NLO corrections to h — WW/ZZ — 4 fermions
in a Singlet Extension of the Standard Model

Michele Boggia

in collaboration with L. Altenkamp and S. Dittmaier

Albert-Ludwigs-Universitat, Freiburg

September 13, 2017



Overview

@ Introduction

© SESM basics

© Renormalization of SESM

@ The decay h — WW/ZZ — 4 fermions
© Numerical analysis

N §
R\,

higgstools

Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions September 13, 2017

UNI
I

FREIBURG

1/26



Introduction

Michele Boggia

Y §
K\
higgstools,

September 13, 2017

|
UNI
FREIBURG

1/26



Intro

Higgs measurements are compatible with SM predictions

ATLAS and CMS - ATLAS+CMS
i T bt g
L -+ CMS - — 1o interval
u"l"l . :i: sz _:_ Ea—zmmwa\ 'u _Fexp
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Parameter value Parameter value
but
@ baryon asymmetr .
y y y N SM cannot be the ultimate theory
@ dark matter BSM precise predictions are required
. o
@ neutrino masses 3P 3

o ...
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Intro

the SM Higgs sector

A
Lo = (D, @) D' + 12T — Z(qﬂ@)?

is working weII, we consider
L CSM 2727
iggs Higgs s

how?
o take advantage of the “Higgs portal” p2®T®
@ add a real scalar singlet

@ write all the interactions (compatible with symmetries)
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Intro

singlet used in the literature for

@ dark matter

extra symmetry
vanishing singlet VEV

@ hidden sector SB

extra symmetry
non-vanishing VEVs

@ baryon asymmetry
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SESM in a nutshell

recipe:

@ most general Zo- and gauge-invariant scalar Lagrangian

Lriges =(Du@)! (D"2) 43 (0,0)(9"0) — V(@,0)

A
V(®,0) = — p2oie + f(Q)T@)Q-l-/\lQoQ(I)TQ) — 130”4 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,
N4
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SESM in a nutshell

after EWSB
h
V = ~toh — i+ 5 (b2, 1) Moigs (h2
with non-diagonal mass matrix Mjggs

3v5 A
_ [v¥x2 + UQ 2 — 3
2'01'02)\12

2uiva
Muiges 1V2A12

= ho,h; have non-diagonal propagators!

= 72 3 p— 72 2 5
M22 k* — 11

) o

v%)\m + 1211%)\1 - 2;@)

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

h\ (cosa —sina\ (h
H/) \siha cosa h1
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SESM in a nutshell

requiring diagonal Higgs propagators

= inversion relations

1
p% =——[3catn + 3tgsa + CQM;% (vaca —v1Sa) + M%sa (vica + v2sa)]

2v9
1

u? :E[ME’S& (V180 — v2ca) + caMF (vica +v28a) + 3caty — 3tnsal
1

2
A2 :U—B[vg (2 MP + M3 s2) + catp, + trsal
2

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

CaSa 2 2
= Mz — M
U1 2)\12112( H i)
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SESM in a nutshell

requiring diagonal Higgs propagators

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

= mass terms

1
M}% = —U2/\2 + 47)1/\1 \/(27)17)2/\12)2 + 1_6 (1611%)\1 - 7)2)\2)

1
MI2{ = —U2)\2 + 4’U M F \/(2’01’02)\12)2 + 1_6 (16@%)\1 — U%)\2)2

sign choice such that
M3 > M}

X S
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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\ 2
V D epnnh® + chngh®H + cogphH? + canaH® + cpppe <2¢+¢ + (4%) )
+ chnnnh® + cannah®H + cpppah®H? + chppahH® + cpmpmH*

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

SESM parameters

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

bare parameters do not have physical meaning

@ scalar sector

Mj o = Mj, + 6Mj; th,o = tn + Oty
MI2{,0 :MI2{+5M12{ tH0 =ty + oty
A12,0 = A2 + 012 ap = o + b

ho . 1+%5Zhh %5ZhH h
Ho) \ %6Zun 1+ 46Zun) \H

@ standard transformations for gauge and fermion sectors
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Renormalization conditions

as far as possible, make use of OS renormalization conditions

clear prescription:
@ renormalized masses equal physical masses

@ residues of the OS propagators are not changed
by one-loop corrections

@ OS physical fields do not mix on their respective mass shells

SME, 6 M3, 6 M, 6MZ, 6my
0Znn,0ZuH,0ZpH, 025N
52w 6Z57,6Zy,077,07; s
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Renormalization conditions

