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Outline

& Standard Higgs suffers from the problems with quadratic
divergence and vacuum stability.

¢ It may be an indication for New Physics around TeV scale.
¢ Is it related to the origin of neutrino mass?
¢ Higgs may give us some hints.

¢ Neutrino-related signatures of Higgs can/should be looked at the
LHC.
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Higgs vacuum stability

& Higgs quartic coupling turns to negative due to large top-Yukawa
- makes the Higgs vacuum unstable.
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New physics scale

& Non-tolerable quadratic divergence: A S 1 TeV.

& New physics changing the Higgs property, e.g.,

*)a =11in SM & MSSM

2 1, h
L =|myWHW, +§ mzZ*Z, || 1+ 2a— ,
Na=1 —zfizinCH

v
Perturbative unitarity bound

2
S 2 my

=>A/1—a?my S1TeV
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Supersymmetric Higgs

¢ Quadratic divergences cancel out by opposite contribution from
super-partners:

2
¢ SUSYS breaking, my > my, induces Smi ~ %mfg and thus

71'2
naturalness requires mg < 1 TeV.

¢ Radiative EWSB: Large top-Yukawa drives a Higgs mass-squared
to negative!
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Supersymmetric Higgs

& Higgs potential in SUSY:
e @+ )| Hul? + (m2y, + p2)|Hal? + (BuH,Hy + hec.) + Vb

2
Vb = 5(g5 + g7) [|Hul® — [Hal?]
¢ Minimization condition: less fine-tuned for SUSY parameters close

to Mz: M2 mzﬂd —mzHu tan? j3 5

2 tan2 B—1 o

BTG e 2 2
sinéuﬁ =g + My, TH
® Higgs quartic coupling from the gauge D-term - too light Higgs:

1 1
T 5(92 g e TS Tm s N 5 (125 GeV)?
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Supersymmetric Higgs

¢ Top-stop loop to save the Higgs:

2

~ M% cos® 23 + Sytmf [h’l (%) X (1 -5y

t

¢ Higgs prefers multi-TeV stop S000M
mass or maximal stop left-right e
mixing; _

X, = Ay + pcotf =~ V6 m;

¢ Heavy sfermions consistent with

the LHC search, but conflict 1000] -~

s00L ;

ol

with natural EWSB:

2

2000

= [
L L
2. 1500}
g

Suspect

Hall et al 2012
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Neutrino mass operator

¢ Neutrino requires a trivial extension of SM:

L~H (H®=eH") andthus LH® is a SM singlet
® Add a singlet fermion = Dirac mass

m
yPLHVE + h.c.» m,vw¢ + h.c.> y) = L R L e

(HO)
® Add a D=5 operator = Majorana mass
1 m, GRS v
— LHLH + h.c. > —vv+ h.c. > M= ~ 10-*GeV
2M 2 m,

& Looking for the origin of the smallness (y,?) or largeness (M).
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Majorana Seesaw

& Type I with RH neutrino: N

My

—L = YyLHN + =

NNEE R o 1, =¥ My Yoy (H Y%

® Type II with triplet Higgs boson: Ay, = (A**,A*,A?)

M2 ua(H®)?
—L = Y,LLA + pg HHA + =2 A% + h.c. > my, = Yy(A%) = Yy 2

& Type III with triplet fermion: Zy_o = (Z*,2%,Z7)

My

~L = KL h—

RS e m = Y oS (T2

"Higgs & Neutrinos" 2018-03-07 Sangam@HRI 12




Inverse Seesaw

& A large neutrino Yukawa with a tiny B-L breaking mass:

! 1 I 7! e2b —-1yT 0\2
—L=YLH‘N + MNN +§,uNN =Y MM Y CH")

mp

¢ Generally large v — N mixing : sinf = — mp = Y(H°)
Jmd + M2
+
EWPD limit: sinf,,,; < (0.055,0.057,0.079)
: _ M
Agulla et.al., 0803.4008 ye,[.l,T =~ Slnee,u’,rm
7

¢ Additional large Yukawas make worse -

quadratic divergence and Higgs stability.
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Dirac Seesaw

!

