in the LRSM and “Type 1" are indistinguishable®

@ Occurs near threshold v/3 ~ mpy and same Eiﬁ polarization

o Differentiation requires polar and azimuthal polarization
measurements of the full pp — + nj 4+ X final state

8Han, Lewis, RR, Si, PRD ('12) [1211.6447]; RR, EPJC.('17)-[1703.04669]
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L Violation from Beyond the Edges of Phase Space®

“Type |” searches and projected sensitivities for can be reinterpreted in
the context of LRSM in the limit that My, ~ /s > /3
e Signature: pp — +nj+ X + p4 = O(mp) + no MET

°RR, EPJC ('17) [1703.04669)
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L Violation from Beyond the Edges of Phase Space®

“Type |” searches and projected sensitivities for can be reinterpreted in

the context of LRSM in the limit that My, ~ /s > /3

e Signature: pp —

+nj+ X+ pF 2 O0(m

n) + no MET

= 3000 . : o — 2000+ T T T
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EZ‘ [ ------- 95% CL Expected limit [Jﬁmss%vstgggéfaz E ],Liui Channel ]
" 95% CL Expected limit £ 16 _.-" B 1500 .
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[ 1 ]
1500F- 3 Si000 b
. B EZ 7
[ - ]
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500 {s=8TeV, 203 b E eV, 19.7 b i
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I 1 1 13
1000 1500 2000 2500 3000 S 2;/500 i 5 10 15 20 2 30 35 40
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°RR, EPJC ('17) [1703.04669]
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L Violation from Beyond the Edges of Phase Space®

“Type |” searches and projected sensitivities for can be reinterpreted in
the context of LRSM in the limit that My, ~ /s > /3

. . . l
e Signature: pp — +nj+ X + p% 2 O(my) + no MET
< 3000 T T T T — 2000y by T T T
. o imi 1 -~ my =My J
& [ [ o5 oL observed timit ~ATLAS ] po ™ 95% CLs Exclusion -
= D500 " 95% CL Expected limit o e et ot 12 1 [ Channel J
E r ] ,_ o T ] ]
F '9“5%':L Expected limit £10 ] 1500 o 1 ]
[ =My ] _AS Served 7
2000_ |1 = 8 TeV, 20.3 fb! 100 TeV, 10 ab' (Expected) ]
C — (5] 4
1500 4 1000 -
r 1 =z ]
1000 14 TeV, 1 ab” (Bxpected) ]
E S Observed —
500 Vs=8TeV, 20.3 f eV, 19.7 b 1
Foee ] < 14 TeV, 100 fb"' (Expected)
1

| L 1 = I I |
1000 1500 2000 2500 3000 “\ 3500 i 5 10 15 20 2 30 35 40
My, [GeV] Epsc77 017 375 M, [TeV]

[arXiv:1730.04669] We

At 14 (100) TeV with £ =1 (10) ab™1, My, < 9 (40) TeV can be probed
o Caveat: Numbers can be improved with (a) dedicated analysis (not

reinterpretation) and (b) knowledge of 100 TeV detector definition
°RR, EPJC ('17) [1703.04669]
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Redux I: Back to Edges of the LHC Phase Space
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Redux I: Back to Edges of the LHC Phase Space

Can you see My, 2 5 TeV?
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Recall: Wg production is analogous to Wsy, except My, 2 3 —5 TeV

Hadronic

Partonic
process (§)

process (s)

_ }Hard
a(pp — Wh + X)

process (Q* = M)
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Recall: Wg production is analogous to Wsy, except My, 2 3 —5 TeV

Hadronic

process (s)
a(pp — Wh + X)

Partonic
process (§)

_ }Hard
process (Q* = M)

Away from phase space boundaries,
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Recall: Wg production is analogous to Wsy, except My, 2 3 —5 TeV

Hadronic

process (s)
a(pp — Wh + X)

Partonic
process (§)

_ }Hard
process (Q* = M)

Away from phase space boundaries,QCD corrections are 20-30%.
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Recall: Wk production is analogous to Way, except My, 2 3 —5 TeV

Hadronic

process (s)
olpp — Wh +X)

Partonic
process (§)

_ }Hard
process (Q* = ;\1‘2‘}()

Away from phase space boundaries,QCD corrections are 20-30%.
However, near boundaries, where E, < Eg,

—2¢ QQZM2 2
o(pp = Wa + g) ~ [ d*2PSy ~ N5 <1, il 7Y )

5
Mav 1-2¢ Mav
_<1— §R> ~25|og<1— §R>
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Recall: Wk production is analogous to Way, except My, 2 3 —5 TeV

