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Parity-violating electron scattering (PVES) experiments
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P2 experiment

Experimental concept
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https://www.blogs.uni-mainz.de/fb08p2/

New physics contributions

New Feynman diagrams for e + p and e+2C scatterings
@ Chiral & non-chiral (light) Z’ models:

@ Heavy leptoquarks:
@ Heavy vector-like quarks:

@ Heavy vector-like leptons:
(not as constraining as EWPO limits)

@ SM Effective Field Theory operators:

Extra light particles emitted in e + p and e+!2C scatterings
@ Bremsstrahlung processes:

eg. et+p(*C)—e+p*C)+2Z
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contributions

@ chiral models:

[diagrams with gt # g, ALY

@ non-chiral models:

Y

APV from chiral U(1)’ APV from non-chiral U(1)’
CL-F, PL.R CL’R\\ /CL,R
Z
Z/
Z/
N N N N
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Interactions

o Gauge couplings:

L = Z.(ge eV eL + 8exerY er) + Zu(8v NV N + gaN~v"v° N)
+Z, (g e e + gl er " er) + Z, (g NV N + ghNv"~+°N).

o Vector couplings of Z) to nucleus with Z protons and N neutrons:

1 1 1 1
8v = Z guL + guR + EgdL + Eng +N gdL + ng + EguL + EguR 3
! !/ ! 1 ! 1 / ! / 1 ! 1 !
gv = Z|8ut8ut 584+ 58 +N | gy, + &4 + 580 T 58uc ) -

@ Axial-vector couplings of Z() to nucleus: not calculable from first principle,

E 2
e 9_ <0014
my 4E3

suppressed by
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Parity-violating asymmetry A"V

For the process e rtN—e g+ N
@ Amplitudes
ML R e GL R GL R = _i2 _|_ geL,eRgV gel’L,eRg\//
' Y ' @ ¢-mi G- m>
o Parity-violating asymmetry
APV — GI2? — GE
G3 + G?
(6o — 8er)gv @ | (82 — &) 81 1
- Aoy m% Aoy 1+ m2,/Q?

@ Neglecting the new physics contributions

GrQ? (1 — 455\/)
B 4ﬁ7ra
3v2GFQ?

yes

ASM(e +p)

Abv(e +12C) ~
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Chiral U(1)" models

Table: Quantum numbers of fermions in the three chiral U(1)" models

U(1)" charge assignment
model (x,y) (vi,er) (vr, €r) (u,dr)  (ugr,dgr)
“xty) —(x+2y, 2x+y) Lxty) (x )
U@, (-53 -1 (=2,0) 3 (-3.%)
U), (1,-1) 0 (1,-1) 0 (1,-1)
umx  (0,1) -3 (=2,-1) 3 (0,1)

New physics contribution

g/2 Q;v Q/LR 1l
dra 1+ m3, /Q?

AAPY = APV — AQY &

Qr = Q,-Q,
1

Q = Qut+Qut 5 (Q+ Q)

Qic = 9(Q, + @, + Q) + Q)

Yongchao Zhang (SEU) Feb 12, 2023

8/

28



Non-chiral models

@ Kinetic and mass mixing of Z and Z’ bosons:
€ v/ 2515
L o —3B"F,+om 212

dm?

tanf 5

2
mz, — mz

@ Couplings of the physical gauge bosons:
L D Z,[Jcosf — Jgsin ]+ Z), [Je sin B+ S cos f]

2

€S m=,

tan8 =~ W 4 tang + 0% €), rm=—%
rm—1 ms

Ko = YaMFr,

fyrf

f
o=
X zf:\/l—e2

(&' Qf — gzesw Y] ,
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Mixing induced A"V

APV for the non-chiral U(1)’ models:

AAPV(e e m%, (1 — rm) (1 — 4512,‘/) + Q2 (4rm55v +2r, — 3) 2 2
Az 0P (-t + @)
AAPV(e +120) = m%siy (1 — rm) + @ (1 — rm — rinsiy) 2

