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Aoyama, Hayakawa, Kinoshita, Nio, PRL109 (2012)
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New U(1) Symmetry

O Simplest possibility for the 5% force comes from a new local U(1) symmetry:

G D Gsm X U(1)new

O Grand unified theories naturally introduce such a new U(1) symmetry

O U(1),., haturally introduces RHvs.

—— Seesaw mechanism

SU(3)e X U(1)g—r X SU(2)r X SU(2)r X Zrg

Matsui, Nomura, KY, 2303.00417
O U(1l),., breaking can be common origin

of v-masses, stability of DM and BAU.
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Hartmann, Kilian, Schunitter, 1401.7891
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SU(4)e X SU(2); X SU(2)g X Z;r
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SU(3)c X SU(2); X U(1)y
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Anomaly cancellation

O Gauge anomaly should be cancelled for the consistent QFT.

U(1)y charges for SM fermions and RHN.

P1
Jx croraes for SHermions end KA Cr
XQL’ XLL? XuRa XdRa XeR7 XuR
Pi =0
/SU(B)CXSU(3)C><U(1D >
a2 g
SU(2), xSU(2), xU(1), \P; P2 _/
U(1)yxU(1)yxU(1)y
\U(l)YXU(l)XXU(l)X/ 3 of 4 equations are independent.
U(1)yxU(1)yxU(1)y >

— 3 charges determined, e.g., X,,, X.,, X

R

Grav.xGrav.xU(1)y



Anomaly cancellation

O Gauge anomaly should be cancelled for the consistent QFT.

U(1)y charges for SM fermions and RHN.

~ ~ o~ ~

XQLa XLLa XuRa XdRa Xena XUR

SU(3).xSU(3) xU(1) b - -
¢ ¢ X .
SU(2),xSU(2),xU(1)y \5':5' ‘:\sz _J
U(1)yxU(1)yxU(1)x

U(1)yxU(1)xxU(1)

(}E-VU.R -+ QX{IR) JXER =0

U(1)yxU(1)yxU(1)y »
Grav.xGrav.xU(1)y XuR i I QXdR T XUR =)

*If no RHy, hypercharge (X =)

» XUR — XHR . QXd or trivial case (X = 0) is allowed.

— Non-trivial U(1)y requires RHv !



Yukawa interactions

O We also need to care about the compatibility of the Yukawa interactions.

QrHdgr, QrHugr, LpHer, LpHvg

) U, = )
» Xpg = 5(1}&% — Xeda)

O If we further require the Majorana mass for RHNSs,

we need a SM singlet Higgs ® and its Yukawa interaction:

v vR®

""u-

» Xq) — _QXUR — QX'U,R + 45({33



U(1)y charges

O All charges are expressed by 2 (3) free parameters in Majorana (Dirac) case.

Xusw Xau | Xoe Xip Xoww Ko Xi Xa
U(l)x 1 Y :ETﬂ' —%(:r- +4) —28— Y —# —24 5% 2% + 4y (Fres)
U(l)p 0 0 0 0 0 0 0 0
Ul)y [|22/3 —z/3|z2/6 —x/2 — 0 x/2 0
Vilygx| 143 4/8 | 1)3 —1 —1 —1 0 2
U(l)gr r —a 0 0 — T T —2x (Free)




U(1), charges

O We can choose the Higgs charges as input.
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These U(1)y charges can also be expressed by the linear combination of

X; =aY;+ (B — L),

O If we allow flavor dependent charges, we have the other possibilities:

U(]‘)Qi_Qj

U(]')Li_Lj

Q; (Ly): i-th flavor of the quark (lepton) number




New gauge boson

O A new gauge boson Z’ appears in models with new U(1) symmetry.

VARES

— Massless —— Highly constrained by tests of the equiv. theorem
(Unbroken U(1) case) Heeck, 1408.6845
e.g., U(1)g case = gz < 10724

— Massive _.

