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Perspective

Non-zero v masses, a cosmic BAU, dark matter,
dark energy are all established, but the underlying
dynamics — and any interconnections — are unclear

Discovering the mechanisms of this new physics
rely, in part, on fundamental symmetry studies in
hadrons, nuclel, atoms, and molecules

These are multi-scale problems, and QCD, and the
ability to control it, flows through the interpretation of
the experimental results

TODAY: we consider “UQ” in these new physics
searches — and use hadronic parity violation
in the SM as a particular example
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New Particle Discovery Space

Dichotomies e *

Usually sumed
(as HERE!)

Energy vs. Precision
Direct vs. Indirect Detection

/

Particle production at colliders!

Probed ¥

new

EDM Searches!



A Vast Range of Dark Matter Candidates

Particle Masses  Elementary
Particle

ke  MeV GeV  TeV  PeV f30M)
17

Fits in Galaxy
zeV aeV feV peV neV peV meV eV

“Fuzzy DM” “WIMPs” “Exotics” *
Phenomenology controlled by deBroglie A )
at the Sun’s location: Hiﬁgff
npom Ag3 >> | npom Adge3 << | '
Behaves like Rare collisions
a classical field
Wave-like! Particle-like!

Cosmic small-scale structure is washed out if DM is too light
New opportunities!! New prpbes!! (Also theory driven!)



Model Independent Analysis

Assuming new physics scale A heavy cf. to the weak scale v
IAppelquist & Carazzone, 1975; notBuchmuller & Wyler, 1986; Grzadkowski et al., 2010

f Continue to evolve and match to still lower E scales
& EFTs as needed....
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“‘Fundamental Symmetries”
= Studies of B, C, CP, L, P, & T Violation
in Nuclei —and Light Hadrons (& more!)

Motivation: A cosmic baryon asymmetryE

The particle physics of the early universe can explain this

asymmetry if B (baryon number), C (particle-antiparticle),
and CP (matter-antimatter) violation all exist in a non-
equilibrium environment. 1sakharov, 1967"

But what is the mechanism?

The SMimosthas the right ingredients, but we
need BSM physics to explain it. Probes?

permanent EDMs  Ovfff decay  ni oscillations

AISOE u — e conversion; f-decay correlations...
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A Cosmic Baryon Asymmetry
Via electroweak baryogenesis (& a SFO EWPT!)

L
( @hale@

B

EDM limits constrain

this mechanism!

<'>x0 <'>=(

Bubble Wall =
7 IMorrisey & Ramsey#Musolf, 2012"



EDMs to Probe CPV for a BAU?

Current limits for the electron and neutron
strongly constrain models of EW baryogenesis

Neutron: 'd, ! < 1.8 X 1072°e-cm [90 % C.L.] iabel et al., 2020"
For a sense of sc;;_le:

=S\ Scaling the n to Earth’s size implies a charge
o separation

of < 4pm
(cf. human hair width 40 pm)

Expts under develapment reach for 10-100x sensitivity

Applied electric fields can be enormously enhanced
In atoms and molecules !Purcell and Ramsey, 1950"

ACME Il, 2018 (ThO): 'd,! < 1.1 x 107*’ e-cm [90 % C.L.]
Roussy et al., 2023 (HfF+): !d,! < 4.1 x 107" e-cm [90 % C.L.]



EFT+QCD for New Physics Searches

Assuming new physics heavy cf. to the weak scale

Hadronic Matrix Elements (indirect):
Context: Assert T &/or P, or B &/or B-L... broken at a

high scale A, to extend the SM: enter SMEFT

C-
= ! d IBuchmuller & Wyler, 1986;
gSM gSM | Ad—4 @i Grzadkowski et al., 2010"
l
. +_0 3 C:
€g..p—erx EZ!(‘Z;?):I D > —(qqq?); + h.c.

; IABlI=1

For ¢; work in an explicit BSM model
Local operator:

or make O(1) — with matrix element | ocp to compute its

hadronic matrix element

le.g., Aoki et al., FLAG review,
9 2111.09849"



Connecting LNV to Complex Systems

Example: “Tower of theories” for Ovf[ decay
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Alsou — e ; EDMs. .. 0 1Cirigliano et al., 2207.01085" 2209.03031"



EFT+QCD for New Physics Searches

Assume new physics is heavy but much more accessible

Here SM / QCD RG effects must be addressed
Nonzero signals in

permanent EDMs Ovff decay = ni oscillations
BSM sources ALl =2 IAB! =2
of CPV()

would speak to BSM physics

Here UQ is essential to understanding
the BSM landscape

How can we test our assessments?



