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Introduction

Generalities & Background, Motivation

1 C. Sturm,

Higgs boson (H) discovered at the LHC experiments

— Determine properties of Higgs boson (theory+experiment)

Higgs boson could be part of extended, more general

Higgs sector

— Contribute to solve open problems of particle phys., e.g.
question of origin of matter—anti-matter asymmetry
question of nature of dark matter, ...

Extension of H sector: Two-Higgs-Doublet Model (2HDM)

LHC studies 2HDM extension

ATLAS: 1712.06386, 1509.00672, 1507.05930, 1506.00285, 1502.04478, 1310.0515, ATLAS-CONF-2013-027,...

CMS: CMS-PAS-HIG-17-031, 1603.02991, 1511.03610, 1510.01181, 1506.02301, 1504.04710, 1410.2751,...
— precise theory predictions necessary

Important Higgs boson production: gluon fusion
— g9 — H H=H,, H,
Study effect of extension on Higgs production
— EW corrections
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Introduction
Context, Motivation & Model

2 C. Sturm,

EW corrections to SM Higgs production gg — H v

TN 5 1 o/o S. Actis, G. Passarino, C.S., S. Uccirati;
) G. Degrassi, F. Maltoni; U. Aglietti, R. Bonciani, G. Degrassi, A. Vicini;
A. Djouadi, P. Gambino, B. Kniehl

EW corrections in SM extensions — can be large!

— example: Higgs production in 4th generation model v/ (excluded)
G. Passarino, C.S., S. Uccirati; A. Djouadi, P. Gambino, B. Kniehl

The 2HDM potential:

oF _ .
o, = (\}é(vi +opi+ i77i)> ,i =1,2 Higgs doublets, v;: vevs

V(®y,0p) = midlo, + miole, — m?, (qﬂcbz + q>;q>1)
A 2 )\ 2
+ 51 (¢§¢1) n ?2 (cb;cbz) + s (¢J1fd>1) (¢;¢2)

+ 2 (@]0r) (ofor) + % {(qﬂ%)z + (cb;cmﬂ
Here: all parameters real, CP-conserving version
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Introduction
Model

m Diagonalize scalar sector — mass eigenstates,
physical basis

() -7 () () -Pr(3)- ()70 (R)

B(x) — COSX —sinx Mass eigenstates,
(x) = sin x COoS X new particle spectrum:
H/a Hhs Ha, Hi

«: diagonalizes neutral Higgs mass matrix
(3: diagonalizes other scalar mass matrices, t; = tan 3 = va/v4

m Physical parameters:
A1y A2, A3, Agy A5, My, M2, M2

\
MH,; MHhs MHa! MHi’ Msb! «, 5’ V(ga MW)
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m Higgs basis b, =  ¢p1c08B+ posing
b, = —¢qsinB+ ¢pocos s

Gt H*
Pa= (\/1—§(V — HySus -+ HnGos + iGo)> ®o= <\/l§(H/ca5 + HySus + iHa)
v=/v2 4+ V2
m Alignment limit:
Cap =cCOS (o — ) — O,
Sap =Sin(a—B) = —1

CMS Preliminary 35.9 fb™ (13 TeV)

A\

tan|
5

m H, has SM-like couplings to
fermions and gauge bosons

m Decoupling limit: Alignment limit

L

+ new mass scales heavy '
m Constraints on parameters WL,
- LHC experiments "8 05 04 02 0 0z 04 08 O3

CMS PAS HIG-17-031
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m Higgs basis b, =  ¢p1c08B+ posing
b, = —¢qsinB+ ¢pocos s

Gt H*
®a= <\/1_§(V — HiSap + HnCop + iGo)) o= <%§(H/caﬁ + HrSop + iHa))
v=/v2 4+ V2
m Alignment limit:
Cap =cCOS (o — ) — O,
Sap =sin(a—B) — —1

