Lepton flavor of four-fermion operator and

fermion portal dark matter

Gang Li (£ R])

School of Physics and Astronomy,
Sun Yat-sen University, Zhuhai

Yuxuan He, GL, Jia Liu, Xiao-Ping Wang, Xiang Zhao, 2407.06523

FTTENFIE. ZYENFEFRIXFERGREATS

=PA 202478148



Four-fermion operators

Four-fermion interaction prior to the SM
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Four-fermion operators

Ci
Four-fermion interactions in the SMEFT (d = 6) Wilson coefficients 5

unknown C; and A
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B. Grzadkowski, et al, 1008.4884 (JHEP)
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Four-fermion operators

Flavor symmetry

No symmetry U(3)°
Class Operators 3 Gen. 1 Gen. || Exact | O(Y.}, ) | O}, Y;Y2)
(LL)(LL) 171 126 |5 - ||8 -—[8 - 14 -
(RR)(RR) 255 195 |7 - (9 -9 - 14 -
8 (LL)(RR) 360 288 [8 — ||8 —|8 ~— 18 -

_ e | I | ISR ERUPIRNEPIRNY NENRPERIIN strongly
(I_‘R)(?I’) 81 81 1= == - ~ 1 suppressed
(LR)(LR) 324 324 |4 4 |i- |- - |4 4.

CP-even -odd

Faroughy, Isidori, Wilsch, Yamamoto 2005.05366 (JHEP)

Focus on the semileptonic operator of type LRRL

O = (Chews) () L=(") = (1)

€L

flavor indices: s=t=1
(avﬁ) = (27 2) ) (17 2)
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Semileptonic four-fermion operator

Lepton flavor conserving (LFC) scenario

observables  L: low-energy charged current

: , processes (neutron, nuclear, and

Operators L | EW C meson decays)

(LR)(RL) + h.c. e EW: electroweak precision observables

e C: Drell-Yan collider processes (pp —

Qledq (fgyer)(gsqm) v X v

[l and pp — V)

In order to avoid tensions among different observables, global fits
are essential. Using current data,

CEL'/A? = (0.017 £0.039) TeV ™2 V. Cirigliano, et al., 2311.00021 (JHEP)

consistent with zero at 1 sigma
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Semileptonic four-fermion operator

Lepton flavor violating (LFV) scenario

w e H . €
, g ‘a’\ probe of the LFV
/ s \ semileptonic operator
_<>_ Nucleus /\A

g+ (A, Z2) —e +(A2))
I'(p=+ (A, Z) = capture )

CR(p™ +(A,Z) = e +(4,2)

cLFV obs. CPrese@Jpper bounds (90% CL)

CR(p — ¢,5) 7.0 x 10711 Badertscher et al. (1982)
R(p — e, Ti) 4.3 x 107'%  SINDRUM II (1993)
CR(p — e,Pb) 4.6 x 10~ SINDRUM II (1996)
v CR(p—eAu) 7.0x1071 SINDRUM II (2006)
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Semileptonic four-fermion operator

Lepton flavor violating (LFV) scenario

K e & o g €
= 0/ \§—u probe of the LFV
= { \ . .
=7 W anaa W semileptonic operator
A A A A P
IClz
i .l L L8 il
N e
_ _ F'(p=+(A,2) e + (A, Z)) cupx —
CR A Z — A,Z = v T,
(W™ +(4,2) 5 e+ ) I'(p= 4+ (A, Z) = capture ) Capx =
ok dS AP g
Copx afR aBR 2A2 Ledq
cLFV obs. (Present)upper bounds (90% CL) oy
opX
CR(p — €,9) 7.0 x 10711 Badertscher et al. (1982) cix v
CR(x— e, Ti) 4.3 x10712 SINDRUM II (1993) “apx
CR(i — e,Pb) 4.6 x 10~'1  SINDRUM II (1996) iy
v CR(u—eAu)  7.0x10-% SINDRUM II (2006) e v
ngﬁx
i C’(Z}x
Current constraint: i
o 95% CL
1211 2 3 —2 o N N2 03
Cledq /A < (2.2 X 10 Tev) 10 10 ACTeV) 10 10 1
Fernandez-Martinez, et al., 2403.09772 (EPJC) one-at-a-time

ZNI/AFLKRE 7



Semileptonic four-fermion operator

Lepton flavor violating (LFV) scenario

MuZ2e (Fermilab):
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; " @
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Production Target Calorimeter
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~20m

commissioning starts in early 2025
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COMET (J-PARC):

proton j pion capture
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pion production
target

spectrometer
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v'Proton beamline (C-Line) ready.

v"Muon transport solenoid ready.