* SM + QCD at scale Mw

SM example: hadronic parity violation (AF = 0)

%eff — %Z + %W
G S2 ! ) 1
Hz(Mw)= —a " 1 350
" 1=[(mu)y +(E)y +(BYv]" [(BUA# (EDa# (89a]"
"5 =[(mu)y # (&d)y # (ﬂS)V]!! [(BU)p # (FPd)p# (gS)A]""

# 1)" 5

Hw(Mw) = # Q—F—#COSZ(#c)" o+ SiNf(#)" 11$

2
" 9= (md)y (Fu), +(&u) (ad),

"= (@) (8y), +(BU)Y (8S),

Gluon radiation modifies # .

Can we determine its outcomes at low(er) energies?
Compare to experiments?
|2



Hadronic Parity Violation (AF = 0) in Nuclei

The experiments are very challenging
: ISG, Haxton, & Holstein, 2017"

i (" 0.93+ 0.20+ 0.05)# 107  13.6MeV (40)

A(hD) = # 1.7+ 08)# 107 15MeV (41)
PP 157+ 0.23)# 10'7 45MeV (42" 44)
$(0.84+ 0.34)# 10'7 221 MeV (45, 46)
) | 3
AP =" (33% 0.9)# 107 —
46 MeV op| |

L T T S S S

angular asymmetry in 1°F

(" 85+ 2.6)# 10 ° Seattle (16)
(" 6.8+ 1.8)# 105 Mainz (49, 50)

phP+ 0.7h9)

A#:

limits In 18F...
And newer resultsin A =24...

[Desplanques, Donoghue, Holstein (DDH), 1980]

R | L
P2 0 2 4 6 8 10 12 14
h%z b O.th!1 D 0.1&ht
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Hadronic Parity Violation (AF = 0) in Nuclei

At very low energies, 5 PV NNNN contact interactions exist
IDanilov 1965, 1971, Zhu et al. 2005, Girlanda, 2008

S T 1 1 g3
VRNC(r)=1 'So! %P i_szA 2 all 1! 1,)! I_sz = a( .%!,)
|
35,1 1 1- 1 F "3(I‘) 1 # 3(!‘) B
P Tomy g B! Y Ton g 808 1)
| "
! "F "o
b lSO! 3P0 } - A ( ) a.(l || )($_I.Z+ $ZZ)
S i2my m 2 ,, 2s+IS _25'+1 P
ssuo, 11 4 73() . !
+ 7 i—sz mﬁ all 1+ 1 2)&2! %) m|X|ng
| "
la 3 | "# "3
+ 1 250! Po i}ém: n%) all 1! 1')("1%" )0

But there are not enough experiments to fix all the
coefficients (& note map to DDH) IHaxton & Holstein, 2013"

And it may be that none are negligibly small

4 1ISG, Haxton, & Holstein, 2017"



Hadronic Parity Violation (A" = 0) in Nuclei

IHaxton, 1981; e ii—— |
Adelberger et al., 1983 | 0 |
Haxton & Holstein, B leth el 2t
2013 -10 - ChPT|!de Wries et al., 2015;
- * de MWies et al., 2020"
-15
S - agymmetrles:
= 0 3 Viviani et al.,
2 - A PRC 2010
< 25 0
i DDH+AV18/UIX
- L ry
-30 = re
-35
. 68% CL
_ B | I 1 1 I | I l | — I | 1| | 1 1 I | AN | | 1 1
DR 0 2 4 6 8 10
h, [107]
arehyy " hP+0.60507 1 0.605] | 1.3160 +0.0260 = (! 17.0+ 6.56)# 10 '
Loocpriocn: hi i+ = 1 129+ 052+ 290 +0.62+(! 3.4))# 10 7:

ISG & Muralidhara, 2023: 15 after n3He $Gericke et al.%, 2020"



EFT+QCD for New Physics Searches
SM example: hadronic parity violation (AF = 0)

A * This can be generated by SM A exchange
100 Gev ---------------------------------
IElectroweak symmetry breaking
{ SM EFT J 4 four-quark operators with
negligible QCD corrections
mputable In D!
e o h computable in pQC
by
Y