® Typel: % IR Sus y}? = yy'(S)/M Murayama, Pierce 2002

c xre % 3 - Requies a (discrete) symmetry
YLWpS + y' H*Wpv® + uHH®S + MYpW 1o forbid the LHCvE term

& Typell: A4 LHAv® Y1]/) o yy’(AO) /M *) Low-energy signatures?

yLWpA + y'HYEVE + uHHA + MW, W

/

¢ TypeIlI : %LHCZVC Wiy O

YyLH W, + y'WESVE + uHHCE + MW, WE
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Majorana Seesaw & Higgs mass

¢ Heavy seesaw particles coupling to Higgs contribute to radiative

Higgs mass. *) Not applicable to SUSY Seesaw
® TypeI: }
s Vissani, 9709409
YI\% MZ I / N\
5m,21 =4 > M ¢ (ln—2 = 1) —————————— \ ) —————————— Farina, Pappadopulo,
(o My N Strumia, 1303.7244

1/3
2 2 m
Ot 2= TS0 SR S (5 1672 —”) ~ 0.7 107GeV V6

*) Viable low-scale leptogenesis?
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Majorana Seesaw & Higgs mass

¢ Type II: gauge two-loop correction

695 + 39y 3 oM M?

7
om? = —6 e TR D
Mh (4m)* (2 & Mpl+ "z, 2)

M < 200 GeV /6

AX

& Type III: gauge two-loop correction

4 2

9> M
Sm?2 = M2 36ln— — 6
Mh = (am)? ( nMgl )

M < 940 GeV V&
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Dirac seesaw & Higgs mass

& Higgs couples to heavy doublet or triplet fermions, which can
induce again problematic Higgs mass correction.

& Yukawa effect, e.g., in Type I

A vgvy
ALW5S + A H Wpve + uHH®S + MYp¥p = my = —7 —
12
= omj, ~ 4 16772 M? : i *) without rigor
l6m“my \3
A=—talst = Do M. —an, <ab5 7; h) ~ 0.7 107 GeV Vabé
vV
gz

© Leading gauge effect: §m2 ~ 9 M2 =M< TeV V6

(4m)*
*) Heavy leptons at TeV with AA'~10712 .
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Inverse seesaw & Higgs mass

& Larger Yukawa is more dangerous:

/ 1 BN =1 —1,,T ({170\2
—L =yLH°N + MNN' + -uN'N" »> m,=yM ~uM~"y'(H")

2
2 M
y :
oSmz ~ 4 M? 5 ~ sin@ _—
P RS e Vet ~ SMWeutIoacoy
4
=M < 1.7TeV

\/sinH/0.0S
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Seesaw & Higgs stability

® Type I/11I with either small neutrino Yukawa or M > 101%GeV

- same as in SM.

& Type II with an extra Higgs triplet = doublet & triplet mixing

terms 1n scalar potential change the running behavior (generic with

any new boson field):

a=(M" )

VIHA) = m2HTH M2 Tr(ATA)
+ A (HTH)? + X2[Tr(ATA))? + 2X3Det(ATA)
+ M(HTH)Tr(ATA) + M (H' 7 H) Tr(AT 1, A)
+ %MHT?:TQAH + h.c.
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o3 3 _
24 + A (=993 — 3¢ +127) + Z93 + (9" + 63)°

6yt + 3A1 + 28

Aa(—12¢"% — 244g3) + 6¢"* + 9g5 + 129" g3 + 28)3

8Xo3 + 4A3 + 277 + 2)\2

A3(—12¢" — 2443) + 695 — 249 g5 + 673

24NoA3 — AN

15 33 5. 9
’\4(_59’2 - 793) + 59’4 + 693 + Aa(12X4

162 + 4X3 + 404 + 637 ) + 8A2

33 .
5 i 793) + 69795 + s (4N1 4 4o

AN3 + 8\ 4 6y7),
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Higgs stability in Type II

& Allowed ranges of the couplings from Higgs st
 the cut-off scale: 105 GeV | 101 GeV

s s X | (0,1) (0,0.5) (0,0.25)
(=2.0,2.4) | (=1.0,1.25) | (—=0.55,0.62)
M| (=05,1.7) | (=0.1,0.9) (0,0.5)
N | (=15,1.5) | (=0.7,0.7) | (—0.4,0.4)
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Inverse seesaw & SUSY Higgs

& A large neutrino Yukawa with new heavy sleptons = additional
contribution to Higgs mass correction

4000 [ 4000 [
2500 [ 3500 1

: 3000 [

3000 | r
2500 F

, 2500 | . t
w [ w F
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1500 | r

; 1000 F

1000 500 [
500 ot

EJC, Mummidi, Vempati, 1405.5478
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Can Higgs be seen from seesaw?

