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Mosaic of the CMS and ATLAS detectors (as in 2007), part of the Large Hadron Collider at CERN. In 2012, reseq
teams used these detectors to fingerprint decay products from the long-sought Higgs boson and determine its m
successfully testing a key prediction of the standard model of particle physics.
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A discussion is given of the production, decay and observability of the scalar Higgs
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Marching into TeV scale physics:
But, no sign for BSM physics (yet)

ATLAS Exotics Searches™ - 95% CL Lower Limits (Status: May 2013)

) T T T T 1171 T L T T TTT] T T T T 111 T N N I O
Large ED (ADD) : monojet + E, ... |L=47 b7 7 TeV [1210.449%) 43TtV M; (5=2)
Large ED (ADD) : monophoton + E, ... [£=461b™7 TeV [1209.4625) 193TeV. M, (5=2) ATLAS
2 Large ED (ADD) : diphoton & dilepton, m., ,, [£=471b™ 7 TeV [1211.1150) 418Tev. M (HLZ 5=3, NLO) =
IS UED : diphoton + E, ... |ISiaia eViz6s6755) 1407eW! Compact. scale R Preliminary
& S'/Z, ED : dilepton, m, |ESS015Tev{1266:2535) aiTew] M, ~ R’
g RS1 : dilepton, m, |£=20 6", 8 TeV [ATLAS-CONF-2013-017) 2477eV| Graviton mass (k/My = 0.1)
-,g RS1: WW resonance, my, . |L=471b"7 TeV (1208.2850) 1.237ev| Graviton mass (k/My, = 0.1) »
o Bulk RS : ZZ resonance, m,, [ES721b% 8 YoV JATUAS CONE-2012:450] 850Gev. Graviton mass (k/M,, = 1.0) Ldt =(1-20)fb
= RS g — tt (BR=0.925) : ti — I+jets, m L=4.7 b", 7 TeV [1305.2756) Zo7Tevl g, mass =787
W ADD BH'<( rn IMy=3) : SS dimuon, N, .. [E=SHN7 TV 1111.0080) 125TeV| M, (5=6) BE 1,808
ADD BH (M, /M =3) : leptons + jets, ’P L=1.01b", 7 TeV [1204.4646) ST M, (5=6)
Quantum black hole : dijet, F. ( ) |L=a7 07,7 Tev [1210.1718) anTev. M, (5=6)
gqqq contact interaction : 7(m ) L=4.81b", 7 TeV [1210.1718) 76Tev A

O qqll Cl : ee & ,u,u.m L=5.0fb”, 7 TeV [1211.1150] 139TeV A (constructive int.)

uutt Cl : SS dilepton + jets + £, .. |£=143 1" 8 TeV [ATLAS CONF-2013.051) 33TeV. A (C=1)

Z'(SSM) im,,,, [L=201M" 8 TeV JATLAS-CONF-2013.017) 2.86TeV_ 7' mass
Z' (SSM) :m,. |t=a7 "7 Tev (1210.6604) 14Tev Z' mass
S Z' (leptophobic topcolor) : tt — I+jets, m_ [£=143 tb”, 8 TeV [ATLAS-CONF-2013-052) 1.8TeV_ Z' mass
> W' (SSM) :m U [i=az 0.7 Tev [1209.4446) 255Tev. W' mass
W (—=tq,g =1):m L4777 TeV [1209.6503) 430 GeV W' mass
W', (= tb, LR'éM) m, —[L=143 fb”, 8 TeV [ATLAS-CONF-2013-050] 1.84 TeV W' mass
Scalar LQ pair (5=1) : k|n vars. in eejj, ev” L=1.01b", 7 TeV [1112.4828) 660 Gev T gen.LQ mass
9 Scalar LQ pair (=1) : kin. vars. in uujj, wvjj |t=1.01" 7 Tev [1203.3172) 685Gev 2" gen. LQ mass
Scalar LQ palr (p 1) : kin. vars. in Ttjj, Tvjj |L=4.7 "7 Tev (1303.0526) 534 Gev 3" gen. LQ mass
o eneration - t't— WbWhb [L=47 1", 7 Tev [1210.5458) 656 GeV ' mass
%é 4th generation : b'd' — S dilepton + jets + E‘ e |LE14.3 10" 8 TeV [ATLAS-CONF-2013.-051] 720 GeV_ b' mass
= é Vector-like quark : TT— Ht+X ww T mass (isospin doublet)
Vector-like quark : CC,m, . [L=4.61b",7 TeV [ATLAS-CONF-2012-137] 112Tev. VLQ mass (charge -1/3, coupling x o = v/m,)
_ Excited quarks : y-jet resonance, m. - L=24 "7 Tev (1112.3560) 246TeV] q° mass