ISG & Girish Muralidhara, PLB 2022, PRC 2023;
Girish Muralidhara & SG, PLB 2024"

Analysis through 2-loop order

12 four-quark operators with
2 GeV . . significant QCD corrections
s PV Hamiltonian '+ - - - -

IGirish Muralidhara, Ph.D. thesis, 2024"



An Effective Hamiltonian for HPV

At u = 2 GeV for all isosectors
IDai et al., 1991; SG & Girish Muralidhara, 2022; Girish Muralidhara & SG, 2024"

H Ie?rl(ll): iﬁsgv | ilzolcilz:L(“)! i|:1 H e (W)= G;S%ZV! i1=01Ci|:O! (W) ‘IZO! 2

4Tt =[(au)y +(8d)y +(8s)y]" [(BU)a# (Bd)a]” 12T 2= [(@u)y +(Ed)y +(8s)y] [(85)al

1 )" =[(au)y +( 8d)y +(gs)y] [(@u)a# (8d)a]” 1,7 2 =[(@u)y +( @d)y +(8s)y] [(8S)a]

| 3Tt =[(au)a+(Ed)a+(8s)a]" [(BU)y # (Bd)y] 1570 2=[(@u)a+(Ed)a+(8S)al" [(BS)y]"

LTt =[(@u)a+ (Bd)a+(8s)al" [(Bu)y # (Bd)v]" 1,0 2=[(@u)a+(Bd)a+(8S)A]" [(8S)V]"

|57t =(@s)y [(@u)a# (8d)a]” | 570 2=[(au)y # (8d)y]" [(@u)a# (Bd)a]" +(8S)y (85),
67t =(8s)y [(@u)a# (Bd)A]" 6" 2= [(au)y # (8d)y]” [(@u)at (Bd)A]" +(8s), (89),
| /=1 =(gs),x [(@u)y # (8d)y]” | 7120 2=[(@u)y +( @d)y +(85)y]" [(@u)a+( Bd)a+(8S)a]”
5"t =(89), [(@u)yv # (8d)y]” 8" E=[(@u)at(Ed)a+(8s)a]" [(@u)y +( @)y +(Fs)v]"
| oFl=(@s)l (8u), +(8u)l} (@s), | o'=% 2= (ad)y (Bu), +(8u)y (ad),

| 10"t = (®s), (8u), +(8u), (@), | 10'=% 2= (ad), (8u), +(8u), (ad),

These operator sets close under renormalization
& their mixing Is characterized by an
anomalous dimension matrix

|7



Example

Operators renormalize and mix even under LO QCD corrections. Inserting
|1 =[(@u)y +(8d)y +(8s)y]” [(au)a! (d)a! (8S)a]

T A

LO current-current corrections

(a) Type-1 (b) Type-2

LO Penguin corrections

I 11
2u (#y
97" (3) 2) !§!2+1! 3! 3l 4




An Effective Hamiltonian for HPV

Since QCD is flavor blind up to quark mass effects...
Current-Current Basis
Renormalization of the ! S = 1 physics operators:

O1=(8u)yj, 5(@d)y, ,  O2=(8u)y, z(@d)y, , Buras et al"
Os=( )y, o! §(@Dy.p O6=( 8y, 4! {(Fy.n Nucl. Phys. B (1993)

due to insertions into diagrams such as:

give the information of the mixing of prototype basis:

L =(#1#2) (#a#a),
| o=(#1#2)y, (Ha#ta),
| a=(#1#2) ) (Hata)y
| 4=(#1#2), (#atta),

