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 Ways to probe GUTSs
- Measurements of gauge couplings (LEP/LHC)

- Proton life-time (Super Kamiokande)

- Also recent ideas with gravitational waves
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 Ways to probe GUTSs
- Measurements of gauge couplings (LEP/LHC)

- Proton life-time (Super Kamiokande)

- Also recent ideas with gravitational waves

* May 19 2026: Last pp collision of Run 3
June 29* 2026: LHC shuts down

* The “Future” is nearing! HL-LHC, FCC, HK, ...

* Revisit GUT's in light of the future and post-LHC era!
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O
Outline.

* Introduction to (SUSY) GUTs

 What do we need to unify couplings?

Role of FCC

™\
\

» Example: Minimal SUSY SU(5) [ Disclaimer:
| Work in progress!!! |
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Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

 Embed the SM group into a larger group:

]? » Gauge couplings set by a
unique coupling gg

Qour __‘\ G — T 2 Gsm ‘ « Fermions are put together in
l larger representations

evolution @) __®
EW + [gSMJ @ _>
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[Georgi, Glashow, "74]

Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

« SU(5) example: SU(5) — SU(3). x SU(2), x U(1)y

5 , * Gauge couplings set by a
gsu) =\ 39 =9 = s QQcut unique coupling gsu (s)

e * Fermions are put together in
/ Rl\ 0 Sy —uSy upi  dig larger representations

dC
R2 _u%g; 0 U}}l ure  dr2

d%ﬁS 10 = | ufhy —ufy 0 wurs drs @ @
e —ur1 —urz —urz 0  —ep
L —dr1 —drz —drz er 0 —
2,

1 {
I
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-
Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

604 azl(my) * Start with initial conditions
and run!

50 1
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204

104 a3t (myz)

1('),_1 107 1(510 1613 1dlﬁ 1019
Q [GeV]
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-
Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

 Start with initial conditions
and run!

1(').;1 1[')7 1dl() 1{_313 1dlﬁ 1019
Q [GeV]
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-
Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

| | | | | | * Start with initial conditions
' and run!

* Define a GUT scale

20 1

104

10° 107 1010 1013 1016 10
Q [GeV]
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Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

- -« Start with initial conditions
i and run!

* Define a GUT scale

60 1

201

201

10 7

10* 107 1010 1013 1016 1019
@ [GeV]
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-
Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

601 — Uy o Start with initial conditions
and run!

* Define a GUT scale

 SUSY intermediate scale

]

mg =177

10¢ 107 10" 1013 101 1019
Q@ [GeV]
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-
Grand Unified Theories (GUTSs).

* (iving a common origin to gauge groups

60 — Uy .« Start with initial conditions
and run!

* Define a GUT scale

40 1
T . .
< « SUSY intermediate scale
279
20 1< ms S
0l -+ SUSY increase degree of
164 1[')7 1{_]'1() 1613 idm 1019 unlflcat 1011 !

Q [GeV]
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-
Grand Unified Theories (GUTSs).

* Not the end of the story!

* Dimension 4 EFT matching: 60-

Threshold corrections! .

_ 5 ! L @ 40 1 \.i
gsu(s) — gg =g = ¢gs QQquT T,

201 U1y
SU@L| ¥
10+ — BU3). .
104 107 1010 1013 1016 1018
Q (GeV]
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-
Grand Unified Theories (GUTSs).

* Not the end of the story!

* Dimension 4 EFT matching: 60-
Threshold corrections! .
— § I 0 <

3 5

201 U1y
SU@L| ¥
10+ — BU3). .
104 107 1010 1013 1016 1018
Q (GeV]
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o : N
Grand Unified Theories (GUTSs). | o
! s T T >
* Not the end of the story! MY (e g
* Dimension 4 EFT matching: 60
Threshold corrections! .
— § I, — 0 <
3 s
30 1
1 1 QcuT
- ~ #;lo
O"L’(QGUT) O‘Q(QGUT) MauT 20 — g{()rl(); N
101 — SU(3). 3
10¢ 107 101 ERT 10"
Q [Gev
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<
Grand Unified Theories (GUTs). ¢
— H—+—
« Not the end of the story! UENVES AN (S
* Dimension 4 EFT matching: 60 :
Threshold corrections! - ﬂ
N o 1‘
3 I@ i
30 1 !
1 1 Qcur i
- ~ ##;lo :
a;(Qaur) ag(Qcur) Mgur % "
10- &

104 107 1010 1013 1016 10%
Q [GeV]
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Grand Unified Theories (GUTSs). | o
* Not the end of the story!

