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Motivation

» Why study heavy Higgs bosons?

» 2012: Discovery of the Higgs [atLAs, Phys. Lett. B716 (2012) 1; CMS, Phys. Lett. B716 (2012) 30]
— at least 1 type of scalar elementary particle exists in nature

» Are there other types of spin-0 bosons (different masses, pseudoscalars)?
For example: another Higgs-doublet — 2HDM

» Heavy Higgs bosons are experimentally less constrained than additional
light Higgs bosons

» Why study the {t channel?

» high mass and Yukawa coupling ~ m¢ — resonance in the tt decay
channel

» {t pairs copiously produced at the LHC

» SM {t production well understood in terms of higher order corrections (e.g.
up to NNLO QCD)

» ft spin polarization and correlation accessible
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2-Higgs-Doublet Model (2HDM) in a Nutshell

1= %(V1+(P1+I'X1) v ﬁ(V2+(P2+"X2)

CP-conserving case CP-violating case
h = —@ysinot + @ocosa 01 01
H = ¢ coso + @2sinal 02 | = R(0t,000,08) | @2
A = —yisinB + xa2cosf s A

Ht = &l sinB+E&J cosP

> [tanf= 2

v

top-Yukawa coupling: Lyu: = — 5t ¥, () — ibjYs)t0;
reduced Yukawa couplings a;, by depend on o or o, 0z, 03 and 3

use flavour conserving type-Ill 2HDM (dg,¢g couple to ®4, ug couple to ®»)
because of strong exp. constraints on FCNC

v

v

for details see, e.g.:[Branco, Ferreira, Lavoura, Rebelo, Sher, Silva, arXiv:1106.0034]
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2HDM Type-1l Scenarios

studied several parameter scenarios
in this talk: show a CP-conserving scenario as an example

> h, 1 SM-like (by construction, Parameters for example scenario

so-called “alignment limit”)

T
» H,A-Yukawa coupling to t quark choose:tanf =1, o=f— >

at, by = cotPp =1 = SM-like h H A
» H,A-Yukawa coupling to b quark a 1 1 0
ap,bp = tan 3 = 1, but suppressed by 0 0 1
by O(%) < 0.1% — save to neglect fov 1 0 0
t miGev] 125 600 900
> fyy: coupling to vector bosons [[Gev] 0.004 20.69 80.94

> m: free parameter; [ fixed by mass
and couplings
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Leading Order

QCD contribution
A
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Leading Order

QCD contribution

T ———
Aacp = >"V<, + /+
BT L———
,
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Leading Order
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% ) 2HDM contribution outside the
,‘214)_ ) = 0.8 resonance region is very small
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Next-to-Leading Order: Approximations
t
LO: :D ----- <
i 1

----- t

NLO:

TUTTT t

— simplify calculation by applying two approximations:

m, —>
1. heavy top-mass |Im|’[:::b

with an additional rescaling [Kramer, Laenen, Spira 1996]

2. restrict NLO calculation to the resonant region (dominant contribution) by
applying soft gluon approximation
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NLO Results: Inclusive tt Cross Section @ 13 TeV

example scenario

1o [GeV] 375
Gacow [pb] 522.781 705
G2rpm [pb] 2.3010%

G2HpM/Cacow [%] 0.4

to = pp = pr = T yvariation: u= 42, 1o, 2u0

QCDW: QCD and weak corrections

inclusive cross section shows only little sensitivity to heavy Higgs contribution
(not yet constrained by measurement: 863" ~ 5%)

= study more sensitive observables
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tt Invariant Mass Distribution M

vV vyyVvyywy

3.5 T
3 example scenario
V/s =13TeV
% 2.5 |- scale uncertainty ]
o 2HDM + SM ——
> SM — |
=)
5 ;t 1.5 7
<
1 B
0.5 7
0
o 162 | o —
= 1
v (.98
k= 0.96

400 500 600 700 800 QbU 1000 1100 1200 1300
My [GeV]
effects of heavy Higgs bosons stronger in My distribution (S/B ~ 3%)

peak-dip cancellation for observables inclusive in Mg

avoid peak-dip cancellation in other observables by binning in Mz
checked spin independent observables, e.g. y;, cosOcs — sensitivity
compareable to Mz

