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Introduction. Symmetry

Symmetry is one of the organizing principles of physics - from the smallest scales to the
largest structures of the Universe.

At large scales, symmetries appear in condensed matter, planetary systems, galaxies

At the microscopic scale, gauge
symmetries provide the foundation of
the Standard Model and determine how
quarks and leptons interact.
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The Standard Model We are fermions ;-)

Sometimes symmetries that look Definition of a Particle physicist -
“it is an ability of quarks and gluons

fundamental are only approximate
to think about quarks and gluons”.

‘ I symmetries.
‘ | - Small violations observed in an “obvious"
‘ g symmetry can reveal deeper physics.

*What is a fundamental symmetry?
*What are conserved quantities in the fundamental interactions?

‘Standard Model contains no explanation for the symmetry
between quark and lepton sectors (fermions):

-the mass hierarchy
-the number of generations.

-Flavor (a type of quarks or leptons) is not a conserved
quantity in fundamental interactions ( weak force) : Flavor mixing




Flavor Mixing in the quark sector
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The quark mixing is described by the Cabibbo-Kobayashi-

Maskawa (CKM) matrix
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In the quark sector:

)

* Flavor mixing is an established feature of the Standard Model in the quark

sector
* The flavor changing neutral currents (FCNCs)
are forbidden in the standard model (SM) at

tree level (requires a virtual W exchange).

qi qi qi qi qi q; qi qi
Vij
Y Z° w g

*  Family number is not a symmetry in the SM: a quark family number is
violated in weak decays in the CKM matrix

* Flavor mixing in the Standard Model quark sector is well established,
through processes like K9-KO0 oscillations, BO-B0 mixing etc.

The hierarchy of CKM matrix
elements shows that some flavor

Vb d 0.97 0.22 0.0037\ | Transitions are strongly
Ve S ~ 10290 097 0042 ||suppressed, while others are
Vib b /. \0.094 0040 1.0 relatively large

What about lepton sector?
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In the lepton sector:

Lepton Flavor violation (LFV): Neutrinos e (-] (7]

e LU T
T O 99| @ H * Nature allows flavor mixing in both quarks and leptons- but the
w J_cem J__t* guon ) 588} patterns are dramatically different. Understanding this difference
"D OO @ may be the key to understanding the origin of flavors
down strange bottom photon
4 coiane ) e e D * A Lepton Flavor Violation (LFV) is a transition between e, u, t

. ©. V. D @

electron muon tau Z boson

sectors that doesn't conserve lepton family humber
 Evidence of LFV: neutrinos oscillate
Neutrinos have a (small) mass and mix.

* Neutrino oscillations show that a neutrino produced as one

Pontecorvo-Maki-Nakagawa- flavor can later be detected as another
Sakata matrix (PMNS)
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* Many experiments (MINOS, K2K, Super-K , etc) at particle

Ve Ua Uea Us | |0 accelerators independently observed muon neutrino disappearance
Vp | = | U Up2 Ups||r2 |- over several hundred km long baselines. OPERA observed a
Vr Un U Us]lLvs presence of tau in muon neutrino beam.... T2K, NOvA...

What about charged leptons ?
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In the lepton sector:

Charged Lepton Flavor violation ( CLFV)

In the charged lepton sector Lepton Flavor Violation is heavy
suppressed in the Standard Model

la — [f < 10-54

Example of lepton flavor conservationis a muondecay p~ — e vy,

/4
Example of charged lepton flavor violation (CLFV): neutrinoless muon
decay u~ —e7y 4 w
'L[ I/k e

Opportunity for New Physics !l




Strongest present limits on u->e, r->e, 7->u y
* Many searches for a physics Beyond the Standard Model. 1174 W
* CLFV can be investigated both through rare lepton decays/processes and , .
K k

through lepton-hadron scattering
* The strongest limit comes from MEG-IT u~ - ey

Process Current limit Experiment Facility Target sensitivity

U — ey 1.5 x 10713 MEG II PSI, Switzerland ~6x 10714
uw— 3e 1.0 x 1012 Mu3e PSI, Switzerland ~ 1016
uN — eN 7 x 10713 (Au) Mu2e Fermilab, USA ~ 1016
uN — eN 7x 107" (Au)  COMET J-PARC, Japan ~ 10716 — 1017
uN — eN 7 x 10713 (Au) PRISM/PRIME J-PARC, Japan ~ 1018 (long-term goal)
T — Ly ~(3—-4)x1078 Belle Il KEK, Japan ~ 1077
T — 3¢ ~10°%  Bellell KEK, Japan ~ 1010



“

CLFV search e->u

T.Blazek, S.F.King “Electron to Muon Conversion in Electron-Nucleus
Scattering as a Probe of Supersymmetry”, arXiv:hep-ph/0408157

Estimated limit from y— —-e—y BR(y— ey)< 1071 - ole+ N — pu+N) < 10_8fb.

