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The SM is an EFT

Gravity ¢ SM Use Higgs Sector as
* Hierarchy Problem: m, << Mp, unique window to NP!

* Tiny Neutrino Masses

d Events / 1.5 GeV

-
o
s

———r]

« Grand Unification of Forces? -

5001~ s

» Hierarchical Flavor Structure =+

S/(S+B) Weighte

Bl - Baryogenesis — Existence of Universe
8 - Dark Matter & SM

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

* Some Hints in Flavor/Precision Physics

W\ang {l'V\kS to Hl'ggs Sector ’ : g‘:;l still least understood...
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The Hierarchy Problem

i
f s / \r
. |
Am% NAQ — - *h+ﬂ/ N S :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N Running Higgs Mass

1020

0(6) / \ oML
oI+ Gy e )

'''''''''''''''''''''''''' . e A 10% ¢
Expect coefficient of unprotected /
3 , 3 10° ¢
‘D=2 operator H* to reside at . -/
cutoff: m3; ~ A? > 100 GeV A T S YA

Phys. Scr. 2013 014006

1672

Ap M3 .
Jump at threshold of NP~ = —+ > mj, .ﬁs
— large fine-tuning to achieve mn < Mnp
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Solving the Hierarchy Problem

Hierarchy Problem: Am?2 ~ A* —’;QJ_ Sy /‘;Hﬂ_ PR
A K M py mp < A
~ New Symmetry ~ Low Cutoff | Vacuum Selection
AL
%’m * SUSY * Large Extra Dim. * Relaxation

() * Goldstone Higgs: @ ° Warped Extra Dim. .« NNaturalness
N Composite/Little Higgs * Clockwork/LD

« Conformal ? * Technicolor Agravity, Wac, ...

= often light (top) partners

Lyon 2020 F. Goertz 4



Solving the Hierarchy Problem

Hierarchy Problem: Amj ~ A% o (7o o7

A < Mpy mp < A
New Symmetry ~ Low Cutoff Vacuum Selection

s A\
%’m * SUSY * Large Extra Dim. * Relaxation

‘i' + Goldstone Higgs: = ° Warped Extra Dim. . NNaturalness
[ | Composite/Little Higgs Clockwork/LD

Technicolor Agravity, WGC, ...

2 - Conformal ?

ATI A< Preliminarv

earches” - 95% CL Lower Limits
MMMMM i 1 (') Mass limit
» oen 20 1 - m, [GeV] 91,187
monsiet 13K o1 i o o IGeV] 2495
o P oen 2 M e o In
.o (OF Sen 1 [# e R es* - 95% CL Upper Exclusion Limits ATLAS Preimirary
op 2t w1 [k 12 A [£dt=(32-139) o Viu8,13%V
g g Zi g‘ i oy i“ : B o R Jetst ET™* jraum) Limit Reference
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i B

:::

mmmmmmmmmmmmmm

RO Toa

00
---

Lyon 2020




Composite Higgs Models

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances
= my saturated in IR = Hierarchy Problem solved 1}&

| 4

* Higgs = (pseudo) Goldstone Boson= my<em, Naturally address
' ' ' 2000 " * Hierarchical Flavor Structure
@  like pions in QCD . Lo + Dynamical EWSB
(Gq) # 0 i I 3 $E;E'f S Tiny Neutrino Masses )
SU(2)L x SU(2)r — SU(Q2)v 2 1000 e - * Dark Matter
- — e Baryogenesis ...
e + aco
0906.3599

* MCHM SO(S)‘%SO(4‘) Contino, Nomura, Pomarol, ph/0306254

dim[SO(5)/S0O(4)]=4 GB Agashe, Contino, Pomarol, ph/0412084
— Higgs hi,_ 4

custodially symmetric
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Composite Higgs Models

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances
= my, saturated in IR = Hierarchy Problem solved 1}&

