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Why new physics? (via direct/indirect search)

* Naturalness: A long-standing guiding principle.

* Field theory solution to the hierarchy puzzle
= new physics not much heavier than TeV.

* A benchmark example: SUSY.

* Is naturalness physically satisfying?
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Motivation and Introduction \‘(IT
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SUSY 1s a decoupling theory

Question: Can the LHC rule out supersymmetry?
From S. Martin
pre-SUSY 2021

Answer: No. Supersymmetry is an example (one of many!) of a
decoupling theory; the more you raise the masses of the new

particles, the better it agrees with the Standard Model.

Naturalness require:
Asysy < 500 GeV,1TeV,3TeV,10 TeV, ...?
Not too heavy 1s a vague statement.

Motivation for NP other than naturalness?
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=" 42

Stand origin of CPV: KM phase - \UTrit / 2
_  summen25 q) Y K
; 3
Kobayashi, Maskawa. ’72 | — imd
b Am, s
However: 0.8~ 7
* CP can serve as a fundamental 4 /
“EO/B
symmetry. \ /
* Vacuum solution leads to CPV. e B
* KM phase may arise from complex (o[
VEVs. T. D. Lee *73. : |
0—01.2l =0 l1?2
p

Explicit or Spontaneous CPV? Unsolved for 50+ years.
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Spontaneous CP violation
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The mitial proposal of T. D. Lee *73: 2HDM
Two degenerate EW vacua v;, v;
— Two light Higgs Doublets <545 GeV.

— SM-like fine-tuning once again.

Mohapatra, Senjanovic. *83;
Nebot, Botella, Branco. ’19;
Nierste, Tabet, Ziegler, *20;
Mird, Nebot, Queiroz. ’24.

m> +m%, +m% < M?nr = (700 ~ 800 GeV)?.
h H A LQT

No decoupling limit
Even if §.p < 1!

A good guiding principle for NP? Still needs:

* To ensure no SCPV at higher scale.
* To constrain the couplings.
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« Why SO(10) GUT e
) s . iy
o Qi E O, i 5 e, i 5 e, ie, - %H | 45”‘)
Quantized! QL = SU@)e X SUR) X U(l)g
° Only cXp show Qn S 10_2 Oe. SU(5) LR = SU3)c X SU2), X SUQ2)g X U(1)_ L ;
. : 16 .
* Quantization 1s necessary for e Tl
unification: . SUCG)e X SUD), X Ul XUy,
“16
* (Qp,ug,dg) + (I, vg,eg) = 16p SUB3)e X SU2), X U(l)y '
Babu, Mohapatra. ’89; Georgi, Glashow. *74;
Foot, Lew, Volkas. ’93; Fritzsch, Minkowski. ’75
Bressi, et al. ’11; Bertolini, Di Luzio, Malinsky.”10 *12;
Herms, Ruhdorfer. ’24. Preda, Senjanovic,

Zantedeschi.’22 24 (figure above);
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SO(10) x CP ((1,1,1,0))€45H

>SU(3)O X SU(Q)L X SU(Q)R X U(l)B—L x CP

MguTt
((1,1,3,1))€126 5
Mg
((1,2,2,0))€126 1,10
Mw

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

45 — 45H, 126 — WH, 10 — 10?1

* Only real couplings 1n the limit of CP invariance.
* 45y real, 1264 phase unphysical: No high-scale SCPV
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Yukawa Sector: constrained by SO(10):
—Ly = Yi1016p10516p + Y1916510%16p  Successful

numerical fit:

-+ Y12616FWH16F + h.c. Patel "23.

Yi0, Y10, Y126 are real, symmetric, linear combinations of My, Mp, M.

Mp = D'mpD', My = UmyU', Mg = E*mgE";
Vekm = U'D, Ve = E'D.
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The theory: Minimal SO(10)xXCP

The low energy theory: Flavor violating 2H

M

—Ly D YL, H,ep + Y, 0, Hydp + h.c.

* NMFV-like, absolute strength
swamped by fitting.

* Neglecting 1,2 gen quark masses.
* Neglecting small 1-3, 2-3 gen mixing
angles.