* Pion capture solenoid still under
preparation.
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Semileptonic four-fermion operator

Lepton flavor violating (LFV) scenario

MuZ2e (Fermilab):

Production Target

Muon
Stopping Target

~20m

commissioning starts in early 2025

Using expected sensitivity:

CR(u~ +Al—e +Al) <1077

mm)  CR2L/A% < (2.9 x 10" Tev)

W. Haxton et al., 2406.13818
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Two questions

In the LFC scenario:

CELt/A? = (0.017 £0.039) TeV~?  (current)

How to uncover the relevant new physics?

In the LFV scenario:
Ciz /A% < (2.2 x 10° TeV) - (current)

CIZH /A% < (29 x 10* Tev) ™" (future)

How to alleviate the mass scale of new physics?

ZNI/AFLKRE
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Two questions

e |n the LFC scenario:

CELt/A? = (0.017 £0.039) TeV~?  (current) V @
. VL
How to uncover the relevant new physics? Lo = er

(07

m=) measuremets of neutrino non-standard interactions
* In the LFV scenario:
CIZ/A? < (22 10° TeV) ” (current)
Ciat /A% < (2.9 x 10 Tev) ~  (future)

How to alleviate the mass scale of new physics?

m=) four-fermion interaction from dark loop
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Neutrino Non-Standard Interactions

Charged-current neutrino NSls:

2Vud 1 1]/ — 0
Lcoc D — {— les]ag (@id;) (€aPryp)
v? 2 B C?fdlql* _ —2Vid 11 —2Vud 11
1 g B A2 2 [S]zz——g[P]QQ
_§ [EP]aB (ui’}/g,dj) (EQPLV5> + h.c. }
6T (n* — p"v,) modifies the neutrino sources
2 2 2
| (s o)) D (Yt i) | = 20
64mwm3 T\ T2 P22 ™ my, (my + my)
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Neutrino Non-Standard Interactions

Charged-current neutrino NSls:

2Via [ 1 i -
Lce D — {— les]ap (@id;) (LaPrLyg)
v? 2 ’ Cl2€2dlql* . —2Vua 11 —2Vud 11
1 i B A2 2 [5]22——2[P]22
_§ [GP]aB (uz'y5d3) (gaPLUﬁ> + h.c. }
6T (n* — p"v,) modifies the neutrino sources
2 2 2
L) ) I Top (22 (12 2 Ty = M 20
64mm3 T\ 2 P22 ™ my, (my + my)

Next-generation oscillation experiments
Among the most sensitive LFC

operators to probe:

T2HK DUNE JUNO T2HK and JUNO and

limit limit  limit DUNE limit TAO limit 2211 /5 2 9
Operator (TeV) (TeV) (TeV) (TeV) (TeV) Cledq / A" < (12'3 TeV)
D o.. o1 112 07 12.3 0.7
M 0., 4542 193 12 454.2 12

Y. Du, H.-L. Li, J. Tang, S. Vihonen, J.-H. Yu 2106.15800 (PRD)
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Dark loop

UV completions of four-fermion operators

_+.

D-I-1
Class I (from T-1): \(—)/

dark particles in box diagram  cepedello, Esser, Hirsch, Sanz, 2302.03485 (JHEP)

D-I-1 provides the simplest Two key points to alleviate the
realizetion for new physics scale:
Ozofzzt = (szeRB) (CZRSQg> e loop factor ~ 1/167>

(a,8)=(2,2),(1,2) s=t=1 e coupling dependence ~ fip
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Fermion portal dark matter

UV completion with dark particles

=~

MR
g new fields | SU3)c | SU(2)L, | U(1)y Za
""" X 1 1 0 -1
X F 1 2 s —1
_____ S 1 1 1 —1
O bd 3 1 —3 —1

dp

L= frs (LFr)S*+ fys (XLpr) S

+ frq (FrQ) ¢ + fax (drxL) ¢a + h.c.
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fnp = (fLSfofFQde>1/4

Majorana DM: X
mediators: S, b4
lepton: F

Cepedello, Esser, Hirsch, Sanz, 2302.03485 (JHEP)
An, Wang and H. Zhang, 1308.0592 (PRD)

Bai, Berger, 1308.0612 (JHEP)

DiFranzo, Nagao, Rajaraman, Tait, 1308.2679 (JHEP)
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Wilson coeffcients