» Higgs = (pseudo) Goldstone Boson = my<cem, ~  Naturally address

2000 " * Hierarchical Flavor Structure |
@  like pions in QCD i 36 * Dynamical EWSB
d X=
(qq) # 0 o s E{EEGEF * Tiny Neutrino Masses
s i i o A o
SU@2)L x SU(2)r — SUQ2)v 2 1000 e * Dark Matter
= Ee L * Baryogenesis ...
500_' el —_ e:_(periment
: *:lfmdlh
= oo
0906.3599 .
UV completions??
° MCHM SO(S)%SO(4‘) Contino, Nomura, Pomarol, ph/O306254 E:::;Z?[’Kib;zgi\ittfé52952221'6562’
dim[SO(S)/SO(4)] —4CB Agashe, Contino, Pomarol, ph/0412084 Cacciapaglia, Sannino 1402.0233,

Vecchi, 1506.00623,
Ma, Cacciapaglia, 1508.07014

s Higgs A1 4 holographic construction/ EFT

custodially symmetric
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Higgs Mass via Explicit SO(5) Breaking

A. 7 3 a StVOV\g S@CtO E500- K ' G

mgb,p | E— ?,Z), P - VOSOVIANCes

composite

V(h) ~ asin?(h/f) + Bsin*(h/f) # 0

Off

determines residual tuning,
e Only subgroup of G gauged corrections to SM predictions
e Fermions don’t fill full SO(5) reps

Couplings to SM break SO(S5): / E" ~ TeV: SO(5) breaking scale }

8

mj = 23/ f*sin®(2v/f)



Partially Composite Fermions

Kaplan; Agashe, Contino, Nomura, Pomarol

LD —(QL?% + qR"I’%)f

5 of SO(5)
10 of SO(5)

guf

— induce m,

Ly == ¢

S e

125 GeV+— I(arge My

---h

dRr 9



I The Higgs Potential and the Tuning

LOPNDOS[EL

" Most important SO(S) breaking: top quark

ﬁ
V(h) ~ asin®(h/f) + Bsin*(h/f) £ 0 SO(5)

Minimum : sin(v/f)? ~ _@ — minimal tuning: A™! ~ sin(v/f)?
|

* Minimal holographic wodels (MCHM,, MCHM,,):

a~yt/gy B~ /g\l, < a — double tuning: A™* Esm(v/f) < 1
v
O(1%)

. . 10
Yt =Y ~Yr, gu ~3



Light Top Partners

Large top yukawa — large m,

- LOINDOS[E2
ity ~maffm nleme
o
=> light top partners: paceVy T{arge g >V (h)#0
mr ~ f ~ 800GeV
” .

EWPT

lightest fermionic resonance

Matsedonskyi, Panico, Wulzer, 1204.6333; 11
Contino, Da Rold, Pomarol, ph/0612048; Csaki, Falkowski, Weiler, 0804.1954;

De Curtis, Redi, Tesi, 1110.1613; Pomarol, Riva, 1205.6434



Light Top Partners

MCHM <

140

Large top yukawa — large m,,

m gty ~molfme e = Y
f’f_ E1.5 N
. h ¥ | LHC searches:# .
=> [ lgI/\t top partners: 125 GV T{arge -

mr ~ f ~ 800GeV = .
0'%0 100 150 200 0
I my [GeV) ABG

Carmona, FG, JHEP (1410.8555)

# = 800CeV
LHC Searches

— my >1300 GeV

3591 (13 TeV) 0 35.9 b (13 TeV)
CMS "

"ATLAS
Vs=13TeV, 36.1 fo’'
VLQ combination

Observed limit

BR(T — Ht)
o
©
B(bW)

NN analysis | Cut-based
Y SU(2) doublet analysis
O SU(2) singlet

95% CL mass limit [GeV]

1000
0.3 3
0.2 g
0.1 8

0 041020304050607 0809 1
BR(T — Wb)




Light Top Partners

MCHM <

Large top yukawa — large m,
A 2.5
2 ' 120
f\J Y; v N(mT/f Mt UL ;
fﬁ*— h E1.5 N
, ¥ | LHC searches .
=> { [ ght 'L’O p p a th/\@ rs. 125Gev: Tlarge my 10 ;-i-,_ 15
mT Y f Y 800 Gew o o7 20
0.%0 100 150 200 A 0
My [Gev]
I Carmona, FG, JHEP (1410.8555) BG
S —
£ T AtLasT T ~ f =800GeV
LHC Searches . o bl
o Q7 Observed limit E
> 06 : i 3 SU(2) doublet i § ;
— mr 21300 GeV 5 et N potentially strongest
02 I 1320 , F
0 010203040506070809 1 200 raise 13