& Type I: Heavy RHN decays through Yy and 6,5y ~ Yyv/M.
N - EW™*,vZ,vh

® RHN could be associated with an extra Z', e.g, from U(1)5_;.
pp - Z' > NN — (IW,vZ,vh)(IW,vZ,vh)

Majorana nature = SSD signature of [TIEWFTw+
Displaced vertices for small Yukawa
RHN mass reconstruction: M;;;

Higgs signature: [T W Tvh
Need to be checked if ...

¢ LHC limit: m,» = 4TeV  Atlas-Conf-2017-028
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General search for N

¢ N production: pp > W* - ;N - L LW; [,vZ; l;vh *) only OSD for

: , Inverse seesaw
¢ Exotic Higgs decay:

=y YW > v Dev et.al., 1207.2756
€ Cely et.al., 1208.3654
- VWZ - vl Bandyopadhyay et.al., 1209.4803

= P5191
== BEBC

— w1 Deppisch, et.al. 1502. 06541
— o Izaguirre, Shuve 1504.02470

== Belle

== DELPHI

- L3

= CMS

- ATLAS
10 100
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Can Higgs be seen from seesaw?

& Type II: AT > [F13 (SSD)
A°(HO, A%) = hh, hZ (?)

® LHC limit: my++ = 500 GeV (NH), 700 GeV (IH) ATLAS 1710.09748

® TypeIll: $*- [Th 1¥Z, vIWE;, 30 - yh,vZ, 1fw+  Francheschini et.al.
. o o Py 0805.1613

pp - X320 - ITh zzi_w¢ (DV)
pp - XTET - llih iz

Mass reconstruction: M;;,;, & My,

Bandyopadhyay, EJC 1007.2281
Bandyopadhyay et.al. 1112.3080

& LHC limit: my > 840 GeV ~ CMS 1708.07962
multi-lepton searches assuming B, = B, = B;
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Neutrino mass 1n Type II

¢ Neutrino mass from neutrino Yukawa and small triplet VEV:

1 2
e fagL CitoALg + E,u(b 1T AP + h.c. = yp = “;_[2

aﬁ = fag’UA =3 faﬁ_@ e

& Rho-parameter bound on the triplet VEV:

“amp s O ED - Tl
25 TR 2% T (192vE)2

= 1.00037 £+ 0.00023

1+ 2 vs/vé
= = —saem<s 3. eVat 30
I tedav s fus

A X . To
® Neutrino mass matrix tested at colliders: ATT 2R l+l s
EJC, Lee, Park, 0304069
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Neutrino mass in Type II

¢ Neutrino mass matrix tested at colliders: EJC, Lee, Park, 0304069
Rooraya i

® Assuming vanishing CP phases and vy < 10™* GeV

NH IHI
0.00403 0.00816 0.00259 0.0470  —0.00557 —0.00573
M =1 000816 0.0264 0.0215 | - [ —0.00557 0.0239  —0.0240
0.00259 0.0215 0.0256 —0.00573 —0.0240  0.02693

Bri{7:) i ee YRR b ST T R e P
NH. [ 062 | 5.0 0205 3507 R0t iis e e
JH | A eSS s B | 266G 149
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Scalar mass spectrum

& Mass splitting between triplet components:

A
MI?I'H' :1\/12 +24—

A8 /15
g* My

A
M2, = M2yt + zg—i MZ,

2
MHO,AO =

A
2 5 a2
MH+ I 2 2‘ MW

AM = My+ — My++

92

AM ~ 25 Mw

M

< Mw

® Mass splitting between neutral scalars:

1

"Higgs & Neutrinos"

ST i AT® + h.c.

