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OUTLINE

 Introduction
* Fermion mass hierarchies from latticized theory space: Anderson chain
e The radiative mechanism with Anderson chain

Based on: arXiv: 2601.10316

e Radiative Anderson vs Chain mass model

* Summary



THE FLAVOR PROBLEM

Recent reviews: Feruglio (2015), Altmannshofer et al.(2025)

* Large hierarchies in fermion mass spectrum
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mixings are anarchic

e In the limit ¥ = 0, the action has enhanced global symmetry [U(3)]°: masses are Technical natural
parameters. Still, approximate flavor symmetries implies, existence of UV physics

* The incalculable parameters : -Z, =Y Q, Huy,, + Yg QLl.Hde + Y¢L,Hey + h.c

<

19 unknown real parameters in the unbroken phase

In 2506.06423, some of the Yukawa are constrained through inequalities



POSSIBLE EXPLANATION

e The well known theories of flavor: FN mechanism, Extra-dimensions, Clockwork mechanism etc,
explains the flavor hierarchies, but not the computability

* The radiative mass generation mechanism: Mass generation through quantum corrections can explain
both of these issues

X(9)

fL2 fL3 ms3 fR3 fRz

* At the tree-level only third generation fermions are massive, fermion self-energy
corrections induces mass for light fermions

1

. Loop suppression —— explains the intergenerational hierarchy; Masses becomes partially

Computable P arameters Weinberg (1972), Georgi et al. (1973), Mohapatra (1974), Zee & Barr (1978)..
Balakrishna & Mohapatra (1988),....

« Flavor violating couplings with BSM particles X or ¢» are necessary

B. A Dobrescu & P.J. Fox (2008), Weinberg (2020), Jana et al. (2022,2024), Mohanta & Patel (2022,2023,2024,2025),
Bonila et al.(R023)...



RADIATIVE MECHANISM IN GAUGE EXTENSIONS

» Consider a toy framework with f;,, fz, as chiral fermions and F;  as VL fermions

0 u HLiMR;
(M )4><4 — - - ]\4150) -~ ) Rank =1
MF

* Flavor non-universal gauge interactions induces masses for the lighter fermions

X
8X
(8M);; = == gy M\ "q; (Bol My, m3] — Byl My, my.])
I Iy Ja dr
' m3: mg '

 For abelian extensions, at 1-loop level, only second generation fermions get mass

 Higher order corrections or Non-abelian gauge extensions can induce first

generation mass
Mohanta & Patel (2022,2023,2024,2025)

> 10273 TeV

I

« The phenomenologically allowed lowest new physics is

 Experimental verification is beyond our reach

* Higgs mass naturalness



HIERARCHIES FROM THEORY SPACE

PHYSICAL REVIEW LETTERS 120, 221802 (2018)

Exponential Hierarchies from Anderson Localization in Theory Space

Nathaniel Craig* and Dave Sutherland’
Department of Physics, University of California, Santa Barbara, California 93106, USA

® (Received 23 October 2017; published 30 May 2018)

* Anderson localization M
l

n theory space i = 5ij i (6i+1’j " 6i’j +)

¢; = [0, W], Disorder parameter, G = Hf.v UQ),

Ry Ry Rs Ry Ry_3 Ry Ry_1 Ry

Ly Ly L Ly Ly_3 Ln_s Ly_4 Ly

 The form of M leads to exponential localization of the mass eigenstates

e There are no massless modes for the chain fields

6 N. Craig et al, (2018)
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* Anderson localization
n theory space My=e 5ij i (6i+1’j " 6i’j +)

j
¢; = [0, W], Disorder parameter, G = Hf.v UQ),

Ry Ry Rs Ry Ry_3 Ry Ry_1 Ry

Ly Ly L Ly Ly_3 Ln_s Ly_4 Ly

 The form of M leads to exponential localization of the mass eigenstates

e There are no massless modes for the chain fields

* Application: Anderson Partial compositeness
LD =Ms(nyg' Q' + @' U' + nyd' D’
+ QiQi + (']iUi -I-DlDl)
~YJQ'HU/ - Y/ Q'HD + H.c.,

