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o Testing global symmetries U(1) g, U(1), in the SM: proton
decay, n — n oscillation, (53)o,...how about LHC?

o B, Z but not simultaneous breaking (no proton
decay,AB =2o0or AL =2)
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o Testing global symmetries U(1) g, U(1), in the SM: proton
decay, n — n oscillation, (53)o,...how about LHC?

o B, Z but not simultaneous breaking (no proton
decay,AB =2o0or AL =2)

o Exotic signals with large production rate at the LHC, little
SM background, easy to identify

o Possible connection with neutrino mass generation

o Probing extended gauge symmetry group

@ may need to tune the parameter spaces to be accessible at
the LHC (conventional models relevant to 10'* GeV
physics...) but not necessarily unnatural with soft breaking
of symmetry (when the dimensional one parameter
vanishes, the symmetry is restored.)

o
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Outline

o Signatures@LHC
o Color Sextet Scalar decaying to same-sign diquark
o Doubly Charged Higgs decaying to same-sign dilepton
o How to accommondate the signatures in theoretical
models

o Pati-Salam Model
o Type-Il seesaw Model/Zee-Babu Model for neutrino mass
generation

o Summary
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Multijet+Same Sign Dilepton+£

SM contributes to enomous background as multijet, jets+W =, jets+Z, 1, ....
One of the most stricking signals for BSM physics search at the LHC.
Same-sign Dilepton as handle

Irreducible SM background

o Wt 0(10) fb
0 jets+WEW* 0(10) fb
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New Physics with large production O pb
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O ED:KK-gluon g'g’ — njW'*Ww'*
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Multijet+Same Sign Dilepton+£

SM contributes to enomous background as multijet, jets+W =, jets+Z, 1, ....
One of the most stricking signals for BSM physics search at the LHC.
Same-sign Dilepton as handle

Irreducible SM background

o Wt 0(10) fb
0 jets+WEW* 0(10) fb

New Physics with large production O pb
@ SUSY: gluino, same-sign squark pair (gluino in t-channel) njxfxf
O ED:KK-gluon g'g’ — njW'*Ww'*
O 4-th generation: b'b’ — tEW+T W~ — njW*W=
O Color Octet: 88 — titt — njWTW*

What else?
our example: the same final with different reconstruction at
comparable rate



U(1) symmetries

Alsu@yezxu) = %(21} +u+d)=0
Aisu@)zxuq) = %(39 +4)=0
TrU(1) = Ny(6g+3u+3d+20+e) =0
Apays = Ng(6g® +3u® +3d° +26° + %) =0
Avyrxo 5 Ap@pxua)y =0
Yukawa : gq+u+h=0,9g+d—h=0,¢+e—h=0

No extra Unbroken U (1) Gauge Symmetry except U(1)y

Hypercharge normalization from new physics GUTs/partial unification/...
Flavor brings extra degrees of freedom L. — L,

B — L can be gauged by one extra singlet Nr

B + L(fermion number in SM): [SU(2)1]? x U(1) anomaly



B/L Violations

SM gauge invariant non-renormalizable operators:
O AB =1, AL = 1: proton decay
@ AB =2, AL = 2: neutrino mass, n — 7 oscillations
@ AB =3, AL = 3: highly suppressed, instanton violation
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B/L Violations

SM gauge invariant non-renormalizable operators:

O AB =1, AL = 1: proton decay

@ AB =2, AL = 2: neutrino mass, n — 7 oscillations

@ AB =3, AL = 3: highly suppressed, instanton violation
Collider-Testable B/L Violations in BSM:

O R-parity violation in SUSY
Suppressed coupling
@ Majorana neutrino at the LHCsee T. Han and B. Zhang, 2005:. Si and KW,2009

tuning dimensionless Yukawa coupling;tiny Mixing — highly suppressed
production (require Wx,Zg_1, to enhance production, see Bruce’s talk)
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B/L Violations

SM gauge invariant non-renormalizable operators:

O AB =1, AL = 1: proton decay

@ AB =2, AL = 2: neutrino mass, n — 7 oscillations

@ AB =3, AL = 3: highly suppressed, instanton violation
Collider-Testable B/L Violations in BSM:

O R-parity violation in SUSY
Suppressed coupling

@ Majorana neutrino at the LHCsee T. Han and B. Zhang, 2005:. Si and KW,2009
tuning dimensionless Yukawa coupling;tiny Mixing — highly suppressed
production (require Wx,Zg_1, to enhance production, see Bruce’s talk)

9 y5yy¢ in extended scalar models (¢ 15 ¢ always oc my)
may need to tune dimension-1 parameter (can be considered as soft
breaking)
Gauge interaction production with only Resonance B1£ Decay
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Bottom-up setup