ASnt (1 —rm)?(mZ + @?)
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Mixing induced A"V

APV for the non-chiral U(1)’ models:

only mass mixing (g’ # 0)

PV 2
DAY {mz(l—kR) 1]

ASn m, + @

RerplU(1)s] = gzsin ;(21g/_ 4siy)
Re+1zc[U(1)B] = _gzs?f/es‘%v
RIUWs-1] = 3RV
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Calculation procedure

@ Momentum transferred:
Q? ~ 4E;Efsin(f¢/2), 6 =35° [00=20°].
o Calculating prospects at the 90% C.L.

AAPY {\/ﬁ % 1.4% 2.30% (e + p scattering),

APV 1 V2T71x03% = 0.49% (e+'2C scattering),

e Weak mixing angle at the low-Q? scale:

sin? §y = 0.230 + 0.00003

neglecting the effects of Asin?6y, on new physics contributions in the
non-chiral models.
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BaBa: LHCb201

NA48/2
KLOE

assume:

10-5F

model: U(1),
type: chiral

Z'-Z mixing = 0

—— ¢ +pscattering 4

mz /MeV
@ Absence of prospects in 12C mode:
Qe x Q, + Q.. + Qy + Qy, =0
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10°

BaBar

N 2 .
. I\(l)\} - model: generic U(1)
K
10-1E i type: chiral/non-chiral
assume: ¢'Q" — 0
e~ + p scattering
Q. e e~ + 12C scattering
10-5 L Livin n " L L ~
10° 10! 10? 10° 10 10° 10° 107
my /MeV
@ When mz > my:
AAPY m2 . .
o —1) - -
APV m2 + Q2
SM z'
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P2 prospects: non-chiral U(1)" model: kinetic mixing

103 E
model: generic U(1)
. 9 type: chiral/non-chiral
107 g~ 4
assume: ¢'Q" — 0
e~ + p scattering
----- e~ + '2C scattering
103 L = - = = L .
10 10 10* 10 10 10° 10

my /MeV

@ Z' couplings are much photon-like when Z’ is light:

2
m
(82, — 82) méz’

—0
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18/2
FKLOE.

LHCb2019

e+ pseattering
e+ 12C seattering

BaBar
NAIS/2
+KLOE

LHCb2019

model: U1)a-1,
type: now-chiral

assume: o' /s9 =10

e e 4 1C scattering.

+p seattering

BaBar
+NAIS/2
+KLOE.

LHCH2010 asume: ¢'/sp =10.0

|
model: U(1)a-1,
type: non-chiral

— ¢+ pseattering

o + 120 seattering

107 107
mz/MeV

non-chiral U(1)g_; model: mass mixing

(&' #0)

@ Absence of P2 sensitivities:
mz =+v1+ Rmyz

e+p: 51 GeV,
e+2C: 96 GeV, 325GeV,
990 GeV

For g’/sinf =1 and 10 with p,
R < —1, no cancellation.




Leptoquarks & D-6 EFT operators

Table: Leptoquarks with F = 3B + L the fermion Parity-violating EFT operators:

number.

F=3B1L Spn SUG)c SU@. ULy  Ouwy = (") (3.9
S 2 0 3 1 -1/3 Tl i [\ (5 i
5 > o 3 ) _4f3 O = (W'r /)_(CWM q)
S3 2 0 3 3 -1/3 O = (&"e)(Uyuu)
Vs 2 1 3 2 -5/6 — (k) (7
A 2 1 3 2 1/6 Ocd (&%) (d7,.0)
R, 0 0 3 2 7/6 O = () (Ty,u)
R 0 0 3 2 1/6 - -
gi 0 1 3 1 2/3 Ouw = (W) (dv.d)
U 0 1 3 1 5/3 Oge = (g7"q) (ey.€)
Us 0 1 3 3 2/3
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Couplings of leptoquarks

