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Search Sor New Physics

Status:

* No new particles are directly found with mass up to ~ 1 TeV and
O(1) couplings

 Experiment anomalies and theoretical challenges need new physics

SMEFT < 1

LHC

LTB: Linac to Booster
BTC: Booster to Collider Ring

Medium-Stage Synchrotron, MSS
Rapid Cycling Synchrotron, p-RSC
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Search for New Physics

DoFs are correct or enough?
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weakly-Interacting Light Particles (WILPS)

Axions or ALPs
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weakly-Interacting Light Particles (WILPS)

m b e - ' -
%0 pioll :;m.? @ | @ -
a YA YRR
= RS
S 9990
| At SMEFT

Sub-GeV WILPs
articles

Extended SMEFT

Mass



EFTs of WILPs & Their Phenomenology Huayang Song

classi§ication of Singlet Pavticles

We only consider SM singlet particles with spin up to 1.

h=0: ¢~1

1
h=—5: ¥~ ~
h=%: pt ~ 3 P~ Aol

h=—1: X[~ Xs
h=1: Xp~ A5

The independent and complete effective operators can be constructed
systematically via the Young tensor method. i et al. 20", 20", 22"

ABCAEFT
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’\Bu‘i\d‘i\ng Blocks Sumwary
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Sector Building block | Lorentz group | SU(3)c | SU2)w | U(1)y || U(1)

GL/R (]-)0)/(07 1) 8 1 0 0

WL/R (17 0)/(Oa 1) 1 3 0 0

BL/R (170)/(0’ 1) 1 1 0 0

i | Goed | 1 2 | % [ o

SM ec/e} (3,0)/(0,3) 1 1 +1 0

o | dod | 33 | 2 [ =] o

v/l | G0/0% | 33 | 1 | %2 [ o

da/d | oyt | 33 | 1 | £2 || o

H/Hf (0,0) 1 2 +3 0

Real scalar s (0,0) 1 1 0 0
Complex Scalar S/St (0,0) 1 1 0 +gs

Real Goldstone u, = Dys (3,3) 1 1 0 0

u, = D,S -
Complex Goldstone 5 5) 1 1 0 +q.
ul, = D, ST
b K
Majorana fermion x/x! (3,0)/(0, %) 1 1 0 +qum
| ‘ xe/xy | (3.0/03) | 1 1 0 |
Dirac fermion n ) )

XRC/XRC (5)0)/(07 E) 1 1 0 +49p

Real Vector X1/ Xr (1,0)/(0,1) 1 1 0 0
XL/XR (1,0)/(0,0) 1 1 0 +qv

Complex Vector P—

X1/ XR (1,0)/(0,1) 1 1 0 —qv
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Singlet dim-4 dim-5 dim-6 dim-T dim-8
30 25p2 | L(516 + 36 1241n%
w/o Zza - 9+6n? 10+nf+7n% j"’?f*" 27 | 13 ( +' ny + ny
+3n} + Ent +42n% + 661n})
Real
EFT L(51 1 2
¢ w/ Zy - - 10 + 6nfc ng+ n?c 17(5 '6+ 08517
Scalar +18n‘} + 397n‘})
58 + 135n7
Complex - - 12 + 11n2 ng+n? SR
+any+ g
2+8 4(12 + 14 18 + 68
XEFT wjoZa | 2y | 2 AT I oS
Majorana +6n% + 13n} +9n% + 25n%) +56n% + 181n%
Fermion
w Zo - 2 2+ 5n% 4(4 + 3n3) 18 + 2n + 57n%
Dirac - 4 7+ 10n% 22 4 28n% 43 4+ ns +113n%
=4 13529n%
wjo Za | 4+5n% | - 37+ 7In? | 2(8n2 4 7nt) | U0 19529
+6n;r + n
6n% + 4477n%)
Real
1(1152 + 2503n%
VEFT w/ Zs 2 - 22 + 21n? ng +n2 5 (1152 +2503n;
Vector +231n})
1 2
Complex 3 . 51+ 42n2 n? 3(1617 +2579n;

+3n% + 346n}

VS
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Suwwv\avr\j oS SEFT

For a Goldstone singlet (aEFT), we find

dim-5: 6 (44)
dim-6: 1 (1) Consistent with Grojean, et
dim-7: 44 (356) al. 2307.08563

dim-8: 32 (520)

All operators involving majoron with explicit shift symmetry start at
dim-8

e*el!(DFs)Hy(DpH1)(Lp;Lrj)  €*e?'(D”s) Hy(DFH;)(Lyp;0 v Lrj)
e (DMS) (deaer') (LSjau“ita) 6abc(Dus) (deaLsi) (dcrbau thz)

€abc (D'us) (deadcrb) (dcscguelt)

Y-
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?hehow\e\no\o”

Example 1: exotic decays of Higgs into ALPs

NN Z
h_o._. f dim-5 operators
- —a
Z
L @_{‘r dim-7 operators
""" N (0*a)(H'0,H)H'H
Na

1TeV]?
Cf ~ ;y;,? — 0.016 ¢ + 0.030 C) [ Ae ]