Stueckelberg (1938)
— Stueckelberg mechanism

—— Special case of the Higgs mechanism

(Higgs decoupled from the theory)

— Higgs mechanism Common origin

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

O Minimal Higgs sector: H + ® (SM singlet) <®> <0> <> <>




1. Introduction

2. New U(1) symmetry

3. Minimal U(1), model and Higgs decay

4. Phenomenology

5. Summary



U(1)y model

O Symmetry: SM gauge symmetry x U(1)y 4 | Holdom (1985) )
Non-unitary transformation:
D Pal’tIC|eSZ SM + VR + q) ~+ Z’ (l?p) _ (| -—tallF) (8“)
Xy 0 sece Xy
1 sin € ~

O Lagrangian: L = TlD v — ZX”VXW/ - BIM/XW/ + L:Higgs + Lyukawa

2
Lhiges = | D, H|* + |D,®|* — V(H, ®)

where D b = (9, —igT"We —ig'Yo B, — igx XuX,)¥

/
with Xy =Xy — Y\I;g— tane
9x



Gauge sector

O Neutral gauge bosons: 2 of 3 get masses from <H> and <®> and mixed:

W3 sw oew O\ (1 0 0 A, Photon
B,|=|ew —sw O 0 cos¢ —sin( i
b, a @ 1 0 sin¢ cos( 7,
o 9% 2 2
my = ZU +O(5 ), . (}Z’026
sin2¢ = — 5~ 0 =gxXg-
my, = gx Xavi + O(6?%) Mg, — W
m? v24?
O Electroweak rho parameter: p=—F'- ~1 - ——
Pexp = 1 ~ 103 ‘ |0] 5 0.01
O Dark photon limit: 4 )
~ 7 ’
Xy =0, 77 <1 ) Z, = (mewe)x | A,




Scalar potential

GT i _
O General potential H = (M,.M,% ) fI*:E(m+w,+-;Gg)
V2
: 5 A A
2 2 2 2 H 4 P 4 21512
V= —plHI” = pg |17 + S [H]" + [P+ Ama H|T| D)
h cosa —sino h SM-like
O Scalar mixing 5 )| = |
@ sina  cos « 0]
O Parameters {’U, Ve, Mp, mqb; a} c.f. 5 real + 8 comp.

parameters in a model

~246 GeV ~125Gev w/o U(1) symmetry.

The SM-like Higgs (h) couplings are universally suppressed by cos a.



Higgs decays (for m, > mg)

O SM-like Higgs (New modes)

4 z' ) z' Z : Qb\
- { ........... { ............ { e
Z Z % 4
> 7 o< 0 oc 5/16n2 N /



B-L like vs. dark photon

O B-L like scenario

Z’
Z X gx h --mmmee- X g%
ZI

Higgs decay is suppressed by the severe constraints on gy

O Dark photon scenario

Z’
’ h ________ X 2
Z x eQe 9x
ZI

Higgs decay is NOT suppressed, because g, is not constrained.



Higgs decays

Nomura, KY, 2407.20742 [hep-ph]
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Higgs decays

Nomura, KY, 2407.20742 [hep-ph]

mz=20 GeV, my=50 GeV

BR(h-new)
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Current constraints (Dark photon case)
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Current constraints (Dark photon case)
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Current constraints (Dark photon case)

2005.01515
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Scenarios

Masses of Z' & ©®

High mass region
h

100 GeV ——
Middle mass region
1 GeV ——

Low mass region

10 MeV ——

Excluded by beam dump

or cosmology




Low mass region

Masses of Z' & ©®

High mass region

h
100 GeV —— Highly boosted — Multi-lepton jets
Middle mass region {,114
g 1 b/
- nemees ¢
1 GeV —— gb\“
ZI \
Low mass region %
1N _NA\/
4V 1I'ITV ———

Excluded by beam dump

or cosmology




Low mass region

Masses of Z' & ® _ L
Higgs decays into invisible or BSM

et 2301.10731 (ATLAS)
High mass region h ------ ~ 2201.11585 (CMS)
h e X
100 GeV —1—
Texono
Middle mass region 2, z 0911.1597
1 GeV T :
NC | 29
I_|_Zf
Low mass region
e e ¢ 2103.15389
1.0 Ma\/ ’,x"’ NA62
11U WVICV  ——— -
Excluded by beam dump K+[ V}‘-wff } T
or cosmology ‘



Log[sin(a)]

Low mass region

DP: mz=0.02 GeV, m;=0.05 GeV
3.0

x| -_.-BR(n-mZ} 1]
BR(h=22) |

Log[sin(a)]

Nomura, KY, 2407.20742 [hep-ph]

B-L: mz=0.02 GeV, m¢, =0.05 GeV

-3.0| "I" T 1-‘ 'l-‘ Il‘ d T
| ¢ & % g - — - Bﬁ(h—MZ‘)
‘n I- ‘i. ‘n. ....... BR(” - 22)
INABZ‘K*—I-H ¢
i '1_ l‘ 1
-3.91 - .