CMS Preliminary 35.9 fb* (13 Tev)

tan|
%

m H, has SM-like couplings to
fermions and gauge bosons :

m Decoupling limit: Alignment limit
+ new mass scales heavy

—— Observed 95% CL

m Constraints on parameters I Eoecedssnce

. -08 -06 -04 -02 0 02 04 06 08
— LHC experiments OMS PAS HIGA7-081 0569

_ EW corr. in the 2HDM for Higgs production in gluon fusion @



Introduction

Process

m Here: only top-quark massive fermion
m The process g + g — H), H, at LO

g
~C/1=5 = %4 2HDM: multiplicative factor
TTH, compared to SM
g ~ S/ tt Cpp=Cpy

m Factor ¢y can be large/small
< choice of parameters «, 5 ~ LO suppressed

— NLO EW amp. not « same factor ~ pot. big NLO corr.

m Compared to QCD computation of EW corrections in
2HDM more involved
< new diagrams
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Computation

Setup

6 C. Sturm,

2HDM Feynman rules generated with FeynRules
A. Alloul, N. Christensen, C. Degrande, C. Duhr, B. Fuks

Diagram generation with QGRAF p. nogueira
I

Build amplitude with in-house code QGS

QGSsS: extension of GraphShot (GS)
S. Actis, A. Ferroglia, L. Jenniches, G. Passarino, M. Passera, C. S., S. Uccirati

performs algebraic manipulations, FORM based

J. Kuipers, T. Ueda, J. Vermaseren, J. Vollinga

perform traces, remove reducible scalar products,
symmetrize integrals, tadpole reduction, counter terms,
extracts pole-part of loop diagrams, renormalizationt,...
UV-finite amplitude -
integrals classified into different topologies: %]} j7
subdivided in scalar, vector and tensor type integrals
L mapped on Form factors
s Form factors are evaluated numerically in Feynman

parametric space (Fortran)
HP2, Freiburg, 02.10.2018 EW corr. in the 2HDM for Higgs production in gluon fusion
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Computation

Collinear singularities

m No real corrections to ag — H (considering EW corrections)
= collinear singularities cancel in pure virtual amplitude
= Check of calculation

m Collinear singularities are regularized by small fermion
mass m; singularities become manifest as log' (m),log?(m)

Hobee W
t N
N
> ---H
.
b o HA e W

b

m Collinear logarithms of:
156424 generation: 39 generation:
log? — analytically v log® — analytically v
log" — analytically v log" — special case analytically
g9 — H,, alignment limit v/
otherwise coeff numerically v/
1B
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Computation

2HDM renormalization

m Higgs masses: on-shell
m Mixing angles: «, 3 — different schemes

MS ct’'s oa, o/ fixed: Hy — 777=, Hy — 77— UV finite
A. Denner, L. Jenniches, J. Lang, C.S.
_ 52y —Zkyy }:E’EH/(M’Z‘MH):E’EH/(M’z‘//)+2t"’/”h _ 26313 =0Z1a6,
- 4 - 2(M3, —MZ,) d = 7

- Proper treatment of Higgs tadpoles: FJ tadpole scheme
gauge independent physical ct’s J. Fleischer, F. Jegerlehner

- Scale dependent amplitude

- @, [} scale dependent

- Running parameters a, /7, RGEs
9a 50\ ap N
8To;l,2 = Ba(a(n), B(1), Msp (1)), i = Bs(a(p), B(12), Msp(12))
oM S
3|n;b2 = Bu,,(a(p), B(1), Msp(1))

coupled system of DEQs
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Scale dependence

Example

Logarithmic scale dependence, example g + g — H: ¢,3 =0

6NLO,,u7dep. _ Gf\/é | L
EwW 822 M2, Mg,
x (M, — M2)[3ME, M3, + M2,(MB, + 2M3: — 3MF, )
T 6mEME, }
— Coefficient depends on the "choice" of My, t3,...
e.g. — coeff. small,
small scale dependence
e.g. — enhancement, large scale dependence

— scale dependence can be quite different
for different scenarios but same process