Baueretal. 17
Baueretal. 16’

O
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?hemome\no\o”
Example 2: Light scalars @ FASER Compared to CEPC
(1011~1012)
A
B 14 K
t e
#la”>~

¢ i, F
Lepr = " ngmfjfiPRfj + h.c.

|

SHTi(deaQrai)
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Huayang Song
Phenowenology

Example 2: Light scalars @ FASER

Consider Type-I 2HDM as a UV model

b
H*
M H/A
u )--/-- ~tan~?! p Similar to mimimal model (Dark Higgs)
//H$
S

105 2HDM Type-I: light A

z

2HDM Type-I: ligth H

¥\

*—?}ng87 a
—— FASER2

—— FASER2
104
10*

E949
MicroBooNE

103.

tanp
\L‘:f/

103_

tanp

102.

101.
10?

107!

100 4+
100 10! s
my (GeV)

10° 10!
my [GeV]
V " N
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?hehow\e\no\o”

Example 2: Light scalars @ FASER

Consider Type-I 2HDM as a UV model

1 W ¢/A,/////,
~g2 Governed by gauge symmetry and not suppressed

~

r \
frrW ¢/A ~
rJ
oy B © b IS
B w ¢/A ///, :
vt - , Yt H* vi H* Ziﬁ
7 T
JI!"JJW /A %% W
e —3 B R S
¢2 A2
b S 'CD{” m]fZPRf] +§AA mjf’LPRfJ + h.c.
> o—» ' #9v2 v2
SR ‘
~ =~ .
<;5/a \\

S2H (dep® Qra)
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?hehow\e\no\o”

Example 2: Light scalars @ FASER

Consider Type-I 2HDM as a UV model

b S
- &— - ‘ 2 A2
\::~~£/‘.1 £D§g¢¢2meZPRf] +€AA zm]f’LPRfJ + h.c.
~
¢la <

Eoy = EQa = 64 Py Zsz [fo(zk, =) + fi(zk, Th=) log Tk

+fo(xg, vp+)logxg+| Vij + O(cos(B — ), 1/ tan B)
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?hehow\e\no\o”

Example 2: Light scalars @ FASER
Consider Type-I 2HDM as a UV model

Type-l: light H, cos(B — a) = 1/tanB, my=,4, = 600 GeV Type-l: light A, cos (B—a) =0, My« =90 GeV

107
106 - —— FASER2 —— FASER2
---- FASER 1061 ---- FASER
Swy
B&)
10° J
=
18]
81t loz
(@]
______ m
°
103 | |
102 P m
101 10! 100 101
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LL?PS §frowm Flavor Physics @ cEPc

 New detectors: HErmetic CAvern TrackEr (HECATE)

Chrzaszcza et al. 20’

* Origins of the LLPs: two bottoms or charms, one of which can be
tagged in the standard detector

* Identify the UV or the origin of the LLPs
prototype model: Dark Higgs quq =0 — Z iimag; QZPRQJ + h.c.

most general case Lopp = " Z fgmfjfiPRfj + h.c.

@CEPC 1011~101% D/B mesons

A
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Summary and outlook

 Summary of results:
1. EFTs for weakly-interacting light particles (pEFT, yEFT, VEFT)
up to dim-8
2. Light scalars at FASER, higher dim operators are
phenomenological relevant in some model (Type-l 2HDM)
3. CEPC provides more opportunities to study the productions
of LLPs from flavor changing processes

* Matching & running between sEFTs above EW scale and below
EW scale

 Constraints on more general long-lived light scalars (pure EFT
analysis and a2HDM, s2HDM & NMSSM)

A
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Backup Slides
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Goldstone BosSons

What makes Numbu-Goldstone bosons different from generic scalars?

* In terms of operators: non-linearly realized symmetry on G/H
n} > nt+ e+

G-invariant operators (e.g. tr(u,u*)) built from u,~D, 7
* Interms of amplitudes: Adler’s zero condition

M(pr) >z  for  pg -0

"N D
lim ZciBi = Zc,— lim B' =0
i=1 i=1

pﬂ'_)d p‘n'—)O

Basis for scalars /

{Bli=1,2,...,D} Rl

Basis for
Goldstones
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Goldstone Bosons (ALPS)

Axions or axion-like particles are pseudoscalars corresponding to
some U(1) symmetries breaking and possessing shift symmetry.

a A Ay
= Gqu v

Wfa,

(ER'YHdR> + Ce

a

W T 4 e
fa

1 _
L Diauaaﬂa + CE%B,WB“V +c
0,0 0,.a d,a )
; (WrY*ur) + ¢4 ; *— (erY"er)] 54

fa
Q@)+ ey (B, ),

~— Georgi et al. 86’

r
1+ Cy

\ Chala et al. 20’, Bauer et al. 20’

- f_ (CQHuGLfIUR + CQHd@LHdR + CLHeaLHeR + hC) 41

dim-6 (D,s)(DHs)H;HT

a
a

dim-8 e*e/'(D#s)Hy(DyH;)(Lyp; Lrj) L =2 S is a majoron
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Majovonad & Dirac Fermions

For scalars, one can combine two real scalars into a complex one. An
extra U(1) symmetry should be imposed for the complex scalars in the

operators.