Model-indepdent constraints

08 / JJ ’F
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DM relic density

Majorana DM annihilation at tree-level

N p 400——————————————————
\/ 300
| =
1 ()]
) S A, 200
! >
! =
/\ 100!
X M 0:-',' 29
0 100 200 300 400
ms [GeV]
4 2 4 2
(ov) = xs My 1 42 xS z (1+a%)
32r mé (14 x)? 48mm% (14 x)4
x = mi/m% mi/mg < 2 \ p-wave contribution is dominant
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DM direct detection

Majorana DM scattering at tree-level

1000;
X X ¥
500; XENON1T
o) = Jax =
______ ()]
O, 100!
3 sof
d d il
xd = xd 105100 500
) ) ) GeV
Effective interactions: mg [GeV]
Ov = (x7"7°x) (dvud) Os = maxxdd
7, 7 v pv .
O = (x1"7°x) (duy°d) Op = |xi (91y1) ] {d (v{“z‘D_} - gTuD_) d]

K. A. Mohan, D. Sengupta, T. M. P. Tait,
_ o _ _ _ B. Yan, C. P. Yuan, 1903.05650 (JHEP)
Exclusion limit from DM direct detection is

dominated by SD interactions associated with O 4
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DM direct detection

Majorana DM scattering at tree-level

10005~ o
X X e i W LZ(2022) |
2008 ] M PandaX-4T |
rT — \\ \\ 7
Pd = Aoy
-------- S 100 L
- i \\ Jax =2
> i s
& 50 v
d d , Jax =1,
Xd — Xd 1g oo ’_’q“”’ ‘
00 1000 2000

The relic density of x as the observed total DM relic density is assumed

* Limits could be notably weaker if the relic density depends on a give f, g

Benchmarks:

fix =1, mg=2TeV oo no exclusion

L-—4

fix =2, me=25TeV > 15GeV <m, <100 GeV is excluded

ZNI/FILKREF 19



Collider searches t
S
Leptons + MET: mp > mg > mg > my 1o
o
v SL1: pp = StS—, ST = uty; ’

SL2: pp — FYF—, Ft — Sty F~ — S~ 1y, ST — uty;

SL3: pp — FOF° FO  §+¢— FO  §—¢+ S+ uix,gf = e or ,uai

mys [GeV]
q _sH/Ft 100 200 300 400 500 600
"/’/Z ’,¢/ 1072,
Y8 g e -4
7 ~S/F _ 10
SL1, SL2 = 1
Z 107 Jrg=2
| = pp=StST(EW)
u d g mPPL NP
\/F{ \/F() 107% \.‘F;p;FOFO‘E&E): - - - e = = =
' : | wPp-FF-EW)  Jigmigy - oo
oy 'y 1010 - ‘ . ’TQ 0.02 | -
! ; 18 20 22 24 26 28 3.0
/\ /\ e [TV
u d
SL2 SL3 e SL2 and SL3 are negligible given mp %

* Only muons are in the final state
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Collider searches

Leptons + MET: Mmp 2 Mg > Mg > My

SL1: pp — STS—, S* — u*x; in both LFC and LFV scenarios

We read off the exclusion limits on the masses of right-handed
slepton (smuon) and neutralino and reinterpret them as

250

= 21+ETS% Run 2 (comp.)
200 m 21+ETSS, Run2
a 2+EMS5 Run 1

o 150 = 2+ETS, LEP

100 200 300 400 500
ms [GeV]

see also

J. Liu, X.-P. Wang, K.-P. Xie, 2104.06421 (JHEP)
Q.-H. Cao, GL, K.-P. Xie, J. Zhang, 1711.02113 (PRD)
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Jet(s) + MET:

SJ1
SJ2
SJ3

parton level:

d

{
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Collider searches

Mmp 2 Mg > Mg > My

+1/3

pp — ¢T3 M3 4

SJ2

+1 73
L pp — @y X:de/

— XJ;
+1/3

d — X7

-
-—‘-

S -
~
~

: pp — xXJj (3-body), j =g, d or d;

)

-----
------
- -

S
-
-

=y
I
S,
|

SJ3
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Jet(s) +

Collider searches

MET:

SJ1: pp — xxJ (3-body), j =g, d or d; -

+1/3

SJ2: pp — ¢y 8

X5 de

SI3: pp — ¢ 30 13 6T v

parton level:

m,=200 GeV

H PPXX)

Nerpdul e dia e SR ney

1.5 2.0 25 3.0
mg [TeV]
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Mmp 2 Mg > Mg > My

— XJ;

monojet+MET search
- dijet+MET search

m,=200 GeV, mp=3 TeV

m PP bady
B pp— du¢) (QCD)

15 2.0 25 3.0



Collider searches

Jet(s) + MET at LHC Run 2:

1.2 mg=3 TeV —_ monojet+ ETS, fy =feq=2

monojet-+MET search :

o Fp > 200 GeV, leading jet pr > 150 GeV and |n| < 2.4;

e up to four jets with pp > 30 GeV and |n| < 2.8;

o [Ag(jet, p)| > 0.4 (0.6) for By > 250 GeV (< 250 GeV);

e veto of electron, muon, 7-lepton or photon.