OS renormalization not always possible

no natural choice for
a, A1z

possibilities:
@ relate parameters to a physical process, but

@ no observations so far
o large corrections to other observables

@ minimal subtraction schemes

Z Z h
! / !
h{ + 7 =0 | "X +~0 =0 :
Y§ >
Z Z uv “h R\Y; i 5_

UNI
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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 HC)

o technical variants can be used (e.g. shift VEVs)
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h—WW/ZZ — 4 fermions ]
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h—WW/ZZ — 4 fermions

@ most promising channel for precise Higgs measurements @LHC

@ implemented in Propifecy4f

A Monte Carlo generator for a

o SM [Bredenstein et al., 2006]
@ THDM [Altenkamp et al., 2017]
@ object of this talk — SESM

Michele Boggia
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Proper description of the
Higgs decay into 4 fermions
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NLO corrections

similarly to THDM case, presented in Turin [pittmaier, 3 HT Annual Meeting]

Survey of Feynman diagrams for NLO corrections to h — WW /ZZ — 4 Generic diagrams for L, i, I self-energies

) < external wave-function renormalization + hH mixing
Lowestorder: 1 <§ — sin(3 - o) Msiio .

Typical one-loop diagrams:

#diagrams = O(200-100)

T
R

pentag

a
B

+ counterterms.
+ tree graphs with real gluon or photons

Classification of QCD corrections
Possible Born diagrams:

o f @ s diagrams (2) only for
T N 1717 and 171"} channels 2
C{‘ ‘{“}2/’ (17 - wekisospin parner of 1) |MLO| . QCD and real
emission rescaled by ¢2 wrt SM

LED < G

(]

(]

singlet changes EW loops

CTs are consistently taken

. g
5
(b.c,0) = corrections to interferences (ony fo agqq and 7¢'s channets Into account H’z\ ? __g_
[ I — higgstools EE
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Automation

@ loop corrections

FeynRules Feynman rules generation
FeynArts diagram generation
FormCalc algebraic simplification
— complex mass scheme for vector boson
resonances [Denner et al., 2005]

FeynRules SESM. gen FeynArts v

[SESM _h — FormCalc
SESM.mod

@ real corrections

@ dipole subtraction for IR singularities

[Catani, Seymour, 1996] [Dittmaier, 1999] [Dittmaier et al., 2008]
. . : - P
@ multi-channel MC integration within Prophecy4f ”‘a
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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

[ A2

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

4[| < 4m,

@ vacuum stability u2, u? >0

M% + M} M% — M?)?
Ca H + hsa < )\12 < — casa( ;—I 2h) or )\12 >0
203 203 (A M7 + M%s2) 1P g
3
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Input parameters

Perturbativity and vacuum stability constraints

A1 > 7 A1 > 7
unstable vac. == unstable vac. ==
[Ai2]| > 27 [Ai2] > 27
3
<
0 0.1 0.2 0.3 0.4 0.5
Sa Sa
T T T T T T T T

3
<

0.3 0.4

Sa

Sa
considered scenarios from [HXSWG, 2016] [Robens, Stefaniak 2016] 28

Michele Boggia NLO SESM, h -+ WW/ZZ — 4 fermions

perturbativity
matters for
small My

vacuum stab.
important for
higher My

)\12 <0
mostly
excluded

N

=1
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Input parameters

Scheme conversion

in order to compare results in different renormalization schemes
MS MS /. MS F FJ/ F
po = pM> + 5pMS (M) = p™ + p™ (™)

example for My = 600 GeV, A3 = 0.23

MS — FJ FJ — MS
0.3 ; — . - 0.3 : ‘
n=125.1 GeV , p=125.1 GeV
BHM600 BHM600
02 1 0.2 F g
numerical — )
0.1 linear — B 0.1 1
2 )
= 0 4= 0
—01 i g —0.1 | .
—02 + /7 . —02 | 1
703 1 1 1 1 703 1 1 1 1 E
-03 -0.2 -0.1 0 01 02 03 -03 -02 -0.1 0 Q:’l? 02 0.3 2
salsis alrs 3
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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
A\

higgstools,
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Scale dependence of T4/
LO (dashed) vs. NLO (solid)