= < h OO

5MHA ~ 2MHO

2
R

2 2
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Triplet decays

¢ Two mass hierarchies: My < My+ < Myo a0 if A5 >0
Myg++ > Mpg+ > Mpojg0 if A5 <0

¢ Gauge decay for non-zero AM:

HO/A® — HEW* — HEEWA W

HY* = HEW* = H /A W*W*

¢ Dilepton decays through f,z:

HET — 15E: B < lyg: HY JAY— vaug
¢ Di-quark/boson decays through doublet-triplet mixing with v, /ve:

Htt - WtwW+;, Ht — tb; HO /A% —#t, 'bb
— ZW. AW ., 27 Lh/Zh
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A — A mixing
& Triplet (lepton) number is conserved in the production

pp—>AA

¢ Triplet number breaking (L=1) by doublet-triplet mixing:

L= @1 AT® + h.c.

& It can lead to A- A mixing (L=2): N h TN
¢ Note a tiny mass splitting between H & A (L=2):
Y

2 Ar2 2
Uy Z\JH0 — My,

5MHA ~ 2MHO
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Mixing. uw

——

Proton

Anti-Proton

pt =B Meson “Daughter”

B Meson
Proton ; ¢

*
'Y
-

&)

pt -8B Mason “Daughter”

é Anti-Proton

*
W

Vig




.'-"'Nol’u‘lixing l"‘l"'rl-_.i;- Mixing Z+l+l%l+

RH _|_—~B Meson "Daughter”

I

Anti-8 Meson

u~ -Anti-B Meson “Daughter”
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A — A oscillation

& Initial A = H° + 1 AC evolves as

A1) = g+ (1)|A) + 9-(1)|A) [T =Tpgo =T g
1 - )
Qj:(t) Ve §€—Ft/2 (ezﬂ»fHot = e?,ﬂfont)
& Probabilities of A going to A or A is
o0 24>
L Jo~ dilg= (1)) A { )
P dt|ge ()2 + [ dtlg-(#)]2
ol (OF + Iy dlg-OF ~ |
T = 5& e Tdec
§ F TOSC
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Same-Sign Tetra-Leptons

s mﬁmbﬁﬁﬁmm

pp AL AO XA H"‘H"‘QW“ H++H++4W_
T ININE - HHEHIW - - H++H++sw—

(Pp—>HiH0+HiA0) : Ty ]BF(HO/AO_}HiW; |
$HA
[BE(H* = HHW0F)]° [BE(H — (*04)]
2‘|‘$2 ;1;2
= - A" HA  THA

] BF(H' - H*W¥ )BF(A’ = H*W)

[]_D)F(Hi N Hi—i—W?‘)]? [BF(Hj:i _ fifi)]z.



Same-Sign Tetra-Leptons

¢ Conditions for observable SS4L.:

i) H** is the lightest and AM large enough to allow A° > H* W- > H** 2W-,

i1) Sizable o-BR(H** 2 1"17): larger f,p (smaller v,) preferred.

111) Large oscillation parameter, X = 1, prefers smaller AM

&2
UA
x & 6MHA (5MHA F ol QgMHO
HA —
Lh/a G2 AMS
FHO/AO ~ =

[ va ~107°GeV, AM ~2GeV = 6Mya ~ Trojp0 ~ 10—11Gev]

SS4L from Type II Seesaw ~ EJChun@KIAS Planck 2014, Paris
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LB AO
MH++ i
300GeV
< Mg+
o~ MHO/AO
e =
H % H++

Logio Va

SS4L from Type II Seesaw ~ EJChun@KIAS Planck 2014, Paris 41



Same-Sign Tetra-Leptons

® SS4L production including the oscillation factor:

AM(GeV) LHC14 fb

5-i

104 va (GeV) 4p2

4
3
5 M+ = 400GeV
1

O = N W k= 0 G

¢ Benchmark point: v,=7x10"> GeV, AM=1.5 GeV.

SS4L from Type II Seesaw ~ EJChun@KIAS Planck 2014, Paris 42



H+AY 2.931

LHC14-NH

Events/10 GeV

(E=(F* (LHC14-NH)
(FeFE e (LHC14-1H)

LHC14-IH
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