h = invisible




Middle mass region

Masses of Z' & ©®

High mass region
h

100 GeV ——

Multi-lepton events

Middle mass region ¢§:’N<

1GeV —|— b

Low mass region ﬁ

Excluded by beam dump

10 MeV ——

or cosmology




Middle mass region

Masses of Z' & ©®

nggs decays into 4| 2110.13673 (ATLAS)

ngh mass reglon 2111.01299 (CMS)
h
100 GeV —— X
h ________
Middle mass region X
1 GeV ——
Multi-lepton searches
Low mass region
2107.00404 (ATLAS)
10 MeV ——

Excluded by beam dump

or cosmology




Middle mass region

Nomura, KY, 2407.20742 [hep-ph]

DP: mz=20 GeV, m4=50 GeV

-1.0

- A |

_'_';;j,'g';'-..J VIRUNE -~ BR(h24Z)

' -1 Fl " L] |

| :y B s .- BR(h=22) -

=180, L |

r=0.1 » |: ‘,*l' J

1 - 1

—20f | :
i =102 R | =
S b\ | T
= -2.5 . h-4l 1 =
& il 5
o -3.0- . = 1 o
J iw e . .~;.-.-. 4 JI J

107 s, % % 10~

i . v, ¥, v, 1

. b v - |

- = v, ] <. S

3.5¢.... 14 K e e K5

-1 ;D-m 107 12 "1

-4.0 . 5 '\:\\i

LY NN b vopt 3

DAnon =-107°[%] % L‘;, 5

: mz=20 GeV, my=50 GeV

I
ks
o

i
-
(4]

-0.1 i

-3.5}

-4.0;

-5

— — — BR(h=42Z2) |
BR(h - 27

1 -
o
fue I

_. .
- . ) - =
- -
- . -y -
» * .




Summary on low and middle mass cases

Nomura, KY, 2407.20742 [hep-ph]

(i) Small mass case

llllllllllllllllllll

Ul)p i Ut U(l)r.-L, UL, U(1)L,—L.
BR(h — Z2'Z'[¢¢)i < 0.05 <1g* 0 | <10°° =1

Signal of Multi-Z’}| e-jets e-jets (+E7) e-jets (+Ep)  ejets (+Ep) Ep [He-jets]

(ii) Middle mass case

U(l)p U(l)p-L U1)L,-L, U(1)L.-L, U1)r,-L.
BR(h — Z'Z'|¢¢)|| <107° <1077 <10°° <1077 =T

P

Signal of Multi-Z’ || multi-j/¢ multi-j/€ (+Ep) multi-€ (+Ep) multi-€ (+E£7) multi-€ (+E7)




Lepton jet signatures

P e ' \ \
[/ Torold magnets / | War electromagnetic calorimeters
v / | \
Muon chambers Solenoid magnet | Transition radiafion fracker
Semiconductor trocker

z{beam dir.)

Higgs boson generated



Lepton jet signatures

Li, Nomura, KY, Preliminary
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Li, Nomura, KY, Preliminary

m¢/m,q: =3

Zy+jets

Z,Z,
—1 my=5 GeV
[ my=10 GeV
1 mg=20 GeV
me =50 GeV
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0 1 2 3 4 5 b 7 8
Number isolated lepton



Selection rules

- N
Sel. 1 A # of £'s > 3¢

N # of £'s > 3¢ y

~

Sel. 2 A 4 of £'s > 3¢

_ # of /s > 24 y

a N
Sel. 3 A # Of E,S Z 2£

\_ # of /s > 2¢ y




Current limit at LHC

Li, Nomura, KY, Preliminary

Lo £=140fb}
~ | — sell
2 | —— sel2
= — Sel3
< 1077 4
T
3 044 Ma/Mar=3
N | === my/ma=10
N
T
S
© 107 5 ~
T Iy
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m ________________________________
10°° . ————— . ————
1071 109 10!

my [GeV]



Future limit at HL-LHC

Li, Nomura, KY, Preliminary

£=3000 fb~!

| — sel1 — my/ma=3
| =— Sel2 === mg/Mma=10
1044 —— Sel3
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106 4 o e e e ——

1077 5
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1071 1o o
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Conclusion

O A new U(1) gauge symmetry appears in various new physics scenarios.

O The Higgs boson can decay into 2Z’ or 4Z' , which can be smoking gun

for the new force.

O O(1)% BRs are allowed in the dark photon model,

where multi-lepton jets are expected at low mass (< GeV) region.

O Lepton jet signatures can explore the Higgs BRs up to ~10¢ — 107
at HL-LHC.