Hadronic

process (s)
olpp — Wh +X)

Partonic
process (§)

: }Hard
 Jprocess (Q* = M,

Away from phase space boundaries,QCD corrections are 20-30%.
However, near boundaries, where E, < Eg,

—2e QQZI\/I2 2
o(pp = Wa + g) ~ [ d*2PSy ~ N5 (1, il 7Y )

5
M|2/V 1-2¢ Ma‘/
_<1— §R) ~25|og<1— §R>

As /\/IﬁVR — s, logs diverge since /\/IEVR — § < s forces g to be soft.
In this limit, soft factorization & exponentiation possible!
= All-orders (re)summation of aslog(1 — M?/3)
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Wr Numerology at the Edge of Collider Phase Space®®

pp— Wi +X

105N . pp— Wi +X =
032 13TeV LHC 3 100 TeV VLHC 3
1 % \\ % é
SR LON NLO+NNLL ] NLO E
Et E &, W./ PDF Unc. E v NLO + NNLL§
10 = E
£ Q> 3 =
1= = 3
E Wi, NLO ™\ 4
4 [ PRD94, 095016 (2016) [1607.03504] 5
lo | = | | | 1 = | | E|
2‘;’ NLO+NNLL w./ PDEURE. pad NUOFNNCL W/ PDEUNC J
9 15 < '*.—a——- ILO W/ EM:')I:IIM =
° ol - NLOw./ PDF Unc. B e e
o 0.
1 2 3 4 5 10 2 30
My, [TeVv] My, [Te\9]

At 13 TeV, corrections to production rate > +100% for My, 2 4.5 TeV

®Mitra, RR, Scott*, Spannowsky, PRD ('16) [1607.03504]

R. Ruiz - IPPP
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Wr Numerology at the Edge of Collider Phase Space®®

pp— Wi +X

105N . pp— Wi +X =
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1 % \\ % é
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£ Q> 3 =
1= = 3
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° ol - NLOw./ PDF Unc. B e e
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At 13 TeV, corrections to production rate > +100% for My, 2 4.5 TeV
o clO(My, =5 TeV) ~0.7fb = o x (1 ab™!) =700 events

®Mitra, RR, Scott*, Spannowsky, PRD ('16) [1607.03504]

R. Ruiz - IPPP
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Wr Numerology at the Edge of Collider Phase Space®®

L L L E 1067 T T T T T T T T T T T %
0N PP WetX 1 108 pp— W + X ]
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10 1[’ | | | L 107 | I -
2‘;’ NLO+NNLL w./ PDEURC. pad LOENTOFNNE T W/ PDEUNE J
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At 13 TeV, corrections to production rate > +100% for My, 2 4.5 TeV

o clO(My, =5 TeV) ~0.7fb = o x (1 ab™!) =700 events
— o x (1ab™1) = 1.7k events

@ 0

NLO+NNLL _, 1 7 b

®Mitra, RR, Scott*, Spannowsky, PRD ('16) [1607.03504]

R. Ruiz - IPPP
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Wr Numerology at the Edge of Collider Phase Space®®
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At 13 TeV, corrections to production rate > +100% for My, 2 4.5 TeV

o clO(My, =5 TeV) ~0.7fb = o x (1 ab™!) =700 events
— o x (1ab™1) = 1.7k events

@ 0

NLO+NNLL _, 1 7 b

% = N ~ 34 events (~ 60 vs ~ 40)

®Mitra, RR, Scott*, Spannowsky, PRD ('16) [1607.03504]

R. Ruiz - IPPP
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Q: Are high-mass Wg, Zg unique in this respect?
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Heavy N at the Edge of Partonic Phase Space!!

For gg — Nv, large loops and radiation near 7 N
"partonic threshold" drives Q%> — § dynamically
= large increase (2 — 3x) in production rate v

"Dicus, et al ('85, '91); TUM [1408.0983]; IPPP [1602.06957; 1706.02298]
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Heavy N at the Edge of Partonic Phase Space!!

For gg — Nv, large loops and radiation near 7 N
"partonic threshold" drives Q%> — § dynamically
= large increase (2 — 3x) in production rate v
210 §103;
: £ Ss M
>k 14 TeV LHC 5102;
gk S f
4 £
T10° T ok
2 F l E
5 s
10 © L
F £
; s i
1 L
S R = -
o z
T o
% 200 400 600 800 1000 W, 020 40 60 80 100
(705 o393 Heavy Neutrino Mass, 1, [GeV] [1%57)2;981 Collider Energy, Vs [TeV]

"Dicus, et al ('85, '91); TUM [1408.0983]; IPPP [1602.06957; 1706.02298]
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Heavy N at the Edge of Partonic Phase Space!!

