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The SM is an EFT

SM does not explam everytlfxmg’

* Gravity ¢ SM L=
. \H:emrchy Problem: mn << Mpﬁ
* Tiny Neutrino Masses _\@/ AR
*% Standard Model
* Grand Unification of Forces? SU@G). x SU@)L x UQ)y
* Hierarchical Flavor Structure t | ] “. |
* Baryogenesis — Ex:stemce of Universe e U)em

Dark Matter ¢ SM _

Trigger for Symmetry Breakmg?
Strong CP Problem ... '
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Solving the Hierarchy Problem

S

Protecting the mass term_ m3;|H|?

Bally, Chung, FG [PRD] 2211.17254
Chung, FG [PRD] 2311.17169 A

Symmetry . 2. / o K
* Shift-Symmetry H — H+6  —y:QrHlg

* Supersymmetry (spacetime): boson <> fermion %’«fg

* Conformal Symmetry (Scale invariance?) — just D=4 W

[broken at quantum level]
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I Solving the Hierarchy Problem

Protecting the mass term_ m3;|H|?
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GOOFy Symmetry

evveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

* new renormalization-group (RQG) stable parameter relations in 2HDMs,

that do not correspond to any known symmetry



GOOFy Symmetry

evveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry

* known 2HDM symmetries and corresponding preserved param. relations

Symmetry m%l mgg m%Q A1 Ao A3 A4 A5 Ag Ar | N
CP1 real real real real | 9

Z9 0 0 0 7 |Hi—Hy, Ho——H>

U(l) 0 U 0 U 6 FCNC pVOt@Ctl'OV\

CP2 mi, 0 A1 -A6¢ | O |H,—H} Hy——Hj
CP3 ’Hl%l 0 ).1 Al — /\3 — /\4 0 0 4
SO(3) m3, 0 A A — A3 0 0 0 3

Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410 lvanov [PLB] hep-ph/0507132, [PRD] hep-ph/0609018, [PRD] 0710.34 90,

Battye, Brawn, Pilaftsis [JHEP] 1106.34.82, Pilaftsis [PLB] 1109.3787
2 2 2 2 2 T )\1 4 )\2 4
V= mi, [Hyf* +mdy |Hf* — |mipHHy +he.| + S [Ha|* + 22 | Ha

2 )\ 2
X [H P Hal* + A [H |+ [75 (HH2) + D [ + Az | Hal*) HHs + e,



GOOFy Symmetry

evveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

* new renormalization-group (RQG) stable parameter relations in 2HDMs,

tlzxd\z‘:‘\d\o\ not corrvespond to any known symmetry:
. {ﬂ?f%l +m3y =0, Mi=X, A¢= —A7}

B2 = 3(Armiy + Aamdy) + (2h3 + Ay) (mi; +m3y) — 3 [(Ag +A3)my + hue.]

miy +7T122

1
= (997 + 39%) (miy +m3y). o ,
- basis invariant

. . 2 42 2 2 _§ . 2 2
e = 6(F =28) + 1216’ = IMe?) = (A = 22) (392 + ), - preserved. to all orders

Bre+rr = 6(AMA6+ A2A7) + (3A3 + 2A1) (A6 + A7) + 645 (A5 + A7) in scalar & gauge -ints

3 2 12
N 5()‘6 +A7) (39" +97) Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

V = m2, [Hy|? +m2, |Hy|* — [m12H*H2+hc]+—|H1| L =~ |Hy*

+)\3\H1| \Hg\ +)\4‘H H2| +[ (HTHQ) [)\6|H1| +)\7|H2| ]HIHQ"‘h.C.



GOOFy Symmetry

evveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry:

{ﬂ?f%l +myy =0, Ai=Xy, X¢= —A7}

N
peculiar transformation on

the doublets....

. 0 * ] T
‘Goofy’ Symumetry transformation: Hi— —Hy, Hy — Hy
Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410 H2 N H;‘ Hg N _H’ir
\ ) )

(|H1|” + |Ha|?) = =10

DO |

V = m%l ‘H1|2 -+ m%Q |H2|2 — [m12HTH2 -+ h. C] + — |H1| —|— |H2| kin. terms not invariant...

+ A3 |H || Ho|? +)\4‘HTH2| +[ (HTHQ) X |Ha|” +)\7|H2| | HIH, + h.c.



