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Motivation and Introduction A\‘(IT
Leptoquark (LQ): leptons < quarks

Vector LQ Scalar LQ

Di Luzio, Greljo, Nardecchia 17°; Bordone,| Crivellin, Miiller, Ota 17°; Crivellin,
Cornella, Fuentes-Martin, Isidori 17°; Miiller, Saturnino 19; Fedele, Wuest,
Calibbi, Crivellin, L1 17°; Greljo, Stefanek | Nierste 23°; Bause, Gisbert, Hiller,
18’; Fuentes-Martin, Isidori, Lizana, 23’; He, Ma, Valencia 23’; Crivellin,
Selimovic, Stefanek, 22°;Davighi, Isidori, | Iguro, Kitahara 25°; and more...
Pesut 23°; and more...

Mass: TeV-scale Protected (gauge inv) Fine-tuned

Coupling: U(2)" ‘Next-to” minimal Automatic (chiral sym)

Our idea: Fine-tuning — Consistency requirement
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Motivation and Introduction

- Why SO(10) GUT?
* Charge quantization:
Only Exp: Q,, < 107%%
* Quantization <« Unification:
(Qr,ug, dg ) + (I, Vg, eg) = 16F
* Prediction: proton-decay
* Difficulty: flavor patterns

Babu, Mohapatra. ’89;
Foot, Lew, Volkas. ’93;
Bressi, et al. ’11;

Herms, Ruhdorfer. ’24.
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SO(10)

N e

QL = SU@) X SUQ2), X U(1)g

LR = SUB)c X SU2), X SUQ2)g X U(I)B L :

164 164

454

SUB3)c X SU(2)L X U()g X U(1)g_y.
“16;
SUB)e X SUR2), X U(l)Y

Georgi, Glashow. *74;

Fritzsch, Minkowski. *75

Bertolini, Di Luzio, Malinsky.”10 *12;
Preda, Senjanovic,

Zantedeschi.’22 24 (figure above);
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Most Minimal SO(10)

Most minimal: One Yukawa coupling
105 = T;;.

Degenerate t, b, T, v, mass.

i) —Ly,, = Yi0l04167165,

SKIT
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0= (1)- (3)
120 = (130 _ (170)’
126 =5 (1),

Nature loves

self-dual?

1) —Lyi,, = Y120120516p16%, 1205 = T30k x-
Y;50 antisymmetric: no 2-3 gen hierarchy.
1) —Ly,, = Y126126516£16%, 126m = 0TI o kim) -

* High-scale vacuum: tiny neutrino masses
» Two-Higgs-doublets: hierarchical — = tanf.

mp

* All good at O(1), except for m—r = 3 is wrong.
b
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SM RGE

at 101 GeV
Martin, Robertson 19°.

= 1.67
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Most Minimal SO(10) A\‘(IT
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Minimal GUT
SM RGE: a loop-hole A
 Non-minimal GUT?
* Particle desert fails.
* Data driven: Py AR
" LQs at TeV )\
TeV-scale LQs from 1264. P SR -4
,,/ g > ' The landscap;? N \\“
U the SM a SM-like theory )
Gauge coupling unification: "~~~ Reshaped landscape __ -~
S ee b a Cku p GUT Swampland
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Most Minimal SO(10) \‘(IT
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. General LQ summary:
LQS in 126 H- Dorsnera, Fajferd, Greljo,
Kamenik, Kosnik. 16°.

—~  (60,12,15) O 51(3,1,—1/3) + S4(3,1,1/3)
106,32, 1r) D 95(3,3,—1/3),
126, < (_ L, 1R) _3(_ /3) ) o
(10671L73R) ) 81(3717_2/3)_'_81’(371 1/3)—'_‘91(37174/3)
~ (150,21,2r) O R2(3,2,-7/6) + Ra(3,2,—1/6) + R5(3,2,7/6) + R5(3,2,1/6).

SO(10) — Pati-Salam — Gy = SU3) . X SU(2);, X U(1)y

Interactions: follow gauge and chiral sym, see back-up.
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Most Minimal SO(10) ‘(IT
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Addressing anomalies: -
S5 S, A
- S, for R(D™). (Ero"b1) (TROWML)
~ b— crtv cr P ) (T Yy Cryk Tty —
+ S4, R, together for B > Kvv. i) et matn)
- (CrbL)(TRVL)
* S5, R, cancel for B - K™ vv.
b— sTT (SpyHbr) (TrytTr) - (SrY"bR) (TRY*TR)
* T loop for B —» K44, LFU. e R
» R, carries too large U(1),. | Gorwain) e (P v _
* S, mediates P decay. R, Ry
* S;no P decay with U(1)pg. ;o | (ROOD)(TROWYL) .
* U(1)pq requires low scale o) Tar)
2HDM. b— sTT (SLy*bL) (TR TR) (SrY"bR)(TLY"7L)
b— svv — (ER’Y“bR)(ﬁL’YHI/L)
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Improved RG equations A\‘(IT
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Charged fermion masses:

Sz+ Ry Ss+ R,
41 —— 200 —
y(Mgur) = 0.62 tan8 = 49 ; Y(Mgur) = 0.62 tang = 49
T 150 i
> >
8 (GD-’ 100
50¢
0 0 '
5 10 15 5 10 15
logo(u/GeV) log+o(L/GeV)

*  Quark loop for Leptons = Lepton loop for Quarks X number of colors.