* Dimension 4 EFT matching:
Threshold corrections!

_
3
1 1 QauT
_ T
a;(Qcur) ag(Qcur) ftilo MguT
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e
Grand Unified Theories (GUTSs). | o

* Not the end of the story! Mo (foo® (e

* Dimension 4 EFT matching: - 5
Threshold corrections! 50- /¢

1 B 1 ~ 4. log Qcur
a;(Qcur) ag(Qcur) "% Mgur

—) Choice of GUT model!
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O —
Minimal SUSY SU(5).

* New heavy particles:
— Scalar in the adjoint (24) X
- New gauge bosons X ~ (3,2, —1/2)

— Colour-triplet Hi
olour-triplet Higgs 5, — (%)

(+ Super-partners)

* Threshold corrections depend on 3 masses and unified
coupling:

4 parameters - 3 conditions to unification = 1 free parameter!
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.. [Martens et al, 1008.3070]
Minimal SUSY SU(5).

* 1-loop threshold corrections:

1020\ flesi)  0(Q) - a3 t(@)
= —% § 0 -2 log W | = agl(Q) — 045_1(62) QQ = Qcurt
4 -1 -3 log Miz Oé?,_l(Q) - af)_l(Q)

1
= Mx ~ Qcure™ , My, ~ Qcur, Ms ~ Qcure 7
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.. [Martens et al, 1008.3070]
Minimal SUSY SU(5).

* 1-loop threshold corrections:

102 0 (losy o' (Q) — a5 ' (Q
=5 | 6 0 2] |logg, | = | (Q) -0 (Q
4 -1 =3) \log & Q @

1
= Mx ~ Qcure™ , My, ~ Qcur, Ms ~ Qcure 7

* But what about proton decay?
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[Super-Kamiokande, "20]

Proton decay — Gauge boson exchange. [Hisano, *00
[Ellis et al, ’20]

0
e pt — et Decay channel: 7(p™ — 7%")|y = 2.4 x 10** years

u ¢’ + Relevant for SUSY and non-SUSY
X models

u d rpt = 7%t)  (ag'\T( Mx N

d - ] r(pt — mOet)|sk (%) (1016 GeV)
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[Super-Kamiokande, "20]

Proton decay — Gauge boson exchange. [Hisano, *00
[Ellis et al, ’20]

0
e pt — et Decay channel: 7(p™ — 7%")|y = 2.4 x 10** years

u ¢’ + Relevant for SUSY and non-SUSY
X models

u d rpt = 7%t)  (ag'\T( Mx N

d - ] r(pt — mOet)|sk (%) (1016 GeV)

» Mg
1 TeV 106 GeV
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[Super-Kamiokande, "20]

Proton decay — Gauge boson exchange. [Hisano, *00
[Ellis et al, ’20]

0
o pT — e Decay channel: 7(p™ — 7%")|y = 2.4 x 10** years

u ¢’ + Relevant for SUSY and non-SUSY
X models

u d rpt = 7%t)  (ag'\T( Mx N

d - ] r(pt — mOet)|sk (%) (1016 GeV)

* Higher ms — Lower Mgyr

TGV \
— Excludes higher SUSY scales!

» Mg
1 TeV 106 GeV
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. . [Super-Kamiokande, "14]
Proton decay — Higgs colour triplet. [Hisano, *00]

[Ellis et al, *20]
e pT > KT Decay channel: 7(p" — K')| . = 5.9 x 10% years

* Higgs colour triplet exchange + loop of sparticles

; > i 7 T(pT — KTD)

W+ e H T(pt — K7)[sk
w7 5 ~ (M. 2( ms )2
u > u 1017 GeV 40 TeV

[Murayama, Pierce, hep-ph/0108104]
[Hisano et al, 1304.3651]
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. . [Super-Kamiokande, "14]
Proton decay — Higgs colour triplet. [Hisano, *00]

[Ellis et al, *20]

« p© — K70 Decay channel: (" — K9)|, = 5.9 x 10° years

* Higgs colour triplet exchange + loop of sparticles

i - . Z 7'(_]: — Ii ' V)

V~V+ DT T(pt — K10)|sk 2
u——7 : o (Mme ) (_ms e
u > u -~ \ 1017 GeV 40 TeV

[Murayama, Pierce, hep-ph/0108104]
* Need heavier SUSY scales! [Hisano et al, 1304.3651]
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Procedure.

