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Some key questions

@ Fundamental or composite?

Single or multiple? Or even overlapped?

Natural? Weakly or strongly coupled?

Stable? Up to an arbitrary UV scale? During inflation?

Linked to flavor, neutrinos?
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About the model

The singlet-extended SM

Lagrangian & field content
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About the model

The singlet-extended SM
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About the model

The singlet-extended SM

Lagrangian & field content

‘L:ﬁsm-i-a“SBMS—uiSz — A St — N30T 357

G+

vs + ¢s

Q= | v+ ¢ +iG° S=T
V2

. Vs
[ABSRGEE| | s vt =
v

Interactions

SM . cosae y = h
Jray = gz:cy(l + Aly) with 1+ Aw’y = {sina y = H

Simplified model — Luy | |EWiBaryogenesis|

| Proxy for Heavy scalar LHC searches
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Electroweak precision: Ar and myy,

Ar and myy in the singlet model

golden probe of quantum effects

b SM: Djouadi ['83]; Hollik ["88]; Kniehl ['91]; Freitas ['00]; Awramik ['02]; ... Boughezal, Chetykrin ['06]
b MSSM: Van der Bij ['83]; ... Garcia, Chankowski ['93]; ... Heinemeyer ['13]]

b 2HDM: Frére ['86]; Bertolini ['88] ... DLV, Sola ['12], Hessenberger, Hollik ['16]

b NMSSM: Stal, Weiglein, Zeune ['15]
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Electroweak precision: Ar and myy,

Ar and myy in the singlet model

: a golden probe of q
b SM: Djouadi ['83]; Hollik ["88]; Kniehl ['91]; Freitas ['00]; Awramik ['02]; ... Boughezal, Chetykrin ['06]
b MSSM: Van der Bij ['83]; ... Garcia, Chankowski ['93]; ... Heinemeyer ['13]]
b 2HDM: Frére ['86]; Bertolini ['88] ... DLV, Sola ['12], Hessenberger, Hollik ['16]
b NMSSM: Stal, Weiglein, Zeune ['15]

& Matching the p-lifetime prediction in the Fermi theory onto the SM result:

m?2 1— mivi = ZZem (1 4+ Ar)
wE m%, T V2Gp
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Ar and myy in the singlet model

: a golden probe of q
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& Matching the p-lifetime prediction in the Fermi theory onto the SM result:
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Ar and myy in the singlet model

: a golden probe of q
b SM: Djouadi ['83]; Hollik ["88]; Kniehl ['91]; Freitas ['00]; Awramik ['02]; ..
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& Matching the p-lifetime prediction in the Fermi theory onto the SM result:

m?2 1— mivi = JZem (1 4+ Ar)
wE m%, T V2Gp
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Electroweak precision: Ar and myy,

Ar and myy in the 2HDM

) ’ Oblique corrections to the gauge boson self-energies

ho/HO o W
D LW /
ZU ZO ZO N ZO SN W W W o W
hO/HO hO/HO hO/HO hO/HO
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Electroweak precision: Ar and myy,

Ar and myy in the 2HDM

) ’ Oblique corrections to the gauge boson self-energies
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Electroweak precision: Ar and myy,

Ar and myy in the 2HDM

[ ’ Predicting the W —boson mass: ‘

h i
mih 2 =%m2z[1+ 1—ﬁ[1+Ar(m€‘/i)] =

s
Amy,+ ~ —% Myt o 6(Ar)
w5 w
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Ar and myy in the 2HDM
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Electroweak precision: Ar and myy,

Ar and myy in the 2HDM

[ ’ Predicting the W —boson mass: ‘

h 4
mifs = g |14 fim A A ]|

s
Amy,+ ~ —% Myt o 6(Ar)
w5 w

& State—of-the—art theory prediction Awramik et al. [hep-ph/0311148 ]:
MM = M{, 4 — di dH — d dH? + d3 dH* + d4 (dh — 1) — ds dev + dg dt — dr dt?
— dg dH dt + dg dh dt — d1o daes + dyq dZ

