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“NEUTRINOS @ THE LHC”

They are all gone |
“Much Ado About Nothing”?
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Search for BSM new physics!
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Masses (eV)

NEUTRINOS ARE MASSIVE
& THE MASSES ARE TINY!
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* “Technically natural” in the 't Hooft sense.
* Suppression by Integrating out heavy states:
P-decay 1s “weak” because (mn-mp)Q/MW2<lO'10!

the higher dimension 1/A", the lower A can be.
* Suppression by loop radiative generation:

the higher loops 1/(16m?)", the lower m_ can be.

One would need to introduce:
--- new states of heavy mass M
- new weak couplings, mixings KV .
Their values may be sub)ect to some expt. constraints,
but wide open in theory space.



* “Technically natural” in t'Hoolft sense.

* Suppression by Integrating out heavy states:

P-decay 1s “weak” because (mn-mp)Q/MW2<lO'1O!

t

he higher dimension 1/A", the lower A can be.

* Suppression by loop radiative generation:

the higher loops 1/(16m?)", the lower m_ can be.

One would need to introduce:

--- new states of heavy mass M

--- new weak couplings, mixings £, I,

Their values may be subject to some expt. constraints,

but wide open in theory space.

From phenomenological/experimental point of view:
e Will search EVERY WHERE
* Explore the LHC sensitivity without theory prejudice.
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(A). THE MODELS

In the context of the Standard Model:

La:<VCL> (L — e
la I

The leading SM gauge invariant operator is at dim-5:*

% (wLH)(ypLH) + hc. =

*S. Weinberg, Phys. Rev. Lett. 1566 (1979)
Ji The See-saw spirit: T

If my ~1 eV, then A ~ y2 (1014 GeV).

Ov2[ decay:
(Thursday’s

14 ook
. Al { 1014 GeV for y, ~ 1;
sesslons)

100 GeV for y, ~ 10~°.
>~ These are the “most wanted” processes to

e Discover Majorana neutrinos
e Access the new mass scale

e Probe the lepton flavor structure y, ~ Up,,

"Yanagita (1979); Gell-Mann, Ramond, Slansky (1979), Minkowski (1976);
S.L. Glashow (1980); Mohapatra, Se8njanovic (1980) ...



Type I Seesaw: Singlet Ny ’s
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Dirac plus Majorana mass terms: (7z N°) ( = Mii?; ) ( Ng )

nx3

Majorana neutrinos
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Type I Seesaw features:

Existence of N (low mass*)

> > * S g
Ui ~ Vonns = OQ1); Vi, = my/my.
U, Am,, are from oscillation experiments

My a free parameter

The mixing 1s typically small:
Vi i eV )t eV 107
< 6 x 10~°(low energy bound)

(Fine-tuned to make it sizeable.)

* Casas and Ibarra (2001);

A.Y. Smirnov and R. Zukanovich Funchal (2006);
A. de Gouvea, J. Jenkins and IN. Vasudevan (2007);
W Chao, /G Si-Z. Z.I%ﬁng and S. Zhou (2008).



Inverse Seesaw: (v1,N§,S1)
Mp Mp\"
o Mp 0\ me=(RYEA57)

o

Mose0s Mo 0
MH’;“(M ,LLS)

0 M
Small Majorana mass p_ renders the Dirac mass

My, Yukawa couplings & N mixings sizable!

Ve W M T

* v Majorana-like; N Dirac-like.
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Type II Seesaw: No need for Ny, with ®-triplet*®

With a scalar triplet ® (Y = 2) : oT% 6T, 49 (many representative models).
Add a gauge invariant/renormalizable term:

Yi; LI C(io2)®L; + h.c.
That leads to the Majorana mass:

‘7\47/JI/ZTC'I/‘7 —|— e

where

T =V e

Very same gauge invariant/renormalizable term:

MHT(wQ)chIg R

: (v
predicts Sy M—é,

leading to the Type II Seesaw. |

*Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

"In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
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* Triplet vev -> Majorana mass —> neutrino mixing pattern!

H~" — £ f;" => neutrino mixing pattern!