i

nq,

n',n é are drawn from exponential profile
of a localized scalar

6 N. Craig et al, (2018)



RANK 1 FROM ANDERSON CHAIN

K. Patel, (2025)
 Consider a toy framework with f; . fg, as chiral fermions and L;, R, as lattice fermions (VL)

i N
_gm = Z </’la fLaRa + /’l(/x L(N+1—a)fRa> + Z ]‘415-0) LlRJ + h.c..
a=1 ij=1

le fL2 fL3

Ll L2 L3 L4

e The localization leads to massless modes

( )
(O) 7 _ 2Nf fOI‘NfSN<(2Nf—].),
0O = Ny ( )NfXN Rank(M) =1 N 11 for N > (2N; —1).
/ 0
K)o, (MY) e
\ 4 )
* The effective mass matrix mégf) ~—uM 0! u’ Rank (mé?f)) =1 for N >5

* The non-local effects can be introduced through additional interactions
K. Patel, (R025)
7



LOOP INDUCED NON-LOCALITY

« We choose N, = 3and N=5 G. Mohanta & K. Patel, (2026)
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* The non-locality can be induced if the chain have additional interactions with massive gauge bosons

—ZLx = 8xq (Zﬂ’”Li + Ei}/ﬂRi) X,
* The self-energy corrections to the lattice fermions

2 2 5 . .
gxq . . [(ikn\ . [ Jkr )
SMWO) = 222 _ (1) sin [ — ) sin [ — ) m©Q b [M2Z, |m©|7].
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LOOP INDUCED NON-LOCALITY

G. Mohanta & K. Patel, (2026)
-1 -1 -1
My ~ — MOy’ + MO sMOMO ™y

Quantum corrections in the UV theory generates masses for the SM particles




SM IMPLEMENTATION: A RADIATIVE ANDERSON MODEL

Fields Multiplicity Gsm U(1)x G. Mohanta & K. Patel, (R026)
Gro = (ULa dLa)" 3 (3,2, %) 0 * Three type of chain fermions
UR« 3 (3, 1, %) 0
dRa 3 (3,1,—3) 0 * Only one additional SM singlet scalar
lLa = (VLo €La)’ 3 (1,2,—3) 0
€Re 3 (1,1,-1) 0 * The new gauge interaction only for the
H 1 (1,2, 1) 1 chain fermions
ULi,Ri 5 (3,1, %) 1
Dy R 5 (3,1,-1) 1 * Straightforward generalization of the
ErLi ri 5 (1,1,-1) ~1 Toy model analysis generates
S 1 (1,1,0) —1 hierarchical fermion masses

10



SM IMPLEMENTATION: A RADIATIVE ANDERSON MODEL

Fields Multiplicity Gm U(l)x G. Mohanta & K. Patel, (2026)
qro = (ULo dra)’ 3 (3,2, %) 0 * Three type of chain fermions
URa 3 (3, 1, %) 0
dRa 3 (3,1,-1) 0 * Only one additional SM singlet scalar
lLa = (VLo €La)’ 3 (1,2,—3) 0
€Ra 3 (1,1,-1) 0 * The new gauge interaction only for the
H 1 (1,2, 1) 1 chain fermions
ULi,Ri 5 (3,1, %) 1
Dr; ri 5 (3,1,-1) 1 * Straightforward generalization of the
ErLi ri 5 (1,1,-1) ~1 Toy model analysis generates
S 1 (1,1,0) —1 hierarchical fermion masses

* Asymptotic freedom and Landau poles: g =/4za;

do; o 4 19 41 32 2 28 1
- _—Zb@ b3:—7+§N, b2:_€’ =

dlnp 2w
« N =5 is the maximum value for which b; remains negative

« The large contribution to b y by the new fermions indicates that the U(1) Landau poles are reached at much lower
scales

2
ALandamu ~XMmp €xXp
b1 x a1, x[mF]

For N =5, my =10 TeV, and assuming ay = a; at the scale m, we find that the Landau poles appear at
Al ndan ~ 10* TeV for U(1)y and  at Ap, g4, ~ 10! TeV for U(1)y