For gg — Nv, large loops and radiation near 7 N
"partonic threshold" drives Q%> — § dynamically
= large increase (2 — 3x) in production rate v
\.@04?_ glo%
B oL Ss M
;103? 14 TeV LHC é\lozé
= F S
4 £
T10° T ok
[ l E
g St
10 © L
F £
; s i
1 L
3 o E
2 4 3
% 200 400 600 800 1000 W, 020 40 60 80 100
(705 o393 Heavy Neutrino Mass, 1, [GeV] [11%57)2;981 Collider Energy, Vs [TeV]

o At LHC, ¢CF ~ ¢PY » ¢VBF —  (O(1) improvement in sensitivity
@ For any (proposed) future pp collider, o(Nv) > o(N¥)!

"Dicus, et al ('85, '91); TUM [1408.0983]; IPPP [1602.06957; 1706.02298]
LRSM: Edges of Phase Space and Beyond - UMass 29 / 36




Redux II: Beyond

R. Ruiz
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Redux Il: Beyond

An outlook of Left-Right Symmetry beyond LHC Run Il
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Complementarity to Low Energy Expts

LRSM extremely far reaching in its impact:
e Eg. flavor-changing neutral transitions via Higgs mediation®

e Counterexample of naive picture of neutrinoless double beta decay!3

2

lightest my in GeV
1 10 100 100 500

1.0 1.0

normal

0.1 normal

inverted

M| in eV

normal

[me| in eV

15

Miyyp=3.5TeV

Myp=3.5TeV )
laxgest my — 0.5 TeV largest my = 0.5 TeV
1071 1071
104 0.001 0.01 0.1 1 10! 0.001 0.01 0.1 1 104 0.001 0.01 0.1 1
lightest neutrino mass in eV/ lightest neutrino mass in eV lightest neutrino mass in eV

(L) Canonical description, (C) RH currents, (R) LH+RH currents

12Chakrabortty, et al [1204.0736]; Bertolini, et al [1403.7112]; Maiezza et al

[1407.3678]
13E g., Tello, Nemevsek , Nesti, Senjanovic, Vissani [1011.3522]
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Outlook

o Immediate:
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Outlook

o Immediate:

> Discovery at Run Il or elsewhere?

» Need: pheno analyses for “PS boundary” LRSM parameter space

» Need: “What is the dominant production mode for a sub-TeV Ng?”
» Standardization of pheno tools: adoption of robust, public software
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State-of-Art Event Generators

NLO+PS automated in MadGraph5aMC@NLO, Herwig, Sherpa
@ All one needs NLO-accurate FeynRules input model file

Explosion past two years: [feynrules.irmp.ucl.ac.be/wiki/ NLOModels]
@ Most neutrino mass models available (just “import” and cite!)

Description Contact Reference reynRules model o ibraries Validation material

K. Mawatari

As of 27 March,

Dark matter simplified models
(more details)

Effective LR symmetric model
(more details)

ey oo ()| ‘ updated regularly
Higgs characterisation (r 1311 R

Inclusive sgluon pair production B. Fuks arXiv:1412.558¢ gluons. f

T\:/}:—Hl)ggS'DDuh\el Model (mos C. Degrande N

Top FCNC Model (more detalls) C. Zhang 141

Vector like quarks B. Fuks 161t All figures available from the arxiv
W/Z' model (more details) R iz, B 1701

Modern general purpose MC packages are very sophisticated
"With great power there must also come - great responsibility"- S. Lee ('62)
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Outlook

o Immediate:

» Discovery at Run Il or elsewhere?

» Need: pheno analyses for “PS boundary” LRSM parameter space

» Need: “What is the dominant production mode for a sub-TeV Ng?”
» Standardization of pheno tools!*: adoption of robust, public software

o Near-term:

RR, Neutrino Platform Kickoff Mtg [CERN, 27-31 March]
13K Fuji, Linear Collider '17 Mtg [CERN, 7-9 June]
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Outlook

o Immediate:

» Discovery at Run Il or elsewhere?