Color Sextet Scalars under SU(3)¢c x SU(2)r, x U(1)y:
o SU(2)r, adjoint Ag : (6,3,1/3)

o SU(2)y singlet @ : (6,1,4/3), ¢ : (6,1,—2/3),
(56 : (67 17 +1/3)

Scalar QCD

Tr[(D,Aq) (D" Ag)] — MATHALAG] + faQTC ' ALQL
+ (Du®e) (D" ®g) — Mg®{0s + fouphC up®]
+  (Dude) (D ¢6) — M2d6' b6 + fodC dro}
+ (Do) (D"66) — M 36786 + fsdhC ™ uprdl +V

D, =0, - igSGZTﬂ



QCD Production of Color Sextet Scalar Pair

g(p1) + g(p2) — Pe(k1) + P (k2) — Ftt

q(p1) + @(p2) — (k1) + Pe(ka) — Lttt

5 T T T T T T o 10 T T T
o =
© Colored Scalar Pair Producti L
clored Sealar Falr Frocuction Color Sextet Scalar Pair Production
10 ¢ at the 14TeV LHC 1 il |
R = 3,6 under SU(3). ot the Tevatron
1L Sextet J
-1
10 f E
=l
10 F Triplet™.
4
2 10 F E
10 ¢
3 3
10 1 1 1 1 1 s 1 10 1 1 1
400 600 800 1000 1200 1400 200 300 400 500
M, ¢ (GeV) M, (GeV)

Production of ®s®¢ at the LHC and Tevatron ur = ur = v/$/2, CTEQBL



o4t — D) = rOC(R) 22 = a2
o(gg — ®6®Ps) = drCa(R )W%E[Sﬁ(‘? 53%) — 12C5(R)B(5° — 2)
g (R) (5 - 1) - 9(5" - 1))
— 5i o 2 B+1 1 -
= g0 18(89 — 556°) + I 7—7 (118" + 185 — 29)]

where /s is the total energy, 5 = /1 — 4M§,6 /s and R is 6 with the
normalization factor C' and Casimir C- as

dnr 3 6 8
C(R) | 1/2 5/2 3
C2(R) | 4/3 10/3 3

Table: Normalization factor C'(R) and quadratic Casimir C3(R) for
dr = 3,6,8 under SU(3).



Remarks

9 qq — Pg from fi1 or foo (valence u quark, LHC is a pp
machine)

o g, the coupling f;; irrelevant to fermion masses
o tree level D — DO mixing from fi1 f22, maybe dominant

decaying into top
o GIM violation. But only coupling to righthanded states.
Qo

33=6®3

Squark pair production with R-parity violation decay?

only u¢dd*
o Sextet Quarks in ETC

o
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Same Sign Top

pp — DB — tttt — 4b + (0T + Ep + N,

(No radiation included)

S0 T T s T T T
<} Q
9 Q
e =
= P:(j) next to max =
o
.4 3
B0 ¥
P(j) mox E

4 10 F .

10 F
Moe=600 GeV

4
10 | 1 | L ! L | | 1

0 50 100 150 =200 250 300 0 50 100 150 200 250 300

pr(GeV) My (GeV)



N

5 = T T
= [ M,=600 GeV
@ O M
g . .-510 F ] 4
o L Al
g5 z
® ]
© M,
1 \W/{
0.5 =
-4
0 L L L 10 L L
-1 -0.5 0 0.5 1 0 200 400 600 800
cosb M (GeV)

Reconstructed two hadronic Top shows the scalar feature.
Multijet resonance



g1 e - - : - . g1 . -
R & Significance Contour
?F . Sextet Scalor Pair Production
e 0 ™ at the LHC N L ]
" 018 L=100 fb™'
g bb+I" I'+ 6j+Missing E,
©
10 F E 05 g
L o toortw ] 555 i
10 Ly L L . ) 41 o L L L
400 600 800 1000 1200 1400 400 600 800 1000
Md’ﬁ

M,, (GeV)

(background included irreducible only, leading background:
tHW )



Lepton Number Violation

under SU(3)c x SU(2)r, x U(1)y:
o SU(2)r adjoint A : (1,3,1)
o SU(2)r singlet o=~ : (1,1, -2)

Tr[(D,A)(DFA)] — MATIATA] + y fFC ATy,
+ (Do) (D¢) = M3l o +yerClerd™ +V



Production of Triplet Higgses

q(p1) + @ -
apr) + 4
(

apr) + 7

H™ (k) + H ™
—  HYM (k1) + H (ko)
—  H' (k1) + Ha(k2)