10



LOW-ENERGY EFFECTS

* The FCNC couplings of X boson (

Ly D Z <<g;§)aﬂ fLa)/”fLﬂ (gf> fRaV fRﬂ)

fap (g},f ) Pt (u;Rprp;RufR>aﬁ

* The modified Z couplings

ZL72— Jg‘fZM Z <(5gf> fra?"frp+ <5gf> Fra?" fRﬂ)

(),
* The modified Higgs couplings -
—Zy > Z <gf> fLafRﬁh + h.c. <g;l)aﬁ N

11



LOW-ENERGY EFFECTS

The FCNC couplings of X boson ( g;(> = g, (uT PP qu>
L L L
702 B (), e ), i) " s
fap <gflf ) o = 8x4F <M;R,0pr;RufR>aﬁ
The modified Z couplings (5gz> =—-=T ( leDprfLqu>
L af

ZL72— Jg‘fZM Z <(5gf> fra?"frp+ <5gf> Fra?" fRﬂ)

fa.p <5gz> =09
ap

The modified Higgs couplings

_3Y32<gf> frafigh + h.c. (gjfl)aﬁzT

The FCNC couplings has structure

O(1) O(tr) O(t%)
(L) 05 (\Avgf) U}L (O(tp) O(1) O(ti) usr, +@<”|la,”$ﬂ
\ O(82) O(tr) O(t2) y H
(

‘MI ‘2 0(1) O(tF) O(t%‘) Mamg
s~ 0 (53 ) [ | 00t) 00) ) || 0 (T
F O(t%) O(tr) O(t%) d

11
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EXAMPLE SOLUTIONS

Parameter S1 S2 S3

My 1.0000 x 103 5.0000 x 103 1.0000 x 104
Wy 2.2275 x 103 7.4356 x 103 2.0468 x 104
Wp 1.3785 x 104 5.5603 x 10% 3.7524 x 10°
Wg 1.2654 x 10% 4.5599 x 104 8.5562 x 104

ty —0.97406 + 0.226127  0.92063 — 0.321157  0.90288 + 0.28292
tp 0.96155 — 0.255014  —0.94969 + 0.313114% 0.92170 + 0.263154
tp —0.98464 + 0.0564307 0.98916 + 0.049848% 0.97364 — 0.056887 %
Ll 160.91 —154.38 175.67

L2 —200.42 214.71 266.54

s —468.23 —366.25 —431.69

phy —1704.34 2.8361 x 103 —6.5243 x 103
o —705.15 —3.3540 x 103 5.9816 x 103
s 1.9544 6.9431 —13.052

Ld1 —45.449 —68.678 —57.186

L2 —55.112 —93.576 —86.172

L3 123.67 —167.36 139.02

By 213.37 —401.06 —5.2015 x 103
W 191.58 —687.41 2.6426 x 103
s 439.24 —1.0884 x 10° 5.4504 x 10°
el —922.151 13.327 —26.028

L2 —22.016 —12.790 25.225

Le3 —169.67 —114.24 —169.25

why —94.749 —506.69 505.75

o —91.206 —436.48 —527.15

s 706.20 —3.4530 x 103 3.6499 x 103

12



e Direct search bounds

My [TeV]

PHENOMENOLOGY

50i 1000 - - , _
[ 200
40/ 800 - [
sl % sool. % 150;
= = —
20! - — S 400 - s 1001 _
10; 200 50 _ —
0; TTTTTTTTTTT T P R 0" = = ——— - —————— T T
S2 S3 S1 S2 S1 S2 S3
M, > 1.7 TeV My > 1.56 TeV Mg > 04 TeV
ATLAS (2024) CMS (2023) ATLAS (2025)
Couplings Constraint S1 S2 S3
(6gZ.)11  (-0.8+3.1)x1072 —-74x107* -74x10° —1.6x107°
(697 )22 (—0.154+0.36) x 1072 —-22x10"2 -13x1073 -29x10~*
(697 )33  (-0.3+£3.8)x1072 —23x1072 -13x1073 -3.2x107*
Z -2 —6 -7 —8
(697, )22 (0.9 £2.8) x 1072 40x107° 51x10% 12x1077
(69% )33  (0.33+£0.17) x 1072 42x107° 53x10% 14x1077
(6gZ)11  (—23+28)x107%  13x107% 45x10® 45x1078
892 oo 0.1+1.2) x 1073 1.2x107% 47x10% 3.3x10°
eL
(692 )33 (1.8+£5.9) x 1074 1.5x107*  6.0x107% 4.8x 1076