BR(T — Wb) — (ncrease tu V\l'V\g



Avoiding Light Top Partners [

* Larger quark representations: 14 of SO(5) Panico, Redi, Tesi, Wulzer, JHEP (1210.7114)

— strong corvelation broken

* 14 fits naturally in the (RH) lepton sector (keep quark sector [even more] minimal)

e (1] A 8] vl ]
g (Rl (B g

Carmona, FG, JHEP (1410.8555)

> Just requires one 5 and one 14: ‘unification’ of RH leptons
> Type-Ill seesaw, scale Agcesaw < Mpr, motivates modest lepton compositeness

> & Contribution to Higgs mass at leading order in Yukawa — leptons matter!

Lyon 2020 F. Goertz 14



Avoiding Light Top Partners [

* Larger quark representations: 14 of SO(5) Panico, Redi, Tesi, Wulzer, JHEP (1210.7114)

— strong corvelation broken

14 fits naturally in the (RH) lepton sector (keep quark sector [even more] minimal)

/ \ T 3\7’[_7 _]\ VT// [_|_’ _] 7_/// [—i—, _]
’ | 1% _|_7 - 1K —|—7 - A%_ 2 7_2

far =3[, @ ( i [[+ _]] yfh _} ) o 5[] -] Y7 [+ ]
b 4 \_ ) ) 2 ) \A2[_’ _J Y2’T//[_'_’ _] @72-/// [_|_7 _]

n | , FG, J 1410.8555
MCHM s Carmona, FG, JHEP (14 )
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Avoiding Light Top Partners [

* Fits naturally in the (RH) lepton sector (keep quark sector [even more] minimal)

//\

TN ’T// _|_ _] T”,[—l_ _]
([ )| fal -] il ) vl o) T
S =e Ll (NN DRI ok I Pt
Nilahl’ o=, ] Y[+, -] 03[+,
C‘arwxoma, FG, JHEP (1410.8555)
[AMgs/AMgS 1|
> Predicts lepton-flavor universality 11}
violation (different RH lepton compositeness)! 1.0;-
B(B— Kutp) 0,9;
i = B(B — Kete™) i
o g2 €[1.6] GeV nf"f 0.8} -
RK* = B(B — K*,LL+,LL_) 07} 40%
B(B — K*ete™) 2 €[1.1,6]GeV 05:- S
0-55' . 1o¢
Carmona, FG, PRL (1510.07658) '

Carmona, FG, EPJC (1712.025306) %4 05 06 07 08 09 10 11
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Avoiding Light Top Partners Il

Change the nature of explicit Goldstone-symmetry breaking

Blasi, FG, PRL (1903.06146)
composite

N

elementary / / \

t W )
ss) SO(5)=+SO(4)

R Y
— — Am
} my | ==y
5 of SO(5) Fo b
25 GeVI T
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Avoiding Light Top Partners Il

Change the nature of explicit Goldstone-symmetry breaking

Blasi, FG, PRL (1903.0614-6)

composite compqu:’te
e{ewxemtary | / . \\\ e{ew\entayy / ¢ 0
t C S o . hU
sg(s) POB)=50(4) sos) SO(5)—SO(4)
— /7T‘\ pr— T N
qr - }IJR/, Y- Vg
— — Am / ’ Am
T ™ | o e | == v
5 of SO(5) Fi L —iby, — iw} I
t+wi
125 GV~ T ity — Zw% 195 GV i
L ivV2sg L h

+ similar for RH
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Avoiding Light Top Partners Il

Change the nature of explicit Goldstone-symmetry breaking

Blasi, FG, PRL (1903.0614-6)

composite composite
elementary / : \ ~ elementary / .
// h m \\ \ ‘ Moy UiLw /
t ? : soft breaking! w f h’ \Ij

Py, - WL

g
B b —w} "y Y
h —ibr, — ) |
b+ ) T
ir — Z@ 125 GeV— h
iV251) L

+ similar for RH

Lyon 2020 F. Goertz 20



Two-5Site Model Lagrangian

| | 4 1 of SO(4)

!\

Resonances [ — [J (Q , T)T

Partial Compositeness:
»Cmass — — mQQLQR — mTTLTR [J = e—i%ha(fl?)Ta
— yr.f YL (UIiQiR + UI5TR)

— ypf URI (UIin — U15TL) + h.c.

