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Why GUT and SO(10) GUT? i

« Matter Unification: sy + vp = 16¢.
Explains charge quantization.

B—-L 902 6 8 i 10 12 14 i 16 18
Oth@lese 4+ e — Foot, Lew, 102 10* 10° 108 10" 10'2 10™ 10'® 10
Q QSM 2 Volkas. '93 M [GeV]

Image from Deppisch, et al.’17

* Intermediate Scales: e.g. LR and QL. ! o
Successful gauge coupling unification. X
* Profound Prediction: Proton decay. /’\
u d
d d
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SO(10)

What’s Minimal SO(10) GUT? o

QL = SU@)c X SU(2), X U(1)g

H T, {I

Ferm | on Sector: SUGs) LR = SUG3)c X SUQR), X SUQR)g X U(l)BL

165 16, -
¢ 16F — (QL; Up, dR) + (lL' Vg, eR). \ SU(3)CxSU(2__)F”xU(I)R‘S('Ul('l-)-;_l:-
o 16y

SU3)c X SUQ2), x U(1)y
Scalar Sector:

Bertolini, Di Luzio, Malinsky.’10;

: C
’ Smal.l Rep: 10y, 16H'.45H' Preda, Senjanovic,
* nght Scalars requ”'?d' Zantedeschi.’22 "24 (figure above);
* Need Non-renormalizable operators.
* Large Rep: Bajc, et al. "06; Patel.’23;
. 10101’ 45,,1264. Bertolini, Di Luzio, Malinsky. ’12;
R 1OH» 120H: 4‘5H» 126H- Jarkovska, Malinsky, Susic. '23;

Babu, Bajc, Saad. ’'17.
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Motivation and Introduction ﬂ(".
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How to test renormalizable SO(10)? RT——

M; = 1010 GeV,
M. ~102Gev | Desert Mgy = 105 GeV

Desert
* SM flavor parameters?

* Proton decay branching ratios?
No very robust predictions for now.

* Oasis of a new flavor sector?

Oasls
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The theory: Minimal SO(10)xCP ‘(IT
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Specified SO(10): Real couplings

» CP symmetry enhanced, broken only spontaneously.
* KM phase from complex VEVSs. T.D. Lee '73.
* No high scale SCPV, with minimal scalar sector:

45y — 45H, 126 — mH, 10y — 107—{

Need two degenerate EW vacua v;, v; Mohapatra, Senjanovic. ’83;

— Two light Higgs Doublets <500 GeV, Nebot, Botella, Branco. "19,
Nierste, Tabet, Ziegler, 20;

— one more fine-tuning than SM. Miré, Nebot, Queiroz. '24.
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The theory: Minimal SO(10)xCP A\‘(IT
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Yukawa Sector: constrained by SO(10):
—Ly = Y1016p10516p + Yigl6510% 165 + Yiogl651265165 + h.c.

D Qr(Yip®Y, — i}10&)?0 + Y126® o) dr + QL (Y10®Y, + i;10213(];?0 + Y126 P96 )UR (1)
+0,(Y10®Yy — Yio®Yy — 3Y126PT06)er + 1 (Yio®Yy + Yio®Ty — 3Y126DY06) VR

1 1—
—|—§L/%Y126A%VR + iﬁcLYlQGALEL + h.c.

Y10, Y10, Y126 are real, symmetric. Flavor structure stable under RG.

v 1 Numerical fit: P 23.
Mp = Yiovfy — Yiovig + V1260156, M,, = 5Y126(A%), umerical Tit: Patel "23
ME — YlOUiio — ‘Yl()’Urij’Sc — 3Y126’Uii26, MVD — Ylo‘l)rf”o —+ Ylo’Ui%c — 3Y126’Urf’26, 2
V. o T ar—1 1
My = Yol + Yigod + Viggvlyg, My, = =ML MM, + 1Vis6(AL). (2)
Mp = D'm$®DY, My = Um{®Ut, Mp = E'mG™E, M,, = N*mdeenT,

Vekm = U'D,  Vomns = E'N, |Vve = E'D. |
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The theory: Minimal SO(10)xCP A\‘(IT
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The low energy theory: Flavor violating 2HDM

~LoFp D (% + YR WL, + (@ + eV )L d%h + (@ + eyl

Jufu
V¥ (H + i AVl + Y9 (H +iA)d%d% + V2 (H +iA)ulu, + h.c.