Couplings of leptoquarks
Lr— = (s G€®(I°)" + sir Tref) Si + 51 dre® S1 + s3G°(7)0e2(1°)7 S5
+ (VR G*Vuef + var dry,(16)7) VA" + W TR, (1) V4 + Hec,
Lr_g = (rgRﬁbeR + rgi_ﬁ/aeab) Rf + (72d7R/a€ab> Rfl
+ (u1. Gyul + vir dryuer) UL + Uy Uryuer UM+ u3 Gy, | l_J‘éL + Hec.,
Integrating out heavy leptoquarks and mapping into SMEFT operators
1 3 1 3 1
Cla) = —Z|51L\2 - Z|S3|2 + §\U1L|2 + §|U3|2 Coe = §\f2R|2 — |var]?
1 1 1 1 1 ~
Ciaa) = +5ls1* = glssl* + Slonc* = Slusl® G = Slrauf* =[]
1

1 - ~
Ceu:*§|51R|2+|U1|2 C/dzi\f2|2*\V2L\2

1.
Ced = —§|S1|2 + |uir|?
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Effective Lagrangian

Effective parity-violating Lagrangian for P2 experiment:

1 _ _
Lov = 55 >, D (@wPxe) [Cuvr(FyF) + Cxar(Fy"y°f)]
f=u,d X=L,R

with the coefficients

Civu = %(C/q(l) — Cig3) + Ci) Crvu = %(qu + Ceu)
Civa = %(C/q(l) + C3) + Cia) Crvd = %(qu + Ced)
Crauy = %(_Clq(l) + Cig(3) + Cu) Crau = %(—qu + Ceu)
Crad = %(_Clq(l) = Ciq3) + Cia) Crad = %(—qu + Ced)
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Quark couplings — nucleus couplings

@ Nuclear form factors:

io"” qy

(N(p")|Fy*fIN(p)) = T(p') [F{’”(qw +FN(P) } u(p)

2[17/\/

(N(p")|Fy"+*FIN(p)) = T(p") {GZ’N(cF)W“f + GL”"(qz)Z:ﬂ u(p)

@ The form factors for nuclei A are very similar.

o Effect of axial couplings is strongly suppressed in the parity asymmetry
parameter and nuclear weak charge.
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Parity asymmetry

Parity asymmetry

T HE MR~ M

APV = o de T 2 2
ok 4 SoL [ Mg+ [M,]

. K

’.MLij?rr = Z % (U (ke)Ojus(pe)) (Ur’(kN)OJ/'”r(PN)) .

j

J Kj O; 9;

1 GwF + CvaFiN 7P ’Y”

2 CQwF) + CLVdFd YuPL 10" gy, /2my

3 CrwF + CRVdFd YuPr ’Y“

4 CpuhFy + CrvaFy N YuPr 10" qu/2mp

5 CLAuG + CLAde YuPL ey

6 CrauGp + CLAde YuPL P q/2my

7 CrauGy + CRAde YuPr ey

8 CrauGp Ny CRAde YPr  °g"/2my
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New physics contribution

o We make a double expansion in powers m;>" & A~2".
@ Leading-order New Physics contribution:
Cvr q° FN
DA (N) ~ =5 = — i ——
A2 4ra g, F" +qu1d’N
N

RVF _ Crr q
AApy (N) = A2 47TozqF“N+qudN

AAY (V) ~ Crar N E.q" qu(Ffl’N + FQUYN) + qd(F1d’N + de’N)
PV A2 A 47a(2EZ — m2)my (quF™N + quF{ V)2

AARAf(N) ~ Crar N E.q* Qu(F{J’N Fy" N) + Qd(Fd N F;’N)
PV A2 T4 4ra(2E2 — m2)my (un”N + quF N)
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P2 sensitivities to effective operator coefficients

Target C ANVC[TeV] C A/VC [TeV]