Vector-like elementary masses:

— L =miS,Sp + My, Vp + myWrwg + h.c.

Lyon 2020 F. Goertz 21



S50O(5) Breaking Spurions

Standard MCHM -

At 1/00 1 —i
wL—ALQL ALE(I P00
Yvr=ARtr  Ap=—i(0 0 0 0 1)

['mass D — ny qLALJUlpﬁ
—yrf tRARUTY,

Lyon 2020

sMCHM
Y, ~ 5
YR ~ 5

—Lel = My ¥rPr + My ALYR
+ msSRARYL
— mw@d@wl’%
— My ARty + h.c.

msAL

yr, U ?nf‘rnA'}‘

F. Goertz



S50O(5) Breaking Spurions

Standard MCHM sMCHM+

_ AT 1 /001 =i O ~5
b=2ba A= (V00 YY) v

wR:AEtR Arp=—-i(0 0 0 0 1) YR~ O

yLALU

Lyon 2020 F. Goertz



Full Results

J ] f=800GeV

0 100 200 300 400 500
Blasi, FG, PRL (1903.06146)
mp (GeV)

1< |yp.r| <2, 5<|mr/TeV| <10, =2 < mg/mr < —0.3, 1.5 < |y /ms| <5, 2 < |may./ms| < 4

Lyon 2020 F. Goertz




Tuning in MCHM,

N

V(h) = asin®(h/ f) + Bsin’ (h/ )

J

e

double-tuning = further increase symmetry

\ J

Lyon 2020 F. Goertz 25




‘Maximal Symmetry’

:\EM\amed global symmetry eliminates double —tumimg;

Csaki, Ma, Shu, PRL (1702.00405), 1810.07704 (+Yu)

f/:o'/vx;aosi';é\
h,W
SO(5)— SO(4

SO(5)1 x SO(5)n — SO(5)y+ > SO(4)

chiral symumetry in composite sector

/:Cmass — :mQQLQR — mTfLTfi‘F s h U — (Q T)T
=Yg ((mq + 1) + (mg — mr)V) U 4 1ofSO(4)
I: mq = mp — SO(B)y = V(h) =0 SO(B)y : L=R

I1: mg = —imr — SOB)y = V() #0  SOG) v : L'VR=V yoimal symmetry

v <14><4 ()) Higgs-Parity Operator

Lyon 2020 0 -1} vrevi=1°, VTVl = 19 F. Goertz 26



Maximal Symmetry

50(5)1 x SO(5)r —+ SO(5)v

V(h) = asin (h /) + Bsin®(h/ f ) am

/com;aositz
h, U

SO(5)— SO(4)

o

5 t

Minimum : sin (fu /f) =

SO(5)V’: O‘ No(y%?ﬁR) ~[3 — No double tuning :)

f? N 2
B (25> J;N”’ZT 10(1TeV)

Oé—|—ﬁ =0 = SiHQ(U/f) _ 1/2 % - cancel with

gauge contr.

