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Intro

Higgs measurements are compatible with SM predictions
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© baryon asymmetry SM cannot be the ultimate theory

@ dark matter BSM precise predictions are required
@ neutrino masses
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Intro

the SM Higgs sector is working well, we consider
SM :
Liiiggs = Lijngs + real singlet

used in the literature for
o dark matter

[Silveira, Zee, 1985] [McDonald, 1994]
extra Sym metry [Burgess et al., 2001] [Davoudiasl et al., 2005]
VanIShlng Slnglet VEV [Barger et al., 2008] [Fischer, Van der Bij, 2014]

o hidden sector SB

extra symmetry
non-vanishing VEVs

e baryon asymmetry

[Datta, Raychaudhuri, 1997] [Patt, Wilczek, 2008]

[Pruna, Robens, 2013]

[Profumo et al., 2007] [Barger et al., 2007]
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SESM in a nutshell

recipe:

@ most general Zo- and gauge-invariant scalar Lagrangian

1
Lhiggs =(Du¢)T(D“¢)+5(3w)(3"0) —V(®,0)
V(®,0) =— 130T + %(@T@)%Am?qﬂq) — o + Mot

@ EWSB on both scalar fields

o = ¢ — v +h
~ \ ez +ho+igf] )0 T T T

@ covariant derivative

Y,
Dy, = 0~ ig2 Ty Wyl + 915" B,
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SESM in a nutshell

after EWSB

1 h
V = —tohy —t1h1 + 5 (hg, hl) MHiggs <h?> +...

with non-diagonal mass matrix M;ges

2 3v3 o 9
Mutiggs = | V1 A2 + =5 — 2v1v2A12
201v2 12 vg)\m + 12'0%)\1 - 2/,1,%

@ rotation about an angle o to get “mass-basis” h, H

h\ [cosa —sina ha
H/) \sihna cosa h1
@ diagonal Higgs propagators required

777777777777777777777777

h h 1 H H 1 h H_
2 _ g2 — 12 _ A2 -
k My k Mz
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SESM in a nutshell

gauge- and fermion-scalar interactions
light Higgs heavy Higgs

f \% f \%
..]:'/. s ..]:'/. (x Ca ..H_ s ..H_ (x Sa
\% \%

multi-scalar interactions

2
V D epnnh® + chngh®H + cogphH? + canaH® + cpppe <2¢+¢_ + (450)2)
+ chnnnh® + cannah®H + cpppah®H? + chppahH® + cpmpmH*

+ [chpoh + crpgH + chngsh® + carrsghH + cngeH?] (2670~ + (¢°)°)

SESM parameters

FREIBURG

{Mha MHa MW) MZ7 €, )‘12’ Q,myg, th, tH}
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Renormalization of SESM J
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Renormalization

bare parameters do not have physical meaning
@ as far as possible, make use of OS renormalization conditions

M, hs M H, M W, M Z, 1y
are the physical (OS) masses

@ OS renormalization not always possible!

no natural choice for
«, )\12

our choice = MS conditions for o and Ajy

z z Jh h
! } / / |
- Lo [t +t@ )| o
Z Z uv \h \h uv
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Tadpole renormalization

two schemes considered

renorm. tadpoles t;, =ty =0
o ignore explicit tadpoles %}
@ gauge-dependent dty, §tf in counterterms
@ bare parameters potentially gauge-dependent

gauge-dependent contributions cancel in OS scheme

bare tadpoles ¢, 0 =ty =0
[Fleischer, Jegerlehner, 1980] [Actis et al., 2006]

@ include everywhere %(D

o technical variants can be used (e.g. shift VEVs)

gauge-independent relations between
ren. parameters and observables
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h—WW/ZZ — 4 fermions ]
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h—WW/ZZ — 4 fermions

QaTAS - .-
leading contribution

@ most promising channel for precise Higgs measurements @LHC
A Monte Carlo generator for a

o implemented in Proplfecydi properdescrivtionotthe
@ SM [Bredenstein et al., 2006]
o THDM [Altenkamp et al., 2017] — see talk by S. Dittmaier
@ object of this talk — SESM
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NLO corrections

,
o R G T

® |Myol?, QCD and real emission rescaled by 2 wrt SM

@ singlet changes EW loops

@ CTs are consistently taken into account
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Automation

@ loop corrections

FeynRules SESM. gen FeynArts V.

