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Hierarchy problem

* The Standard Model is a consistent theory up to the Planck scale (metastable

electroweak vacuum): no need to complete it
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Higgs mass M, in GeV

* Mass of a fundamental scalar is quadratically sensitive to the scale of New Physics A

om; ~ f(g)A?

* No such scale in the SM alone, but due to gravity A < Mp;

* Fine tuning alleviated if f(g) = 0 due to some symmetry or if the cut-off is actually
much smaller than expected due to some geometrical setup
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Veltman-like conditions

* One-loop effective potential, in Landau gauge: StrM? = 3 (—1)%(2) + 1) TrM>
d*k S
_ 2 2
Vi(h) —/(2ﬂ)48trlog (k% + IM(h)|%)
« Expending in terms of M?/k?:
d*k dk 1
Vi(h) = Strl log k* 4 St h2/
1( ) r / (27T)4 0g + I‘M( )’ (27T)4 k2 +
/ \
Zero-point energy (A%) Quadratic divergence (A?)
Str 1 =ng —ng Gauge invariant
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Veltman-like conditions

One-loop effective potential, in Landau gauge: StrM? = 3 (—1)%(2) + 1) TrM>
44k =0t
Vi(h) = Strlog (k? h)|?
() = [ ZeStrlog (K + M)
Expending in terms of M?/k*:
d*k dk 1
Vi(h) = Strl log k* St/\/th/
1( ) r /(27T)4 0g + r‘ ( )| (27T)4 k2 +
/ \
Zero-point energy (A%) Quadratic divergence (A?)
Str 1 =ng —ng Gauge invariant
Regularization of the Higgs 2-point function:
;; 1 0 Str\M(h)\Q —0 | Automatic in symmetry-based
| 2 Ohoh h—0 solutions to the hierarchy problem
Condition on dimensionless parameters
A A 2 < 2_|_ /2) 2
In the SM: Z Z g_ g T ) _ Yo _
2—|—3><6+6><4—|—3>< 1 12><2 ..=20
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Naturalness from symmetries

Supersymmetry: extended space-time symmetry, protect the Higgs chirally

Global symmetry:

 Composite Higgs: strong dynamics spontaneously breaks an explicitly broken global
symmetry = Higgs as a pseudo Nambu Goldstone boson

\
: H, global

e Little Higgs: collective symmetry breaking, i.e. global symmetry breaking
communicated by the interplay of 2 different sectors — further protection of mn

Discrete symmetry:

e Twin Higgs: Z2 symmetry relating two SM gauge group copies (twins), approximate global
SU(4) symmetry of the Higgs sector broken — Higgs as a pseudo Nambu Goldstone boson
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Naturalness from symmetries

Supersymmetry: extended space-time symmetry, protect the Higgs chirally

Global symmetry:

« Composite ken global
symmetry - BERGER PETIES Global PLB)]

QCD x EWK CHM, Little Higgs

\ie B aal e Quirky Little Higgs Folded SUSY | O ectre BoHERTE

e Little Higgs | WElueha)Elie] Twin Higgs 2777
communice

Of Mhn

From David Curtain/Nathaniel Crai _
_Wmm!ngeu,-e,‘onen, Georgi: ’01 (PLB)]

Discrete symmetry:

 Twin Higgs: Z2 symmetry relating two SM gauge group copies (twins), approximate global
SU(4) symmetry of the Higgs sector broken — Higgs as a pseudo Nambu Goldstone boson
[Chacko, Goh, Harnik: ’05 (PRL)]
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Naturalness parameter

We define a naturalness parameter as a measure of the departure from the Veltman
condition at low-energy, for a given New Physics model:

N 1 o 2
Veltman condition: 5 ahahStr\/\/l(h)\ - =0

f, g: functions of

—> f(BSM) + ¢(SM) =0 dimensionless couplings

_ f(BSM)
SRSV

Naturalness parameter:

|
1 = 1 < Cancellation of the quadratic divergence !
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Naturalness parameter

* We define a naturalness parameter as a measure of the departure from the Veltman
condition at low-energy, for a given New Physics model:

N 1 o 2
Veltman condition: §8hahStI‘M(h)‘ - =0

f, g: functions of

— f(BSM) + g(SM) =0 dimensionless couplings

_ f(BSM)
SRSV

Naturalness parameter:

|
1 = 1 < Cancellation of the quadratic divergence |

* Here we will only be interested in cancelling the top-quark SM contribution

Assuming the discovery of a top-partner-like state,
how do we assess its contribution to the cancellation of the quadratic divergence 7
Does it cancel fully the SM top-contribution, i.e. uy=1"7?
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Precision observables as a probe of naturalness

v(Z),9 v(Z)
..... Puunn D Sl sssadranad sssssdpassas sssadsanas sannadrannns
7.9 %

Goal: determine the naturalness parameter from the size of loop-induced Higgs
couplings and electroweak Peskin-Takeuchi parameters

More precisely, see e.g. Higgs low-energy theorems:

@ Mge Go S b

16mv *¥ ,
i=S.F,V

0
0logv

Lhgg = log det| M]?