Lyon 2020 F. Goertz 27




Maximal Symmetry + Soft Breaking

SO(5)r, x SO(5)r — SO(5)yv

V(h) = asin (h /) + Bsin®(h/ f ) am

/cowx;aositz
b0

Minimum : sin*(v/f) = ¢ Y sos)
SO(5)

28

it — iw?;

—i\/§SL

SO(5)y: :oz ~O(yiys)~B — No double tuning :) ( by — wl, ]

—’L'bL—’L"LU%L
2 N VL=
f~800GeV 2 2
=L (1) P 0 ()
soft v? 20 an~f - e

breaking > 1 vk —uig
1 “1’3_2’;”21%
o+ NyLyRmful(m —m2, ) #0 = sin®(v/f) #1/2 VR=7 | et e

iv}l;i — W5
. P —iV2t
Blasi, Csaki, FG, 2004.0612.0 iV2tg
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Tuning: Max Symmetry + Soft Breaking

....... mp=125Gev
, 7 A2
100 -: A ~ 100 ( )
: o] 1 TeV
4 50| . e : — MCHMs mr \2
j T maxsym A21O(1Tev)
1] e T ——— w_ o] —— this model

10 1.2 14 16 18 20 22 24
Blasi, Csaki, FG, 2004.06120 my (TeV)
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Tuning: Max Symmetry + Soft Breaking

....... mp=125GevV
, 7 A2
100 -: A ~ 100 ( )
: o] 1 TeV
4 50| . e : — MCHMs mr \2
| . | T maxsym A21O(1Tev)
1] e T ——— .___-____"___._ —— this model

10 1.2 14 16 18 20 22 24
Blasi, Csaki, FG, 2004.06120 my (TeV)

e mr > 2TeV possible without notable tuning
e beyond that, no longer flat <+ tuning in €

e= 1—M/mg

Lyon 2020 F. Goertz 30



Very Natural 5D Picture

UV brane: B
elementary A |
sector f )
Slice of AdSs
Mpy,
MCHM s SMCHM
1 1
wh[—, +] t[+, + wi [+, +] [+, +
Wy [_7+] [+7+] Wy [—I_?_'_] [—I_a_'_]
SO(5) broken hardly by Dirichlet SO(5) preserving universal BCs,
UV-boundary conditions breaking by finite UV-brane masses

5=1(2,2)®(1,1)
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Very Natural 5D Picture

UV brane:
elementary W |
sector

Effective
M1y M2, My, Mg ™~ TeV

emerge naturally from
GUT /Planck-scale masses

\ via wave-function suppress1on!/ Y,

[

Dr

Mpy,
MCHM s
1
wy (= +] ¢+, 4
wL:( 2 Ssl—+] Y=

Wy [_7+] b[—l_a_l_] 7
SO(5) broken hardly by Dirichlet SO(5) preserving universal BCs,
UV-boundary conditions breaking by finite UV-brane masses

5=1(2,2)®(1,1)
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Conclusions

* Composite Higgs models challenged by missing light top
partners (discovered Higgs too light)

* Lepton sector might have interesting impact
* New, soft way of breaking Goldstone symmetry allows to
reduce Higgs mass at constant partner mass

* Combination with ‘Maximal Symmetry’ leads to minimally
(0(1r0%)) tuned model without ultra-light partners!

- Back to level of tuning of LEP era,
hope for discovery at HL-LHC or FCC!
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Goldstone Restoration as Source of Effect

* What if VL fermions are added with arbitrary couplings?

* Couple new elementary states with strength g to strong sector

x=27,9=-07

k= 0: MCHM;s 3.0 e
KL:lISMCHMg)

20: 1 BdBo

=) SMCHMs; clearly )
singled out
concerning Higgs- 0s]
mass reduction

— 1_0:—

Lyon 2020 F. Goertz 35



Restore Global Symmetry
in Linear Mixings

LD —f(yr ¥ VE + yr ¥r-¥h)

MCHMj5 : Just one doublet /singlet filled in 5 = (2,2) & (1,1)

E>/L—f><}o(l'citlg breaks SO(S‘)\ / b% \ ( 8 \
y B e
vr=—7| t Yr=1| 0
CV2 |, o
\ 0 ) \—itR /

sMCHMj5 : Consider complete elementary multiplets

| | 2 1
/ “\\ b _B 1 VS — W
L SO(5) restored, ( L @ng\ (_-R2 _ -R1\
| —iby, — 1wy 1 Wrp — WR
broken softly via v = — tr, +w? VR = ﬁ .U}% + w%
\vector-like masses V2 [ L — w3 i — iwg

\ —iV2 5y ) K —iV2tr )