[SESM % — A — FormCalc
SESM.mod

+ complex mass scheme for vector bosons [Denner et al., 2005]

o real corrections

o dipole subtraction for IR singularities
[Catani, Seymour, 1996] [Dittmaier, 1999] [Dittmaier et al., 2008]

@ multi-channel MC integration within Prophecy4f
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UNI
1

FREIBURG

1 /21



Numerical analysis
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Input parameters

{Mh,MH,Mw,Mz,e,)\lg,a,mi} J

SM parameters
@ [ATLAS, CMS, 2015] — Mh
® [HXSWG, 2016 — MQ2, M5 T92 TS my, G,y as

BSM parameters restricted by
@ perturbativity

| Az

4|<4 2|>\12|547T

4|\ < 4m,

@ vacuum stability u2, u? >0

M% + M? M% — M?)?
M < A2 < — casa( H — h) or A2 >0

203 203 (A M7 + M%s2)
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Input parameters

Perturbativity and vacuum stability constraints

A1 > 7
unstable vac. .
[A12| > 27

A1 > 7
unstable vac. .
[A12| > 27

perturbativity
matters for
small My

0 01 02 03 04 05 vacuum stab.
— ] important for
higher My

A12 <0
mostly
excluded

0.3 0.4

URG

S,
o —-B_

Sa
considered 4 scenarios from [HXSWG, 2016] [Robens, Stefaniak 2016] £
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Input parameters

Scheme conversion
in order to compare results in different renormalization schemes
MS MS/ MS FJ FJ/ FJ
po=p " +0op T (p)=p " +pT(p7)

example for My = 600 GeV, A3 = 0.23

MS — FJ FJ — MS
0.3 — . ; 0.3 ‘ :
p=125.1 GeV , p=125.1 GeV
BHM600 BHM600
02 1 0.2 F g
numerical — y
0.1 linear — 1 0.1 1
= 0 == 0
-0 | - . —0.1 g
—02 b /7 1 —02 | / 1
703 1 1 1 1 703 1 1 1 1 g
-03 -02 -0.1 0 01 02 03 -03 -02 -0.1 0 01 02 03 2
Salm Sal|FJ 58
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Running of s,

My = 200GeV, A2 = 0.07 My = 600GeV, A2 = 0.23
Ser 1o Sa 1o
sa(po) = 0.29 MS —— Sa(po) = 0.22 ‘ MS

0.4 BHM200 i F] — | BHMG600 i F] —

100 300 100 200
1y |GeV] 1y [GeV]

o explains LO behavior of I'" 74/ scale dependence

@ for consistency, running of Ais taken into account
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Scale dependence of T4/
LO (dashed) vs. NLO (solid)

Mg = 200GeV, sq =0.29, Ad12 = 0.07 My = 600GeV, sq = 0.22, A\j2 = 0.23
=4 MeV] b4 MoV
Ho 1o
0.9 — — 0.92 — I
salzrs(po) =029 MS — Sols(i0) = 0.2 | s
BHM200 3 FJ] — BHM600 F] —
0.88 i
‘ 0.9 >:—:4:
0.86 . | ‘
084 F i 0.88 i
0.82 i 3
) ‘ 0.86 |
08 .
100 300 100 300
o [GeV] e [GeV]

@ more pronounced scale and scheme dependence at LO

@ u, = Mj, appropriate renormalization scale
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Mixing angle dependence of "4/

LO (dashed) vs. NLO (solid)

My = 200GeV, A2 =0.07

=4 [MeV)

1.05

0.95

0.9

0.85

0.8

o = 125.1 GeV
BHM200

FJ

SMo— |

0.05 0.1

© ¢ ¢

* spurious effects in LO driven by NLO parameter conversion

Michele Boggia

0.15 0.2

Salyrg

0.2

i}

0.3

1.05

0.95

0.9

0.85

0.8

behavior mostly driven by ¢2 factor
Agpm typically reduced by NLO contributions
Asm < 5%(10%) for sq < 0.2(0.3)

Mg = 600GeV, A2 =0.23
Fhﬂ4f [1\19\/]

NLO SESM, h - WW /ZZ — 4 fermions

to = 125.1 GeV MS

BHM600 ] —

L sM— |
005 01 015 02 025 03

Su‘m
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Differential distributions

possible generation of distributions for

@ invariant masses

@ angles

EQZ‘ (E3z+z4z)
oz [foz + Fz|

ks cosflz, =

/~€2T k‘3T

 [fs

COS e, =

for all four-light-fermion final states
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NLO leptonic distributions

dar o
M., h— p~pte et
— sM
SXSM BHM200 ==
105 L —— SXSM BHM400 i
—— SXSM BHMG600
SXSM BHMS00 r
weL = = 4
A
1077
dnvo [%)]
15 :
0 =
Sl I
~10 : : :

60 70 80
m [GeV]

100

dr[| o7 MeV
do[m dcg}

h— p~pte et

T
SM

SXSM BHM200
SXSM BHM400
SXSM BHM600

SXSM BHMS800

90 180

oldeg]

@ constant offset in dn o wrt SM distributions
@ similar behavior and magnitude in the FJ scheme
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NLO leptonic distributions

h— vupte v,

SM
SXS.