Conclusion: “We strongly urge our experimental colleagues to
consider performing such an experiment”.


https://arxiv.org/find/hep-ph/1/au:+Blazek_T/0/1/0/all/0/1
https://arxiv.org/find/hep-ph/1/au:+King_S/0/1/0/all/0/1
https://arxiv.org/abs/hep-ph/0408157

e UL
Complementary search (e->u ) y

W
Past, existing and proposed DIS facilities . L p , .
* Rare process. High luminosity is a key! .
1039
Prieink ep Facilities & Experiments - Different CLFV processes probe different combinations of
JLAB/CEBAF .
. | 612 Past Colliders | _ | |
10 L—.—.—J ‘ LHC/CERN collider concepts new phys CS Coupl ngs
B - @ Post Fxed Torger - Complementary search with (e-> u)
1037 L
@ Ongeing Fixed Target - together they can reveal the underlying mechanism
QO EIC Project
1036 L
:l.“ Process Current limit Experiment Facility Target sensitivity
7]
(TE 10% L ey 1.5 x 107  MEGN PSI, Switzerland ~6x10714
9]
_4%‘ LHeC/gE-LﬂgC_he w— 3e 1.0 x 10712 Mu3e PSI, Switzerland ~ 10716
o 10% [ °®
< LHeC/HL-LHC
£ ulN — eN 7 x 10713 (Au) Mu2e Fermilab, USA ~ 10716
3 EIC .
17 compass LHeC/CDR 3 uN — eN 7% 10713 (Au)  COMET J-PARC, Japan ~ 10716 _ 10-17
HIAF-EIC®
102k —— | uN — eN 7 x 10713 (Au) PRISM/PRIME J-PARC, Japan ~ 10718 (long-term goal)
® ] T — Ly ~(3—4)x 108 Belle Il KEK, Japan ~ 1079
1031k HERMES NMC |
HERA (ZEUS/H1)
T3 ~ 1078 Belle II KEK, Japan ~ 10710
10% 100 102 10°

Vs (GeV) 10



Various BSM moel ’r pic CLFV

- eN facilities are complementary to y+N-> e+N experiments ( u+N : low energy conversion, stopped muon+Nucleus)
- e+N -> y+N DIS scattering directly probes lepton-quark flavor-changing interactions at high momentum transfer

* Comparing the two could help disentangle the underlying CLFV mechanism (sensitivity to scalar,. vector, dipole or other

effective interactions)

\_ q
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Leptoquarks

Leptoquarks provide a particularly direct mechanism for
CLFV in lepton-hadron scattering

Leptoquark is a hypothetical color triplet boson (appear in
many SM extensions)

It provides a symmetry between electron and quark sectors:
It carries both lepton and quark quantum numbers.

Flavor is not conserved, but

Fermion number F=3B+L (F=0, F=2) is to be conserved
LQs model are explored in Buchmidiller-Rickl-Wyler (BRW)
framework under SU(3)xSU(2)xU(1) :

14 different LQ types (7 scalars, 7 vectors) .

LQ couple to both leptons and quarks and carry SU(3) color,
fractional electric charge, baryon (B) and lepton (L) number

GAUGE BOSONS

LEPTONS




CLFV (e->u)

¢ N-— u~ X CLFV process mediated by the tree-level exchange of LQ states in the s- and u- channels.

la qa
> et LO
ﬂ_
2ﬂ

e_p A) /11(1//]28
=Y dx [ dyagu(exs) o)+ [ dx [ dy xgle—wg0)
af

- /l a/h
fpf’ 5 Zﬁ: 3; i f dx f dy xq.(x, xs)f(y) + f dx f dy xqp(x, u)g(y)}
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Leptoquarks at ep/eA experiments