Expect correlation between deviation of Higgs couplings and quadratic cancellation.

For a given model, we can assess the sensitivity of future colliders to the naturalness
parameter.
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A tr-like top partner
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A fermionic top-partner

Inspired by Little Higgs models, introduce a pair of vector-like quarks T r~(3, 1, 2/3)

Lo = -ApQy HT) — 4, Qy Hthy — MT, Th — CMTHTHT’LT{Q + h.c.

Primed fields: weak eigenstates

Yt v ATV /
- o =\ (5 t
Mass matrix: L 3—(1&’ T') V2 V2o, (R)+h.c
V0 Mg ) \ T
» P ree
Veltman condition: [Ar|* + 2¢cr + |y:]* =0 = ME—‘ T|| TQ ‘T @ T @
| Yy
L , CT

Fermionic top-partners achieve cancellation through dim-5 operator only, ¢ <0
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A fermionic top-partner

Inspired by Little Higgs models, introduce a pair of vector-like quarks T r~(3, 1, 2/3)

Lo = -ApQy HT) — 4, Qy Hthy — MT, Th — CMTHTHT’LT{Q + h.c.

Primed fields: weak eigenstates

Yt v ATV /
- o =\ (5 t
Mass matrix: L 3—(1&’ T') V2 V2o, (R)+h.c
V0 Mg ) \ T
» P ree

Veltman condition: [Ar|* + 2¢cr + |y:]* =0 = ME—‘ T|| TQ ‘T @ T @
| Yy
L , CT

Fermionic top-partners achieve cancellation through dim-5 operator only, ¢ <0

. t c s t! my
Mass eigenstates: (TL’R> — ( LR LvR) (TL,,R) tanfp = M—tanHL
L.R —SL,R CL,R L.R T

\2v? epv? v
Mpr =M |1 T R
r [ T T O (M4>]

LR L
mt_\/il 4M2+O(M4
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Higgs couplings and alternative naturalness parameter

* Higgs couplings:  Lpnyy D — |Chuthtrtr + ChrrhT L Tr| + h.c.

My CTV 2

. . (%
Chpr = — cosf, cosf, + 5 sin @7 sin O0p ~ % + O(W)
Mr . : CTV v 5 Ik
Chrr = 0 sin 07 sin @y, + A cos O cosOp ~ 97 AT |” + 2cr + O(W)
A7 |? + 2cr . My Cprr v
[ ] . = — i | ILL —_— — — _|_ O -
Naturalness parameter: E IL v |Chul? M (Mg)

Expressed in terms of quantities directly measurable at colliders: top Yukawa and hTT production
(insensitive to the sign of the naturalness parameter)
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Higgs couplings and alternative naturalness parameter

* Higgs couplings:  Lpnyy D — |Chuthtrtr + ChrrhT L Tr| + h.c.

2

m cTv v
Chpr = Tt cos 0, cos 0, + % sin @7 sin O0p ~ \—} + O(W)
M CTv v?
Chrr = Tsm@LsmeL—kﬁcosHLcosHRN m A7 |2 —|—20T+(9(M2)
|)\T‘2 + 2cr o~ MT ChTT
Naturalness parameter: E ILM v |Chet]? = H (Mg)

Expressed in terms of quantities directly measurable at colliders: top Yukawa and hTT production
(insensitive to the sign of the naturalness parameter)

* Note that if the dim-5 operator were not present (cr = 0):

C C
v htt_|_’U hTT:1

1z, MT

— Approximatively no modification of the Higgs coupling to gluons.
Only the presence of the dim-5 allows for sizeable deviation.
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sin 995% C.L