36



I The Top Mass and the Higgs Potential

QO% (mg — mT)2

5 > — sin2(2v/f)

2
8mT+ My Mg Mg /

T T y:m — 00 MCHM

2 2 9 p4
my = yLny
L

= N2
Qv Ts viup st e it D sin?(20/
m%ﬂ:mé—l—y%f2
T
V(h) =— = dpp’ In {det[p°1 + m'm(h)]}
0
~ asin(h/f) + Bsin*(h/ f) ‘m3 = 268/ f*sin®(2v/f)

37



Case I: Decoupled w,v

Standard MCHMs sMCHM
( 1 L 2 \ \ ( 1_ 2 \
sl SR 6% = Gt (02 4 B)F (@) -2P0)
N J \ L ~/
- <B(0) N.
| Bo = 1672 y%y%fél
|
2,2 r4 | q = mq/mr
m? ~ yIéyRQf (g — 1)?*sin*(2v/f) r = i /ms
mQ J 9 x? 1
K F(x)_l—aﬁlnﬁ
\ (1-4q)° i
1 1—gq mp
2 _ Lt 2 2 02
\ mQ — 16 yLny 5(72) (mt )
| 2 4
T 1
s qj 0 \ b u 0 'Suggests possibility
\ ot 1. . of light Higgs with
m, 17 1 0 | my — finite ‘heavy resonances
t — ’ ot 1 38

mQ%oo



Case |: Top Partners

Lightest top partner in SMCHM

1 1 1
m%:min{mé,m%,mg}:méxmin{l, 5> 5 2}:méxmin{l,—z}
q= q-r

1 1—¢q)° [(my 2
iy = o i ()

q = mq/mr

r = mr/ms

q2r4 — 1: s about to become lightest state —5 < 0 39



Benchmark Points

A

purple (black):
mostly elementary (composite)
— 10 TeV

28

— 8TeV \

w — like doublet

6 TeV
— 4TeV T.. X
) T
T X, T_
4 2Tev

40
Bs: {yr =1.4,ygp = 1.3,y = 3TeV,m; = 3.8 TeV} By {yr =18, yr = 1.8,z =2.8,y = 2.5,mp = 9TeV, m; = 3.5 TeV},



Maximal Symmetry

_ N

* Symmetric coset — can envisage enlarged global

| | symmetry G; x Gr — Gy that
[T&, T&] ~ T \;\reduces the tlAV\I'V\g (eliminates double tumimg/)/,
Csaki, Ma, Shu, PRL (1702.00405)
broken generator
I YL — Lyy,
Yr — RYr

* Modified Goldstone matrix
> = U2V transforms linearly

under G ;Y — g/ g’

Gy : LTYR=Y'

Higgs-Parity Operator
VTevt =1 VTV = -T° .



Maximal Symmetry

iEM\aV\C@d global symmetry eliminates double -—tum’mg:

Csaki, Ma, Shu, PRL (1702.00405), 1810.07704 (+Yu)

COPNDOSIELN,
\\

h, ¥
SO(5)— SO(4

SO(5)1, x SO(5)r == SO(5)y > SO(4)

chiral symmetry in composite sector

A
|

,'/ -

| »Cmass — :mQQLQR - mTfLTRJ+ T ~. T

_ M N v = (Q7 T)
=V ((mg +mr) + (mg —mr)V) Vg 4 10fSO(4)
I: mqg = mp — SO(5)y = V(h) =0 SO(B)y : L=R

II: :mQ — —77~’LT: — SO(5)V/ — V(h) 7é 0 180(5)‘/’ : LTVR — V ‘Maximal Symmetry’

v 2)




Higgs Potential: Reduced Tuning

SO(5)L X SO(5)R — 50(5)\/

TN
V(h) =« Sin2(h/f) + Bsin*(h/f) 4 A hop
7 b so()— S0

Minimum : sin®(v/f) = expl. S%S}

28

1 /001 —i 0
AL:ﬁ<1 i 0 0 0)
Spurion Analysis n= il )

SO(5) breaking combinations respecting Gsm: T'p g = ATL RALR
transform as I', — L', L', T'r — RTgR! SR s Iy Rt