S E Excited quarks : dijet resonance, m L=13.0 fb”, 8 TeV [ATLAS-CONF-2012-148) 384TeV. Q° mass
LE D Excited b quark : W-t resonance, m\,‘l L=4.7 fb”, 7 TeV [1301.1583) 870 6eV  b* mass (left-handed coupling)

Excited leptons : I-y resonance, M [L=13.01b". 8 TeV [ATLAS-CONF-2012-146 227ev_ |* mass (A = m(l*))

Techni-hadrons (LSTC) : dilepton, m_,,
Techni-hadrons (LSTC) : WZ resonance (lvll), m..
Major. neutr. (LRSM, no mixing) : 2-lep + jets

Heavy lepton N” (type IlI seesaw) Z-l resonance, my,
H" (DY prod., BR(H "=ll)=1) : SS ee (L), m\

Color octet scalar : dijet resonance, m,

Multi-charged particles (DY prod.) : highly ionizing tracks
Magnetic monopoles (DY prod.) : highly ionizing tracks

Other

p /o mass (m(p fo) -m(n) =M )

N mass (m(W_) = 2 TeV)

N* mass (|V_| = 0.055, |V | = 0.063, |V | = 0)
H;* mass (limit at 398 GeV for uu)

Scalar resonance mass

mass (|g| = 4e)

ass
llllr[1 | | IIlIIlI

p. mass (m(pT) =m(mn;) +my, m(aT) =1.1m(p))

*Only a selection of the available mass limits on new states or phenomena shown
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NEUTRINOS ARE HOT!
ACTIVE PROGRAMS, RICH PHYSICS

Now we know a LOT:

e Sl o s A2t = 8 0F - 107> e V2
o 0l e s A 20 5200 68(2 BRI 10 e V2
Q0 sin 0= #0:35;
0.38 (0.39) < sin?6y; < 0.66 (0.65),
0.(019 (020 RS sin 201 5< 0030 (00303,

Sm,[eV] S jan Hamann
Still need to know: R
* m; — m;mass hierarchy
* CP phases
+ Dirac/Majorana AAnd what theory at work?

10/6/13



Weinberg's operator:

~ (g LH) (g LH)

charaterized the “seesaw’.

See-saw implies the synergy:
among low-energy, high-energy, and cosmology!

[llustrative models:
* Neutral fermion N (type I)
* Charged scalar H**, H* and Wy, (type II)
* Charged fermion triplet T*, T (type I1I)

*S. Weinberg, Phys. Rev. Lett. 1566 (1979)

fYanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
10/6/13



THE SEARCH FOR A L=2 PROCESSES
(1). Neutrino-less double 8 Decay

The transition rates are proportional to
( 2

3
(i =2 Ul for lightoy —simbs = O(0 1.0V
==}

€e

M2
e }Z?‘/ei‘/eif

2

for heavy N = |Von|? /my <5 x 1078 GeV !
Ly

Very challenging!
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(2). Extension to N Resonance Signals

M~ W= 2! W
W Mt
J e 0~

T he transition rates are proportional tof

(N —1) T(N—f)

for resonant N production.
mNI_N

IM|?

Active searches:*
Tole . b odetaye = ejejM— via N

Other processes to look for:
D R S el
B+ — T+€+M_, 7'+,u+M_, 7'+7'+M_.
at Super-B, LHCDb.