Mpg =600GeV, sq =0.22, A12 =0.23

My = 200GeV, sa = 0.29, A2 = 0.07
Fh%4f [hICV]

Fh—>4f [NIGV] .
0

1 N — 0.95 — —

Salys(o) =0.29 MS —— Salys(po) =022 MS ——

BHM200 FJ] — BHMG600 F] —

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

0.6

@ more pronounced scale and scheme dependence at LO

@ u, = Mj, appropriate renormalization scale S g
NLO SESM, h - WW /ZZ — 4 fermions September 13, 2017 20 / 26
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Mixing angle dependence of "4/
LO (dashed) vs. NLO (solid)

Mg = 200GeV, A2 = 0.07 Mg = 600 GeV, A2 = 0.23
=4 [MeV) =4 (Mev)
1.05 — 1.05 —
fo = 125.1 GeV MS po = 125.1 GeV MS
BHM200 FJ] — BHM600 FJ] —
b SM o — | 1k SM — |
0.95 | B 0.95 B
0.9 » ------ Bl oo
0.85 B 0.85 B
08 ‘ b ‘ 08 N b
0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3
Salm Su‘m
@ behavior mostly driven by c2 factor
@ Agy typically reduced by NLO contributions
° Asm S 1%(5%) for s4 < 0.1(0.2) v g
TR

* spurious effects in LO driven by NLO parameter conversion
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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

X i*
h|ggstools
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NLO leptonic distributions

dr — —
M,y h—pmpteret
— sM
SXSM BHM200 ——
10-5 | —— SXSM BHM400 i
—— SXSM BHM600
SXSM BHMS00 =
weL = = 4
E
1077
onvo [%]
15 ‘
0 =
Sl I—
~10 s s s

60 70 80
m [GeV]

100

dr[| o7 MeV
do[m dcg}

9.0

h— p~pte et

8.5

80  ——

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

dr -
dMy,,. h—ypteve - eV .
Toper [1075%’;} h—v,pTe v,
. — SM T - T
1072 ¢ SXSM BHM200 E — sM
—— SXSM BHM400 5 SXSM BHM200 —
—— SXSM BHM600 —— SXSM BHM400
SXSM BHMS00 —— SXSM BHM600
. SXSM BHMS00 |
3 = &
Hy =
=N =
2, e
2+ = = 4
T%.EE?
1 ‘ ‘ ‘
onro [%] onro (%)
5
7 B 1
6 b b 4k
51 Lol 1
4 r = b . Jﬁ‘“ﬁ_\l&
o f '%ﬁaw il - |
2t =5 =~
1t SEmmREs 5 ‘ ‘ ‘
0 ; 0 90 180 270 360
75 80 85 ‘
. Dperdeg]
M, [GeV]
o
. . . ¢
@ constant offset in dy o wrt SM distributions A2 e
3&

@ similar behavior and magnitude in the FJ scheme
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Conclusions

SESM

@ offers interesting phenomenology, despite its simplicity

@ renormalization performed treating tadpoles within

)

@ computed matrix elements for the decay h - WW/ZZ — 4Af

two schemes

FeynArts model file for one-loop calculations produced

h— WW/ZZ — 4f results

)

four benchmark scenarios considered, My € [200 — 800] GeV

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

renormalization group equations solved for MS parameters
scale and scheme dependence reduced in NLO results
Asm < 5% for the decay width in the proposed scenarlos

no further distortion wrt SM in differential dlstrlbutloné

Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions September 13, 2017
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Conclusions

coming soon
@ Prophecy4f version including SESM implementation

@ paper in preparation
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NLO semileptonic distributions

dr

Je—et Je—et
dMy; h — dde” e d‘mw‘[l\lo\] h — dde”e
SM oot SM
SXSM BHM200 SXSM BHM200
—— SXSM BHM400 —— SXSM BHM400
—— SXSM BHM600 —— SXSM BHM600 0
107* SXSM BHMSUU: | SXSM BHMS800 M
0.005 | !