13



* Neutral meson-antimeson transitions

Wilson coefficient Constraint S1 S2 S3
Re C} —9.6,9.6) x 10713 425 x 1071  587x 10717 —3.08 x 10720
Re C}. —9.6, 9.6] x 10713 568 x 10714  2.03x 10716 —1.20 x 1016
Re C% —3.6,3.6) x 1071 3.12x 107 691x1071" —581x 10719
Re C%, —1.0, 1.0] x 10714 2.04 x 107 358 x 10717 —2.76 x 10719
 ImCk  [-96,96]x107¥ 330x107"  632x10717  3.02x10720
Im C) ~9.6,9.6) x 10713 —4.04x 107 -2.33x1071¢ —8.31 x 1077
Im C% ~1.8,0.9] x 10717 6.63 x 10716 —-1.15x107® 4.95 x 10720
Im C%, —1.0,1.0] x 1071* 434 x 1071 —598 x 1071  2.36 x 10~
Cg, <23x107H 271 x 1071 590 x 107! 6.80 x 107
Ct <23 %1071 1.02x 10714 3.09x 10717 1.35 x 10716
Ck, <21x10713 1.37x 10715 3.03x 10718  1.20 x 10~
C3, <6.0x 10717 1.68 x 1071°  2.81x107'®*  1.00 x 107
Cg. <1.1x107° 3.46 x 10715 7.21x 10717 1.05 x 10719
C. <11x107? 7.82x 107" 529x 1071  8.60 x 1071°
Cs, <1.6x107H 1.35 x 107 439x 10717  1.19x 107'®
C3, <4.5x 1071 1.66 x 1071 4.07x 10717 9.93x 107"
Cj, <72x1078  515x107'  1.18x 10713 1.20x 10714
C4, <7.2x10713 9.43x 107 930x 107  1.15x1071°
C} <48x107%  264x107'2 1.06x107*  6.53 x 10710
C?, <48x1071B 228 x 107! 711x1071%  4.00 x 1071¢

14



* Rare top decays

Observable  Current limit HL_,L,H,C S1 S2 S3
sensitivity

Br(t -+ Zc) <24x107* <23x107° 1.77x107° 5.40x 1078 4.96 x 1079
Br(t = Zu) <1.7x107% <73x107% 1.96x1077 9.34x107° 6.05x 10~
Br(t - Hc) <73x107% <85x10™° 439x1077 1.30x1072 1.20x 10710
Br(t - Hu) <19x107% <85x107° 4.86x107Y 225x 107 1.46 x 10712
Br(t +cy) <40x107* <52x107° 2.65x 1071 8.87x1071* 819 x 10715
Br(t - uy) <89x107° <6.1x107% 3.95x 1071 2.03x 107 1.32x 10716

* Lepton flavor violation

Observable Upper bound S1 S2 S3
Br(yu — e) 70x10718  8.1x107'2 13x107* 865x1071°
CBr(p—3e)  1.0x10712  1.4x10710 21x10713 7.33x10714
Br(t — 3u) 2.1 x 1078 4.2x 10719 54x1071 4.34 x 10713
Br(T — 3e) 2.7 x 1078 41x10712 41x107% 3.72x107%

( ) 4.2 x 10713 2.5x 10713 38 x 10716 251 x 10716
Br(t — py) 4.4 x 1078 9.1 x1071% 1.3x10715 9.13x 10716
( ) 3.3 x 1078 8.7x 107 1.1 x107'7 1.03x 10717
Calibbi, Signorelli (2018)