» Need: pheno analyses for “PS boundary” LRSM parameter space

» Need: “What is the dominant production mode for a sub-TeV Ng?”
» Standardization of pheno tools'#: adoption of robust, public software

o Near-term:

Discovery at Run I117 - O(300) fb~! at /s =13-14 TeV
ILC-250/380: Expected update!® Sept '17 at JPS + summer '18
European Strategy for Particle Physics '19-'20

Chinese Five-Year Plan '20-'25

vV vyVvVYyy

o Long-term:

RR, Neutrino Platform Kickoff Mtg [CERN, 27-31 March]
13K Fuji, Linear Collider '17 Mtg [CERN, 7-9 June]
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Outlook

o Immediate:

» Discovery at Run Il or elsewhere?

» Need: pheno analyses for “PS boundary” LRSM parameter space

» Need: “What is the dominant production mode for a sub-TeV Ng?”
» Standardization of pheno tools'#: adoption of robust, public software

o Near-term:

Discovery at Run I117 - O(300) fb~! at /s =13-14 TeV
ILC-250/380: Expected update!® Sept '17 at JPS + summer '18
European Strategy for Particle Physics '19-'20

Chinese Five-Year Plan '20-'25

vV vyVvVYyy

o Long-term:£ =3 — 5 ab™! of LHC + 50 ab™! of Belle 2 data

» Discovery?

o Long-long-term:
RR, Neutrino Platform Kickoff Mtg [CERN, 27-31 March]
13K Fuji, Linear Collider '17 Mtg [CERN, 7-9 June]
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Outlook

o Immediate:

» Discovery at Run Il or elsewhere?

» Need: pheno analyses for “PS boundary” LRSM parameter space

» Need: “What is the dominant production mode for a sub-TeV Ng?”
» Standardization of pheno tools'#: adoption of robust, public software

o Near-term:

Discovery at Run I117 - O(300) fb~! at /s =13-14 TeV
ILC-250/380: Expected update!® Sept '17 at JPS + summer '18
European Strategy for Particle Physics '19-'20

Chinese Five-Year Plan '20-'25

vV vyVvVYyy

o Long-term:£ =3 — 5 ab™! of LHC + 50 ab™! of Belle 2 data

» Discovery?

@ Long-long-term:Outcome of near-term choices. Many discoveries?
RR, Neutrino Platform Kickoff Mtg [CERN, 27-31 March]
13K Fuji, Linear Collider '17 Mtg [CERN, 7-9 June]
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Summary

The origin of tiny neutrino masses is still a puzzle and may manifest at
collider experiments via the production of LRSM partners, e.g., W,%,E, N.

®Meizza, et al [1503.06834]; Gluza, et al [1604.01388]; IPPP {many]
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Summary

The origin of tiny neutrino masses is still a puzzle and may manifest at
collider experiments via the production of LRSM partners, e.g., Wﬁ\f, N

After several years, LHC data has falsified “Day 1" parameter space
@ Not thrilled, but fact of life and nature

@ “Day 1" pheno literature not designed for “edges of phase space”

®Meizza, et al E1503.06834]; Gluza, et al [1604.01388]; IPPP {many]

LRSM: Edges of Phase Space and Beyond - UMass 35/ 36



Summary

The origin of tiny neutrino masses is still a puzzle and may manifest at
collider experiments via the production of LRSM partners, e.g., W,gf, N

After several years, LHC data has falsified “Day 1" parameter space
@ Not thrilled, but fact of life and nature

@ “Day 1" pheno literature not designed for “edges of phase space”

Over the past decade, a revolution in tools, formalisms, and understanding
@ Seesaw pheno is being systematically rewritten'®
o Collider sensitivity “at the edges” is pretty good
» Complimentary to lower energy observables

®Meizza, et al E1503.06834]; Gluza, et al [1604.01388]; IPPP {many]
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Summary

The origin of tiny neutrino masses is still a puzzle and may manifest at
collider experiments via the production of LRSM partners, e.g., W,gf, N.

After several years, LHC data has falsified “Day 1" parameter space
@ Not thrilled, but fact of life and nature

@ “Day 1" pheno literature not designed for “edges of phase space”

Over the past decade, a revolution in tools, formalisms, and understanding
@ Seesaw pheno is being systematically rewritten'®
o Collider sensitivity “at the edges” is pretty good
» Complimentary to lower energy observables

Remember: “The LHC is planned to run over the next 20 years, with
several stops scheduled for upgrades and maintenance work.” [press.cern]
o High-Luminosity LHC and Belle Il goals: 1-5 ab™! and 50 ab~!
@ Premature to claim “nightmare scenario” (SM Higgs + nothing else)

®Meizza, et al E1503.06834]; Gluza, et al [1604.01388]; IPPP {many]
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Thank you.
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