m
Y = CEE—E + CEDVE—V + CEUVEVCKM VCKMVLJ%’

mp mU

meg
%5 VE CDDT + CDUVCKM_VCKMa

Yp = CpeVg

muy

mp
Yo = CUEVCKMVE » VEVCTKM + CUDVCKM—VCKM + CUUT

where Vp = €Yy, 0,0 = e,u, 7, q,¢ = d,s,b or u,c,t

* Yr = Linear combinations of Mg. * Chiral Sym: ¥z = 0 when m¢ = 0.
* Flavor structure: only V; unknown. < m, explicitly break chiral sym.
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The theory: Minimal SO(10)xCP A\‘(IT
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Understand the flavor structure: Protom decar W
s L<— ) ey
* Charged Leptons: NMFV (Ved 17es A Veb‘
* Down-type Quarks: MFV or NMFV E E E
: Vlid V”S Vﬂb
» Up-type quarks: o(A) corrections. VE E JIVE
A~0.2, the Wolfstein parameter td TS Th |
| | | VgL [ VE |VEP
Yg' o (VEVE') +o(\)(VE +VE"), £#L, —— /
/ / CDUmt ¢ ta' r—/
qu X bequgq + —Vc(f(MVCC}](Ma q # q/, Meson Oscillation Unitary
Cpem,
v o yrayrd 4 SUDMb g iy gy
CUEmT
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Phenomenology: A Window to Check SO(10) A\‘(IT

LFV decay of H and A (third column of Vi)
o(pp — H,A) x Br(H, A — (l') ’ ff” x [VAVEY?

95% expected 3 95% expected 95% expected

my~500 GeV.
CMS.
2205.06709

N,, Veb|2 N., ’ng|2 N, total # of excess evens,
= = : normalized by detection
,
N |V1-b|2 N., |V1-b|2 ..
H E E efficiency.
138 fb™ (13 TeV) e 133fb (13T9V) 0 v 133fb (13T9V)
gw CMls """""" 95/' CIL p'p' I‘mtl § £ 95/ CL upper Imts 95/ CL upper Imts
J— erve ] 3 — Observe d 10° T — Observe d
:103 en 3bd dptd__ t --Median expected " -- Median expected
< .68% expected _E 102 -68% expected -68% expected 10 fb for
<
X
b

chxf\xe (fb)

- =) <,
TTITm T 7T

PR T N T T Y N S N B!
1500 2000 2500

mm‘l/n (GeV) 500 1000 1500 2000 mgg” (E;Deov) - 500 1000 1500 2000 mg:),n (é{gv)
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Phenomenology: A Window to Check SO(10) k\‘(".
Neutral meson mixing (third row of V)

> 5l V| dSM
S A (AMi)wplmac o 2ha| M5 |ms,
2| 4:_ 1:0 <K0’dLSRdRSL’KO) <Bg|deRdeL’Bg>
Dol
S 0.8 o, s MEMimp,
37 o6 (B2|brsrbrsr|BY)
e 2r
S 0.4
4 4t NMFV:
- 0.2

ot i W, ((AMg)np|  _ [VESP

0.00 : : . ] : : 2hd|MfiQSM‘€B |VEb‘2’

hg .
mB<KO|dLSRdRSL|KO>

m (BY|brdrbrdr|BY)

MFV only for the narrow green band. 5 =
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Phenomenology: A Window to Check SO(10) \‘(IT
Proton decay (2 X 2 top-left submatrix of V)

Pp—tp) _ 4(1—mi/m3) " (rt|(dw)rds|p)’ Symmetric Yukawa
— + 2 2 + 2 B . .
Dlp— K*9)  (K¥|(us)rdilp)® + MK |(ud)rsLlp) couplings simplifies
(p — 7T € ) L ed A es|2 F(p — ﬂ-O/'LjL) . d A 512
(p_> . ) — |VE + §VE | ) F(p R 7T+§) - |Vg + _Vg | ) a IOt'
F(p — KO +) es ed|2 F(p — KOM_'_) s d|2 P ’04
L = |VE + AVEY?, — = |VE + AVE, erez ,
sxllp = K77) . sxbip ? Km) Nath, Perez '07.
with  &x = 20| (us) ru|p) ~ 6.4
BT (K |(us)rdelp)? + N (K| (ud)rsrlp)® T
Decay Mode ¢ =et ¢ =pu* {=v

p— ml >24x103% yr >1.6x10% yr > 3.9 x 1032 yr
p— K/{ >1.0x10%3 yr >3.6x103 yr > 5.9x 103 yr
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Conclusion and Discussion \‘(IT
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A concrete prediction:

2 (p — wV¢T) - Tlp— KY)
[(p—7tv)  Ekl'(p— K'D)

3[(AM N, N, N,, N -1
_ (3l ogg/[NP‘ _ New  New poy New
2hd‘M ‘58 NTHJ NeT NT[,L NBT

« Walit for Hyper-K, HL-LHC, and more lattice QCD results.
* Hopefully, a hint for SO(10) in future.
* What we need most? Patience!
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Thanks
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Additional Slides ‘(lT
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V = Vys + Vieg + Vinix

Part of the scalar potential

where
Bertolini, Di Luzio, Malinsky. '12 Vis =~ (0000 + (000600 + L(60)(60): (2
$:45, 2:126y o 25(22 ' " N
+ (5!)2(22 Jo(XX")o + (4!)2(22 )2 (2X")2
b (SIS + ()55,
+ (22)2(22)2(22)2+ (Zf)z(z*z*)z(z ¥+,
Vinix = T ()2(55")2 + 5 (66)0(Z5°), )

Ba

54
+ L (00)4(55 ) + 22 (60)1 (S5

+ 2 (P0)2(2X): + %(qbqs)z(z )2
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Additional Slides T
Estimating maximal radiative corrections:

Assuming the Yukawa Sector is not much fine-tuned:

2
(01 — 610), 6Ly = 0fy) S < 55IVE'VE | log(Maur /M) ~ 5% x [Vg'VE,

2 -
(05, —0f%) < o 2\VébV]§b\log(MGUT/MH) ~ 5% x |[VEVEY. Just est_lm_ate an
upper limit here.
Yz Long way to the

(95(:_95(:) N 167T2‘V]_:7rdvl_:7rs“0g(MGUT/MH) ~ 5% % \VEdVES‘v complete GUT
. . Yukawa texture.
(05 — 04%) < 16 2\ CKMVEd\glog(MGUT/MH) ~ 9% x |V,
Recent SU(5) work:
L _ pRY < eby ub Mt N eby ub
(Oc = Oe) 3 167r2W Vel ”log(MGUT/ M,z) 197 x [Vig'Vig | Patel, Shukla. "24;
Shukla. '24
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The theory: Minimal SO(10)xCP S(IT
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Based on the planar
diagrams in Lee 73
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Additional Slides &‘(IT
For careful audience: Domain Walls

 Spontaneous breakdown of a discrete symmetry leads to Domain Walls.
Disastrous for cosmology. Zeldovich, et al. *74

* Way out?
 Natural idea: symmetry non-restoration at High temperature.
Weinberg ’74, Mohapatra, Senjanovic '79, Dvali, Senjanovic '95
However, one needs at least a third light Higgs doublet.

Another fine tuning.
Mohapatra, Senjanovic’79, Dvall, et al. ’96

* Biased term: tiny CP odd perturbation. Vilenkin, ’81, Gelmini, et al. "89
Seemingly, gravitational effects violate CP. Rai, Senjanovic ’94
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The theory: Minimal SO(10)xCP \‘(IT
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SO(10) x CP ((1,1,1,0))€45H

>SU(3)C X SU(2)L X SU(Q)R X U(I)B_L x CP

Mgut
((1,1,3,1))€126 4
Mg
((1,2,2,0))€126 4,10
My

* Low scale SCPV: unavoidable FCNC, but not ruled out.
* Perturbative expansion may fail.

? SU(3)C X SU(Q)L X U(l)y x C'P

> SU(?))C X U(l)EM

max 1 Jarkovska, Malinsky, Susic. 23,
ap =046 <7 Milagre, Lavoura. '24.

* No domain wall problem, with a biased term.

Gravity may SOfﬂy break CP Vilenkin, 81, Gelmini, et al. '89;
' Ral, Senjanovic. '94.
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Additional Slides \‘(IT
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Scalar Sector: Poorly constrained by SO(10)  jarkovska er al. 23

 \We assume the most general CP invariant Higgs Potential.

* Physical effects of general 2HDM below a few TeV. Branco, et al. '11
» 125 GeV h may slightly deviate from SM predictions.
« New neutral states H, A, and a charged scalar H™.

» Unknown parameters:

.. . O(v? : ,
« Acomplex mixing € = ayy + iaps S IEIZ ). Gunion, Haber '03
H

* any, Apa can’t be too large. The discovered 125 GeV h is SM-like.