GOOFy Symmetry

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry:

{'”1%1 +m§2 =0, Mi=A2, Ag= —}.7}

(hl\ (0 0O 0 0 0 7 0 0\ (hl\
hs 0 0 0 0 4 0 0 0]]fns
‘Goofy’ Symmetry transformation: | hy 0 0 0 0 00 0 il]lbhs
Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410 hy N 0 0 0 0O 0 0 2 O hy
I I hs 0 —i 0 0 0 0 0 0f]ns
le(hlith),sz(hﬁ?f) he i 0 0 0 00 0 0f]ne
37Tt 7T e he 0 0 0 —i 0 0 0 0f]hr
\is/) \o 0 —i 0 0 0 0 0 \ns

real dof

V = m2, [Hy|? +m2, |Hy|* — [m12H*H2+hc]+—|H1| L =~ |Hy*

+ A3 |H || Ho|? +)\4‘HTH2| +[ (HTHQ) X |Ha|” +)\7|H2| ]H{fﬂﬁh.c.]



GOOFy Symmetry

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry:

Symmetry | m%, m3, mi, | A1 Az A3 A A5 A6 A7
o —m%l )\1 —/\5
0CP1 —m32, real Al real real —A\g
025 —m2; 0 A 0 0
0U(1) mi; 0 A1 0 0 0
0CP2 0 0 0 A1 — 6
0CP3 0 0 0 A1 AM—A3—XA O 0
0S0O(3) 0 0 0 Al A1 — Az 0 0 0

Ferreira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

2 2
V =mi; [Hi|” + m3y |Ha|” —

[m12HTH2 +hc] + 5| H* A = |Hy*

+)\3\H1| \Hg\ +)\4‘H H2| +[ (HTHQ) [)\6|H1| +)\7|H2| ]HIHQ"‘h.C.

remsor + 04



GOOFy Symmetry

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry:

Symmetry | m%, m3, mi, | A1 Az A3 A A5 A6 A7
o e m"fl \ )\1 —/\5
0CP1 —m?, real Al real real —A\g
025 —m2; 0 A 0 0
0U(1) m?, 0 A 0 0 0
0CP2 0 0 0 A1 — A6
0CP3 0 0 0 A1 AM—A3—XA O 0
0SO(3) | 0 0 0/ A\ A — A3 0 0 0

Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410

V =mij ‘Hl‘Q + m3, ‘H2‘2 —

[mmH*H2 +hc] + 5 H L2 > |Hy

+)\3\H1| \Hg\ +)\4‘H H2‘ +[ (HTHQ) [)\6\H1| +)\7\H2| ]H}LHQ—Fh.C.
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GOOFy Symmetry

* new renormalization-group (RG) stable parameter relations in 2HDMs,
that do not correspond to any known symmetry:

" Explored further systematically and extended in Trautner, 250500094
[new goofy symmetries (change of kin. terms), arguments for all-order stability)

\
_ R | _ i . .
Goofy ‘ parameter relations accidental leading vanishing

trafo. mf] "”i: mf! Mo A A3 M As Ao As regular sym. co-/in-variants
Pe 0 0 0 - Y =0

Foc=Xy | 0 0 ‘ 0 0 = YT =0QYT =0
CPlg 0 0 —m3,” Az A ~ YT =0,QYT =0
CP2, =G —m?, A ~Xg - T=0

U(l)e 0 0 0 0 0 0 U(1) Y =0

CP3, 0 0 0 A M=M-XA 0 0 CP2 Y=T=0
SU(2)q "0 0 0 N A — Ay 0 0 0 SU(2) Q=Y=T=0
Cp2st A ~Xg - T=0

Z3 02 0 0f! 0f! 0 0 Za -

CP4 nf2 0 0t ot bt 0 0 i —

7 e 0 fl.a pflg 0 0 0 U(1) -

v
goofy sym. can forbid bare mass terms — hierarchy problem?!
Trautner, 2505.0009 9



‘Goofy’ Symmetry transformation: () (000 00i700) (i)
Ferveira, Grzadkowski, Ogreid, Osland [EPJC] 2306.02410 h; O 0O O O 0 0 0 i1 hi
h 0 0 0 0 00 4 0f]|n

% T 4 4
H1—>—H27H1T—>H27 | 7lo = 0o o 00 0 olfns

. ; T he i 0 0 0 0 0 0 0f]he

Hy — H, H, — —H; ho 0 0 0 —i 000 0f]ns

\hs) N0 0 —i 0 0 0 0 0/ \hg)

* Can become regular sym. after complexifying the real dof (doubling of dof!)