Mevi = 80.3800GeV; dg = 0.5270GeV;
dy = 0.05253GeV; d7 = 0.0698GeV;
do = 0.010345GeV; dg = 0.004055GeV,
ds = 0.001021GeV, dg = 0.000110GeV,
dy = —0.0000070 GeV, dig = 0.0716GeV,
d5 = 1.077GeV, d11 = 115.0 GeV;
M, 2

dH = In (mogev) i dt = (tasoew) — b

a . _ as(Mg) .
do = ooy — b dos = 116 T
daz = Mz/(91.1875GeV) — 1; dh o)
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Electroweak precision: Ar and myy,

Ar and myy in the singlet model
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Electroweak precision: Ar and myy,

Parameter space constraints

—— W boson mass
EW observables (S,T,U)
- A; perturbativity (tanf=10.)
- perturbative unitarity (tanp=10.
LHC SM Higgs searches
- Higgs signal rates

| sina | (upper limit)

0.1

200 300 400 500 600 700 800 900 1000
my [GeV]

Robens, Stefaniak [arXiv:1501.02234] - updated in arXiv:1511.08120
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Electroweak precision: Ar and myy,

Intermezzo: a two-slide EFT perspective

c@
Leti (¢, m) = Lom + 230:5 Zad Adjzl ({guv}, M) o‘(l(zii) ()
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Intermezzo: a two-slide EFT perspective

c@
Leti (¢, m) = Lom + 230:5 Zad Adjzl ({guv}, M) o‘(l(zii) ()

h
CH,’/'\\ CH,/}*L\ v CH 14 74 C% v ocr v
14 v Vo Voo |4 |4
G h
_ 2 2 2
_ QemCH |, o 2 my, 5my, — mj,
Iww (0) = W {deAE — 4my, log FJr er
2 2 2
2 myy myy 2 2 Mh, =
log — — ———— (4 — log —*~ E[6Z.
+mW og ﬂz m% _m%/v ( My mh) gm%‘/} + [ W.B.T]
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Electroweak precision: Ar and myy,

Intermezzo: a two-slide EFT perspective

c(d
Leff(¢7 m) = Lsu + Z;Q:S Zad %({gm’}’ AI) o‘(;zii) (¢)
CH,’/!}\\ CH,/}*L\ v CH 14 74 C% v ocr v
1% Vv Vo Vo v \%
G h
- 2 2 2
Qem CH | . o 2 my  Smy, —mj,
Iww (0) = lef;:risfu{deAs — 4my, log —+ Wf
2 2 2
2 myy myy 2 2 Mh, -
+ myy, log 7 - m (4mw - mh) log @} +E[0Zey 5 1l
. 3 e? v? ( ) = 3oy tan? Oy A§ v? ) 229 v2
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Electroweak precision: Ar and myy,

Intermezzo: a two-slide EFT perspective

Freitas, DLV, Plehn arXiv:1607.08614
e A choice and/or truncation not always univoque
o Additional v-induced scales ~ Mheayy £ gv = spoilt scale separation & sizable mass splittings

e Large d > 6 contributions| O & ©4=6 (&T®)?=¢ | = v-improvement
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Electroweak precision: Ar and myy,

Intermezzo: a two-slide EFT perspective

Freitas, DLV, Plehn arXiv:1607.08614
e A choice and/or truncation not always univoque
o Additional v-induced scales ~ Mheayy £ gv = spoilt scale separation & sizable mass splittings

e Large d > 6 contributions| O & ©4=6 (&T®)?=¢ | = v-improvement
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Renormalization

Higgs sector

EW vacuum

& Tadpoles: ‘ Ty, = T), + 6T, = 0;