#
1279, 20f 17, 4f 2t 173 173 2f
© 3 4" 3 9 1 4 -

! 5 95 5f 149, 1rf 1 f 202 7t

Chni= i © 3 6 ' 3 ' 3 3 9
NLO 4 % 20 173 13, 2t 1279, 200 17y 4t

9 * 12 4 3 2 - 3 4 " 3

1 £ 202 7t 95| Sf 149, 1rf

3 3 9 2 3 6 3



An Effective Hamiltonian for HPV

Use prototype basis ! . and corresponding ADM CnLo on operators of
HPV: 1 TPV

Use prototype basis ! o and mixing schemes P ; and P , on operators

. | HPV
ot HPV: " penguin,NLO
. - _ . | HPV | HPV _ | HPV _
The NLO mixing matrix for the Z-sector: leento t ! benguin NLO — 'NLO
97087 64f 6737 2fy 1205 1717, 2f 0 0 | 1429 | 29 $
972 © 9 324 9° 108 36 °© 3 * 79 3
" 281, 1970f 818f , 161 20f 202 4f 92q 92 0
w %! S s T e 16l 57 Sl 3 0 0 ! 57 L%
"o, 20525 19373 28f , 11863 313 4f 0 0 4q | 4q f
no 972 324 3 108 36 ° 3 9 3 f
" 16f+ 18 208 127 149! 4f 1664 1232
"522 wo ! 227 3 2f+ 5= 6 0 0 243q ! 81q f
(4= 1 = I 29 | 16q 0 23133 Byof | 8% L0 y?
n 1628¢ | 1340q | 889 | 40q 95| of 553 58f 46 2
m 243 T Y 79 2 5 ° O 3 0
80f , 43121 11095
0 0 0 0 0 0 o ' 186 ~162
377, 1322f 1178f , 565
0 0 0 0 0 0 5 ! Sa3 s1 T 6

IGirish Muralidhara & SG, PLB, 2024"
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Example: Meson-nucleon Couplings
Use nucleon charges from lattice QCD

The DDHOs meson-exchange phenomenological HPV Hamiltonia
dictated by couplingsy, for mesonM and isosectot

hgl, h}o, hQ, hg, h;(q)t and H_; IDesplanques, Donoghue, Holstein $DDH%, 19
To obtain them from our RG Hamiltonian, we make the following
matching from the quark to hadron levelMN |H Ji|N#= IMN '|H ppy|N#

For example, the pion contribution to hadronic PV:
I

Hpopw = ihi (! *en$ ! ®ap) =% $ihfaup= nl *"H " |p#
un Is a Dirac spinor.

Next, we make use of factorization approximation to evaluate these mat
elements. If we consider vector meson (V) emission, the factorization
approximation for long-distance hadronic interaction matrix elements in
terms of four-quark operators separate as

- -
VN (@102)v @da)a IN#= IV [(@02)v [0 N (q80s)a [N#

21



Example: /1]

As a pseudoscalar meson
L
L n'H 21 [p! = " ihfanup =

Ges2 | ; #2C|=1 ~ 2cl=1 _ $
= JH L (@sd) [0 T2t 20 midulp

With f, the charged pion decay constant

| 2
" (gsd) [0l = LT

i(my + mg)

mi =135MeV;fi =130; (my+ my)[RGI]=2(4.736(60)n(1.5), ) MeV
and isovector quark scalar charge of the nuclebn
| @ulp! = g¢" “anup; gg" © =1.06(10)(06)sys

#
hi =(3.06+ 0.34+ “gg1 +0.42+(1.00))%10 '(npdGamma:2.6(1.2)(0.2)%10 ’

By =2.13£0.22+ (*"_55) x 107 (NLO)

FLAG review, 2021 Can also evaluate £+

2Blyth et al., 2018
w,p y

22



Implications
IHaxton, 1981; _OF>

Adelberger et al., 1983; [
Haxton & Holstein, [

h
INPDGamma | $Blyth et al.%, 201¢

2013"

DDH best

ChPT |lde \Wies et al., 201F

IMuralidhara & SG, de \fies et al. 2020

PLB 2024 $NLO% .- L\
+LQCD Iinputs" _ L
P B ISG & Muralidhara,
= 20 a0, oL - 2022 $LO%"
. o
c o5l ) Scale
" o dependence?
30 C: e cf. exact
- NN EFT
-35 - study
» IEpelbaum, Gegelic
. ) Lo et Lok | el PN N I n
40 ) 5 0 5 4 5 3 10 Meissner, 2017
h', [107]
wwerhy o " h+0.6051° | 0.608h] | 1316 +0.02607 = (! 17.0+ 6.56)# 10 7

Logep+Laco : hy o =(1 12,9+ O.52+. !0'19_3 +0.62+(! 3.4)# 10 ’; hp_a) =—11.9£0.65 + (0'09_0,77) x 1077
ISG & Muralidhara, 2023 with 2024 updates2:  after n3He $Gericke et al.%, 2020"(NLO)



Some Future BSM Tests

Radioisotope Harvesting at FRIB
Pear-shaped nuclei for permanent EDMs searches:

EDMTTMDM EDMTlMDM

& Time p

N\

12023 LRP for Nuclear Science"
Quantum sensing & BSM searches with
(radiOaCtive) mOleCU|eS IDeMille et al., Nature Physics, 2024"

24



Summary

—\We have considered BSM tests in complex
nuclel & UQ re the “tower of EFTs” that can appear

— We have considered limited aspects of this task
within the example of hadronic parity violation

—We have constructed the PV effective Hamiltonian
H . of the SM in LO & NLO QCD at u = 2 GeV

—Using our result, the factorization approximation,
and lattice QCD charges, we have computed meson-
nucleon coupling constants that compare favorably
to few-body experiments

Cl
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For Discussion

Can we use our Z . to compute the PV LECs
in chiral EFT?