P. Galler (HU Berlin) 2HDM Effects in top-quark pair production 29th Rencontres de Blois, 31.05.17

8/16



Comparison with ATLAS [ATLAS-CONF-2016-073]

1.2
‘ )ackground uncertamty
2HDM (LO) bin width = 40 GeV ——
ATLAS data +—=—
1.15 - i

8 TeV, £ =19.7 fb~!

L1 | ATLAS-CONF-2016-073

JIFEISE .
0.95 | + + 1

1.05 | u+jets, b-tag category 1

data / bkg

0.85 ! ! ! ! ! ! ! !
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]th [GGV}

signal difficult to detect in the M;; distribution
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Results: Spin Dependent Observables
Try to increase signal/background ratio by analysing spin dependent
observables, e.g. angular correlations in the dilepton decay channel of ¢t

1 do 1
o d<osb. deosh 4(1 + B2 cosB, + B® cos®_ — CapcosB, cosB_)
4 _

1do 1
Gd(p 2

—(1— Dcos o)

cosO -7 ‘4, cosb_ =20 -b, coso —r

Cap is related to double spin asymmetry and spin correlations

oq(M) +ogz(l) —oz(td) —oa(it) e
Can ™ og(th) +oz(ld) +oz(tl) +oz(l1) —4((S-8) (S¢-b))

St and Sy are the spin operators of ¢ and , respectively

We choose three orthonormal reference axes: a = {k,f,t}

k: direction of top quark in ff ZMF, A, t directions perpendicular to k

and study: Chel = Cik; Cpny Cp, D= _15 (Chel + Cnn+ Crr)
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Results: Spin Correlations @NLO
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Results: Spin Correlations @NLO
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Results: Spin Correlations @NLO
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Results: Spin Correlations @NLO I
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Summary

» heavy Higgs bosons in the 2HDM can be constrained in tf production (if

tanf is not too large)

» heavy Higgs-QCD interference must be taken into account

> bin observables in M to avoid peak-dip cancellation

» (i spin correlations can potentially be used to increase sensitivity
significantly
<— NLO corrections important to identify perturbatively robust spin
dependent observables
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Thank you for your attention!



Additional Material



2-Higgs-Doublet Model (2HDM) — Yukawa Couplings

Loy D —OL[ (M Dy +AJD,) dg + (MY Dy + 14D, ) ug] +h.c.

‘5,‘ = I"Cg¢7
Flavour conserving 2HDMs:
Type ‘ up ‘ d,q ‘ f/:; ‘
[ Oy | Oy | D
Il b, | Oy | Dy
Lepton-specific (X) | ®o | $o | Py
Fllpped (Y) ¢2 ¢1 ¢2

Lyyk in terms of Higgs mass eigenstates 0;:

My _ , My - .
Ly > = Y [=F 0@ — ibuys)u+ Tdd(a/d — ibjays)d] 0
7

R; R;

2 Jil /1,2 2
ay= ——F by, = R; cotB ajgd = ——= by = R; tan[i V= Vi + V.
Yu smB’ ju i3 ) lid c sBa jd i3 ’ 1 2
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2-Higgs-Doublet Model (2HDM) — Gauge Couplings

Higgs-Gauge couplings are derived from Lo kin

Loxn = (Du®1)(DH01)+ (D, P2)" (D' P2)
= Lyvo + Lyvoo + Lwzood + Lwyoo + Lzoo + Lwoo + Lyos

relevant terms for decay width

Lwe = fuve, (2”‘35" WHwoH m%zyzy) o
Lroo = %fztb,-q)k(q’j?:q)k)zy
with
fuve, = RircosP+ Ripsinf
fzo; = (Ri2Rs— RiaR2)cosP+ (RisRj — RitRyz)sin B
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Leading Order Matrix Elements

3,3

—_— s'm ~ ~ ~ ~
|My]* = 2CF|;2 {(|f32|2+4|fP2|2)(a§rB?+b§r)+ (Ifsu[* -+ 4lTe,[*) (a8:B7 + b5;)