(k2)

Tree Level Cross-section of Trlplet Higgses Production

o(fb)

LHC Productmn of TrIPIE‘t Scalars
=M

00 1000
M, (GeV)

200 400 600

do(tb)

E
10

LHC Produc‘tlon of Slnglet Scular‘s
My =M,"

800 1000
M,(GeV)

400 600
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Remarks on Production

o triplet vev va suppresion
o phase space suppression
o Ward Identity (Longitutinal W, €, — p,)



Remarks on Production (continued)

@ QCD correction for this mass range 25% muniieitner and spira, 03
o real photon emission (yvy — H*TH~7) 10% }

= T T T = T
5 ** H™ ot Tevatron %
5 H b 104 H* H™ ot LHC 1
2 -.-. Inelastic
Elostic b -.-.-.- Inelastic
Semielastic 10 3L Elastic 4
4 Semielastic

200 400 600 800 1000
M, (GeV) M, (GeV)
o 4

T. Han, B. Mukhopadhyaya, Z. Si and KW, 2007 WMEKY
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Photon-Photon

O~~ = Oelastic 4 Oinelastic T Tsemi—elastic

Oelastic =

1
dor [ deafy (e fy ()0 — HY T HTT)
T/z1

/1
-
1 1 1 1
Cineclastic = / dwl/ dwz/ dzl/
T /@ T/x1 /T2 T

/@1/®a/z1
dzafq (1) fo(®2)fy q(21) 8, g1 (22)0(vy — HTYHTT)

1 1 1
Coomi-etastic = | dzl// dZ1// o oS @0 (G (20— HE )
T T $1 T ﬁl Zl
4m?
i
S

Drees, Godbole 94
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Another Example for Multijet + (*¢* + E

H™ S WTWT :x va

pp— HYTH = S WIWTW W™ — (50 + Ep + 4

= 10 T T T s
£ W > 3W+2] z
° e :
pp —=> WWWW — Jijj 17 1T + vy 2
tth — i1 5 s ¥ 3
@ 06 A
10 F N\ E
I*I* coverage
10 4 EW 4w i
) No. of events/300 fb™
-3 1
10 L 1 1 1 0 1 1 1
200 400 600 800 1000 200 400 600 800 1000
M, (GeV) M, (GeV) He avy
Myp: boosted hadronic W, W-jet o
WEAZ
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T. Han, B. Mukhopadhyaya, Z- Si and=KW, 2087



Search via Leptonic Decays

Small vev limit va < 1074 GeV
All LNV, but not observable except for H*

H™ ¢ty HY - 0Ty, Hy — v

o u,e and 7 respectively

o H, — invisible and always produced via H* H,, another
missing v from H*, impossible to reconstruct.

o High pr event, ¢ is better than p

pp— HTH™ =0T 0 v 07 v (L=e,u)

pp— HTPH — =Tt 0707 7 ({=e,u)



SM background

o Four Lepton (no 7 final state)
SM Background if there exists same flavor, opposite sign
dilepton

ZZ|y* — Tt

Veto events of [My+,- — Mz| < 15 GeV After
reconstruction, purely event counting

o Trilepton (no 7 final state)
SM Background if there exists same flavor, opposite sign
dilepton

WEZ/y* — (Fott e WEWEWT — (2070 + B
Veto events of |[My+,- — Mz| > 15 GeV
o
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Trilepton

do/dM (fb/'GeV)

WEZ after My cut g,

o
W —F TT 3w banic

WWYY after My cut

200 400 00

aoo

1000

M+ (GeV)

T T T T
10 | Trilepton + Missing ET ]
M=300 GeV
MI‘I
qioks My ]
1 1 1 h
100 150 200 250 300 350
M(GeV)

My = /(Y + Er)? — 7 +
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T Leptonic decay

H" - 7mv—{(+Fr

HT — (+ FEr
Lepton pr
o ¢ from H* Jaccobian Peak around My/2 (may change due
to boost)
o ¢ from 7, purely boost effect, much softer
pr selection (GeV) 50 75 100 100 150 200

¢ misidentification rate 2.9% 9.4% | 17.6% 4.6% | 12.4% | 22.2%
7 survival probability 57.0% | 69.8% | 78.8% || 62.8% | 75.7% | 83.7%

T selection:
pr < 100 GeV (for M3, = 300 GeV)
pr < 200 GeV for M}, = 600 GeV




7 Reconstruction

No other £7 in final state:
pp— H T TH ™~ — Tt ity Tt ™

Highly Boosted 7
o p invisible — 5 £+ each T corresponds to one unknown
o yppinvisitle — 4. 2 independent equations
O My+yp+ = M ;1 more equation