Constraint on the mixing angle from S, T

M2
e For Mt > my: ATr(approx) = Tgy sL[ (14 c2) + s2r + 2¢2 log(r )] r=_L
mg
N¢ 4
ASp(approx) = 187TSL [5 ¢z + (1 —3cz) log(r )] . [Dawson, Furlan: 1205.4733 (PRD)]
D fing limit (SM limit) : # > 1, s1 — 0 s, — —2T% 4 o(2 )
ecoupling limi imit) : , SL , S = — \FM VE
* Inthis model: AT > AS
tr—like partner, AT, O(v?/M?) approximation
tr—like partner
0.20
0.15/
Current
HL-LHC
0.10 - — ILC
I | FCC-ee W
] I FCC-ee t
i tanfp = 77 tanfr Sensitivities from
000wt [Fan, Reece, Wang:
600 800 1000 1200 1400 1600 1800 2000 1411.1054 (JHEP)]
MT [GGV]
600 800 1000 1200 1400 1600 1800 2000
EW fit from Gfitter group [Baak et al: 1407.3792 (EPJC)] My [GeV]
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Higgs coupling to gluons

« Most sensitive loop-induced Higgs coupling: = _ Mz Chrr
L v |Chtt|2 |
2C T
['(h — gg)BM Dowet e Ay o (my)
Cg =1+ AC,; = F(h N )SM - 2,CSM -
99 et Ay o (M)
@O my, M1 > my,
v . v? _m?
@ C o mt ~ | — Chut 1—M0httm ~ I_MW
| LHC14 0.3iab | LHC14 3iab | ILC500 0.5iab | ILC500 4iab | CEPC 5iab
ACq 8% 5% 2.1% § 0.95% o 1.5% te-like partner, (v/my) Cry=0.98 A(_:Ogo25
tr-like partner, (=1 181 B, /O ]
0_27‘ e ——— i -0.050
I 167
(V/mt) Chtt 1-4j -0.100
— 1.2 I
7 S, T allowed : , 23‘. 12} oias
-0.1 / 7 — 0.9 10 7 ~0.150
~0.27 - — 08 oo | Gyre—004
/ B ] Chrr=-0.08
_ N T SR R E RN SRR SR R ; —ChTT=—0.12
600 800 1000 1200 1400 1600 1800 2000 ‘] cpeate
My [GeV] 600 800 1000 1200 1400 1600 1800 2000  —— Cpr=-0.20
MT [GGV] — ChTT=—O.24
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Exclusion of non-natural models and measurement of 1t

Assuming that i = 1, how well can future
colliders exclude non-natural models ?

tr-like partner, (v/m;) Chi=1

600

800 1000 1200 1400
]Vﬁr [(}e\/]
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1600 1800 2000

" LHC14 0.3ab™"(CMS I)
LHC14 3ab~1(CMS I)
ILC500 initial (0.5ab™")
CEPC 5ab™"

ILC500 final (4ab™")

----- Crrr=-0.04
----- Cr7r=-0.08
----- Crrr=-0.12
----- Ch1r=-0.16
----- Crr=-0.20
----- Chrr=-0.24

Precision on the measurement of [,
given expected precision on gluon
coupling and top Yukawa

tr-like partner, (v/m;)Cnhy=1, ILC initial

/

—— Ajilf=0.1
—— AJlfi=0.2
— Aflg=0.5
— Ajilji=1

— Ajlg=15

600

800 1000 1200 1400 1600 1800 2000
]Vﬁr [(}e\f]
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Exclusion of non-natural models and measurement of 1t

Assuming that i = 1, how well can future
colliders exclude non-natural models ?

tr-like partner, (v/m;) Chi=1
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LHC14 3ab~1(CMS I)
ILC500 initial (0.5ab™ 1)
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= ILC500 final (4ab™ ")

----- Crrr=-0.04
----- Cr7r=-0.08
----- Crrr=-0.12
----- Ch1r=-0.16
----- Crr=-0.20
----- Chrr=-0.24

Precision on the measurement of [,
given expected precision on gluon
coupling and top Yukawa

tr-like partner, (v/m;)Cnyt=1, ILC final

/
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Real singlet scalar
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A few considerations

_1 2 1. 900 o 1 5 9 1 .
‘[:f; - EE (éaﬁbég) — Eg f;é; — f&f;é; L}ar‘ — Ei/{:S1 Lliw —_ E;YlLE;t; _ ;Ii;\ t;
Veltman condition: # — 12|y2 =0 —> p=—
| e ~ 120

It turns out that integrating out S provides nice handle on the naturalness parameter

K2 1 1

2 4 2
O, H|?0"|H|? > 62 x =0,hd"h | uil's
12072 Tom2 < 2OnIHIOMIHT S X2a“a 02 =

Mg 1672

1lloop
L

Canonical renormalisation of the Higgs field — Higgs couplings to SM particles

rescaled correspondingly, in particular: 20
- - 607 (%]
Zh .h: ]
CSM A w=1—902 | =
Zh 207 -
7h cross-section at (global Higgs signal strength) . =
ee colliders :
[Craig, Englert, McCullough: 10}