H** — W*W*. Competing channel

Naturally embedded in L-R symmetric model:"
e - Npi e™

(¥ Large Type | signals via WR-NR>
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Type 111 Seesaw: with a fermionic triplet™
With a lepton triplet T (Y =0): T 79 T, add the terms:
_Mp(THT + T°T%/2) + ot H 0o TL; + h.c.

T hese lead to the Majorana mass: 5

(Y
M;; ~ Ly

Again, the seesaw spirit: m_ ~ v*/IVi. .

Features:

Demand that Mr 51 TeV, M;; S 1 eV,

Thus the Yukawa couplings:] Could utilize
Ui 10_6, “Inverse seesaw’

to boost y;
making the mixing 79 — ¢+ very weak. e

79 a Majorana neutrino:
Decay via mixing (Yukawa couplings);
TT Pair production via EW gauge interactions.

*Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
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Higher dim AL=2 Operators*
d=7 (4 fermions): d=9 (6 termions):

Oy = L/ LFe Hle ey et
B o S 010 = LiLijechdCEi €Ll
(93 = {LZL]deCHZEijEkl, LZLJdeCHZEikEjl} L : R
011 = {LZLJdeCQldCGijEM, LZLJdeCQldCEZ'ijl}

O, = {L' L QuucH ¢, L'I’QrucH e, Sy e -
4 { Q’L J Q ’L]} 012 s {LzLJQidCdeC, LzLijchldceijekl}

S R R I Tk 8 e 2 A ol e
05 S5 Q d“H ' H HZEJZEkm s = LZLJQiuCLlGCEjl
06 AT LZL]QkZZCHlHk}_]Z€JZ 014 — {LiLijchdeCGij, LiLj@i’LZCQldCGﬂ}
: Sl foa (s ooty I B R T
O, = L’QjeCQkaHleeilejm Ofs=L L do D ute v

016 = [ Jd chce_cdcéij

08 = Lie_cdcchjeij
017 — LiLjdcchzc’LZCEij
018 = L’iLijqucdceij
019 = LindCdce_CU_,CEij

* Babu & Leung, (2001). e e
O =0 uSeSus
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Radiative Seesaw Models*

Close the loops: Quantum corrections could generate m, .

Suppressions (up to 3-loops) make both m, and M low:

(o) ()"

With (Majorana) mass scale p

T 0

e New scalars: @Y, H*, H, ..

- BSM Higgs physics, possible tlavor relations
* Additional Z, symmetry = Dark Matter i
ho —-n11n 1invisible!

(See Raymond Volkas talks.)
# Zee (1980, 1986): Babu (1988); Ma (2006), Aoki et al. (2009).
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(B). THE SEARCH FOR SEESAW
Type I Seesaw: Search for N

The fundamental diagram:
i

]b—l—mN
UZN pQ—mJQV—I—ze UJN
¥
J
-
T he transition rates are proportional to
( £2
Gl ZU&ZU@M for light v;
—%
5 D WV F
|IM“ o< S s for heavy N:
SN
26N =) SN
s v T ) for resonant N production.
mNI‘N
\

17



(1). Search tor low mass N

plot taken from Deppisch, Dev, Pilaftsis, 2015
see also Gorbunov and Shaposhnikov, 2007; Atre, Han, Pascoli, Zhang, 2009; ...

SHiP/DUNE
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CMS: ATLAS:

CMS collaboration: arXiv:1501.05566v1. ATLAS collaboration: arXiv:1506.06020v2.
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2). Wy & Ny,
U(2); ® SU(2)p

A clean channel with rich physics:T

symmetric model:

e Significantly enhanced rate at Wy resonance; 1
o If observed, determine N's nature: AL = 2, azimuthal angle. ...
e and determine W’ chiral coupling to £ — Np 1 and ¢ —gq.