T

UPTO THREE 7s




dordy(fb/GeV)

0

pprT and gt

200

400
M, (GsV)

BR(H™™— p™17)

a00 1000
MHH (GeV)
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Examples of Theory Realization
Pati-Salam Model to Left-Right Model J

SU(2)L><SU(2)RXSU(4)C — SU(Q)LXSU(Q)RXU(l)B_LXSU(3)C

(3,1,10) : {(3,1,-2,1) @ (3,1,-2/3,3) @ (3,1,2/3,6)} + L = R

o AB = 2 n — n neutron anti-neutron oscillation

o why light? Pati-Salam (Chacko-Mohapatra, 99),
Post-Sphelaron Baryogenesis and still consistent with
n — 7 constraints

o Neutrino mass:

A(3,1,-2,1) : /T C YimyAle o A



Neutrino Mass and LNV

o SU(2)r, singlet: Zee-Babu Model (two-loop neutrino mass)
o SU(2)y, Triplet: Type-Il seesaw

A= 1 H+ \/§H++
“ 2\ V2H" —H*

Breaking U(1)p_r,

Y AT Cioy Al + pH ioco ATH + hee. + ...

2
My = YA = Yy pi—ml
12 1% 1% V@ZA[%

If v, is of ©(0.01), u ~ 1keV. limpu — 0, U(1)r or U(1)p_r, is
restored. can be naturally small. p-parameter prefers small (.
(Gunion et al, 90) o
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Neutrino and Triplet Leptonic Decay

B . ' B 5+/\/§ s+
Y, 0" Cios Al + h.c., where A= < 50 NG

sin 923

No Majorana Phases

NHLOUOE i | T LRARLL T qIH I.BUOE i | T TR T 2z |
LT " . s

0.100 —  0100% -
o
o o
m m
0.010 - oo o
0001 il AETTT| TR UTET ERI o.00t MEFIPTTTY SR ETTT BT |
i6-4 1073 1072 19-1 107% 1073 1072 10-1
m, (eV} my (eV)
e
FIG. 12: Br(_H** — E;"e?') vs. the lowest neutrino mass for NH (left) and IH (right) when @, = 0 and @, = 0. WHAY
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Doubly Charged (continued)
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Majorana Phase

o Singly Charged Higgs BR is independent of Majorana

phases.

()

£

N)
0
0)



Singly Charged

- 1.000 - e e
IH
ey
TV
0.100 — o
o 4 o
2 ]
0.010 — —

o.ou1| 771 BT ATITTY SR RTTT] SR dnt MEFEPRTTTY EERTIRTTT R M
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my (eV) my (eV)
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Majorana Phase: a close look

dzag VT

PMNS Vinuns my' VPMNS
Iy =cosfy ———+LH22 iy =
VA \/§ va
YJ_§ IT7 | x va, Yoy =vV20a x Tyqp
v
—is
c1ze13 c13s12 e 9513
) . L idy )2 i®gy/2
VpMnNs = —c123133235'5 — C23512  C€12€23 — 6'55_12313323 €13523 xdiag(e* 1/2 4, et/ ,
s12523 — €¥c12¢23513 —cagsi2s13€® — c12523  c13cas
oF
wEAZ
] = =

RN Ge



Distinguish Spectrum via LNV Higgs Decay

Spectrum Relations

HH Br(rtrt), Br{utut) » Br(etet)

Amd >0 Br{pt+rt) = Br(et+T), Br(etp™)
Br(r*%), Br(uT#) = Br(etd)

IH Br(eTet) = Br(ptp™), Br(+FT)

Ami < 0 Br{ptrt) » Br(etrT), Br(etut)
Br(et#) » Br(ut?), Br(rT7)

QD Br(etet) o Br(pTu™) =2 Br(+ 17 T)

Br(ptrT) =2 Br(etrT) =2 Br(etuT) (suppressed)
Br{eti) = Br(pto) =2 Br(+17)



Summary

We discuss testing the B/L violations in the extended scalar
models with the following two examples:

o Color sextet scalar that decays into same-sign diquark. We
use the & — ¢t to test its sextet nature and we plan to use
the angular correlation in top decay to confirm the sextet
only couples to the righthanded states.

o SU(2) triplet Higgs in Type-Il seesaw for neutrino mass
generation. H+t+ — ¢*¢* is crucial in testing the model but
the H* — ¢*i helps to link the triplet Higgs decays with
the neutrino mass spectrum even in the presence of
Majorana phase.

Thank you.
o
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