—— SXSM BHM400
—— SXSM BHM600

SXS

dr —
Toper [10’*‘(1—6,;}
J — sum
1072 ¢ SXSM BHM200 E -
— SXSM BHM400 5
—— SXSM BHMG600
SXSM BHMS00
4

M BHM200 1

M BHMS800

75 80
M,,,|GeV]

180 270 360

pe,r|deg|

@ constant offset in dy o wrt SM distributions
@ similar behavior and magnitude in the FJ scheme
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Conclusions

SESM

@ renormalization performed treating tadpoles within
two schemes

@ FeynArts model file for one-loop calculations produced
@ computed matrix elements for the decay h — WW/ZZ — 4Af
h— WW/ZZ — A4f results

@ scheme conversion: sizable effects, become larger approaching
non-perturbative regions

renormalization group equations solved for MS parameters
scale and scheme dependence reduced in NLO results

e ¢ ¢

Asyv < 10% for the decay width in the proposed scenarios
@ no further distortion wrt SM in differential distributions
coming soon
@ Prophecy4f version including SESM implementation

UNI
1

FREIBURG

@ paper in preparation

Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions November 8, 2017 21 /21



Backup J

S

Michels Bogaia S T T



SESM in a nutshell

after EWSB
ha
V = —tohy —t1hy + = (hg,hl) Mbiiges h +...
with non-diagonal mass matrix Mpjggs
2hp + 2822 2 2019\
Mbjiggs = viA12 + 125 V1U2A12
2'01'02)\12 'Ug)\12 + 12'0%)\1 - 2/,1,%
= ho,h; have non-diagonal propagators!
hy | ho ! hi ha 1 ha it

T 12 a2 - T2 a2
k Ms, ks — M3

rotate about an angle o to get “mass-basis” h, H

h\ (cosa —sina\ (h
H/) \siha cosa h1

Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions November 8, 2017 1/11
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SESM in a nutshell

requiring diagonal Higgs propagators

= inversion relations

1
p% =——[3catn + 3tgsa + caM,% (vaca —v1Sa) + M[2-[5a (vica + v250)]

209
1

w3 :E[M}%S& (V180 — v2ca) + caMF (vica +v28a) + 3caty — 3tnsal
1

2
Ao :U—3[v2 (ciMﬁ + Mlzfsi) + catp + tHsal
2

1
A1 :W[Ul (ciM?I + M,%si) + catg — thsal
1

CaSa 2 2
= Mz — M
v1 2)\12112( H h)
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SESM in a nutshell

requiring diagonal Higgs propagators

----------------------

= mass terms

1
M}% = —112/\2 + 47)1/\1 \/(27)17)2/\12)2 + 1_6 (161)%)\1 - 7)2)\2)

1
MZ = _vm + 40N T \/(21}11)2)\12)2 + = (160N — v§A2)2

sign choice such that
M3 > M}

1
FRE:BURG
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NLO semileptonic distributions

dr T ot Tom ot
AMyq h — dde”e d‘mw‘[l\lo\] h — dde”e
SM oo Sm

SXSM BHM200 SXSM BHM200

—— SXSM BHM400 —— SXSM BHM400
—— SXSM BHM600 —— SXSM BHM600 0

1074 b o b SXSM BHMS800
0.005 | i

| cos ¢
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NLO semileptonic distributions

dr +di ; -
L, h — veeTdu #ﬂ)(w[l\lc\'] h — veetdu
0.06
— sM — sM
SXSM BHM200 H SXSM BHM200
102 b —— SXSM BHM400 4 0.05 H —— SXSM BHM400 b
—— SXSM BHM600 7 —— SXSM BHM600
SXSM BHMS0 0.04 f_‘ SXSM BHMS800 |
0.03
1072 E
0.02
0.01
107 £ E 0 . .

