Renormalization Group Evolved 4321
and intriguing behaviors in the UV

MITP Scientific Program, Flavor at the Crossroads, 27 April 2022
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Radiative Electroweak
Symmetry Breaking

Laudau poles
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B anomalies

Neutral currents Charged currents
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Vector LQQ mediator for the B anomalies

Neutral currents: b — sZ7¢~

Charged currents: b - c£v

\'\/ v‘t/v’a)\)c

T/p,e
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UV origin of the U, leptoquark
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symmetry breaking sector
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[Diaz, Schmaltz, Zhong, 1706.05033]
[Di Luzio, Greljo, Nardecchia, 1708.08450]
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[Fuentes-Martin, Stangl, 2004.11376]
[Fuentes-Martin, Isidori, Lizana, Selimovic, Stefanek, 2203.01952]

lobal

N

composite LQ

J

[Barbieri, Murphy, Senia, 1611.04930]

similarly for scalar LQs [Marzocca, 1803.10972]



4321 model

» Flavor universal

[Di Luzio, Greljo, Nardecchia, 1708.08450]
[Di Luzio, Fuentes-Martin, Greljo, Nardecchia, Renner, 1808.00942]

= [arge mixing between 3rd generation \‘
SM fields and vector-like partners
< Landau poles < 100 TeV

> | Flavor non-universal e
(Greljo, Stefanek, 1802.04274] o i
‘Bordone, Cornella, Fuentes-Martin, Isidori, 1805.09328] oL . . | . N
Cornella, Fuentes-Martin, Isidori, 1903.11517] 0, 3.5 4.0 4.5 5.0

log,o(1t/GeV)

see Claudia’s talk @
[Di Luzio, Fuentes-Martin, Greljo, Nardecchia, Renner, 1808.00942]

Julie Pages — Renormalization Group Evolved 4321 and intriguing behaviours in the UV — MITP Flavor at the Crossroads 2022



Spontaneous symmetry breaking of the 4321 model

SU@4) X SU3) X SU(2); X U(l)y

w3 O O 0
1 [o0ws o0 _ L0
<Q3> — ﬁ 0 0 ws <Q1> — \/§ 0
0 0 O w1

SU(3), X SU2), x Uy
~ 1 (0
TeV-scale new scalar states H~ L2y, (H) = V2 (v)

\4

SUQ), X U(l),
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Scalar potential in the 4321 model

~
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Omega potential

~

J

with quartics p;

Vo = m%gTr[Q;Q?)] + mSth]in | 1021 (Qiﬂl)z
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with quartic 4

with quartics #,

| p; Tr[Qf Q)2

VH — N%HTH—F

A

; (H'H)?

Voo =m H'H Q];Ql + 73 H'H TI‘[Q;Q;),]

/
”22 Tr[f Q501 05]

(€aprse™(Q3)%(3), (23)2(21)° + h.c.)



Renormalization Group Evolution of the 4321

Wi, Mg . A iy n
A
Auv T
RGE study:
1) Fix boundary conditions from phenomenology constraints
my, +~ few TeV < since under-constrained, pick a benchmark satistying the constraints
2) Derive all f-tunctions for each theory/energy range at one-loop
crosschecked/computed with RGBeta [Thomsen, 2101.08265]
m, + 3) Run, Match (at tree-level), Run, etc...
mh T
mZ T

Julie Pages — Renormalization Group Evolved 4321 and intriguing behaviours in the UV — MITP Flavor at the Crossroads 2022



Ll
10*

3.5
Ay g1 =3, My ~6.5TeV i
3.0F ~
2.5 ] 3L
i 1 = g1 !
2.0 !
T 92 -
] ’ 2
Lo T — g3 :
1. U ;\\ —~— - g 4 1 _—
-1 — Ut
0.5} _
d 0}
().()—'l o cob bl : L Ll Ll ' | n Lol L Ll T Ll L
0.1 1 10 100 1000 10’ 1 10 100 1000
RGE scale p [TeV] RG!
“Asymptotic freedom” in gauge couplings
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but

Landau poles develop in the € potential quartics
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Masses of the radials

Decoupling of radial modes
is not easily realised with g, = 3

_ gV
Myagial = VAV Myguge =

- A 3
Myadial _ Zi 5 o (_)

Moauge g g

Decoupling limit corresponds to 4 > 2
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Landau poles and masses of the radials

Cut-off scale where p;(Ayy) = 4x

Running of the quartic p, p1 (Ayg)
0.5 1.0 1.5 20 25 3.0 3.5 4.0
108_ ' | ' ' | ' . ! I e LA B L B B B
7
10 B g4 — 2 N
— 100 - _
>
2 10%s :
-
e < 10%L g4 =3 _
Large quartic couplings 1
= | 10° - -
heavier radials |
- | 0% S
\ lower cut-off scale ,f 0.5 1.0 1.5 2.0 2.5 3.0
Mg [TeV]
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2. Radiative Electroweak symmetry breaking

V((#))

Radiative electroweak symmetry breaking:

Electroweak symmetry is conserved at the classical level,
but loop corrections to the mass parameter of the Higgs boson trigger

its spontaneous breaking.