« Fix initial conditions for couplings

* Scan over SUSY parameters (we use CMSSM)

. . [FlexibleSUSY, 1406.2319, 1710.03760]
* Determine running of parameters . sy pepph /0104145

(3-loop in MSSM)
[Martens et al,

. : 1008.3070]
« Compute Higgs mass & determine GUT spectrum Voo uilndoro,

(2-loop + partial 3-loop) 1504.05200]

[FlexibleSUSY,
: [Hisano, *00] 1406.2319, 1710.03760)
* Obtain proton decay bounds [Hisano et al, 1304.365100]

[Ellis et al, 2003.03285]
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O
Results.

[Vega, Villadoro, 1504.05200]
[FlexibleSUSY, 1406.2319, 1710.03760]

 SUSY: Region where Higgs mass is reproduced

mg = SUSY scale, X; = Stop mixing

10'

mg [TeV]

mp =125.2 £1 GeV
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[Vega, Villadoro, 1504.05200]
Results.

[FlexibleSUSY, 1406.2319, 1710.03760]
 SUSY: Region where Higgs mass is reproduced

mg = SUSY scale, X; = Stop mixing
101 | 1 8 | E \:;‘ZJEEJ::E EEE%::O European Strategy
. 16+ v
E _ 14+
— =12
9p)
S =10,
my = 1252+ 1 GeV & 8/ |
6/ . /
2,
10° 2 -1 0 1 2 3

[Physics Briefing

Book, 2511.03883] Xim
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R 1 [Vega, Villadoro, 1504.05200]
esults. [FlexibleSUSY, 1406.2319, 1710.03760]

 SUSY: Region where Higgs mass is reproduced

mg = SUSY scale, X; = Stop mixing
CMSSM @ GUT — Low-energy @ mg

—2.00 —1.75 —150 —1.25 —1.00 —0.75 —0.50 —0.25
Xi/mg
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R 1 [Vega, Villadoro, 1504.05200]
esults. [FlexibleSUSY, 1406.2319, 1710.03760]

 SUSY: Region where Higgs mass is reproduced

3 x 10!

mg = SUSY scale, X; = Stop mixing
CMSSM @ GUT — Low-energy @ mg

2 % 10"

mg [TeV]

10 ¥
vy

12 ~1.0 —0.8 —0.6 —04 —0.2
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R 1 [Vega, Villadoro, 1504.05200]
esults. [FlexibleSUSY, 1406.2319, 1710.03760]

* Higgs mass + Proton decay

3 x 10?

mg = SUSY scale, X; = Stop mixing
CMSSM @ GUT — Low-energy @ mg

2 % 10!

* Present uncertainty on «;(mz)

mg [TeV]

[:7‘(pJr — mlet) M;l(ongJ

101 2

{T(er — KT0) oc M7 m3 J

—— C(Central values
—1.2 —1.0 —0.8 —0.6 —04

W/ current uncertainty
Gabriel Massoni Salla
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1.0

Where FCC comes into play. i s
* Increase precision on couplings : lI j jl | R

<

[
A © o 2 < N f \
V 2 < >3 7 | )
aJt t he Z p Ole 0'19 4 \Zz‘g QGU & v ¢°\\0 \,‘9k European Strateg)
(f\ &

Ll £
[Physics Briefing Book, 2511.03883]

Aag(m3) [%]

[FCC, 2505.00272]

Observable value preient uncertainty thca_t‘.38 Fg}(f:s_t{.:e ¢ A-t lea’St fa’Ctor 10
sin? 517 (x109) 231480 + 160 12 12 1mp1“OV€m€Ilt '
1/agep(m?) (x10%) 128952 + 14 39 small
B0 e * Dominant uncertainty
as(mZ) (x10%) 1196 + 30 0.1 1

from as(mz)