CGw 131 Cvg 93
Crvy 131 Cva 93
P Caw 26 Cag 18
12C CLVu 8.4 CLVd 8.4
Coupling AVC [TeV]
P2 (p) P2 (12C) APV (133Cs) ATLAS dilepton
Cat) 114 84 1.1 77
Ca3) 6.9 - 26 9.2
Ceu 9.4 59 3.2 7.5
Ced 6.4 59 3.4 4.8
Cqe 11.3 8.4 4.6 7.2
Cu 9.0 59 7.6 6.2
Cia 6.7 5.9 8.1 5.0

o APV limits:
@ ATLAS dilepton limits:
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P2 sensitivities to leptoquark masses

Leptoquark  Coupling mig[TeV]
P2(p) P2(20) fou AILAS
(133Cs)  dilepton
51 S1L 6.6 4.2 2.2 2.3
51 S1R 6.6 4.2 5.4 2.6
S 5 45 4.2 5.7 3.1
S3 s3 9.2 7.3 4.0 5.0
V2 VR 11.3 8.4 4.6 8.7
V2 VoL 6.7 5.9 8.1 6.5
Vs 7 9.0 5.9 7.6 7.8
Rz PR 7.9 5.9 3.3 45
R2 L 6.4 4.2 5.4 4.1
R, 2 47 4.2 5.7 23
U1 uyp 6.4 5.9 3.4 4.1
U1 umRr 64 5.9 8.1 4.6
U o 9.4 5.9 7.6 7.3
Us us 14.8 10.3 5.6 10.8
o APV limits:

@ ATLAS dilepton limits:
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P2 prospects: scalar leptoquarks
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P2 prospects: vector leptoquarks

ot
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P2 prospects: distinguishing different contributions
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Figure: EFT scale A =1 TeV.
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Conclusion

@ The low-energy high precision PVES experiment P2 is sensitive to a large
variety of new physics scenarios, including Z’ bosons and leptoquarks.

@ For chiral U(1)’ models, the P2 experiment is sensitivities to a Z’ mass up to
79 TeV in the proton mode and up to 90 TeV in 2C mode.

@ For non-chiral U(1)" models, the P2 sensitivities are independent of mz: for
sufficiently heavy Z’.

@ For leptoquarks, the P2 experiment can probe mass up to roughly 15 GeV,
well above the high-energy collider and APV limits.

Thank you very much!
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Coupling of Z and Z’ bosons

models SM chiral models non-chiral models
APV caused by NC L # QL eB*F, om*Z+Z]
8e gz (=3 + siy) g gM + Wgzsﬁvg g5Mcos
8er 825ty gsM gsM + %gzsﬁ/e2 g5M cos 0
8u 8z (5 — 3siv) g e - %gﬁﬁ/s? giM cos
8ur gz (—3si) g g — %gﬂﬁ/ez &M cos 6
PR S VD A
Edg gz (35w) g giM+ Wgzsﬁvé g5M cos 6
géL 0 éLg, cavliir:"/zﬁgzsw geSLM sin @
Ber 0 -4 Ciw,;,,:mfgzsw gESRM sin
gl 0 0.8 72(”;},53‘3 €gzsw goMsin®
8ir 0 Q.8 =) gy £Msino
&4, 0 Qy& a’%zfjv)sgzsw g;?LM sin 6
gflf»? 0 QQRgl ;:Vf_%fgzsw gi_\;“ sin @
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models mz =0 Mz =
e+p e+12C e+p e+12C
u(Ly; g <17x107° g <12x107° | 72 >59TeV | 72 >83TeV
UYL g <17x10° = TS 56 TeV =
ULy g <15x1075 g <15x107° [ " >77TeV | T >T7TeV
U(1) (sinf) |sind<1.7x107% | sinf <7.3x107° sind < 0.13 sinf < 0.07
Uy () ¢ <005 €< 0.07 T2 5 350 GeV | "Z > 600 GeV
U(1)g (0.01) sinf <9 x 107° sinf <9 x107° sinf < 0.13 sinf < 0.07
U(1)g (1) sinf <1.1x107° | sinf <12x107° | sinf <0.13 sinf < 0.07
U(1)s (10) sinf <37 x107° | sinf<41x10°| sinf<0.13 sinf < 0.07
U(1)p— (0.01) | sind <2.9x10=% | sinf < 6.9 x 107> sind < 0.13 sinf < 0.07
U1)g— (1) sinf <2 x107° sinff <2 x107° sinf < 0.13 sinf < 0.07
U(1)g— (10) sinf <6x107° |sind<65x107°| sinf<0.13 sinf < 0.07
Feb 12, 2023 30 /28
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P2 improvements of mz and g’: chiral U(1)" models