= A positive Higgs mass parameter at high field value
can turn negative at lower scale via the renormalization group flow. (D)

Necessary ingredients:

Examples:
e Standard Model Mo mz X new states
® Type-l seesaw model ol = M4y, N mp | X positive contribution
® Scalar singlet dark matter model IZDM = IEM + /13mS2 = [Te\/-s(jale new scalars]
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Radiative Electroweak Symmetry Breaking

All ingredients are here!

3 9
N P = (6>\ + 8y, — 591 - 593) K
Field | SU(4) | SU@3)" | SU(2)r | U(1)x - ~
0, | 4 1 1 ~1/2 + 8mmb, + 24n3m3, T,
(23 4 3 1 1/6
AT N A
m,
kTeV—scale new scalar states J -
\_Positive contribution forn; 3 <0 )

Diagonalization of the Hessian (equivalent to integrating out £2; 3) gives the effective SM Higgs mass:

D1 =3p2 + ,0,2 > (0
D19 =p1D1 — 3,0% >0
D193 =AD13 — (3n5p1 — 6mnsps + niD1) > 0

A Dy —3 -
2 ff 9 2 mi/1 n3pP3 o n3p1r —MNMpP3 -
Peff = ; v =HUHg Do mq, — 93 Do maos
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Radiative Electroweak Symmetry Breaking

:I T I - —— % Radiative EWSB realised

: N4 P when p_g flips sign
1 - 40 e -
I o ]
| MBGEElEIAcERRRRRGE ] '* _ Checked:
P i ! - - . .
E 0 i - nerturbativity
— | h -~ 1 7 Heft bounded from below conditions
z .' — Hu |
S . Some observations:
S — myq, .
= undeniably an RG effect
Q . . ..
2 — mgq, < without running, positive

eigenvalues of the hessian stay
positive.
B unavoidable fine-tuning

4.5 4.504
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4321 breaking scale
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Fine-tuning

Quantifying the fine-tuning and identifying sensitivity of my, . to variation of the quartic by £1 %

0 0
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1502 om; = ! 0p; = 7’
0 i 0
n, 150 P;
100° 1002 L Varying:
G of 3 0 \ No EWSB R
% - : % " )
2 o0 vavine | o 002 F5 - &
—_ - — - i Hef = — (88 GGV)- ] o p;
\% _1502 L \E&E —1502“ ‘ - P3
AN o AN o
= = — P4
: ~2007 - _ —Ps
—200° : : : : : ! . 1 . ! .
—1 —0.5 0 0.5 1 —1 -0.5 0 0.5 1
on; [%] op; [%]

Julie Pages — Renormalization Group Evolved 4321 and intriguing behaviours in the UV — MITP Flavor at the Crossroads 2022



3. Unification in the UV

n some UV completion of 4321  see Ben’s talk ¥

[Fuentes-Martin, Isidori, Lizana, Selimovic, Stefanek, 2203.01952]
Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368]

e the doublet Higgs comes from a bi-doublet field under SU(2); and SU(2), D ~

leading to a two-Higgs-doublet-model after 4321 breaking scale with relations:

Ha = and A=Ay =1

e the two £2; 3 come from the same “bi-quadruplet” under SU(4);op and SU(4); €2 ~

eading to the relations after SSB:
Mg =Mg, P =pr+p;, P2 = P3 and  p) =py

M =M =HN3 = M4
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UV unification

e . 4 , R
Unification in the UV can be realised = = P1=pPr+ P = U
allowing for 10 % threshold corrections 2 Py = Py mH - ’271
at ~ 1000 TeV Hp =My = M3 =14 Pé = P4 Q Qs
\_ _J
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2.0 - . ) -
| e X "
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0.5 , S - -
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0.0 4 B
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UV unification scale

Number of benchmark points satisfying the UV conditions per energy scale
< unification scale between 10 — 10* TeV
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Conclusion

The RGE of the 4321 scalar sector revealed intriguing features:

> Laudau poles appear as early as 100 TeV for heavy scalar radial modes

> Radiative EWSB can happen but fine-tuning seems ineluctable

» Couplings can unify in the UV between 10* — 10* TeV

[Ul ~ (3,1),,; vector Ieptoquark]

|

gauged global

-~ SU(4)

[fundamental 1Q | composite LQ

‘
P
p

symmetry breaking sector

[ fundamental ] { composite
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U,, G"and Z' masses and couplings

Gauge bosons masses Gauge bosons couplings
94 _ 9194
U =" 1 3 \/gi + 397
g1 + 93 ) 9493
Mo = W gg' = \/94 — Ys s — 5 5
2 V91 + 93
Mz = L (3g2 + Qg%) (Sw% + w%) gz = L g7 — 292
21/6 21/6 37Y
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Radial modes spectrum

(2, 5 radials H, H, radials
~ 3 + +
T (2 + 55 ) 13+ Ot L h

NG 1 15 NG -1z %(hR‘FZhI)

o Mp, = ws(phws — pswi) with phws > pswi m% = \v? |
1 W
2 3 2 2 : A
° MTR =3 <p4 — p5w_1> (w1 —i—w3) with pqw1 > psws mi _ ,u% + ?31}2 ,
M2E =228 (3,2 4 2 ith ps > 0 A3+ Ag+ A

o M;g 2wl(lerwg) with ps > m? = 12 3 24 5 ,,2

1 P5 W3 U

M2 — = 2 4 (3 PswW3 2 oy| U _

¢ S1 7 5 (lel + (3p2 +P2)w3 + 2 w1 (wi — w3) 201 m% _ H% | A3 >\24 A5 22

1 P5 W3 U
o Mg, = 5 (le% + (3p2 + ph)ws + ?w_l(w% — uJ3)> + 91
2 3 / 2 , P5 ) NE 3 [ P5 , Ve D 'uZHTH2 T = 9 (HTHZ) +/\3(HTH)(HTH2)

= + (3p2 + + — — —4 —wp + (3p2 +
U [lel (3p2 + po)wiws 5 A w3)] Wiws [lel ( 5 w1 (302 Pz)ws) + )\4(HTH2)(H%LH) 4+ 7 ((HTHZ) -+ h.c)
2
— 3(4}3 (,03&)1 + p3p5W3wl + %UJ3W1 + p6 (3p2 + p2)CU3) ] ; ' " '
Varg D n2 HyH Q1 + ng Hy Ha Tr[Q5023]
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Boundary conditions

T My >, > -
o Sy~ (1.1 x£0.2)X = \/co1 + w; € [3,4.5] TeV for the B anomalies
2 TeV
e {ptand {n;} from My 2 4 TeV and My, M, 2 3 TeV (high-pt bounds)
Mgy, My 2 2 TeV (QCD collider bounds)
My, T~ few TeV M. > 500 GeV (Higgs collider bounds)
SO,1,2
® w; > w; for mesons mixing
e mg and mg from vacuum equation for £25, £2
m, > at
Zz —~ A and pg from vacuum equation for H and physical Higgs mass

> Uy, Ay, U

+ Bounded from below conditions
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U,, G'searches

[Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert, 2103.16558]
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Benchmark points

(0 VEVs values scalar couplings | values
W1 1.5 TeV A 0.2
w3 4 TeV P1 0.5
mass parameters 02 0.1
1% (1.6 TeV)? 05 0.5
mg, —(1.8 TeV)? p3 0.1
me, —(2.5 TeV)? P4 1
gauge coupling 05 0.01
0 ] m -0.1
N3 -0.1
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Beta-functions - Gauge and Higgs potential

Gauge couplings:

doi _ 1 o _ al Higgs quartics:
s du ~ 16m2 7™ om
, 15 19 8 Bx = (12X + 16y7 — 395 — 993) A+ 8nf + 24n3 — 16y +4)5 + 4Adghy + 207 + 2)7)
U(l):blz——, SU(2)L:b2:———nVL 3 3 0
18 6 3 + =91 + 5919 + 95
SU (3 'b—23 SU (4 -b—38 4 ! ’ :
(3)1+2 : b3 = 3 (4)3 : b4 = 3~ 3'*VL Bro= (1222 + 16y; — 397 — 993 ) A2 + 875 + 24n; — 16y; + 435 + 4hsha + 20% + 22
3 3 9
. ) +591 + 59195 + 592
O UuKawa.
Py Brs= (4A3 + 6X + 63 — 3g7 — 9g5 + 16y7) A3 + 2Aa(A + Aa) + 2] + 2A2 — 16y;
3 3 9
; (11 9., 45, 3 2) +8mmz + 24nsma + 791 — 59195 + ;02
=\ 5Y — 792 — 91— 791 ) Ut
o2 472 4t 4T Br, = (4hs 42X+ 2X; + 8)3 — 3g7 — 993 + 167) My + 8A2 + 3¢793 + 16y