Haber, Ferreira, [EPJC] 2502.11011

Trautner, 2505.0009 9
* Kinetic terms also receive signs: don’t harm relations / can be made invariant via

Ferveira, Grzadkowski, Ogreid, 0, — —i0,, B, —iB,, Wy, = iWi,, Wy, — —iWy,, Ws3, — iWs,
Osland [EPJC] 2306.02410, ﬁ

Ferveira, Grzadkowski, Ogreid, I, —» 1T I
2506.21145 ,

1—loop‘eFF. potential of 2HDM (including scalar corvections) under goofy sym.
(+ see Pilaftsis [PLB] 2408.04511)



I The Goofy-Symmetric SM

de Boer, FG, Incrocci, 2507.22111 amd begoy\d",

* SM Higgs sector + extension to fermions

Standard Model
SU@). % SU@)L x UQ)y
B e

nnnnnnnnnnnnnnnnnnnn
Neutrino_| |_Neutrino ) |_ Neutrino |



The Goofy-Symmetric SM

de Boer, FG, Incrocci, 2507.22111 amd begoy\d",

* SM Higgs sector

* Define goofy transformation of scalars as  h; — iU, h;
. : /,

rotations of real scalar dofs
in the complex plane by 90°

Iy
U hj : orthogonal matrix

see also Trautner, 2508.02646
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* SM Higgs sector

* Define goofy transformation of scalars as  h; — iU, h;
: /,

rotations of real scalar dofs
in the complex plane by 90°

* SM Higgs (U, =1): H — iH, H' —iH

on doublets H = <h1 + ihQ) U;ZLJ: orthogonal matrix

hs + iha

see also Trautner, 2508.02646



I The Goofy-Symmetric SM

de Boer, FG, Incrocci, 2507.22111 amd begoy\d",

* SM Higgs sector

* Define goofy transformation of scalars as  h; — iU, h;
: /,

rotations of real scalar dofs
in the complex plane by 90°

© SM Higgs (U, =1) H — iH, H' —iH

on doublets H = <h1 + ihQ) U;ZLJ: orthogonal matrix

hs + iha

* Lign=(D,H) (D'H) — (D,H) (D"H) if 8,— —i8,, A® = —iA% (z,—iz,)

J

see also Trautner, 2508.02646



The Goofy-Symmetric SM

de Boer, FG, Incrocci, 2507.22111 amd begoy\d",

* SM Higgs sector

* Define goofy transformation of scalars as h — i U h;

rotations of real scalar dofs
in the complex plane by 90°

* SM Higgs (U, =1): H — iH, H' —iH"

on doublets H = <h1 + ihQ) U;ZLJ: orthogonal matrix

hs + iha

* Liin= (D, H) (D*H) — (D, H) (D*H) if 9, —id,, A% = —iA% (1, —iz,)

V = miy|H? + \H|' — —m¥|H? + AH|* = mu =0

Small my, ‘t Hooft natural, if symmetry
see also Trautner, 2508.02646 respected by full SM (+NP)



de Boer, FG, Incrocei, 2507.22111

* SM Higgs sector + fermions

The Goofy-Symmetric SM

.. and beyond...

LD _deLHdR — yu@LﬁuR — ?J:}CZRHTQL — ?JZ’L_LRE’TQL

=] i)

Yk = ViU

rotations of real dofs
in the complex plane by 45°

U]lfl: orthogonal matrix

see also Trautner, 2508.02646

QL —ViQr, Qr—ViQyp,
dR—>—\/ng, CZR%—\/ECZR, Uf:j:1

UR — —\/g’LLR, UR — —\/E’L_LR

— Invariant



I The Goofy-Symmetric SM

de Boer, FG, Incrocci, 2507.22111 amd begoy\d",

* SM Higgs sector + fermions
LD —ysQrHdp — y.QrHugr —yidrH'Qr — yiurH'Qyp
U =] +isy

Yk = ViU

QL —ViQr, Qr—ViQyp,
dR—>—\/ng, CZR%—\/ECZR, Uf:j:1

rotations of real dofs UR — —\/guR, UR — —\/E’L_LR
in the complex plane by 45°

U]lfl: orthogonal matrix — nvariant

£em — 0. PQr + idrlpdr + iugDup

0= —i0,, Al — —iAL

invariant
— solution to the HP
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de Boer, FG, Incrocei, 2507.22111
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I The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* SM Higgs sector + fermions
LD —ysQrHdp — y.QrHugr —yidrH'Qr — yiurH'Qyp
U =] +isy