‘THzTH+6TH=O‘

2mw 8 Sv 16m? ds 6Z
& Doubletvev: |v=_—_7°W _, %0_ 2 i W _ 27
e v 2 my, sSw e

& Singlet vev: ‘ b5 + Vs — Zé/2(¢s +vs + 675) ‘

. Sperling, Stéckinger, Voigt ['13] .

phys
= |tanp = tanﬁ‘
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Renormalization

Higgs sector

EW vacuum

‘f“HzTH-i-(STH:O‘

& Tadpoles: ‘ Ty, = T), + 6T, = 0;

2mw 8 Sv 16m? ds 6Z
& Doubletvev: | v= "W _ Z0_ i W _ 27
e v 2 my, SW e

& Singlet vev: ‘ bs +vs — Zé/2(d>S + vs + 87s) ‘

0 | Sperling, Stockinger, Voigt ['13] .

phys
= tanpf = tanﬁ‘

Higgs masses

& OS physical masses

ReSy(m2) = 0| | ReSy(5°) = ReZu(p?) +624(p* — m2) — 6m, o= hH]
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Renormalization

Higgs sector

EW vacuum

& Tadpoles: ‘ Ty, = T), + 6T, = 0;

‘f“HzTH-i-(STH:O‘

2mw 8 Sv 16m? ds 6Z
& Doubletvev: | v= "W _ Z0_ i LU
e v 2 my, SW e

& Singlet vev: ‘ bs +vs — Zé/2(d>S + vs + 87s) ‘

° Sperling, Stockinger, Voigt ['13] °

Higgs masses

phys
= tanpf = tanﬁ‘

& OS physical masses

‘ ReXy(m3) =0 ‘ ‘ ReSls(p?) = Re Ty (p?) + 0Z4(p° — m3) — om3,  [¢p = h, H] ‘

...But loops are there! =

. P 1 1 .
ReXnu(p?) = ReZnm (p®) + 552;1,11(]02 —m7)+ §5Z11h,(172 —m3) —dmpy
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Renormalization

Higgs sector

Higgs fields

& All-order mixing angle

(i) oo (2) ()= (2)

& Higgs wave-function renormalization

1
1
A o\° 1+ =02y 50Znm h
(i) ~{,; ! (i) +owet
EJZHh 1+5($ZH

& Diagonal parts:

‘ ReX,(m3) =0 =  0Z44 = —ReXj(m3,) [¢=h, H] ‘
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Renormalization

Higgs sector

Higgs fields

& All-order mixing angle

(i) oo (2) ()= (2)

& Higgs wave-function renormalization

1
1
A o\° 1+ =02y 50Znm h
(i) ~{,; ! (i) +owet
EJZHh 1+5($ZH

& Diagonal parts:

‘ ReX,(m3) =0 =  0Z44 = —ReXj(m3,) [¢=h, H] ‘

Summarizing . ..

o tadpoles: 6T}, , 6TH e vev: §v, du, ® mixing: dm7
e Higgs masses: m?,dm?%,  efields: 621,82, 0 21,0 Zmn
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Higgs sector

Renormalization

2
SZpH, Hh smiy o
2 2
1 miy + m
2 2 h H
Minimal field 0ZhH = %20 [6Zp +6Zp] ReXp g (LR) + |nR — 3 ]
§Zyn =ZnH
52 Re S, 7 (m%) — Re Sy g7 (m3) Re 5, ;7 (m%2) + Re 2, i (m%y)
os hH o J— 2
h H
§Zyn = 8ZnH
2 .
D5 — G MS _ _—1_[,2 2
Mixed 57508 | & ZhH % [Respp(m2) —sm? | through 623 = TonZ [*3 +923] Ac
2 2 2
§Zyp = —5—5 [ReSpp (m3) — smi ]
™H T ™h
2 2 2 2 2 B mEr
Improved 0S $ZnuH b} 2 [ReEhH(mH)_éth] Re2p g (p%), Py =
my —m 2
2
5 Zgn

5 [ReSppm (m?) — sm3 4]
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Higgs sector