Cap 7 0: expression lengthy, but similar features
[
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m Scale independent schemes
J. Espinosa, |. Navarro, Y. Yamada, 2HDM: Kanemura, Kikuchi, Yagyu;
M. Krause, R. Lorenz, M. Mihlleitner, R. Santos, H. Ziesche (pt); A. Denner, J. Lang, S. Uccirati (BFM)

. On'She” M2 M2 add 2 add 2
os  Zhghy (Mp )+ Zhp (Mg )+ 0 (ME, )+ZR 5 (My)+2t 1, os
da’s = hd 2 b IZ(AFH,,’,_IIMEI,)" bl L ! h, (5[3 = ... analog
" (equivalent to self-energy in BFM)
- p* scheme
w2
oo’ = %, O3 = ... analog with p*2 = (Mf,h + Mﬁl)/Z
m Process dependent (proc)

N0 (Hp — 777) = FO(Hp — 7 77), TS

~\ _ rLo —

NO(Ha = 7t77)=TO(Hy — 7777)

2HDM: M. Krause, R. Lorenz, M. Miihlleitner, R. Santos, H. Ziesche
-

H, H

T+

| ] FU I"[hel‘ SChemeS L. Altenkamp, S. Dittmaier, H. Rzehak; A. Denner, S. Dittmaier, J.-N. Lang
currently not implemented yet

see also talk J.-N. Lang 1
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m EW corr. oy = K°o'° as fct. of My,
m Example scenario: tg = 2, M*= 700 GeV except My,

P PRI S VATV
600 620 640 660 680 700 720 740 760 780 800 600 620 640 660 680 700 720 740 760 780 800
M, [GeV] M, [GeV]
B gg — H: comparison to SM: orange line: 5.1%
m Blue band: MS (0/2, o, 2p0), other lines: other schemes

m Grey bands: ;- > 0.5
_ EW corr. in the 2HDM for Higgs production in gluon fusion @



Results g9 — Hp, same scenario

m LO:¢f =0.2..0.25 (cf = 1.0...1.02), LO suppressed

m Large corrections

- |A(1) —|—A(2)|2 _ |A(1)|2+2R€(A(1)A(2)*)+ |A(2)|2 = |A(1)|2?EI\I;VO
~—— —— ——

LO NLO CNNLO

16 16—

14 14—

12 12

9 z 3 2 C
% ™~ L
1 i+

ol Lo b b Lo Lo Lol Lo b Loy Lo Lo
600 620 640 660 680 700 720 740 760 780 800 600 620 640 660 680 700 720 740 760 780 800

M, [Gev] My [GeV]
m My, =700 GeV:
Cap = 0: 005 = 7% Cop = 0.03: 625 = 12%
m Going away from My, =700 GeV ... unstable .
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Benchmark points (BPs)

m Example BPs
- alignment limit, c,3 = O:

BP Wy, My, Wy [ IEAIEA
BP2,, | 200 GeV | 500 GeV | 200 GeV | 198.7GeV | 15 | 1 |04
BP2,5 | 200 GeV | 500 GeV | 500 GeV | 198.7GeV | 1.5 | 1 || 0.4
BP2,, | 400 GeV | 225GeV | 225GeV | 0GevV |15 1 || 04
BP21, | 400 GeV | 100 GeV | 400GeV | 0GevV |15 1 || 04
BP34; | 180 GeV | 420 GeV | 420 GeV | 129.1GeV | 3 || 1 | 0.1

BPXxx: 1610.07922

- general case, c,3 # 0:
BP My, My, My+ Msp ts Cap Ch, Ch,
a-1 700 GeV | 700GeV | 670GeV | 6245GeV | 1.5 | —0.0910 || 0.9 || 0.6
b-1 200 GeV | 383 GeV | 383GeV | 204.2GeV | 252 | —0.0346 || 1.0 || 0.2