e p et

-

. . Branching . . Branching
Type | J | F Q ep dominant process | Coupling . Type | J | F Q ep dominant process | Coupling .
ratio 3¢ ratio [y
u AL 1/2 e+d AL 1/2
s o| 2| —1/3 - — | 7% 1|0 | +2/3 +d —
5 /3| erur { ved AL 1/2 0 /3| erdr Zeu AL 1/2
Sht 0|2 | —-1/3 | egur — {~u Ar 1 Vit 1|0 |+2/3 | efdrp — ¢+d Ar 1
S |0 2| —4/3 | epdr  — ¢—d Ar 1 V| 1| 0| +5/3 | efur — Vaxy Ar 1
0 u —AL 1/2 etd —Ar 1/2
—1/3 7 +2/3 | efhd
st o] 2 /3 | erLur _’{ ved —AL 1/2 v |1 o / RTL _’{ Teu AL 1/2
—4/3 | e dr, — ¢—d —V2A L 1 +5/3 | epur  — ¢tu V2L 1
Vi, | 1| 2| —-4/3 | egdrn — ¢—d AL 1 St, | 0| 0| +5/3 | egur  — tu AL 1
—1/3 - - e A 1 +2/3 +d R +d —A 1
Vi, | 1| 2 /3 | ervL “ R Sk, 0|0 / L R
—4/3 eRdL — ¢—d AR 1 —|—5/3 ey ur — ¢t AR 1
Viba | 1| 2 | —1/3 | egur — ¢ u AL 1 St, | 0| 0| +2/3 | ehdr — etd AL 1
o =

Polarisation dependence

- E!ec’rr'on and positron beams probe 1 generation &4 ~> LQ -> eqX LEC
different types of Leptoquarks eq -> LQ -> v qX
-electron-proton collisions, 4 0 = 1@ = )
| mainly F=2 LQ; are produced 2 generation eq -> LQ -> v,gX
-positron-proton collisions, CLFV
mainly F=0 LQs are produced | 3 generation 97 LQ -> 19X

- uvsd Tar'ge’rs .100 150 200 250 300 \ eg -> LQ ->V gX )

. . M,  (GeV)
= Polarization re

Yulia Furletova 14
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CLFV (e—> ,l/l) Leptoquarks
e- A 9
H \/
* A CLFV signature via Leptoquark or via Parity Violating N LQ LQ
SuUsY is similar o bIS: | ZFe H
/ﬁ\
“q 9 g )
one isolated high P_T lepton + hadronic final state. - S
SUSY via Rp violating decay
 Different flavor of lepton (muon) instead of DIS-electron U
in the final state. &
* No scattered electron (II!) > ---------
* Muon and hadronic system approximately back-to-back in q :‘:23';'2 fion
the transverse plane ( collider kinematics) ; <
DIS
e- e-
* Single-muon trigger \/

* Need good muon identification and muon background

suppression /o\

15
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Leptoq uark I|m |tS at ep, ee and pp colliders
LQ->eq LQ->nq and LQ—> 1q

; sn hfor umqumnnsm(mpn) mmtuummm at HERA (410 pb)
o o
ZEUS ‘ﬁ' ¥ H1 @gy J— f k3 H1 g':‘
ST g ”_4__,_...,_',-.\"—:!-"-:__'_
»* 7 it
Zoh ¢ ,'// F=0 1 Fgt ¢ i F=0 1
(< (< i e'q L0 A e'q L0
F=0 scalar LQ limit F=0 vector LQ limit . ,"/ q' & o 4 ,;‘g/ q' e :
ZEUS 94-00 ¢p ZEUS 94-00 ¢'p ol 3 —tee 10 Py e
1 — i we S (0 b0 e ]
< ?";1 10%F o 0% | —oveuta
2 200 400 600 200 400 600
¢ Mg [GeV] Mo [GeV]

R
—_— V(e

o————_ oo _ For MLQ < \/E . s-channel resonant

—_ Vi(e'd) 7 :
5 1 - e B A 12 o R
0’ — Vi('ud) ‘ﬁ Hlfo\f;:- """" S Hlaé"é"‘ T T o
H Sl - I Hann . . .
m w w ok /AR B L A B For MLQ > \/E . exchange - contact interaction
2 £ Nantind 4,;"7 —LQ-»
A 2 I B 7 s
< Al \ AR , Bl N o e _ . : .
?=-le:.‘alarLlelmll :Q:Q:0:0:0:0‘-):0:0§0§:§:’:z"/; 260 400 500 2(;0 460 600 .LEP (ee)-conTGCT |nT€rGCT|0nS ( lndlr‘eCT
; ZEUS 94-00 ¢'p 1 9:0:of:o:o:o.o,o,o.o“o, Mg [GeV] Mg [GeV] i
A=0.3 » I : constrains from e*e--> qq)
: = 355 % ]
v A |
a1 A 10° i _

H194-00 limit
—— H1 Cl analysis limit
¥/ /. CMS pair production
------ ATLAS pair production

DO pair production
ANN L3 indirect imit

B " Ui " e aha ‘i 200 400 600 800 1000

Myq(GeV) HalSEH *HERA/EIC (ep): single LQ production M</s,

For leptoquark Yukawa coupling A = 0.1, the ZEUS bounds on the contact interaction M>/s
first-generation leptoquarks range from 248 to 290 GeV