Yk = ViU

QL —ViQr, Qr—ViQyp,
dR—>—\/ng, CZR%—\/ECZR, Uf:j:1

rotations of real dofs UR — —\/guR, UR — —\/E’L_LR
in the complex plane by 45°

U]lfl: orthogonal matrix — nvariant

LIS =iQr Q1 + idplPdr + iugPur
invariant

| @M — —Z a/i s AZ — —ZAZ | — solution to the HP




Electroweak Symmetry Breaking,

V=g |HI" + A H|" X



PHYSICAL REVIEW D 94, 015013 (2016)

V — Ml ’H‘2 _I_ )\‘H“l _I_ % ‘H’6 _I_ % ’H‘8_|_ o Electroweak symmetry breaking without the y? te

Florian Goertz.
< 0 Theory Division, CERN, 1211 Geneva 23, Switzerland

£
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eak symmetry breaking without the g?

Florian Goertz
Theory Division, CERN, IZH Geneva 23, Switzerland



% 4 B S PHYSICAL REVIEW D 94, 015013 (2016)
‘ / % ’ H ‘ 2 | A ‘ H ‘ 4 | ‘ H ’ 6 _|_ ’ H ‘ 8 | Electroweak symmetry breaking without the p* term
A2 Florian Goertz'

< 0 4 Theory Division, CERN, 1211 Geneva 23, Switzerland

A
773 GeV

de Boer, FG, Incrocel, 2507.22111

4 ) N
A= —0.065, cg = 4r ( ) = my = 125GeV, v = 246GeV



PHYSICAL REVIEW D 94, 015013 (2016)

V %{ ’ H‘2 o+ )\‘ H‘4 % ‘H’6 _I_ A4 ’H‘S 4 Electroweak symmetry breaking without the 4* term

Florian Goertz

< 0 ) Theory Division, CERN, 1211 Geneva 23, Switzerland

A
773 GeV

de Boer, FG, Incrocel, 2507.22111

4 ) N
A= —0.065, cg = 4r ( ) = my = 125GeV, v = 246GeV

"‘ihhh//{f}sllf\b/[h = 3, Ahhhh/)\}slll\l/lhh =17 still ok with limits:
e.g.: ATLAS [PLB] 2211.01216, [PRD] 2411.02040

— HL-LHC, FCC, ...
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Electroweak Symmetry Breaking

% < B 68 PHYSICAL REVIEW D 94, 015013 (2016)
V — % ’ H ‘ 2 _I_ A ‘ H ‘ 4 _I_ > ‘ H ’ 6 _|_ ’ H ‘ 8_'_ o Electroweak symmetry breaking without the p* term
A Florian Goertz

< 0 W < Theory Division, CERN, 1211 Geneva 23, Switzerland

A
773 GeV

de Boer, FG, Incrocel, 2507.22111

4 ) N
A= —0.065, cg = 4r ( ) = my = 125GeV, v = 246GeV

Qﬁhhh//{f}sllf\;[h = 3, Ahhhh/)\}slll\l/lhh =17 still ok with limits:
e.g.: ATLAS [PLB] 2211.01216, [PRD] 2411.02040

— HL-LHC, FCC, ...

* breaks conformal symmetry X

* breaks shift symmetry X
* respects goofy symmetry /

HZ# will not be generated at loop level
see, e.g., Helset, Jenkins, Manoha [JHEP] 2212.03253



Electroweak Symmetry Breaking Il:
extended scalar sector

S = E(SR—FZSI) S—>—S, ST — S ‘ (US:—’LO'2>
a((owed’
- 2 A"
= V =l H* + X |SPIHP? +E [S+(5)] + AslSI* + [As* + M(8")

—» structure preserved along RG flow (checked with PyR@TE)!
de Boer, FG, Incrocei, 2507.22111



I Electroweak Symmetry Breaking Il:

extended scalar sector
S = \% (Sr +iS7) S — -5, 5 S5 - (Us = —ioy)
2
=V = %(512% + SHIH|? + % 5% — S7) +
< >0 @
(S7) = ve = mi spontaneous goofy