« ACPV mixing ay,. Hayashi, et al. "94

- Vacua configuration v; = (v, vi5, vihe, vive).
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Phenomenology: Is the Theory Safe? &‘(IT

Direct collider search for H, A: 3 25—
 YEE~YET~0(1): excluded (MSSM- 20 iy ractamsn
like with large tanp). o

 Smaller Yz *, mainly decay to tt and
bb. Survive due to large background 1o\ :

1508

at hadron colliders. oo on iy

* VBF productionand ZZ + WW Bl l S:fé::ﬂiﬁi,hys.can
decay Suppressed by |E|2 400 500 600 700 800 900 1000 1100 1200“1;3(?0661\/?00
e, mixing angle with b5 e.g- survive wihen ¥y < 1.
(cqp In benchmark 2HDM).
e = 0 iff h12° is exactly SM-like.
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Phenomenology: Is the Theory Safe? - ‘(IT
Why FCNC Is safe?

d d —1
Cee Cegp Cgu o[ W Tue —3us U(li() T _3;)126
Cpe Cpp Cpu = | w —ux g U1 _’fi% V126
% * * *
Cve Cup Cyu Uy Uj Uy vio V10 V96

* Naively, all Cr, at o(1). Strictly, not P; = ( (v, _gb’j, Y )

predicted.
. 4 4
* Cgy = Cpy. No other correlations. T Vi oy = S Jusl?
* B, mixing constrains Cp. =1 b i=1

* MFV: B4, K mixing less constrained.

« AF =1 processes: suppressed by loop

factor or additional chirality flipping. my
y THpping 0.013 x —5-a—
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Phenomenology: A Window to Check SO(10) \‘(IT
Neutral meson mixing (third row of V)

1 2 1 ~bgT— . bx7 2
HI%P = 2mH (Y quR + Y bRQL) — m (ZYquLqR — ZYg quL)
2 qu 2
R YD brqrbryr, q=4d,s.
my

br.qrbr,qr and brqrbrqr vanish in the limit my = mgy

Observable  Current limit Future sensitivity ( Bg| HY P|B_g> B .

hq 0.26 0.049 (0.038) (B§|H§M|B—g> -4

h 0.12 0.044 (0.031) 1 B
(AMpg)np| 52x 1075 GeV 0.2 x 10715 GeV (AMg)np = m—K<KOIH§pIK0>

CKMfit, 2006.04824; KTEV, 1011.0127;
Bai, et al. "14; Wang °23.
Dec 4t 2024, Ljubljana Xiyuan Gao, SCPV and FCNC in Minimal SO(10) 22/12



Phenomenology: A

1037 3

1 036
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(p— nTD) = 3.9 x 1052 yr |
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10% .

10% |
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10%, \  Sa -----
10% |

1034 . ......................
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10%.
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T(p — 7ut) /yr

T(p— K'u®)/yr

10

‘\ T(p — 7©TD) = 3.9 x 1032 yr
10% ‘\\ ----- T(p = 7TP) = 3.9 x 10% yr -
N |
1035 - \ '*::: ------------- H -y[;e-r—-K-L-lrr-ut-
~~~...
10%] =
103 |
0.0 0.2 0.4 0.6 0.8 1.0
g A
VE" + §V§ ’|
1037 F ! \\‘ T T E
\\ T(p = nt¥) = 3.9 x 1032 yr
1036§ ----- T(p—m u)—39x1033yr§
103, -
103  Hyper-K Limit ]
105 - Super—K Limit
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VAV

Xiyuan Gao, SCPV and FCNC in Minimal SO(10)

Window to Check SO(10)
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Combining m and K
modes, A goes away.

2T (p — mle™)

(p — K%™)

['(p— ntD)

= 2|VE']P - [V,

2T (p — WOM+)

~ &xT(p— K+D)

T(p — Ku?)

[(p — 7tD)

= 2AVEP - VB

 &xT(p— K1)

23/12



Additional Slides AT

Karlsruher Institut fir Technologie

More on Vg:
Vi (VPMNSmdla VIIMNS klm%ag)VE = —klmdla +k2(VCKMm([1I1a Vexw) + ks M,
Lo 8(vi)? ~ (Ar) L 16v} L. 8us
oAl sws T (A% T T (Al
. T diag dla dlag —1v,-T diag
Mr = Vexmmy VCKM( *VE mp ) Vexmmy - Veku-

M 1s ‘diagonal’ when m; = oo and Vegmy — 1

o kyms > m,, ~0.1eV, Vg~ 1.
® klmT SJ m,,L ~ 0.1 eV, VE ~/ VPMNS-
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