Yulia Furletova 16
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independent)
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RN
Jinlong Zhang
CLFV GT EIC (e">ﬂ, €->T) - Tau vertex displaced at cm level

. — PairDCA(dca12,13,23) 3 7 AV
) - 3-prong tau jet; decay topology d‘dt( ) r: iy
* Cross-section for €D — T X takes the form: important for T jet ID - g;g)t;uapztshei?gi;hmfx A
T - 1-prong: recovering higher R A Y
o0 = Yo | S {/ ddy 17, (x,75) f (y) + / drdy 2q; (¢, —u) g <y>} branching ratios; but background - # =/
=~ 321 | Mj, , control is much more demanding
Rl B { 1/2  (scalar) B { (1—19)"/2 (scalar) A
fly) = ) s 9(y) = N
2(1—y)" (vector) 2 (vector) —
_ e |solated tau, Pt balance with g-jet.
| Yulia 'f_l{”?‘t?va and Sonny Mlar'1tr¥ ' e Tau-Jet identification ( narrow cone, displaced 212Gev, 18 GeV
" vertex ) w; | Tau children
s e Precise measurements of vertex (tau vertex wp e
0.100L /"/" displacements 200 to 3000 microns)
g . Sensitivities to the CLFV(1,3) would be
-1 1 . .
5 ookt 100 P L] — @) Sye)  enhanced with positron beams (can
) Py ] ! ..
2. | R search for specific LQ)
1 STy(e"), Sl
- E ~ ]000 [‘b—l | 3( ) 1.2( )
7, * . Current limits set by HERA sitting at sensitivities
s =[.80Y ’N°
Pe=[-80%807%] of a few fb
ﬁ‘_‘i . . . . . .
! 005 040 050 1 = The high luminosity of the EIC will gain us 2 :
— 2 . [
2= dudai /My orders of magnitude, compared to HERA : « ’
The blue (red) dotted line gives the unpolarized, Pe =0 Angle for theta, radius for momenturm
https://doi.org/10.1063/1.5040210

Yulia Furletova 17



Complementary search (e->x ) using a high
luminosity environments at JLAB/CEBAF:
e+N -> y+N

18



CLFV (e->u)

o o e e ep Facilities & Experiments
-l JLAB/CEBAF | Past Colliders
An experimental program with high duty-cycle polarized and ~ w°)_ es ! ® LR cotierconcets
unpolarized positron beams at Jefferson Lab - I siAc @ Fost Fixed Target
=> ( chapter) Charged lepton flavor violation i @ Ongoing Fixed Target
— O EIC Project
1036 |
https://arxiv.org/pdf/2007.15081 T
_ 2 2 £
z=(A1340/M LQ)/(/111/121/M o) {HERA LIMIT} N
-_'U;; I LHeC/ﬁE-LI;EC_he
o 107 Lhec/iL-LHe @
HERA EIC JLAB/CEBAF e |
3 EIC
center-of-mass (s) ~ 320 x107-1 x 10-2 107 COMPASSI LHeC/CDR
HIAF-EIC®
PDFs X 10_1 1032;_ BCDMS
Luminosity 10731 x1072 -10A3  x10A7 - 1078 ; L]
i °
lons/Nuclear beam p p/A p/A tonp HERMES - RMC HERA (ZEUSHI)
positron beams et+/e-  e- e- ( possible ool . o o
upgrade e+ ? ) Vs (GeV)
Polarization only e e- and p/A e- and p/A

19



e
SOLID J/Psi setup and Dedicated possible DDVCS setup

Muon Detector “
e angle). gm :

* Future dedicated experiments

Target in magnet to contain low energy

background

* Optimized new setup with more planes
and pixel readout GEM or MAPS

* Optimized high granularity Cerenkov
(Hadron Blind Detector type or using
pixelized MCP PMTs)

- GEM-Tracker B * Giving up calorimeter resolution with
- EMCAL trackers shielding for radiation hardness, rely
-Muon chambers Pixel GEMs or MAPS

on tracking for momentum
measurement
High luminosity at least 1038 cm-2s-1
: o ( 35 uA on 15 cm LH2 target)
. ~1037 2¢-1 4
?;2::;2;:2?2; 037 cme2s (corrected | = Could reach 5. 1038 cm-2s-1
: . o 60 uA on 40 cm target limited by
. O% Cerenkov planes  Shielding ( .
70% for one muon detection efficiency before Ca detectors rate capability under sz’gudy )

- Data could be taken concurrently with
J/Psi experiment



Muon ldenflflca'l'lon Vardan Khachatryan

- Single-muon trigger ( no electrons)
* Minimize muon background
* main sources of muon background
pion decays 7% — uT +v,0rrT > p” +1,

* cosmic
W Cu Fe
Xp = 0.35 cm (radiation length) Xp=1.44 cm Xy=1.76 cm
A =9.95 cm (hadron interaction length) A=15.32 cm A=16.8 cm
Target Abs1 Abs2  tracking

I 25m I0.5m.