More precise
—> determination of

MX7 MHca ME

Better determination of

More precision
~  bounds from proton decay!

on Oéi(mz)
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R 1 [Vega, Villadoro, 1504.05200]
esults. [FlexibleSUSY, 1406.2319, 1710.03760]

* Higgs mass + Proton decay

3 x 10!

mg = SUSY scale, X; = Stop mixing
CMSSM @ GUT — Low-energy @ mg

¢ FCC uncertainty on «;(mz)

I'T(er — 7T06+) X M;l(ozg

\

[7‘(pJr — K+D) X M%_Tcm% J

2]
J

Central values

19 10 08 0.6 04 0o —.ZiZ W/ current uncertainty

Xi/mg o000 W/ FCC uncertainty

Gabriel Massoni Salla. Sao Paulo — 05.06.2026 gabriel.massoni.salla@desy.de 39



mg [TGV]

Gabriel Massoni Salla,

Results

Higgs mass + Proton decay

Vega, Villadoro, 1504.05200
FlexibleSUSY, 1406.2319, 1710.03760

mg = SUSY scale, X; = Stop mixing
CMSSM @ GUT — Low-energy @ mg
FCC uncertainty on a;(mz)
T(pt — 7let) o« Moz’
[7‘(pJr — K+D) X M%_Tcm% J

Closing the parameter space
compatible with my!

Sao Paulo — 05.06.2026
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Conclusions so far.
* Re-investigation of precision unification
* Connect low- to high-energy via unification

« FCC measurements are a way to better test UV scenarios!

* To do - Theory uncertainties, scan of SUSY parameters,
more observables, other models ...
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-
Constrained MSSM (CMSSM).

» Simplified choice of soft-parameters

m
Qcur + maw g = Mi/2
Aude = AoYu,d.e Lot = —% (m@éé +mg WW + mBBB>
_ (aCAuQHu —d*AOH, — A LH, + h.c.)
EW —+ tanpg ~Q'm3Q — L'm a¢tm2ac — dtm2d° — &tm2e

6

—mHuH,ZHu — deH;lkHd — (bH, Hy + h.c.)
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Unlflca,tl()ﬂ Sca,le [Bhattiprolu, Wells, 2309.12954]

* Systematic prescription to determine GUT scale

§Q? = (0 —az ) + (o —az) + (05" —az !’

1.0

62:O<:>0412042:()43

0.94

¢ Unique minimum around S
~ 10" —10'° GeV

0.61

0.5 Central values
’ Present uncertainty
FCC uncertainty

20 25 30 35 40 45 50 55

Q [Ge\/} R10%
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[Babu, Kolda, hep-ph/9909476]

Meson decays. | |
[Haish, Mahmoudi, 1210.7806]

* By — ptp”
BR(B. — i p~) = —— 2 AN
s M 1987 B.TB;Mp, ma.
M 4 e Ot me. |
X s _ 2Mpy s
(mp + ms)? mBS sp T ATy +my) T
—V2G ra tan> 3 m2 mym
Csp~—Cpp =~ VioVis nA L K mx
5P Pr T Vs K t(1+ebtan5)2 mz 4sin? QWMgijf( i/ 1)
uA; y? 2cs M.
f@) =1, e = o el )+ L s )
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Meson decays.
* By = ptp”

tang =5, mgy = 125 tanf3 = 40, g = 1000 ‘

5x10 - . -
m values reproduced by CMSSM .. R = values reproduced by CMSSM
T 4 . . oo, 10tk 4
mallowed by B, — pp at 20 . I - mexcluded by B, — ppu at 20
m allowed by Bs — pp at 1o '
= =
5 5000 2
= &)
= E b = & ‘ . - . .
L L L4 = & o 3 ] L[] [ ] . |
. . . " . . . -~ . . e . . . . . °
..... I . . L) . B 3y = = oy ° . ° . . . L L]
1000 b . ° tee - (] L @ " e - . . . e e o o o
. 8 v ] . . et y iz = e & ® ® ® o & & o o o
. L . . e e e ¢ o o o s & s o
. 1 . . . s o o o o o
500 ' . 0% RN N S IR IR ]
-4 -3 -2 -1 0 . : 5
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6
X, /m,
X,g/ms
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