TA. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
*LHCb Collaboration: arXiv:1201.5600 [hep-ex]; PDG listing.
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THE SEARCH AT THE LHC

A FEW ILLUSTRATIVE CASES:
(1). Type I Seesaw: N

At hadron colliders: 8 pp(p) — 05X
q; [

W:I:
Ve
a(pp — p=p=WT) = o(pp — p=N)Br(N — p=WT) = e V,fN o0
Zl }VEN‘

Suffer from mixing suppresslon.

(see talks by F. Del Aguila; P.S.Bhupal Dev)

SKeung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

fT. Han and B. Zhang, hep-ph/0604064, PRL (2006).
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Fields Vertices Couplings Approximations

Z' 3:q: 2" —1Q%9BLY" =
g1 =u,q2 =d Qs
wuz' —iQ% 9L e
E—SE T e =]

R N T (L O = L) e P Bl d i

DV 2’ | — (U = VIVE)mime @5 9BLY*Pr |idm,m,9B0 V" PL
Tl T T eV Ve —i5 Vv Pr ~
NEe-Ww+ —i-5 Ve, Cy* Py -
c vIN
ymquf,b,zZ —ZﬁUmlméW“PL %
ey o vIN
le]Vm/2 Z _ZﬁUmlmé/YMPLC =

In general, My Vo

Casas-Ibarra parameterization:

mp = Vpymns m1/2QM1/27 Vin = Vpyuns ml/QQM_l/z.

P. Fileviez-Perez, TH, T. L1, arXiv:0907.4186.
11



Assuming degenerate N's: M Y (Vi)? = (Vaws m Viuns)e = (Mo)e s (€= e,p1,7),

N=1,2.3

My=300 GeV, M,=120 GeV My=300 GeV, M,=120 GeV

1 T | I

2 1 o T
P = - ]
—~ uW W g [ eW ]
Me® < MM M7 for NH, & = | :
Z S
Mo T for TET, T Lop oaworw |
Xy a ;
3 - = [ _
o » ' ] 0 I ]
€€ ~ ML~ T m
M® m M~ MJ7 for QD.  © ] __ 4 |
-3 -3
10 e aaaaal el a1l P -IO el sl el
4 3 2 1 4 3 2 1
10 10 10 10 10 10 10 10
m, (eV) m, (eV)
10 events No./100 fb™" (degen.)
< 1.6 BT e A s O I ™ 3 et
() L J
= *—NH et
N
= i
SR ST y
A—QD )
| Dp =2 L 2 DY
10_-.|...|...|...|... 12 r g 91-’-14_‘:\'-\:\'—
200 400 600 800 1000 :
My, (GeV)
1 = =
)
pp 2 Z 2> NN
] ] ] ] ] ] ] ] ] ] ] ] ]

200 400 600 800 1000

P. Fileviez-Perez, TH, T. 11, arXiv:0907.4186. 12 My (GeV)



Significantly enhanced rate at Wpg resonance; 1
If observed, determine N's nature: AL = 2, azimuthal angle ...
and determine W' chiral coupling to £ — Np and q —q.

1/o0 do/d cos@l

1

o
o)

>
o

0.2

<
~

! | !
-1 -0.5 0

— - Theory

'|— Reconstructed|

No ARJ.J. cuts
,=25TeV mg =500 GeV

cosel

Keung & Senjanovic, PRL (1983).

TATLAS, arXiv:1203.5420 [hep-ex]

IT. Han, I. Lewis, R. Ruiz, Z. Si, arXiv:1211.6447.
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Type 11 Seesaw: Wy, —

2 b
— < f—
< >
Wi
> <
<— <
Vy
—
==

150}

do/dcos 6 a (fb)
o
O T

al
-
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o(fb)

10

Type 11 Seesaw:
H++H

o

S

.

.

.
S
= .
= .
C .

LHC Production
of Triplet Scalars

400 600 800

1000

0.8

0.6

0.4

0.2

_i&Hi

produc’uon at hadron colliders:

oo

M, =400 GeV \

200 10'4
M, (GeV) v (GeV)
Unique decays:
/2M3
Blloigs = e e s L S Sl E i e e A
v %

with Yo' ~m, (eV) = v &~ 2 x 107* GeV the division.

Will concentrate on the leptonic modes. I
Current LHC bound: Mg+ > 400 GeV for BR(up) = 100%.

TPavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]; ATLAS/CMS: 4.7 fb—1
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Type 11 Seesaw: H** & H*
il H— decays predicted by the ligh

t neutrino spectrum:

1.0
1.0 NH T |MM T E : IH 'ee
‘ A TT
o o
m m
(oF=n y
-3 1 1
10
e 102 102 10”
my(eV) ms(eV)
g 1:000 | 10 I | |
DayaBay :
0.010 107 :
00(1)6-4I =t ep) |i|0|£3 ) |i4(_)||72 Ll g Iliglk‘l |5 ] 10_3 = ¢ Bt A = . e Tl 0y & . :
m; (eV) 10 10 10 10

ms(eV)

TTH, Gui-Yu Huang, Tong Li, to appear.
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Type 11 Seesaw: H** & H*

Summarize the discovery modes:

Spectrum Relations
Normal Hierarchy BR(E™T = 7)), BR(H V="t BRI = curcus
(Am%l = 67) BROA et > BROE T —elbpl ) BREEE =
BR(HT - 77), BR(HT - y4t7p) > BR(HT — etd)
Inverted Hierarchy BREETF = etet) S5 BRI St BRI E m
82 = <l0) BREH T —iptsT) >S5 BRHGE —sehir ) S BREEEE ==l e
BR(H™ - e'v) > BR(HY - utp) -BR(HT — 51 D)
Quasi-Degenerate BR(HT™ —eTet)~BR(HT™ — utut)~BR(HT™ - 7777)~ 1/3
(m1, m2, m3 > |Ams1]) BREHY = elv) ~BR(H — ') BROEE — 5 0) i3

TPavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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(3). Type I1I (& I) Seesaw: T+ & TY
3%

Lepton flavor combination determines the v mass pattern:

]
ij 2Y1Yr e + 2 2 Mpmy
myj ASE==T M—, BR(T el f, Zﬁ) B yT & VPMNS 2
17 U

1‘0_' SR T A AL SR L 1'0'5-;»?_.," I P I

NH | 1 IH ]
O‘B_— —_ 0.8 . —_
= ] e |
- 0.6 — — . 0.6 — —
o I il E i 1
CI 1 % | :
é 0.4 — — é 0.4 — | —
z | 12 Ly, ‘
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

Normalized BR(VT) 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 (& I) Seesaw: T= & T

102 T | T T T | T T T | T T T | T T T T T T | T T T | T ] - I , I I | I : :
pp - TT (A*=1) LHC e ot S NE e e
e (\P=lyyl?) i NGRS TR
0 =
B
(aV] = l :
< —
T E
b
T & =
10—4 i 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I.~|.~~I~~ ~|~“~I 1 10—2 | | | | [ 1
200 400 600 800 1000 1200 1400 200 400 600 800 1000
M, (GeV) My (GeV)

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

Pair production with gauge couplings.
Example: T4+ T9 — ¢t Z(R) +6TW— — £1755(bb) + ¢145.
Low backgrounds.

LHC studies with Minimal Flavor Violation implemented. ¥

TSimilar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
YO. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, arXiv:1108.0661 [hep-ph].
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\ Summary I

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

Type I See-saw:
e Il sBorare decays - sensitive to

R S = 5eGeN, 1070 = Winlo= 1022

e LHC sensitive: 10 GeV < my4 < 400 GeV, 107° < |V 4|2 < 1072,

* May be helped with B-L Z'.
Type II See-saw: for a scalar triplet ®*=
e LHC sensitive: My~ 600 — 1000 GeV (4X4E 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 7%, T©

e LHC sensitive: My ~ 800 GeV.

e Also distinguish Normal/Inverted Hierarchy.

The See-saw models for my may be the best playground

for synergies among the frontiers:
intensity, energy and astrophysics/cosmology.

20



LAST, NOT LEAST
Many Thanks to the organizers:

: (CTP) R,
F. Ferrom D
From Majorana to LHC:

C. Le Onidop Oulo S Workshop on the Origin

of Neutrino Mass -

i e a"
G. Raffelt --

G. Senjanovic

F. Vissani

It has been a lot of tun!
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SPECIAL THANKS TO GORAN!

Best wishes to your new endeavor!
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