RADIATIVE ANDERSON vs CHAIN MODEL

Generating the fermion mass hierarchy at the TeV scale

Nima Arkani-Hamed!,* Carolina Figueiredo?,! Lawrence J. Hall®4  and Claudio Andrea Manzari'$
1School of Natural Sciences, Institute for Advanced Study, Princeton, NJ, 08540, USA
2 Jadwin Hall, Princeton University, Princeton, NJ, 08540, USA
3 Leinweber Institute for Theoretical Physics, Department of Physics,
University of California, Berkeley, CA 94720, USA
4 Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

1% chain

po 0 -0
M u 0 :
SRR
e 0 M p
0 - 00
0
0

0% 00 0 0]

0 0
2" chain
M p 0 0

0 M p 0|
00 Mu
X 0 0 0

M p

0 A3 0 |

3" chain

\

lih  Ei1 Ei; Eis Er3
o. [ —

loh  E3q B2
G = = =
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RADIATIVE ANDERSON vs CHAIN MODEL

Generating the fermion mass hierarchy at the TeV scale

Nima Arkani-Hamed!,* Carolina Figueiredo?,! Lawrence J. Hall®4  and Claudio Andrea Manzari'$
1School of Natural Sciences, Institute for Advanced Study, Princeton, NJ, 08540, USA
2 Jadwin Hall, Princeton University, Princeton, NJ, 08540, USA
3 Leinweber Institute for Theoretical Physics, Department of Physics,
University of California, Berkeley, CA 94720, USA
4 Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

1% chain )
m By 1] i T 1ES,; T
B M pu 0 0/ 0 % 00 0 0 Lt Ith Ey Eis Ef3 B3 Eis Ers ef
1,2 0 M I 0 : 1,2 O =---
Eis N 0 M p E7 5
I1h A1 O - 00 2" chain eﬁ’ l2 h ES, FEs,
: 0 0 0 Mu|l O : iz Bap
loh X2 0 0 0 es
B 0 o [| |E lsh _ B51 Bout ef A%
ish || M 0] Loe§ e v~ A —
3" chain 4 / M

* Three generations fermions gets mass from three chains

di
ash  Chain model can explain the mixing hierarchy, but
ds L
- radiative Anderson can not. (?)
0 & ¢
d C : d 5 4,10 _4
= g ,th th ~ . o . . o
A P * No additional gauge or scalar interaction required for the

chain model

16



SUMMARY

A radiative mass framework provides an effective mechanism for flavor puzzle

The mechanism doesn’t depend on absolute value of new physics scale, rather depends on
separation with VL fermion masses.

Anderson localization in theory space can lead to exponential hierarchical couplings. This feature
can also give massless modes in the theory

Additional gauge interactions (without disorder) can generate the loop-suppressed masses for the
massless modes

The lowest allowed new physics for the radiative mass framework in the SM with Anderson
localization is 5 TeV.

The model can explain the Higgs vacuum stability, since it has 5 VL fermion (in each sector also)
Gopalakrishna et al. (2019)
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SM IMPLEMENTATION

e The scalar sector

2 2
P 2 2

Ve —Bgig gty B 152 131810+ 25 HTH | S|
2 4 2 4 2

0 Vg
H=_1], (§)=—
VEVs (H) (ﬁ) (S) 73

~

The physical scalars h=cos¢ph+sings, §=cos¢ps—singh

* The Gauge sector _ T8 .y _ .y
& D,H = <0ﬂ + lgEWﬂ + lEBﬂ + ngXﬂ> H, DS = <0ﬂ — ngXﬂ>S,
(1 1, 1, \
182"2 —788 v? 58 gx v’ p SR
2 _l /v2 l 2V2 _l V2 B COS 1174 —Sin W 1 O O A
Mgo=17%88 58 2 58x ’ w3|=|sin6, cosf, O0]||0 cosd —sind|| Z],
Tg'gxv? —2ggy’ g§<v2+V§> X 0 0 1)\ snf cosfJAX
\ )
/ 2m2
tan Oy, = & ; tan 260 = 5 YX2 ;
8 Myy — Mygx
2 2 2
> _ & Y 2 _ 2( 2 2) 2 _ 88x V
My, = , Myy = Ve +VvT), myy, = —
T cos2 6y 4 xx = 8x\'s X cos Oy 2
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THE YUKAWA LAGRANGIAN

* Straightforward generalization of the Toy model

5
((Yu)o 9o HURA + (y;)a UL(G—a)S*uRa) + Z (M((JO)) .