10 12 14 16 18 20 22 24
mg [TeV]

dijet+MET search:

e P > 300 GeV, leading jet with pr(j1) > 200 GeV and sub-leading jet with pr(j2) >
50 GeV, and |A¢(j1,2’(3), PT)| = 0.2 :

o Mg > 800 GeV; fax =1, mg > 1.76 TeV

e veto of electron (muon) with pr > 6(7) GeV,
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Benchmark scenarios:

Combined results

fxe = (frsfxsfrafao) ™"

BM | mg[TeV] | mr [TeV] | frs = frq | fax | fxs | QB

()| [25] | {80 o1 [20]20] 7 fup =205  (LFQ)
)| [25] | 130 01 |20] / |0.1199

(c) 2.0 2.0 1.41x 107210 15| /

(d) | [ 20) i\_z_p_ | 141 x 102 (1.0} / |0.1199 fnp=0.1314  (LFV)

from collider searches and DM direct detection

ZNI/AFLKRE
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Combined results

LFC scenarios:

600
shg O CZIN2(12.3 TeV)™ fis=frq=2.1, fg,=f,g=2 (@)
- 2|_+_E'ITT_1iSS’I Run 2 (Comp.) m¢=25 TEV, m,:=3 TeV
21+EMss Run 2 g
400 "TU°T .
m 21+E7"%, Run 1 P
300, " 2HET*LEP -
a DM-nucleus i .
200 *® 0,h?20.1199 .-~ 1
100r .
100 200 300 400 500
mg [GeV]

Q,h? <0.1199
1: compressed mass region
2: large mg and m,, region
3: large mg, small m, region

4: EW mg and m,, region
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600
b

500 " CELIIN2(12.3 TeV) ™ Q,h°=0.1199 (b)

= 2+ET"%, Run 2 (comp.) fLs=trq=2.1, fgy=2
400 = 2HET™, Run2 my=2.5 TeV, mp=3 TeV

m 2+EPSS, Run 1 )
300 = 2+ETSS, LEP

s DM-nucleus L fo ~ 2
200
i %/%W

100 200 300 400 500 6

ms [GeV]
Q,h* =0.1199

neutrino NSI

neutrino NSI and DM DD

LHC and DM DD
26
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Combined results

no constraint from current DM direct detection

* sensitive to much smaller new physics couplings (fLs, fro)

LFV scenarios: .
500
= C
m ClAIN?2(2.2x10° TeV) 2 fis=ta=1.41x102 @
400; 4 21+E7, Run 2 (comp.) fox=1, fxs=1.5
m 21+ETSS Run 2 mg=me=2 TeV

= m 2HETS Run 1 o
()] g -

0} m 2+ETS, LEP

£ = Q,h?20.1199 ’

200 300

Mg [GeV]

Q,h? <0.1199

400 500

1: compressed mass region

2: large mg and m,, region

3: large mg, small m, region

4: EW mg and m,, region
ZRI/FWLKRZF

500

400

m Gy IN2(2.2x10° TeV)™
m 21+ET Run 2 (comp.)

m 2I+ETS, Run 2

m 2+E7 Run 1

= 2+E7SS L EP T

Quh°=0.1199 @
fle=frq=1.41x1072

fet, mopmec2 ey

[ — e conversion

200 300 400 500
ms [GeV]
Q,h? =0.1199

LHC
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Summary

We have studied the interplay of neutrino, dark matter and cLFV

We find that
* neutrino NSIs measured in next-generation oscillation
experiments could uncover LFC new physics
e dark loop could significantly alleviate the mass scale of LFV
new physics
* model-independent constraints on the Wilson coefficients
offer a distinctive probe of the fermion portal DM model,

especially in the compressed mass region

JTRP
\ q q
: o /N/ . \i BM | my[TeV] | mp [TeV] | frs = fro | fax | fxs | h?
A A
_ (b) 2.5 3.0 2.1 20| / |0.1199
(c) 2.0 2.0 1.41x 1072 |1.0| 15| /
oM = S @ | 20 2.0 [141x1072|1.0| / [0.1199
A
/
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