+2(Relfs,fs,] + Relfe, 5, ]) (a2 a0} + bzrbar)}

2
4ToLsmss

ZRG[%%CD] = CACFV(1 _ [3222) {(aﬂB?Re[?Sz] - 2b2tRe[?P2])

+ (a3tB?Re[?Ss] - 2b3tP‘e[?F’3])}



Next-to-Leading Order — Heavy Top Quark Limit

Effective theory : leading order in the 1/my

LO is already a 1-loop calculation

= NLO is a 2-loop calculation

Use effective ggo vertex:

Lett = (fsGj, Gy + freuvps Gs G57)0

expansion of the gg¢ vertex

— take higher orders of 1/m; into account
by using K-factor
[Kramer, Laenen, Spira 1996]

<]
approx __ Onio full

ff

= (¢
i
Gfo LO

Th e e
NLO
Good approximation for Higgs production:
102 . T T T T T T T T
S(pp — H +X) [pb]
Vs =14 TeV
0 F g
L L ]
— Onol(TTy)
»»»»»»» K‘Nl.()(w) X 6T, T,y )
10" 1 1 L L 1 1 L L 1
0 100 200 300 400 500 600 700 800 900 1000

» major part of NLO QCD
corrections originates from
soft/collinear gluons which
do not resolve the effective
coupling

> here we assume that this is
true for the process
pp — ¢ — ft as well

Y\An ITerAVAl
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Next-to-Leading Order — Soft Gluon Approximation  _
» Seen in LO: significant contributions from the extended Higgs sector to tt

production only in resonance region
> at NLO: restrict the calculation to the resonance region

> extract pole contribution by soft gluon approximation

e R
_________ [ s—m$+ir¢m¢

= non-factorizable contributions from real and virtual corrections cancel

* *

P =l

+j§; ........ < =0

soft-gluon ap-

prox.
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Soft-Gluon Approximation

Example: Box Diagram

~

(—0

— + non-resonant terms

~—
§—mg+ilymqy




Soft-Gluon Approximation

Example for Virtual Correction:

feaaazay AT ————

neglect loop momenta in the numerator — scalar integral:

f d4£ 1
(2r)* (2+ie)(((+k1 )2 +ie) ((C+ki +he )2 —mG+iTgmo) ((+p1 )2 —mi +ie)

neglect /2 terms in the denominator where possible

d“z 1
f (2m)* (£2+ie)(2¢ki +ig)(20(ki +ke ) +-8—mi+iTymo ) (20ps +ic)

perform contour integration

i d 1
—if = - L
J amp e 2\1/\k9+214k1+ie} [ 210 (K9-+K9) 20K +Ro) +8—mB-+iTgmy | [~ 2\f\p +20y +ie]
=+i[ 4 ! =]

271)3 20| 20k +ie| | ~20(ki-+kp)+8—mR+iT gy | [2ep17/e] '



Soft-Gluon Approximation

el

Example Real Correction: :ﬁ ........ <

d®q 1

el
! (2m)32q0 [ —2qgky + ie| [ —2q(ki + ko) + 5 — m$ +iComy) [2g01 — i)

=14l



Soft-Gluon Approximation

)

d®q 1

— i

(21)°29° [ —2qks + ie] [ —2q(ki + ka) + 8 — m} + iTymy] [2qp1 — ie]
" =1dl

o)

a3 1
i
+'/ (2m)3 260 — 20Ky +ie] [ — 2((k1 + ko) + & — mf + iTymy | [20p1 — ie]
=10




Soft-Gluon Approximation

Example: Box Diagram

{—0 1
— N~ + non-resonant terms
§—mg+ilymqy
U+ ki + ke
* *
E + %; ........ < = 0
uuuuu a A T ——— soft-gluon ap-

prox.

non-factorizable virtual corrections cancel with real corrections from initial and
final state radiation in the soft-gluon approximation

(known effect from: [Beenakker, Chapovsky, Berends '97])

- only valid if observable is inclusive enough