7

Ly =

[M]

; ULiUgj

Q
I
—

ij=1
5%
((¥a)a TraHDRa + (Y1)a Dr6—a)Sdra) + (Mz(ao )) |

?

n
NE

; Dy,;Dg;

a=1 i =1
3 ) B 5 B
+ Z ((ye)a Lo HER + (Ye)a EL(6—a)S€Ra) + Z (M_g)))ij EriERj
a=1 i,j=1
+ h.c.,
The VL fermion mass terms ( Mé‘”) =W [5l.j + 1p (841 + 51.,].“)] ,

y
v

2

/’tfa — (yf)a ’ l’tf/‘a — (yf/')a

Vs
V2
generalization
PL = PrL=— ,ufM_la PIZ — (Pﬂe)T == M]«Tlﬂf’ upr = U prs Upp = Upp sr -
* The charged SM fermion effective mass matrix

métff >~ — I[/lf MF_l //t]; = Mf ) M;-L Mf ufR — Dlag(mfl, mfz, mf3) ;

21



NEUTRINO MASS

o~ _ . 1 _
—Ly D (Y)alLaHNra + (Yy)ap Nra S* VRS + 5 Ha Vg VRo T hec..

lr1 lr2 l13 0 mp O
M,=|mL 0 My |,
R1 R2 {23 0 M£ 7
v
(mD)aﬂ = ﬁ (yy)a(saﬁ y  HMaB — Ha 5aﬂ )
VR1 VR2 VR3 v

(Mn)ap = 732 (U)o = Wi [0as + tn Bat1,s + da5+1)]

The effective active neutrino mass matrix
T\—1 —1 T
M, ~mp (My) " pMy mp.

Approximate eigenvalues

pv? { 1 1 1}
Wy L (1-v2tn)" +v2ty)” )

22



NUMERICAL FITTING

Solutions are obtained through y? function minimisation technique

Observable Value Observable Value

C_0f \’ M 0.86 + 0.15 MeV me 0.499 + 0.049 MV
o Z . me 0.435 + 0.013 GeV m, 0.105 £ 0.0105 GeV
i O; my 123.77 £ 0.85 GeV m; 1.784 + 0.1784 GeV

mgy 1.88 £0.13 MeV | Vus| 0.22501 % 0.00068

M 0.03747 4 0.00326 GeV Vs | 0.04183 + 0.00079

i=1,.,13 (13 observables) my, 1.908 + 0.021 GeV Vs 0.003732 = 0.00009
Jop (3.12£0.13) x 107°

Huang & Zhou (R021), PDG (2024)

« The minimisation is done using MINUIT along with LAPACK & BLAS.
. We fit the observable at the renormalisation scale u = 10° GeV

« We choose

v 10.10/4x), D v2+ v = (246)°GeV?, my < myp ~ My

30C
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FLAVOR VIOLATIONS

* Quark flavor violations: Meson-antimeson oscillations qiqi _
1Y = T L
) = 7RG T RYL
x5 = ) oM+ ) C,0Y i4; .
Z e Z i 5 = q?RQ¢quRQ?La
: qiq; _
) JHEP 03 (2008) 049: UTfit Q4 i Q?Rq?ququ’R 7
At TeV scale KY— K mixing couplings : 4iq; _a 3 o
5 = 4r%149;L9iR -
1 : 2 2 82
~l 5 X d d
CK M2 [(QL) ] ’ CK M2 [<QR) ] ’ CK_ W (QL)lz (QR)12
X

and similar couplings for other M — M mixing are only non-vanishing

« The exchange of X boson also mediates following type of LFV process:

Y

. X fj - a pC
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