BP2,, | 500 GeV | 500 GeV | 500 GeV 500 GeV 7 0.28 1.0 || 0.02
BP4; | 263.7GeV | 6.3GeV | 3083GeV | 81.5GeV | 1.9 | 0.14107 || 1.1 || 0.1
BP4, | 2271 GeV | 24.7GeV | 226.8 GeV | 896 GeV | 1.8 | 0.14107 || 1.1 || 0.2

a-1, b-1: 1403.1264, BPXyy: 1610.07922

m Essentially any other scenario can be computed too!
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Results

Corrections to gg — H,

m Corrections:
~ order several percent
m Corrections mainly of
comparable size with SM
correction (~ 5.1%)

m Corrections sensitive to BPs - . o

m Similar corrections in different
schemes with few exceptions, i
MS different, large/small scale

dependence

14 C. Sturm, HP2, Freiburg, 02.10.2018

Cap = 0:

8P KR KB | KE KR
214 [1.053]1.063]1.101 [ 0.994 3%3
218 1.038 | 1.048 [ 1.044 | 0.930 #2958
2c | 1.043]1.044 | 1.099 | 1.126 -1 |
20 | 1.029 | 1.035 | 1.042 | 1.145 0012
3 1.041 | 1.040 | 1.045 | 1.118 —9.9%2
o K | Kb | Kiw| K

1.043 [ 1.047 | 1.048 [ 0.962 7% |

b-1 1.048 | 1.045 | 1.054 | 0.995 0%
2,4 | 1.017 | 1.018 | 1.015 | 1.006 —0.871
43 1.042 | 1.043 | 1.038 | 1.126 ;5922
4, 1.043 | 1.044 | 1.038 | 1.103 15552
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Results

Corrections to gg — Hh

Coz[)’ =0: Caﬁ 7é 0:

5P Kow | Kiw | Kiw | Kew Bp Kew | Kew | Kow| Kiw
214 | 0.486 | 0.492 | 0.426 | 0.655 *0 1% a-1 1.145 [ 1.161 [ 1.121 | 1.401 70253 |
215 | 0.177]0.178 | 0.166 | 0.257 0033 b-1 0.696 | 0.693 | 0.628 | 0.981 ¥3.15% |
2;c | 0.958 | 0.950 | 0.822 | 0.822 F5.17¢| 2,4 | 7.504 | 7.456 | 7.517 | 4.030 0758
2;p | 0.854 | 0.840 | 0.803 | 0.693 F.2¢t | 45 0.945 [ 0.941 [ 0.979 [ 0.580 353!
31 0.581 | 0.580 [ 0.486 | 0.336 *3%57 | 4, 1.028 | 1.024 | 1.067 | 0.807 *5325 |

—NLO
m |A(1)|2+2Re(A(1)A(2)*) + ‘A(2)‘2 = |AM 2Ky
—— N——— N~

LO
m Large corrections

m Strong sensitivity to BPs
m MS strong scale dependence

NLO
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Summary & Conclusion

m Discussed production of light/heavy, scalar, neutral Higgs

99— H 99 — Hp
within 2HDM
m Extended code for computation of 2-loop EW corrections in
2HDM in several schemes
m Can determine the EW corrections for essentially any
scenario (masses, angles)
m EW corrections for various scenarios presented
Corrections sensitive to details of scenario
m For light Higgs corrections mostly comparable with SM
m For heavy Higgs corrections can be very large
~» as important as QCD corrections
m Results applicable to decay widths
H —gg Hyn—gg
same dgw

16 C.Sturm, HP?, Freiburg, 02.10.2018 EW corr. in the 2HDM for Higgs production in gluon fusion

[






v2 2 2

1% 1%
MHh = M*—fW, ,‘/’HC = M*+fW’ MSb — M*, MHa — M*, Caﬁ — fW
%] 6
5
4t
3
— SM
2r 2HDM :
-- f=01
1F Se f=025
----- f=04
400 600 800 1000 1200

M* [GeV]
2HDM results approach SM result for
f — 0 (alignment limit) and M* — oo (decoupling limit)
TGS P g 02 0018 o it 2 o s preducion  guen sien’ CTD)