The primary lepton does not
provide L-R discrimination:

7 /

q q q q

—)‘_WR

CC jj

2= ==

Keung & Senjanovic, PRL (1983).
T. Han, I. Lewis, R. Ruiz, Z. Sj, arXiv:1211.62647V2
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Wi g Discrimination via IN; ; Decay:
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0.001

(3). Watch out the v
- o 107 AN
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(4). Many complementary channels:

10-2

B E

107"

LW ]

Figure 9. Left: Fevnman diagram for heavy neutrino production via the Z7 resonance.
Right: Heavy neatrino decay length as a function of its mass My and mixing Viy
(solid blue contours). The dashed red contours denote Br(g — e9), with the shaded
red region on top excluded by the current MEG limit [294]. The gray shaded band

highlights the parameter range where light neutrino mass scales between V"'A"‘;ul and
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0.3 eV are generated within the canonical type-l seesaw mechanism.

Deppisch, Dev, Pilaftsis (2015); Datta, Guchait, Pilaftsis (1994);

del Aguila, Aguilar-Saagyedra, Pittau (2007)



HtTH~— production at hadron colliders: f

Pure electroweak gauge interactions

—~ S R ) i P R TR T N
= LHC Production
R of Triplet Scalars -
05E8 3
10 F
USE
Al
10 F
5l
10 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]

200 400 600 800 1000
M, (GeV)

vy — HTTH-~ 10% of the DY.
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F(pTT — 070) o« Y5 My
U/QMQ?

FeTT - WTWT) =

)

with Yo' @ my (eV) = v & 2 x 10~% GeV the division.

o 1
m L

________
>

0.8

0.6

M, *=400 GeV \

04

0.2

.-

v’ (GeV)

We will focus on the leptonic decays, with a small v'.
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H** =, H* - Decays: Revealing the flavor pattern
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Low-energy/High energy complementarity:

Before DayaBay With DayaBay
IHl'OOOE T TSt el R AL ' II; 1O§ IH' b T T~ T I | ol """é
0.100 107
: ;
0.010 10-2
1

TH, Gui-Yu Huang, Tong Li, to appear.
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Neutrino — charged lepton correlations

Summarize the discovery modes:

Spectrum Eolatione
Normal Hiera?c@ SBR(HTT - 7777), BR(HTT = 4TuT) > BRETT S oeh 8
st ) BREAT == T rF )i BROH &5 einll ) D R e e

BR(HT - 77), BR(HT - u4t7p) > BR(HT — eth)

CInverted Hierarchy CEBREHTTF S ctel) > BROH =5, ity sBREID e S
RS, BRCETT — T 7 ) > BRIH L —ct7 LERGE T
BR(HT Sefp) > BR(HT —utp) BRI — ="D)

Quasi-Degenerate BR(HT™ —eTet)~ BR(HT™ — utut)~ BR(HTT - 77T77)~ 1/3
mi, mo, m3 > |Am BREAT —etv) ~BROHT — nTv ) ~BREL w0 ) ~ale/5

TPavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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ATLAS collaboration: arXiv:1412.0237v2.
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Nearly background-free.
05 (S 7 T i i e e
"Events /300 fb™

BR(H ™= I"I")

O-I...I...I...I.
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M+ (GeV)

1000

With 300 b1,
M,,~1 TeV with BR~ 40%



T/A\? (GeV)

Consider their decay length:

e N ) e e D (T 5 20 e 2B (= Bl
£ Wiy £+>~—Z\y@\2

Width and Decay Length Lepton Triplet Branchlng Fraction

50.0 1 1 1 1 1 1 1 1 1 Ul e U Uy AUy rrrvrgprrrrjrenrejrend
2 l l l l l l l l 5 1.0 | T il | T T5rap] | | B Pl | o Tt ol
! m ;=120 GeV ;
20.0 — 1 10
10.0 E 20
3
3 —
+,— -7+ +
& Lol el wrlT+w Lt /Wty
-5 M
N - -
ot 0.4— —
2.0 S 1100 L +
: R N Zv/Z1
| / R A ST R AR R S e O e en €5 o S o e (ST
B A g T el = T S S ) + e
1.0 —{200 0. &l S hv/hl
05- ] ] ] ] | =N e | L | ||||||||||||||||||||||||||||| [ ,"I | | | |
"100 200 300 500 700 1000 0.0 —— R - S TR o e TR
200 400 600 800 1000