With one 30cm tungsten absorber (W): 1-10 % of pions will be identified as muons

Need more abs/tracking sections
Need to reduce distance or place tracking close to target ( vertex detector )

Yulia Furletova 21



Muon identification with uCLAS12

H | s https://www.jlab.org/exp_prog/proposals/25/PR12-25-001.pdf

« Single muon trigger

« Good muon identification

» Good primary vertex reconstruction for muons
( helps to reduce a background)

(b)

Fig. 17 Simulation of a 6 GeV 7 * (Panel 17a) and a 6 GeV u™* (Panel 17b) in the uCLAS12 GEANT4 model. Nearly all pions undergo hadronic
showers in the wECal, while most muons reach the FD and are reconstructed in both the DC and the ECal

22



e
CLFV (€-> M) arXiv:2007.15081 (e+@JLAB)

S. Mantry, Y.Furletova

/\104)\1/8 2z = ﬂ
Xap = ; — . HERA”
0.010 , : MI%Q X045
| | HERA
0.001; : limit
' I
sl |
I
g 105, | z=1 corresponds to evaluating the cross section at the HERA
T limit HERA ~0.7 TeV-2.
10‘6; |
10| P o D An integrated luminosity of L~5x106fb-1 will allow sensitivity to
| | cross sections as small
100 s o'lmo 0050 0100 s . as0~0.2x10-6fb~ 2.107*ab (attobarns) ~ 0.2 zb (zeptobarns)

z

=> Improving HERA limit by factor 100!
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https://arxiv.org/abs/2007.15081

AIL: CLFV (e->u), cross-section and Effective coupling limit

Fixed-target e - u cross section vs. eq contact coupling: existing limits and JLab reach

100 T T T . I 'I' T T
I R I 2 < | X
s o1 0 3 S
JLab 11 GeV reach G <, gain vs LHC | H1 | ZEUS | o 1 T
1yr: 5.7 x1073 TeV—2: x2.0-2.8 | x17-96 | x35-183 | | : : 0 ) ) A
5yr: 2.6 x1073 TeV~2: x4.5-6.4 | x39-214 | x78-409| - - | | < p 2 //
1072 (I = B ~4 i
i | 1 < N /
11 @)
TRERRE //’
(| 1
il /
-4 11 i
10 s s
—_ I
fe) N |
= [
S |
< JLab 1 yr @ 1038 cm~2s71: 3 events | | 11
2 Y T S gl R R | SSCCES o A R -
?. 10 | |
D= ettty i e oy bty Sty Eft bty ==T-"1
2 JLab 5 yr @ 1038 cm~2s71: 3 events 1 1
8] ..
(I
g I I i
10 -
[
N |
[
N |
[
-10 - | I | .
10 I
N |
| | ] = |JLab 11 GeV, e p, u-quark operator
i | : : = = |Lab 6 GeV, e p, u-quark operator
S 11 ===« JLab 11 GeV, e p, d-quark operator
10—12 II | Fa— 1 T I | |

T i
Effective coupling G = AggAq/(2M?) (TeV2)



Conclusions

« CLFV is a power search for physics Beyond the Standard Model
 Existing searches ( rare decays(u — ey, u — 3e), uN — eN facilities) provides extraordinary sensitivity
to very small flavor-violation effects

« Complementary searches probe complementary interactions: eN — uN directly probes lepton-quark

flavor violation interactions at high Qz. Leptoquarks provide a natural connection. HERA demonstrated
the feasibility for CLFV at DIS searches.

* Next step is to explore with substantially higher luminosity to expand sensitivity to much smaller cross-
sections and weaker lepton-quark couplings.

« CEBAF offers a very high luminosity ( and potentially polarized positrons) facility for CLFV searches and
can provide orders-of-magnitude stronger sensitivity, compared to previous CLFV DIS searches.

« Combined together with other CLFV facilities/experiments, such experiments could provide results in

different regions of the CLFV parameter space, and therefore should be viewed as complementary rather
than as competing experiments.

25



Conclusions

q q q Quark mixing: observed
ﬂ n
Neutrino mixing: observed.
|

\ \ \

e i

Charged lepton mixing: not yet observed.

T Let's discover it!
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