Brs= (2X + 22 + 83 + 1204 + 16y; — 995 — 3g7) A5

Higgs masses:

3 9
B, = (O 807 = 508 = 53 ) i+ Sy, + 2Amamh, + (010 + 20,)1
3 9
B2 = (6)\2 + 8y; — 5 97 — 5 g%) ps + (43 + 2X\4) 3 + 8mamy, + 24namg),
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Beta-functions - £2 potential

() quartics: () masses:
= (1 P 24p3 + 12 7+ 4Anf+4n; 52 40 2 o 2 2 2
Bp, = ( 16p1 — 397 — ?94 p1 + 24p3 + 12p3p4 + 6p7 + 4y +47)3 ﬁmszh 10p1 — §g1 — Zg4 mg, + (24p3 + 6pa)mgy, + 4m i +412105
+§4+g”+99 o1 45
491 T 49194 T 7694 Bmz, = | 26p2 + 14p3 — 591 83 — Zg4 Mg, + 4nsutr + (803 + 2p4)my, +414115
1 45 5
By, = (32p2 + 285, — ggf — 1693 — 794) p2 + 605" + 8p3 + 4p3ps + 4pZ Mixi ,
i Loa g 2 . L1 IXINg quartics:
N3 =74 10891 6 93 1694 99193 129194 9 9394 9 45
, 1, 15 .\ s 4 B = | 4m + 6X +10p1 — 397 — 592 - 194 + 8y | m
Bp, = | 14py +12p3 — 391 — 1695 — ?94 pa + 2py — 4p5 ]
5, 9, 1 1 7, +4X312 + 224m2 + 24p3n3 + 6pam3 + ZQ%
+ 93 t 991+ 39193 + 39194 — 59394 . i
5 45 5 5 Py = (4772 + 62 4+ 10p1 — 39% 292 — ZQ4 -+ 8yt>
Bps = <4P3 + 10p1 + 262 + 14p) — 591 893 — 794) p3 + 2py + 4p5 ;
1 1 27 +4AAgm + 20am1 + 24p3ma + 6pama + o
p1 + 3p2 + p2)pa + dmmz+4n2m4 + 1291 + 49194 + 1694 - 0 i
d o 45 5 9 Bns = (6)‘ + 26p2 + 14p5 — 591 — 592 893 — Zgi + 8%) N3
Boy = | 8p4 + 2p1 + 2p2 + 65, + 8p3 — ggl 8g5 — 594 pa — 4p5 1
—|—(4)\3 + 2)\4)774 + (8p3 + 2p4)771 -+ 47732) -+ 1291
— 9193 + 294
, 45 Bra= 6Xana + (4X3 + 2X4)n3 + 2(13p2 + Tpo)na + (8p3 + 2pa)n2 + 413
Bos = lﬁ(pz — Py + p3 — pa) — 91 — 1293 — 794] P5

5 9 45 1
(ng + 292 + 895 + 494> N4 + Egl + 8n4Y12
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Bounded from below conditions

Vo conditions Vo conditions

p1 >0, m > —vAp1 ,

pa+ph >0, 3pa+ph>0, . -
2 2 N3 > — min \/)\(,02 =+ ,0/2)» \/)\(3,02 -+ P’z)
p3>—\/,01(,02‘|‘,0,2) ; p3+p4>_\/p1(p2+pl2) -

1
ps5| < Z(Pl + 3(3p2 + p3) + 6p3) ,

ma > —min |\/A(pa + pb), 1/ Af3p2 + pb)

Voupm conditions

A>0, Ao >0, A3 > —1/ A\, )\3+)\4—|)\5‘>—\//\)\2
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Effective quantities for EWSB

Potential minimization OV (s1, 83, h)
Ohi |y (s1),(ss)

=0 for hi — h, 51,953

M2 0*V

83,81,h]ij — ahzah] with h’& = (337317h)
| positive-definite:
2(3p2 + ph)w3 2v/3pswiws VEnzvws Dy =3p2 + py > 0
MZ o n=| 2V3pswiws 2pwi  V2muws Dyg = p1D1 — 3p3 > 0
2
Vorzuws V2w AV D193 = AD12 — (3n3p1 — 6mnzps +niD1) > 0

Effective mass and quartic coupling:

D V2
A D1 —3 — 2 o 92  1J123 9
9 ff o 2 mi n3pP3 o n3pP1 — MpP3 o m =\ — O —
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