Renormalization
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2 2
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Heavy-to-light Higgs decays

Outline

© Heavy-to-light Higgs decays
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Heavy-to-light Higgs decays

H — hh: leading-order features

. ] 5
A2 4m 182
Lo Hhh h _ a 2 H 1
TH hn 2rmy 1- Z, Aghh = — el + - (ca +saty)
Heavy-light trilinear
my = 300 GeV
3 L 45
2,010 08 ’ |
0.6 TH 35
15x10°7 0.4 [ ', =
} . 027 TH 25 &
= g 0r 1, =
2 0x107? 2 09 L 4 ol
o4 L M 15 £
L i 0.6 |- 4 !
5.0x10 08 L i 0.5
r 1 1 0
Il Il Il
00 500 750 1000 1 10
my, [GeV] tan
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Heavy-to-light Higgs decays

H — hh: leading-order features

A2 4m? 1824 m>2
reo = _CHhh [q_ TTh Agnn = — m? + —2E| (ca + satzl).
H—hh 327 M qu Hhh h P) (a alg )

Heavy-light trilinear

mp = 300 GeV

5 : 45
2.0x10 08 ’ 18,
0.6 TH 35

| 1

5 .0 [ H 25 2

| [ e =

02 1 8t
15

04 b 4 ~
ol i 0.6 |- 4 !
5.0x10 08 L i 0.5
r L L 0

Il Il Il
00 500 750 1000 1 10
my, [GeV] tan

2 SM
sa ' S 6o (mu)

s2, F%}Am (mu)+Tasnn (M)

BRH ¢ (MmH) =
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Heavy-to-light Higgs decays

H — hh: Electroweak corrections

1 am3
NLO ho[y2 a e
UhSnn = 55— H 1- 2 [AH}L}L +2ReAmnn (6FHhh + 0Tk + ‘”‘Hhh>]
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Heavy-to-light Higgs decays

H — hh: Electroweak corrections

1 am3
NLO h a WF
PHhn = Sommn 1- ™2, |:)‘§-Ihh +2ReAmnn (6FHhh + 0Tk + ”\Hhh)]
s = AFZIOOP _ FZLO _ FI('XO
o= =
IO IO
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ht Higgs decays

H — hh @ NLO

T T T T
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g, 06 NLOEW 7
£ it
2 04f A
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22
02k i
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0 4
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Take-home ideas

To take home

@ Ar & my available to 1(resp. 2) loop accuracy in the BSM(SM).

@ Shifts up to‘ Ar ~ O(10%) ‘&‘ mw ~ O(50) MeV |yield leading constraints in some
regions
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Take-home ideas

To take home

@ Ar & my available to 1(resp. 2) loop accuracy in the BSM(SM).

@ Shifts up to‘ Ar ~ O(10%) ‘&‘ mw ~ O(50) MeV |yield leading constraints in some
regions

@ Complete Renormalization of the singlet-extended Higgs sector, including scheme comparisons
and gauge-parameter independence
@ Appliedto H — hh @ NLO EW

L)
& 8, ~< O(=10)% formy, < my  [H(125)] ‘
& mild scheme & scale dependences small TH uncertainty

6r ~ +O(1)% formy > mp  [h(125)] ‘
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Take-home ideas

To take home

@ Ar & my available to 1(resp. 2) loop accuracy in the BSM(SM).

@ Shifts up to‘ Ar ~ O(10%) ‘&‘ mw ~ O(50) MeV |yield leading constraints in some

regions

@ Complete Renormalization of the singlet-extended Higgs sector, including scheme comparisons
and gauge-parameter independence

@ Appliedto H — hh @ NLO EW
.7.‘ 6r ~ +O(1)% formy > mp  [h(125)] ‘

&6, ~< O(=10)% formp, < mp  [H(125)] ‘
& mild scheme & scale dependences small TH uncertainty

@ EFT as a tool for BSM Higgs physics including quantum effects and precision observables:
& Robust for weakly-coupled theories & well-separated scales
& Challenged by strong BSM-Higgs couplings & mass splittings
& Improved by alternatives to default matching
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Take-home ideas

To take home

@ Ar & my available to 1(resp. 2) loop accuracy in the BSM(SM).