Will computations of PV in complex nuclel
(anapole moments?) prove possible?

Will we eventually be able to compute the
Schiff moments of heavy, deformed nuclel
(for future EDM searches) with defendable errors?

How well will we be able to realize UQ in “Tower
of EFTs” BSM searches?

26
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Permanent Electric Dipole Moments
AtomicScaldeffects& Enhancements

Limits on the electron EDM dec come from paramagnetic
and (to a limited extent) diamagnetic atoms — and from

molecules
Schiff Theorem (1963):

In the non-relativistic limit a neutral, point-like atom will
shield an applied electric field, so that there is no atomic
EDM even if dnucleus is not zero!

SchiffStheorentanbestronglyviolatedyrelativistic
andMmite-sizeeffects!

In paramagnetic atoms & polar molecules relativistic effects

dominate. Note in alkali atoms d.com ~ Z3 02 de
(d71 ~585de + £ 1) [Sandars1965]

28



Heavy Atom EDMs

evad&chifdtheorenthrough
largeZ, mmitenucleasize and
permanenfoctupolaeformation

= T T T T T T T =1 B&8F 1T T 1 T T T T

220 B,=0.119 204 /32 =0.154
Bl p=0005] gl A . =004 1Ga&ney et al.,
PO B, = 0.002 PO B, = 0.080 .
il ,\ Jd gl o | Nature $2013%
| | 4~ ‘L
11 + L [T
21— ‘_‘,'1/ — 2 — | 4 4 1 i)
€ o | -4 £ of
x|\ x gn
-2 — -’ -2 } : 1 —_
| 1] 78! T/ :
e ] =t - H;.r—r bl
S = -6 =
sglle | 1 | [ | - =gk I | | | | |
-8 6 -4 2 0 2 4 6 8 -8 6 =4 =2 O 2 4 6 8
z (fm) z (fm)

Permanent deformation in Ra#225 makes the nucleus more
OrigidO and the S&imoment computation more robust and
1000x bigger than ***Hg  $existing best atomic EDM limit%

ThisisjustoneexampleE



Electric & Magnetic Dipole Moments

ApermanenEDMbreakd& T
S S
H=1pu=aB ! d= &F
"'S S

Maxwell Equations...

Br” B Ery E &r° 6
Bry B Er E &rkx &

MDM:Peven] even
EDMPodd,l odd

— under CPT, CP is also broken

30



EDMs & Sensitivity to New Physics

Theelectri@and(anomalous)agnetimomentsghangehirality
|ﬁu!|_(|ﬂnp! R_I_!ﬂ --L)

18 gl = ("W sl g + 19" W sl )

By dimensional analysis we infer the scaling

NewPhysics
d | eZ.L" Tl; Sin#cp / Scale
my(MeV 1
dgquark ! 10 °e a(MeV) | 10 #° e" cm

| (TeV) 2 l (TeV) 2

Note ILL limit on neutron EDM:
d, < 3x10-26 e-cm @ 90%C| [Pendleburgtal.,2015]

EDMexperimentsaveleVscalesensitivity

31



EDM Measurement Principle
Much simplified!

Consider the precession frequency
l dp 2p"B(22d-E"
2 dt h

and its change under E field reversal

B must be very well determined!