2 4
0 \ \ \ \
0 0.2 0.4 0.6 0.8 1
My|GeV] | cos ¢ HI:/ 4 5
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NLO semileptonic distributions

dr >+ 477 T
dMy; h = veeTdu Toos o] Coil;)(w[McV] h — veetdu
0.06
— sM — sM
—— SXSM BHM200 H — SXSM BHM200
10-2 | —— SXSM BHM400 ] 0.05 5 —— SXSM BHM400 1
—— SXSM BHM600 H —— SXSM BHMG600
SXSM BHMS0 00s |1 SXSM BHMS00 ]
E‘\
E‘\
0.03 | 1
107° £ 5 E ==

9
o 7 .08 . £
M| GeV] COS Pery “i: 4 2
iggstools, —gg—
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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]

M = 80.385 GeV
M = 91.1876 GeV
me = 0.510998928 MeV

% = 2.085 GeV
'Y = 2.4952 GeV
my = 105.6583715 MeV  m, = 1776.82 MeV

my = 0.1 GeV me = 1.51 GeV ms = 172.5 GeV
mqg = 0.1 GeV ms = 0.1 GeV mp = 4.92 GeV
G, =1.1663787-107°GeV™?  a,=0.118
4
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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 =

vp
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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
vp
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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

NE

'non-perturbative effect
Michele Boggia NLO SESM, h - WW /ZZ — 4 fermions September 13, 2017
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Scale choice
BHM400

Fl\ﬂ
0.95

=4 eV i1 [MeV]
Ho Ho
. — 094 — —
Salxms(p0) = 0.26 MS SalFi(po) = 0.26 MS
BHM400 FJ] — BHM400 FJ] —
I 092 4
09 F L
088 ]
086 ]
0.84 4
L L 082 L
100 300 100 300
e [GeV] e [GeV]
4 MeV) Th=4 MeV)
Mo Ho
Salyrs (o) = 0.26 Mo 092 [salealimo) =0.26 M |
BHM400 FJ — 72 BHM400 F] —
r 09 -
L
088 1
r 086 ]
0.84 4
[ 082 |- R

100
e [GeV]
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e [GeV]

300

_Mh-i-MH

Ho B

po = My,
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Scale choice

rh=4f [MeV] Th=4f [MeV]
0.95 " 0.04 "
.95 . —_— X . —
Salsrs(po) = 0.22 MS Salra(po) = 0.22 MS
BHM600 FJ] — BHM600 FJ —
092 |- =
09 4
0.85 1 o088 - 1
086 e
0.8 L L L e
300 900 300 900
jir [GeV] e [GeV)
b1 [MeV] b1 [ ev]
0.95 Mo Ho
.95 | e T —
Salsrs(to) = 0.22 MS Salra(po) = 0.22 MS
BHM600 FJ — 0.92 FBHM600 Fl —
09 F B
09 F \ = S
B 088 | 1
0.85 1] ose ]
: . 0.84 : :
100 300 100 300
i |GeV] e [GeV]

Michele Boggia
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Scale choice

BHM800
rh=4f [MeV] Th=4f [MeV]
Ho Ho
0.94 . — 094 . —
Salys(po) = 0.2 MS Salrs(po) = 0.2 MS
BHMS00 FJ — BHMS00 FJ —
002 K 1 09 //
0.9 ]
09 ]

0.88 | ] T . My + Mg

0.86 - ]
! e B ! !
300 900 300 900
jir [GeV] 1z [GeV]
b1 [MeV] b1 [ ev]
H L
T = — T T to u— T
Salxrg(po) = 0.2 MS salra(po) = 0.2 MS
0-94 FBHMS00 FJ — 7 (o |BHMS00 F— |
0.92 | 4

e e e I o= My,

088 ¢ 1 oss b 1

0.86 - el
. o 0.86 . . %
100 300 100 300 Lia
; X Za
i |GeV] e [GeV] SF
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