M, (GeV)
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With )2 = yJ? ~ 10716 _ 10712 then er ~ 1072 —-10"% m
Still not too long-lived, but possibly large displaced vertices.
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Type 111 Seesaw: T* & T

Lepton flavor combination determines the v mass pattern:

Y

T
BR(Vu) =~ BR(VT) > BR(Ve)

T T T T I T T T T I T T T T l T T T 1 | T T T T

1 I I I 1 I 1

| 1 T 1 T

] T 1 T

04
Normalized BR(VT)

0.6

Normalized BR

1.0

0.8

0.6

0.4

0.2

BROESY Wl 7)oyt

MTm]/
52
© & BR(Vp) ~ BR(V7) < BR(Ve)l
v |
TCE S T
0.2 0.4 0.6 0.8 1.0

Normalized BR(VT)

Lepton flavors correlate with the v mass pattern.

TAbdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.
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Type 111 Seesaw: T* & T

102 T | T T T | T T I | T T T | T T I T T T | T T T | Tz s i I I I : | I ; : | I ; : | I - :
pp » TT (A*=1) o et =L Tk or i S
— = + 4 jets
exT (AP=[yyl?) : A :
o]
C
ST
<
T
o)
10—4 5 1 | 1 1 1 | 1 1 1 | Il 1 1 | 1 1 1 | 1 1 1 ~|~~~I~.~I.‘~I 1 10—2 L Ml | | | | | 1 | I | | Il 1 |\\I\\ = Il
200 400 600 800 1000 1200 1400 200 400 600 800 1000
M, (GeV) M, (GeV)

Single production T=¢F, TO¢*
Kinematically favored, but highly suppressed by mixing.

Pair production with gauge couplings.
Example: T 4+ 70 — ¢t Z(R) + ¢TW— — ¢155(bb) + ¢145.
Low backgrounds.

LHC studies with Minimal Flavor Violation implemented. !

TSimilar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
tO. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, arXiv:1108.0661 [hep-ph].
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LHC with 14 TeV, 300 fb-!
—> mass coverage 800 GeV

Current LHC bounds:

My, > 200 GeV @ 95% CL
CMS: arXiv:1210.1797

CMS 2011 Ns=7TeV,L=4.9fb’
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\ Summary I

It is of fundamental importance to test the Majorana nature of v's.

ype I See-saw:

gD S hRraresdecays sensitive to
140 VeV —ma= 5 GeV. 102 <V e e 187

e LHC sensitive: 10 GeV < my4 < 400 GeV, 107° < |V 4]? < 1072
- leﬁcultyV May be helped with the “inverse seesaw” mechanism.

Type II See-saw: for a scalar triplet ®*=

e LHC sensitive: My~ 600 — 1000 GeV (¢X¢F or WEWT).

e Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.
e With W/* — N¢T, reach My < My ~4 —5 TeV.

Type III See-saw: for a lepton triplet T+, T©
e LHC sensitive: My ~ 800 GeV.
e Also distinguish Normal/Inverted Hierarchy.

Radiative seesaw =2 rich physics in extended Higgs sector.
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\ Summary I

It is of fundamental importance to test the Majorana nature of v's.

ype I See-saw:
e i e D) S aRraresdecays sensitive to
140 VeV —ma= 5 GeV. 102 <V e e 187

e LHC sensitive: 10 GeV < my4 < 400 GeV, 107° < |V 4]? < 1072
- leﬁcultyV May be helped with the “inverse seesaw” mechanism.

Type II See-saw: for a scalar triplet ®*=*

e LHC sensitive: My~ 600 — 1000 GeV (¢X¢F or WEWT).

e Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.
e With W/* — N¢T, reach My < My ~4 —5 TeV.

Type III See-saw: for a lepton triplet T+, T©
e LHC sensitive: My ~ 800 GeV.
e Also distinguish Normal/Inverted Hierarchy.

Radiative seesaw =2 rich physics in extended Higgs sector.

IF lucky, hadron colliders may serve
as the discovery machine for Majorana nature of v's.
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A recent update:

NNLO QCD effects; VBF (Wy) contributions

Alva, TH, Ruiz: arXiv:1411.7305
Bev, Pilaftsis,
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