YEC o VEPVED, e# 0

Proton decay

ST
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Phenomenology: A Window to Check SO(10) A\‘(IT
LFV decay of H and A (third column of V)

/ / /
o(pp — H,A) x Br(H, A — (") ’Y’% ]VébVéblz
b N;,r, total # of excess evens o
Ney, ]VEeb|2 Ney, ’VE 2 o= . Limits:
— , normalized by detection
N |V7-b|2 ’ N ’V'rb’2 . CMS. 2205.06709
T E er E efficiency.
T N 138107 (13 TeV) . 13810 (13 Tev)
= CMS 95/ CL upper “m'ts ? g CMls 95/ CL upper Ilmlts j
3 — Observed _ s —
:: 10 eH - --Median expected § i 1 et ---322?;e§xpected §
<T 42N I 68% expected ] <.
x E 95% expected - 10

P 68% expected

95% expected

1 1 1 1 1 1 1 1 1
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1 1 1 1 1 1
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Neutral meson mixing (third row of Vi)

6F MFV:
S Vel (AMg)xplmk 4 2ha| MM mp,
Q L - p— — —_— ~ —— — —
U i |VEb| <KO’dLSRdRSL|KO> <BgldeRdeL’Bg>
o 4l 1.0 )
o 4f ~ A0 2hiM12§_M|mBi.
< 3l 0.8 (B2|br,srbrsr|BY)
> 0.6
< 2r
S | 0.4 NMEFV:
4 1t
— 02 (AMg)ne|  |VEP

of ‘ 0 2hg|M{EM|¢p |VER2

000 005 010 0145 020 025 0.30 al Mi5™|en Vel

hqg fp — mp(K°|dLsrdrsi|K°)
MFV only for the narrow green band. m (BylbrdrbrdL|By)
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Phenomenology:
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A Window to Check SO(10) A\‘(IT
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1037 [ ‘ — i : —
‘\ T(p = wP) = 3.9 x 1052 yr
L AN resrm=seaty Combining T and K
AN :
. W .\.\ ............................
100N e modes, A goes away.
1034% ..H""'--..._ Sge_er—K Limit-
1033;
E il di i 2T (p — 7l™)  T(p — K%™)
. 2 4 . . 1. —
0.0 0 0 )\06 0.8 0 F(p—)ﬂ'+§) éKF(p%K_I_ﬁ)
IV + 5Ve g0 5
e es
107 = 2VET - VETT,
\\\s T(p — mtP) = 3.9 x 10°2 yr
1036% ----- T(p — 7TD) = 3.9 X 10% yr ZI‘(p — 7'('0”—") F(p — Ko,u—l_)
1035; [(p — 7tD) Exl(p — KT1)
yper-KLimit o~ - pd (2 1182
10% g = 2|VE | — |VE .
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Conclusion and Outlook A\‘(IT
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Prediction: a concrete tflavor sum rule:

2T (p — wo4T) ~ Tlp— K%™T)
I(p—ntv)  Exl(p— K17D)

—1
_ (3‘(AMK)NP‘ _Ne# Neu_|_1> (Ne;u Neu_|_1>

th‘Mflst‘gB NT;L N NeT N*r,u NBT

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

Part of the scalar potential

where
¢:45y X126y Vis = £ (66)0 + 2 (00)0(00)0 + 2 (66)2(00), (2
Bertolini, Di Luzio, Malinsky. '12 Vigs = _E_T(EE*)O (3)
A A
((11 13 ]-a 0)) = WBL, <(1a 19 3? 0)> = WR, + (582 (EZ*)O(EZ*)O + (4|2)2 (ZZ*)Z(EE*)2
— A Y
((1,1,3,41)) = 0. + (3!)2?2!)2(22*)4(22*)4 + (3!‘32(22*)4,(22*)4,
(V)= —p® (Bwh + 2wh) + ao (12whwiy, + wpy + 4wg) o 0
+2 (8w + 2wh) — 2020 + 4xolo! T 7 () + (41)2 2R
? wWpr, Wgr) — &V |0 0|0 iT o .
+27 (3wpyr + 2wR) |o|* + 2a (3w%L + Qw%) o|? Vinix = 4‘ﬁ(¢) 2(257)2 + _ﬁ(¢¢)0(22 Jo (4)
4 P4
—43) (6waBL + Sw%L +w%ﬂ) ‘U|2_ (B1) (¢¢) (BX%)a + (¢¢) (XX y

’Y x* *
+ E(¢¢)2(ZE)2 + 4—2,(¢¢)2(2 )2
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The theory: Minimal SO(10)xCP \‘(IT
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The low energy theory: Flavor violating 2HDM

—LoFp O (% YR + (— +eVIVAT 4T + (T + eV YT ul b

+ Vi (H + i Al + V5 (H + i A)d]dh + Vi (H +iA)uluf + hee.