One can perform similar thing in fermion case.

LD —myxi1x1 — mxax2 + h.c. & &(2)) C?qu —sing el
X2 sing cos¢ X2

XL=X1+ix2 XR=X1—tXx2 — LD —mXrXRr + h.c.

ul): xr — €9xz and xgp — e “@xg

Hence we construct EFT for Ny = 2 Majorona fermions and assign
opposite U(1) charges for them to obtain EFT for a Dirac fermion.
(Double DoFs) N
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Massive vectors (Dark Photow)

How to describe a massive vector boson?

1

. 1 v 2 v v
* Proca Lagrangian: £2 —7Xuw X" +omx X, X" — By X"

4

2

breaks gauge symmetry, two building block X, and X, (related by EoMs),

2
Ky ?
(XMX ) " M. Reece 1808.09966

e Stueckelberg Lagrangian:

— LStueck =

1
4

X, XM +

1

= (X — ——B,m)(X¥ — ——0kr)

X, — X, +0,0(x)

T — T +mxo(x).

mx mx

- %(WXM + mxm) (0 X, +mxm)|BAUBETXING L oy e m) (0" X, + Emxr)

- T

U=e'™mx

Yl

¥ ~Stueck —

L
4

28

X XM H

1

2 (0*X,, —i&m% InU)?
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Massive vectors (Dark Photow)

Can EFT indeed includes (XMX"‘)2 ?

Higgs mechanism

1 v tpig 4 26t tg)?
EDark v+Dark Higgs — — ZX,LLVX +DuS D S-I—,U, S'S—A (S S)
\ S:%(”ﬂa)e‘%

1 1 1 1
£Dark v+Dark Higgs — — ZX;WX“V + 592'0‘% (Xp, - gTsauﬂ) (X“ — gv_sauﬂ>

1 1 1
+ 58“08”0 — 52)\2)%02 — Mo — Z)\a"‘

o o2 v A
+ ;+ﬁ (g'vXu— ,ﬂr)(gvX —0 7'(')

Integrate out o

1 1 1 1
EFT 2,2
‘CDark v+Dark Higgs—o — — ZX;WX“V + 59 Vg (Xp, - gTS “71') <X“ — gv_saﬂw>

2
o : )( ; )]
_ B M
+@ﬁj< “ s s )T

V>
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MassSive vectors

How to build EFTs for massive vectors

* Building blocks: u, and X,,,,
* Power counting: u, has dimension 1 (chiral dimension)

Huayang Song

dim-4 operators

Class Type Stueckelberg Unitary
F?2 X.By By X v
uecel (ecpa“eir)uu (eCPJ“eZT)X”
uL L' (Lp;o" L1, Yuy, (Lp,0* L1, X,
urp uQQT (QpaiU“QTrai)“u (QPaiJ#QTrai)XH
ud,d} (deptotdl,. up (dep®otdl, )X,
uucUE (uCanHqua)uu (UCPQGHUIM)XM
u2g? u2HH' HH ', uv HH' X, X"
ut ut u,utu,u” X, XX, X"
dim-4 operators
Class Type Real » Complex F Zo
F2 X_.BL By X  Double DoFs
uecez (ecpcr”ezr)Xu
uLLt (Lp,0"LT, X,
e uQQ! (@pas@',") X,
ud,.d], (depotdl, ) Xp
utu] (uepotul, ) Xy
u?¢? wul HH' HH''X, X" H;HU' X[ X" v
ut w?ut? X, XX, XV XlX”XiX” 4
X1 XX, X" v

HEFT
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Production channels of Light Scalars
Semi-leptonic Pion and Kaon Decay n/K — #v¢

Kaon Decays

Meson Decays D-meson Decays K/D/B — X¢
B-meson decays

Eta Decays n— g, = e

Bottomonium Decays Y —yop

Scalar Bremsstrahlung

Weak Decays h— ¢p, Z — HA,W — HH*
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Explove Beyond the (Type-1) 2HDM

 We build a code that is able to handle
** Both CP-even and CP-odd light scalar decays and productions
s All kinds of scalar couplings: four types of 2HDMs, dark (pseudo)scalar, general
scalar models with extra particles
¢ Full low mass regime with the state of the art for calculations

CP-even CP-odd
L, = 1 2¢2_§ :cfﬂd)ff_ CW%QBW“*W‘ L4 = 1 2 A2 Z My . f 7 A
6 = 2'”,, 67 So y m A= —5/“‘4 + W g\f/r)f
f f=ud,e
2
ZmZ -~ as¢ a apy ,v(){(,b v ,O[SA v q’(,lfA [
N YAV &7 -G* G* ¢ —LF, F* o ——G L G+ ——F, F*".

So v ¢ 1z + So 1271, v pv + g(}4ﬂ_ v 2 +g;\4ﬂ_ v G;U' s G + K:‘4:,]_‘_ v H

+)  ApssdSTST
S

 We will make the code public for further studies on long-lived light scalars at other
experiments. https://github.com/shiggs90/Light_scalar_decay.git.