2Re )\1 )+ As symmetry breaking

de Boer, FG, In ,2507.22111
& (SGSB)
N



I Electroweak Symmetry Breaking Il:

extended scalar sector
1 i o
S= 75 (Sr+iS) (S5, 828 (Us=~io)
Mg ey 2o M a2 _ o2
=V = 2(5R+SI)‘H’ + 5 Sk —Si]+...
<1 >0
( S2> — vg _ m spontaneous goofy

107 757 2Re(M1) + As symmetry breaking
/d B FG, Incrocci, 2507.22111 (SGSB)




Electroweak Symmetry Breaking Il:
extended scalar sector

1 , o '
S:—(SR—I—iS[> ‘\S-)-S, S* — §* ‘ (US:—’LO'Q)

V2

)\ 2
= 2P(5% 4+ §2)|H|> + 2L

-V S% — ST +...

2 2
<1 >0
2 % mi £
(S7) = v = spontaneous goofy
2Re(A1) + As symmetry breaking
/ de Boer, FG, Incrocci, 2507.22111
(SGSB)

m%{ = )‘pv?g / 2

< Mg,

dimensional transmutation: condensation in IR, ...

LD =XNO-|H?, O=¢, Yy



I Electroweak Symmetry Breaking ll:,
extended scalar sector |

SZE(SR—FZSI) S—-5,8 =5 (U= —iog)
Ap 2 2 2 m% 2 2
=V =S+ SHIHI + - [ — 57 +
<1 >0

DM candidate |
(Z, for real 1) Lo et B




I The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* Scalar Singlets



The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* Scalar Singlets

* Vector-like Fermions
vector-like quark T, singlet of SU(2)p with Y = %

LD myTTr +m5TrTL + mTrug + m urTy + yQrLHTr +y*TrH QL



The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* Scalar Singlets
* Vector-like Fermions
vector-like quark T, singlet of SU(2)p with Y = %

LD myTTg + myTrTL + mTpup +m*urTy + yQrHTr + y* TrRHTQL

~— R i

no way to respect goofy invariance X Tr — _ﬂ Tr, TR — —\/g TR
—H\mT =m = () ‘ - (nvariant «




The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* Scalar Singlets

* Vector-like Fermions
vector-like quark T, singlet of SU(2)p with Y = %

LD myTTg + myTrTL + mTpup +m*urTy + yQrHTr + y* TrRHTQL

~— S —_——
no way to respect goofy invariance X Tr — —\ﬁ TR, TR — —\/% TR
—H\mT =m = () ‘ - (nvariant

- mass from SGSB: L D ySSTLTR + y;S*TRTL

|yS| TL—>—i ’iTL, TL—>’L'\/%TL
— M =~ —=Ug

V2



The Goofy-Symmetric SM

de Boer, FG, Incrocei, 2507.22111

.. and beyond...

* Scalar Singlets

* Vector-like Fermions
vector-like quark T, singlet of SU(2)p with Y = %

LD myTTg + myTrTL + mTpup +m*urTy + yQrHTr + y* TrRHTQL

~— S —_——
no way to respect goofy invariance X Tr — —\ﬁ TR, TR — —\/% TR
—H\mT =m = () ‘ - (nvariant

- mass from SGSB: L D ySSTLTR + y;S*TRTL

|yS| TL—>—i ’iTL, TL—>’L'\/%TL
— M =~ —=Ug

V2

Lyin = T DTy + iTrIPTR

— invariant
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The SM is an EFT

SM does not explam everytlfxmg’

* Gravity Z SM

Hierarchy Problem: mn << Mp_~~ =

Tiny Neutrino Masses \@// SRR
s s 3¢ ¢ Standard Model

Grand Unification of Forces? . =

Hierarchical Flavor Structure - t

Baryogenesis — Ex:stemce of Universe

Dark Matter ¢ SM |8
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Neutrino ) |_ Neutrino ) | Neutrino

* Trigger for Symmetry-Breaking?
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* Strong CP Problem
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Conclusions

* Goofy Symmetry as a new means to protect parameters/ relations

* Fermion transformations can be included in a consistent way

* Applied to the SM, lt oFFers a handle to explain the lightness
of the Higgs boson _

interesting directions regarding DM, baryogenesis, meutrmo masses, ...

" Typically new signatures around the TeV scale - HL-LHC, FCC, ...

HIDDeN Webinar, 17.9.25 Florian Goertz
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