— V(h) ~ 293 T[S T 2 TR] ~ y%y%f4 sin®(h/ f) COSQ(h/f)/I

a = —f — No double tuning :)  sin?(v/f) =1/2 ( = tune with gauge 43
‘ ! \‘ ’ contribution




Maximally Symmetric SMCHM;

pr

. 9 . A /wm,))s:tz\
V(h) ~ asin“(h/f) + Bsin”(h/f) ) — B0
SO(5)— SO(4)
«

Minimum : sin®(v/f) =

28

—i\/§3L
need to split w-doublet

— A - wlky
5 1 —7t,bL — Z’2w1L ’ 1 _iqﬁ% — i;U%R
L= 7= L+ wig R= 7| Vrtuwp
V2 ity —iwiy V2 R — iwip
Spurion Analysis

= V(h) ~ YLy M3 >~ ai Te[ETT] (m]) ST (m3)]

%)

a ~ yrygftMgma, (my —mg, )ai # 0

a~ O(yiys) ~ B - No double tuning :)’ \/Sin2 (v/f)#1/2 :)\’ 44




Vacuum Misalighnment

see, e.g., Panico, Wulzer, 1506.01961,
Azatov, Galloway, 1212.1380

Explicit G breaking — (h) > 0 = breaks Ggw C H:
misalignment of true (X) vs. H-preserving >, anlge 9= (h)/f

202 .9 N(z) =Yge T 7 he()T
Challenge: § = v/ 7 =sin“J < 1 %o = (0,0,0,0,1) : SO(5)— SO(4)

without excessive tuning £ 45
Ly = 5 (D,%)"(D'S)



Higgs Couplings

1 2 2
L= §8Mh3“h +V(h) + UZTI“ [(DME)T(DNZ)} (1 s QG% 1+ b% 4., )

N u,,(J)
llllllllllllllllllllllllllll —\%(a%) &= (1 + c% +---) (?&Z&) +hec.
A | f 545
- ] depends on fermion embedding
vl — s a=y\/1-¢&, b=(1-2¢)
C
|
0.5t |
. Bayesian mar%inalisation
| — Gaussian prfor, no correlations — |
L1 S T T T T T

0.6 0.7 0.8 9 1.0 1.1 1.2 13
a Fichet, Moreau, 1509.00472

46
£~0.2— f~550GeV



Higgs-Fermion Couplings

1 2 2
L = 50,h0"h+ V(R) + 2T [(D,3) (D"5)] (1 N Qa% N 55_2 L )

u, (9)

Vo) (D) h Yijup
——(uy’ dj )E(1+c—+---)< g (j)> + h.c.

. V2 /v Ydd;

15F
depends on fermion embedding

1.0+

L Rather model dependent:

C
Representations of Y9 under SO(5)

0.5+

: Bayesian marginalisation €= 1 _g : MCHM4 (SplIlOI'lal)

| — Gaussian prior, no correlations — | c = 1—2¢& . MCHM (fundamental)
N - T Vi€ 0

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

a Fichet, Moreau, 1509.00472 « ..

¢~ 0.85 — f ~ 500 (780) GeV for MCHM,(MCHMS;) Y



Electroweak Precision Tests

e Tree Level (SO5/SO(4)) :

8 =9 11 {(0) wm@wvvw T = 0 (custodial)

g A A S

4 (1 36) s % O fOI’ g % O 0:3%_ B 68%, 95% and 99% CL for present fit _%

mp o2 =

» 1-loop: modified Higgs-Gauge couplings :
NCOS(<h>/f): /1_5 _>AS>O, AT<O :0.32: m'= 17334 0916\./ Bf
04F ié

Zo. 5 0 4 —0 3 -02 -0.1 0 0.1 0.2 0.3 0.4 Os.5

T L
- G ]
s A excluded

T awv A9 (99% CL)

. £ <0.1— f > 800GeV @95%CL

P Thamm, Torre, Wulzer, 1502.01701
Ghosh, Salvarezza, Senia, 1511.08235

Lyon 2020 F. Goertz 48
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