Ses==_E==g==spy|
B

75 80 85
My|GeV] COS Doy
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Input parameters

SM parameters

@ [ATLAS, CMS, 2015]

M), = 125.09 = 0.21 (stat.) = 0.11 (syst.) GeV ~ 125.1 GeV
@ [HXSWG, 2016]

MY = 80.385 GeV

M2 = 91.1876 GeV
me = 0.510998928 MeV
my = 0.1 GeV
mqg = 0.1 GeV

% = 2.085 GeV
'Y = 2.4952 GeV

m,, = 105.6583715 MeV m, = 1776.82 MeV
me = 1.51 GeV

ms = 0.1 GeV

ms = 172.5 GeV
mp = 4.92 GeV

G, =1.1663787-107°GeV™?  a,=0.118
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Input parameters

internally
@ pole masses from

0S
My = My
V14 (195 /M05)?

@ pole decay widths I'yy and I'z calculated from the
experimental input, taking into account O(aem) corrections
and using real masses

@ G-scheme (large corrections shifted to lowest order)

V2G, M3, - ME,
T M2

Qem =
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Input parameters

Benchmark scenarios

scenarios taken from [HXSWG, 2016] [Robens, Stefaniak 2016]

Scenario Mp[GeV] sina Ao

BHM200 200 0.29 0.07
BHM400 400 0.26 0.17
BHM600 600 0.22 0.23
BHMS800 800 0.2 0.26
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Baryon asymmetry of the universe

three basic ingredients
@ CP violation
@ baryon number violation

o departure from thermal equilibrium (otherwise CPT would assure

compensation between processes increasing and decreasing baryon number)

SM  SESM

CP violation v v
B violation?! v v
first order EWPT v

'non-perturbative effect
Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions November 8, 2017
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Scale choice

Th—af [MeV] Thaf [MeV]
0.92 a 0.92 o
MR () = 0.26 j MR S (o) = 0.26 MR
BHM400 FJ BHM400 FJ
09 F 09 F 1
0.88 - 088 |- 1
0.86 0.86 | 1
0.84 0.84 | 1
0.82 L ! 0.82 L !
100 300 100 300
e [GeV] e [GeV]
rh=1f [MeV] Th=1f [MeV]
Mo Ho
09— : : 09 5 T T
MR (1) = 0.26 MR 5 (un) = 0.26 MR
BHM400 FJ BHM400 EJ
0.88 088 | 1
0.86 0.86 |- 1
0.84 0.84 | 1
0.82 . . 0.82 . .
100 300 100 300

pr [GeV]

Michele Boggia

e [GeV|

NLO SESM, h - WW /ZZ — 4 fermions

Ho

Mo =

_Mh-i-MH
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Scale choice

BHM600
Th—af [MeV] Thaf [MeV]
0.94 1 0.9 e
TR () = 0.22" MR — s o) =022 MR —
BHMG600 FJ BHM600 FJ
092 | 1092+ 4
09 F q 09 | 1
0.88 1 o088+ 1
M, + My
0.86 1 oss ] 12%) 2
0.84 . . 0.84 . .
300 900 300 900
i 1GeV] 1 [GeV]
b1 [MeV] Ih4F [MeV]
Mo Ho
0.92 : 0.92 :
MR (p0) = 0.22 MR si (o) = 0.22 MR
BHMG600 FJ BHM600 EJ
09 b 1 09 b 1
Ho = M, h
0.88 | 1 oss 1
0.86 1 086 1
. . . . 2
2
100 300 100 300 a
~ N 2g
1 [GeV) e [GeV| El
Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions November 8, 2017 10 /11



Scale choice

=4 eV i1 [MeV]
0.94 a 0.9 e
SN (o) = 0.2 MR S5 (o) = 0.2 MR
BHMS00 FJ BHMS00 FJ
092 - 1 092 | 1
09 F 1 09 1
0.88 - 4 osst 1 Mh+MH
Mo = — 5
0.86 - 1 o086 | 1
300 900 300 900
e [GeV] 1z [GeV]
h—af [MeV] Th—4f [MeV]
Mo Ho
0.92 0.92
SR () =02 | MR’ ST () = 0.2 | MR
BHMS00 FJ BHMS00 EJ
091 1 o091+ 1
09 F 1 09 F 1 _
Ho = M, h
0.89 - 1 o089t 1
0.88 - 1 o8 | 1
0.87 . . 0.87 . . g
100 300 100 300 Em
~ ~ 2
1 [GeV) e [GeV| El
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