T
Y = CEE—E + CEDVE—V + CEUVEVCKM—VCKMV};%;

T ™m
Yp = CpeVi —VE CDDTD + CDUVCKMTUVCKM;

. mp
Yo = CueVeokum ETV V(]JLKM + CUDVCKM—VCKM + CUUT

where Vp = e Yp, 0.0 = e, u, 7, q,¢ = d,s,b or u,c,t
* Flavor structure: only V; unknown. ¢ Cgpr: free, not predicted.
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Phenomenology: Is the Theory Safe? \‘(IT
In which sense FCNC 1s not ruled out?

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

* Naively, all Czr at 0(1). Strictly, not o; = ( 2 ) ,
. (i + i 2
predicted.

4 4
* Cry = Cpy. No other correlations. . 2 | Vi
* B; mixing constrains Cpy;. = i=1
* MFV: B4, K mixing less constrained. Coul < ( v 1 ) L m /2
DUT ~ ts  1/tb 3
e AF = 1 processes: suppressed by loop me VoVl )~ 10° TV
factor or additional chirality flipping. ~ 0.013 x 503”3’ -
&
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Additional Slides A\‘(IT

Understand the flavor structure:

* Charged Leptons: NMEFV
* Down-type Quarks: MFV or NMF

* Up-type quarks: o(A) corrections.
A~0.2, the Cabbio angle

Vi o (Vig'Vi')' + o) (Vi + V"), L+,

tq tq’ /
VermVokms 47 4
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Proton decay ! cLFV

~ - 1< . /l;{\_‘
e es e
Ve~ Ve~ ||VE

ud US Ub
y E VE y VE

Ve [ vg (Ve
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t tq’
~VekmVokm F0o(A), ¢#4,
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Neutral meson mixing (third row of Vx)

q —
HNP o

Q

1 2 L/ bg— ogbr— \2
vhib, Yb)——(Yqb —Yqz))

mH( L4R T RAL 2"’”?4 1Y 5'orqr — 1Yy ORQL

2V

| |bLQRbRQLa q=d,s.

mH

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

Observable Current limit Future sensitivity { Bg| H§P|B_g) _
—— = hge'7?

hg 0.26 0.049 (0.038) (BO|HE, (| BY) :
hq 0.12 0.044 (0.031) |

J—
(AMg)np| 5.2 x1071% GeV 0.2 x 10715 GeV (AMg)np = m—K<KOIHNle0>
CKMfit, 2006.04824,; KTEV, 1011.0127;
Bai, et al. "14; Wang °23.
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Proton decay (2 X 2 top-left submatrix of I'x)

Exl(p — KT7)

Exl(p — KT7)

2(K"|(us) rug|p)*
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_9 .
Cip—atp) _ 4(L—mi/mp) " (m"|(du)rdz|p)* Symmetric Yukawa
I KT K+ d 2 AZ K+ d 2 . . .
(p— K*7)  (K*|(us)rdrlp)® + XN (K*|(ud)rsL|p) couplings simplifies
(p — e ) . ed é es|2 F(p — ﬂ-O,’LjL) _ pd é s 2 a 10t
L(p— 7to) Ve +2VE|’ L(p—nto) Vi +2VE|, .
0 .+ 0,,+ ’
F(p — KV%e ) _ |V§S + /\V€d| F(p — K H ) _ ‘Vgs + /\ng|2’ Pe]/'ez 04,

Nath, Perez '07.

ith = ~ 6.4.
M TR Casndu ) + R [(ud s lp)?
Decay Mode {=et 0=put {=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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RGE towards M I changes: Just estimate an upper limit here.
Long way to the complete GUT
The IR theory (Mgy,): SM —- 2HDM Yukawa texture.

(YTEf — YZ’T) Mgy — (Ygf_ YZ’T)’MIa(Ytl? - Y?Jt)’MEW — (ng - Y(”)’M )

2
b b b b b Vi 3 1
Yy =YD )y = (Yo =YD )|y, + Y5 X 16 zlog(Ml/MEw)<§CUU2—§),

(ME = M)ty = (M5 = M), (ME = ME)agyy, = (M7 = M),

2
b b b b byt y 2m;,
(MDq - M% ) Mgw — (MDq — MqD )’M, T (meEbVEq) X —16;2 log (M;/Mgy) (CUUCDE m, )

Vi
1672

log (M;/Mgw) ~ 3%.
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More on Vg:

Vi (VPMNSmdla VIIMNS klm%ag)VE = —klmdla + kQ(VCKMmclifla Vekwm) + ksMr,

(i)  (Ar) 16v} 8us
ki1 = ko = ks = .
(AR)

’Ug(A%) 8’03 ’ (A%) ’

T dia diag diag\ —1v,-T diag
MT = VCKMm gVCKM( E’mE VE—mD g) VCKM’m VCKM

M7 1s ‘diagonal’ when my — oo and Ve — 1

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