The experimental sensitivity to the energy d- E is set by
h
u

U =

T, measurement time
| EIT \/_ N number of counts

Neutron: d, < 1.8 x 107*° e-cm [90 % C.L.]
d @ 5 IAbel et al., 2020"
Estimate:  d ~ e/ ~6x 107 Pe-cmif£ ~ 0.1r, (1)
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Operator Analysis of EDMs

Multiple sources with d < 6 exist

Even a single TeV scale source can give rise to

multiple GeV scale sources through QCD effects
IChien et al., 2016"

L0500, GG+ | i(dg(Fo)ysq + dg(Go)ysq) + dsGGG
i€u,d,s IPospelov & Ritz, 2005"
LQCD studies of apropos neutron matrix elements
exist (e.g., tensor charges) and is ongoing
* Inote FLAG review; Snowmass white paper 2203.08103"

Need to interpret EDM limits in nuclei, atoms, molecules

Note aGG, dﬂaNy”y5N can act as axion portals

13 IBatell, Pospelov, & Ritz, 2009"



la 3
o =1 gu(2+ &)Y g (2+ & A
S P 2 ) 30,8400 + g & h°

| Py g2+ &)hL! g 2+ & )h!

H 0
35! 3P, 1 $% & hl + h | hl( | hl
-1 zg(NN m ( g#(#- #)- g n

e 3
_ 250. Po = g#(2+ &#)hf#
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Limits on ! AB! = 1 Decays
Mediated by mass dlmen3|on 6 operators in SMEFT

10"

35

I i016

IBerryman, SG, & Zakeri, 2022’

g(d—6) D,

Ci
IAB!= A2 (qqql’ﬂ)l + h.C.

; IAB!=1

W prin0

But the origin of
AB! =2

. " processes can
=»vn e distinct!

= n- VoY

IMarshak & Mohapatra, 1980;
Babu & Mohapartra, 2001 & 2012;
Arnold, Fornal, & Wise, 2013E."

W -yt
H pottn I
Ip—)(’y

C:
5 (999999); * h.c.
i “MABI=2

nn expt’l limit yields
gy 2> 10°° GeV



On Neutrinoless Double Beta
(Ov BP3) decay

If observed, the v has a Majorana mass

[Schechter & Valle, 1982]
Ov B3 mediated by a dimension 9 operator:

O! wveddee (or Tt T ~Pe e)

Titie

“long range” * “short range”
[Bonnet, Hirsch, Ota, & Winter, 2013] 36mediated by B_L break|ng|

INote Cirigliano et al., EFT analysis"

d

. <

W !

(@)

. <

. @D g
. Mo g9

D
D

-
-
-
-




Ov 33 Decay in Nuclei

Carbemediatety Oshort-0r OlongO-ranmechanisms

The “short-range” mechanism involves new
B-L violating dynamics; e.g.,

£ 2 S or V that carries B or L

For choices of fermions f;
this decay topology can yield

f fo n-n or OV BB decay

[Bonnet, Hirsch, Ota, & Winter, 2013]

-4
A D

[S.G. & Xinshuai Yan, PLB 2019]
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Fundamental Majorana Dynamics

Carexistfor electricallpeutraimassivéermions:
eithereptong! ®) orcombinationsf quarkg )

| orentz invariance allows

. 1
L = 9/ 1 ém(! TCl +19C19")  |Majorana, 1937]

where m is the Majorana mass.

A “Majorana neutron” is an entangled n and n state,
but a Majorana neutrino can be a two-component field

Bibliography:

S.G. & Xinshuai Yan, Phys. Rev. D93, 096008 (2016) [arXiv:1602.00693];
S.G. & Xinshuai Yan, Phys. Rev. D97, 056008 (2018) [arXiv:1710.09292];
S.G. & Xinshuai Yan, Phys. Lett. B790 (2019) 421 [arXiv:1808.05288];

and on ongoing work in collaboration with Xinshuai Yan
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[map.gsfc.nasa.goviuniverse/uni_matter.html]

A Dark-Dominated Universe
Why should quarks (& QCD) matter?

Linked? ¢ -
sy Atoms }

(4.6% )

/ PDark }
Matter

¥a baryon excess:  TODAY

Dark
Energy
71.4%

The dark content
IS unknown

N = Myaryon/ Monoton = (6.12 £ 0.04) x 10717

N.B. primordial D/H abundance...

IPlanck, 2020; PDG, 2022"



PVES probes SM fermion couplings
Limits BSM possibilities

a
0.355 s ystev
!'/g=8TeV \\\

~>345 i '%\\j//g =5TeV \\\
|
- - | ;
@) |

\ S e

\
0.335} '
The PVES “mirror”
IQweak Collaboration, Nature, 2018" T
. 0.325F 9504 con! dence level
* HPV studies should help

pI’Obe QCD framework 40 b0.2D £0.19 P0.18 £0.17

Clu