models | mode mz: ranges g’ ranges
vy, &P - S _
[100 MeV, 200 MeV] | [2.0 x 107°, 3.3 x 107°]
e+12C | [70 GeV, 600 GeV] [0.01, 0.09]
[5 TeV, 90 TeV| [0.70, 47]
[20 MeV, 200 MeV] | [1.7 x 107°, 4.0 x 107°]
Ul)s | e+p [70 GeV, 600 GeV] [0.012, 0.1]
[5 TeV, 70 TeV] [0.9, 4x]
[93 MeV, 430 MeV] | [2.0 x 107°, 7.5 x 107°]
u(LY, e+p [70 GeV, 700 GeV] [0.01, 0.11]
X [5 TeV, 79 TeV] [0.8, 4x]
[93 MeV, 430 MeV] | [2.0 x 107>, 7.5 x 107°]
e+12C | [70 GeV, 700 GeV] [0.01, 0.11]
[5 TeV, 79 TeV] [0.8, 4]
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models mode mz: ranges sin @ or € ranges
U@y (sne) |-°TP - = _
1o | (110 MeV, 200 MeV] | [1.1 x 107, 1.9 x 10 7]
e+C (> 70 GeV) [0.07, 0.15]
, e+p - -
U(l) (5) e+12C — —
[120 MeV, 200 MeV] | [1.4 x 107, 2.3 x 10-7]
U)g (0.01) | TP | [70 GeV, 100 GeV] [0.08, 0.20]
o 12c | [120 MeV, 200 MeV] | [L4x 10+, 2.3 x 107]
(> 70 GeV) [0.07, 0.13]
[70 MeV, 10 GeV] | [1.2x 107°,1.2 x 1079]
UWs (@) | €TP | [70 Gev, 500 Gev] [8 x 103, 0.06]
[83 MeV, 10 GeV] | [1.4x 107°, 1.3 x 1077]
e+12C | [70 GeV, 650 GeV] [9 x 1073, 0.055]
(> 2.3 TeV) [0.067, 0.07]
etp | [70MeV, 305 GeV 40 % 10~°, 0.012
U(1)s (10) 12 {83 MeV, 305 Gev% {4.2 X109, 0‘012{
et (>5Tev) [0.067, 0.07]
etp | [90 GV, 110 GeV 0.17, 0.19
U(1)s- (0.01) 12¢ [1[10 MeV, 560 Me\]/] Ix 1[074, 5.0 ><]10’4]
et (> 70 GeV) [0.07, 0.2]
[80 MeV, 600 MeV] | [2.4 x 10-5, 1.2 x 10~ 7]
UM (1) | ¢TP | 170 Gev, 620 Gev] [0.013, 0.1]
80 MeV, 600 MeV] _ _
eti2C [[70 GeV, 260 GeV]] 2.4 x (1)00153’ 10'21; 107
(> 400 GeV) [0.013, 0.18]
[70 MeV, 200 MeV] | [7.0 x 105, 1.4 x 10-7]
U@)s_s (10) | €TP | 70 Gev, 420 Gev] [4.3 x 1073, 0.028]
or2c | 183 MV, 600 MeV] | 0.0 x 10~°, 1.5 % 107

[70 GeV, 420 GeV]

[4.5 x 1073, 0.032]
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