@ Shifts up to‘ Ar ~ O(10%) ‘&‘ mw ~ O(50) MeV |yield leading constraints in some

regions

@ Complete Renormalization of the singlet-extended Higgs sector, including scheme comparisons
and gauge-parameter independence
@ Appliedto H — hh @ NLO EW

L)
& 8, ~< O(=10)% formy, < my  [H(125)] ‘
& mild scheme & scale dependences small TH uncertainty

6r ~ +O(1)% formy > mp  [h(125)] ‘

@ EFT as a tool for BSM Higgs physics including quantum effects and precision observables:
& Robust for weakly-coupled theories & well-separated scales
& Challenged by strong BSM-Higgs couplings & mass splittings
& Improved by alternatives to default matching

§ﬁ
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Backup slides
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Take-home ideas

H — hh: Maximal BR scenarios

& l Maximal BR benchmarks ‘ Robens, Stefaniak [16]

high mass region low mass region
myg | sin a|max B Rmax tan 8 mp | sin o] min B Rmax tan 8
BHM1 300 0.31 0.34 3.71 60 0.9997 0.26 0.29
BHM3 500 0.24 0.27 217 40 0.9998 0.26 0.32
BHM6 800 0.21 0.23 4.00 10 0.9998 0.26 0.30
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Take-home ideas

H — hh: Maximal BR scenarios

& l Maximal BR benchmarks ‘ Robens, Stefaniak [16]

high mass region low mass region
myg | sin a|max B Rmax tan 8 mp | sin o] min B Rmax tan 8
BHM1 300 0.31 0.34 3.71 60 0.9997 0.26 0.29
BHM3 500 0.24 0.27 217 40 0.9998 0.26 0.32
BHM6 800 0.21 0.23 4.00 10 0.9998 0.26 0.30

[ Figh mass region
T% onn Ui Sa%] | b tt ww 7z 99 hh |

BM1 0.399 0.413 3.411 0.04 < 0.01 4635 2056 0.04 33.02
BM3 1.383 1.463 5.803 0.01 14.19 4036 19.29 0.04  26.09
BM6 | 3.798 3.867 1.826 < 0.01 857 46.29 23.07 0.02 2207
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Take-home ideas

H — hh: Maximal BR scenarios

& l Maximal BR benchmarks ‘ Robens, Stefaniak [16]

high mass region low mass region
myg | sin a|max B Rmax tan 8 mp | sin o] min B Rmax tan 8
BHM1 300 0.31 0.34 3.71 60 0.9997 0.26 0.29
BHM3 500 0.24 0.27 217 40 0.9998 0.26 0.32
BHM6 800 0.21 0.23 4.00 10 0.9998 0.26 0.30
d e |
0 . WO 7 5, (%] | bb tt ww 7z g9 hh
BM1 0.399 0.413 3.411 0.04 < 0.01 46.35 20.56 0.04 33.02
BM3 1.383 1.463 5.803 0.01 14.19 40.36 19.29 0.04 26.09
BM6 3.798 3.867 1.826 < 0.01 8.57 46.29 23.07 0.02 22.07
4 [Lowmass regen
Lo ro 0 [%] bb vy wWw Y24 ' hh
BM1 7.765 42.65 0.17 16.04 1.97 6.34 25.90
BM3 1.423 1.432 0.586 42.67 0.17 16.05 1.97 6.35 25.86
BM6 1.427 1.421 -0.438 42.64 0.17 16.04 1.97 6.34 25.91
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H — hh @ NLO - High mass region
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Take-home ideas

H — hh @ NLO - Low mass region
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