1305.5251 (PRL)]

But also Higgs trilinear coupling, T parameter... ..
600 800 1000 1200 1400 1600 1800 2000

Mz [GeV]
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Conclusions

Rencontre de Physique des Particules Marseille, April 26th, 2017

15



Conclusions

Discovery of a top-partner-like state is a first step towards deeper
comprehension of electroweak physics

One should make sure that this state is indeed a top-partner by veritying the
required Veltman relation

provide interesting probes of the naturalness parameter
in the post-LHC era, complementary to

Perspective: real scalar singlet, two colored scalars (stop-like) ...
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Backup
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Higgs coupling projections

CMS Projection

Expecl:ted uncertainties on i swo's fietétevscont Topic  Parameter | Initial Phase | Full Data Set
Higgs boson couplings — 3000 at Vs = 14 TeV No Theory Unc. nggs g(hZZ) 0.37 0.2 %
K, g(hWW) 0.51 0.24 %
” g(hbb) 1.1 0.49 %
W
%, g(hgg) 2.1 0.95 %
Kq — g(hyy) 7.7 3.4 %
< | | g(h7T), g(pp) 1.5 0.73 %
K, g(hce), g(htt) 2.5 1.1 %
K Ftot 18 096 %
. N N T [ILC physics case: 1506.05992]
0.00 0.05 0.10 0.15 Precision of Higgs couplingmeasurement (Contrained Fit)
expected uncertainty Ty
- s LHC 300/3000 fo~"
[CMS projected performance: 1307.7135] | L CEPC 250 GeV at 5 ab-' wifwo HL-LHG
5 0.1}
£ _
g
£
(O]
!
1073

Kp K¢ Kg Kw K; Kz Ky

[CEPC pre-CDR, Volume 1]
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S, T projections

0-2_III]llllIIIII]Illl[llll]llll[llllllll ettt
- Current - -
0150 LLHC Prospect - 0.04 - UTC
L ILC : — s
: T EP_7 : - TLEP-V ,,/ }
0.1 - - ,/ !
- - 002} y /
N - B 4 II
0.05 : i /s /
~ . /
B i - ’
= 0. ] - 0.
- B B 4
N ] n ,’
-0.05 — ] B ,'I ,,’
- . -0.02 ! , U=0
-0.1F - - 'l ,/’
- . i e 68 % C.L.
—0.15:— —: _0.04L
_0-2—111IIIIIl|lllllllllllllllllllllllllllll (I AN TR MR TR NN SRS NN SR NN N NN NN S N S
-0.2 -0.15 -0.1 -=-0.05 O. 0.05 0.1 0.15 02 -0.04 -0.02 0. 0.02 0.04
S S

[Fan, Reece, Wang: 1411.1054 (JHEP)]
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Natural model in the light of S, T constraints

In light of the constraint on the mixing angle, what if i = 1 ? My Chrr

Link between mixing angle and naturalness parameter:

m cTv , v v M
Chit = —tcosHL cos by + LsmHL sinflp — CQL ~ —Chyp = \/ \/_ChTT <1
U M T (z (%

\ . 4 \ . 4
"~ aVa

'1)2 ’1)4
Vs tOG) O(357)
tr—like partner, =1 tr—like partner, u=1
0.05——— ~0.05
[ ~0.10 ¢
-0.10 - I
I ~0.15¢}
= = 5
S -0.15+ E -0.20;
] -0.25+ 1
-0.20 - — STU constraint 030! —— sinG,MN=Q -
Unity constraint I sing, M
Q25 .. _0.357\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Mr[GeV] M7 [GeV]

Jérémy Bernon Rencontre de Physique des Particules Marseille, April 26th, 2017 20



Formulae

—2\/§?}M(2M2 + CT’U2>)\T
AM* 4 cZv* + 2M2v2(2er — |yr]? — [Mr]?)

tan(26’L) =

aS I1%5(0) , coy — 8%
— — 0) — I’ (0) — 2X—WTT, (0
48%4/6‘24/ S CY ZZ( ) ’y’y( ) S Cy Z'y( )7
1 Iyw(0)  1Iz2(0)
T = ——|I1I 0) — 1I53(0)| = —
a MI%V[ WW( ) 33( )] MI%V M%

550 GeV

2

M (Unitarity Bound) <
SL
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