*  Model independent: Ss, R,, S; or S3,S; also reasonably good — see backup.
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Improved RG equations \‘(IT
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Emerging flavour mixing?
0 0
e O
0 1

Yio6 ~

o O ™

* Always flavour diagonal?

e Need UV seeds for FV.

* A sensitive dependence on No FV

. .. SM RGE: Stable =~ With LQ: Unstable
initial conditions.

* See back-up for plots.
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Conclusion and Outlook A\‘(IT
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* Two key improvements:

* b — T: successful unification.

* Emerging flavor mixing possible.

e Outlook:

* A general behavior but examples ongoing.
* Appliable for other deep-UV models.

* Beyond Froggatt-Nielsen paradigm.
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Thanks
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Additional Slides

Light theory: SM with 2ZHDM+LQs

—Ly = th_%tRHu + be_%bRHd + er—%T rHg

+ yl@TRgl + 92@1)%61%2 + ?JSQ—?I’,CL%S?, + h.c.

Approximately 3¢ generation specific.

Y =Yt Yr = —3Yp, Yl =Y2=Y3= 2\/§yt, at GUT scale.

l Updated RGEs, see backup

1 1 1

my = —=yvsin B, mp = —=ypvcosB, m,;=—=y,vcosB, v=246 GeV.
t \/iyt 6 b \/ﬁyb /6 T \/in /8
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Additional Slides A\‘(IT
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Updated RGEs with LQs
d 177  9g5 9y? Y2 3y2
]_6 2 = — 1 — 2 _8 2 _t _b _3
T yt( 2 1 BTty T )
d 592 992 y2 9y2 y2 3y2
1672 _ _99 P92 g2 Y Y 2 YT 2 O3
d 15972 993  5y? 3y?  3y:  9y2
1672 _ 1991 Y93 T | 3,2 1 2, JY3
T dnp” y’f( L4 T T Ty Ty T )
o d 2 2 2 yfﬁ 2 2
167 dnpt =0 201 Aty + S F 3ty )
d 1392 992 y2 y2 7y2 9y2
1672 _ 09 992 422 Y7 YT Y YU
" dlnp”? y2( 20 4 BTHTy TS T T )

d 92 992 y2 y2 y2 3y2
1672 — _ LTI pgt 2 Fb oy Iy B2 Qa2 )
™ Y ya( g3+ 5 Ty Tyt T T ous
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Additional Slides \‘(IT
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Why unstable?
5 k 5 S
@ 1 & | e | me |
Jlfb Jlfb JI’b Eblsyb
167T2d1(iuebs = —¢b (y21 + y2>
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* Diquarks?

e A= 1OMGUT?
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& | y(Mgut) = 0.56

0.2 i Ebs(MGUT) = 0.35 7]
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Additional Slides A\‘(IT
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Si+ §2+ §1 S3+ F"(‘2+ §1
A 200 ——— —————
. : ilMgur) = 0.56 tanB = 42 ] \ V(M) = 0.56 tang = 42
* Model-independent. °| ; 150
* O(e) gapat1TeV. 3. 3 ool
* Fair as leading-log | f :
. . - 50_
estimation. SM | ;
0 0' .
5 10 15 5 10 15
Sa+ §1 +8S
4 —— 200 — v83131v
’ YiMgur) =059 tanB = 46 i (Maur) =059 tang = 46
7 150}\ yilMgy tang
L.O | I
3 U3 ool
E 50/
SM | ;
0 : ’ ol :
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Additional Slides ‘(IT
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Gauge coupling unification 601
o0
* R, is good. Ry
=
Preda, Senjanovic, Zantedeschi.’22; ’25. 8 5l
* 53 Increases ggy(2), 100 much.
20F
* Need light diquarks and color-
octets. 10r
Goto, Mishima, Shindo. 23’ (the figure). 0 L . . i
10* 107 1010 101 101¢
jt[GeV]
mS3 =2 TeV,

mS6 = mSS = ng = M] =52 x 106 GeV
Sep 25™ 2025, DESY Xiyuan Gao, TeV-scale LQs: towards most minimal SO(10) 18/11



Additional Slides A\‘(IT
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LQs 1n 1264: interactions

L% = YIQLS;LS + YFRQ5S3 L + VP QLS LS + Y{RQRS Ly
+ Y RQL(Ry, Ry Lr + Y Q% (R, R2) LS, + h.c.

With SU(2)z multiplets:

o _( & _sivE\ o (o syve)  @r=(umde)
RSO s 0 ) Le = (mom)

Sep 25™ 2025, DESY Xiyuan Gao, TeV-scale LQs: towards most minimal SO(10) 19/11



Additional Slides A\‘(IT
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LQ-fermion coupling strength:

Sa+ Ro+ Sy S3+ Ry
25 —— _ 25, —_—
y3(Mgur) = 1.94 3 (Mgur) = 2.14
2.0f | 2.0f
1.5} : 15F
: Vo ] : y2
1.0f V3 ] 1.0} y3
0.5} ] 0.5
0.0 [ 1 M 1 M M " " 1 1 1 L M 1 1 M | 0.0 [ i i 1 i i i i 1 i L L L L 1
5 10 15 5 10 15
log1o(H/GeV) log1o(/GeV)

* Fixed-point behavior similar to Fedele, Nierste, Wuest, 23°.
 Minimal GUT prediction: y, = y3: R,, S5 cancellation less ad-hoc.
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