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I ZINTRODUCTION

e SM very successful < precision data [LEP, Tevatron, LHC]

e Oopen problems: — mechanism of electroweak symmetry breaking
— unification of forces
— space-time structure @ short distances

e | HC: fundamental discoveries: Higgs boson(s?)
Supersymmetry 7
Extra space dimensions 7

e clectroweak symmetry breaking: two classes of realization:
— standard Higgs mechanism [SM, SUSY,. . .]
— strong elw. symmetry breaking [TC, LH, Higgsless, ED,. . .]
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(i) Standard Model

e we have found the Higgs: My ~ 125 GeV
e gg — H dominant
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e Higgs Boson Production & Decay
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e Discovery: LHC [Tevatron]

— Higgs mass
couplings
spin
CP
A7

Ratio to SM

35.9-137 fb"' (13 TeV)

T T TTTT

= CMS

- m, =125.38 GeV

- p-value = 44%

L4

z ..
W

¢ Vector bosons

¢ 3" generation fermions :

¢ Muons -
----- SM Higgs boson
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e GUT: hierarchy problem

AMZ ~ al? ~ O(aMZ ) > M%
[quadratic divergence]

- CoAg2 2 2 2
absorbed in counter term: Mz — MH—|—AMH—6MH

= unnatural fine tuning [~ 28 digits]



(i) MSSM [2HDM]

e SUSY: fermions < bosons

e NO quadratic divergences = solution to the hierarchy problem

A
AMf ~ a(f® —m?)log—s = m S O(1 TeV)
m

e SUSY-GUT: sin? 6y = 0.2334 + 0.0026 Langacker
LEP: sin? 6y = 0.2317 + 0.0002 LEP/SLC



ESB

2 Higgs doublets — 5 Higgs bosons: h, H, A, HE

LO: 2 input parameters: My, tgg8 = -2

U1 Haber
Carena,. ..
e Heinemeyer,. . .
. . . 4 El 52 < Zhang
radiative corrections o« my log 2 > My, X 130 GeV| gvien.
¢ ¢ ¢
Jdu 9da 9y

ca/83 | —Sa/c3 | $3—q

modified couplings: | g sa/s3 | ca/cg | cg—q

A | ctgps tgps 0
[—ctgps]

Yukawa couplings: tg8T = gﬁfl gf;T g{’ii

LHC: gg — ¢ dominant for tg8 < 10
gg — ¢bb dominant for tgs = 10

2HDM type II [type I]



gg — bbg®, gg — #°
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II CHARGED HIGGS BOSON DECAYS
BR(HT — tb) < 100%

v BR(HT — 7To7) < 100%
R BR(Ht — ¢b) < 2%
BR(HT — ¢3) < 1%
J?

BR(HT — pT5,) < 0.04%

e Ht — tb, 7’y dominant

NcGpM 7+
LA\ pl? [meiD? +mb(95)?| (1 +dqep)
4/ 27

¢ dgcp (My4+ > my p): large QCD corrections ~ —50... —80%
(known to 4 loops - scalar correlator)

(HT - UD) =

Braaten, Leveille
Drees, Hikasa
Gorishnii, Kataev, Larin, Surguladze

Chetyrkin, Kwiatkowski, Steinhauser, Baikov

e dominant effect: my p — my p(My+) = ~ 25% remaining



e NLO mass effects: (u; = M2/M+)

— 3GFMH:t M2 4065
FMHEY - UD] = 2 \viplPAY2 (1 — upy — U (14 2557
[ - ] 4\/571_ | UDl ( 12204 IU’D) thB +37T UD
4 o

doag .
+M]i2)tgzﬁ (1 + g . 52)_[]) - 4MUMD\/ HUHKD (1 + g?éUD) }

Li, Oakes
Mendez, Pomarol
Djouadi, Gambino

e SUSY-QCD corrections: dominated by A, ; — effective Yukawa coup-
lings (SUSY-remainder small)

Dabelstein
Coarasa Perez, Jimenez, Sola

e large SUSY—-QCD corrections to qSObE coupling

b Hall,. ..

_____ i o as MGrtas Carena,. . .
h < 9+ X = 2 Nierste,. . .
b b Guasch,. ..

etc.



7 | .0 Ab Ox* ) )
Lerr = —Npbr |01 —|—@¢2 br + h.c. valid to all orders in A
_ GO _ A
= b |14 | b TV gk (1 By,
v 14 A, tga tgps
tgo JAVERNS
+gt! (1 -+ Ab—> —9 ( - —) Z'ysA] b
b tgf ’ tg24
A, = AQC’D(l) 4 Aelw(l)
CD(1 2 as(ur)
ARCPL) - — 5 SWR M; 1 tgp3 J(mgl, bQ,MQ)
2
elw(l) _ Af(pR) 2 2 2
Ab - (47’(’)2 M At tgﬁ I(mtlathMLL )
b
ablog%—l—bclog——l—calogg
I(a,b, = - & a
(a,b,¢) (a—b)(b—c)(c—a)
. ~ Carena, Garcia, Nierste, Wagner
= resummed Yukawa couplings g, Guasch, Hafliger, S.

e analogous resummed couplings for H*



e extension to A, terms:

—\bp

—\pbRr

0 ﬂ O
¢1 + tgﬁ%

Ay o Guasch, Hifliger, S.
= b — 1+ Ab ) Ghezzi, Glaus, Miiller, Schmidt, S.
A 2 asWR) e 2 m2 | M2) — NNLO
b,1 — 3 - g “'b by’ By’
e strange Yukawa couplings:
2 048(#]%) 2 2
As,l — _5 o M~ AS I( 317 327M§>
2 as(1gr)
AS,Q — = SR M~ tg/B I(m317 559 )
3 T
A
s = 5,2 . NNLO
1+ A1

5

*| b, + h.c.

b; + h.c.

Ghezzi, Glaus, Miller, Schmidt, S.



04 —————— ———————— 04 ————— ————————
I AQCP ] : N ]
038 | b _ —— NNLOW/ A, 038 s _ —— NNLOW/ A, 4
- M?% scenario ] : M} scenario ]
036 | tgB = 40 —— NNLOw/o A, 4 036 tgB = 40 —— NNLOw/oA, 4
034 Fo ——- NLOW A, ] 034 . --- NLOwW/ A,
032 | Nl -~ NLOwloA, 032 [ U . NLOwioA, ]
03 F 03
028 | 0.28
026 [ TRl ] 0.26
024 [ IR . 024 [ TSl .
022 F TRl 022 F TR
02 —_— —_— ] 02 —_— : -
10 1 10 10 1 10
Me/Ho Hr/Ho
L L L L L L L L L L L L B L L B L
+ —
FrH" - c3) [.GeV] NNLO
M??> scenario
tgp = 40 --- NLO

Ghezzi, Glaus, Miuller, Schmidt, S.

— charged Higgs Yukawa couplings

PR S T S R SN S SR T S S AN SR T S S NS S ST S N ST SR S ST TR A NS T
1000 1250 1500 1750 2000 2250 2500 2750 3000
M.+ [GeV]



—
<

[

100

200 30

500

M = [GeV]

1000

™

100

M,z [GeV]

200 300 500

1000

HDECAY



BR(H™)

10

BR(H")

10

10

BR(H")

10%

LHE Higga X3 WO 2013

10

m,™.tani =10
—— BR{H >th)

— BR{H->¢s)

— BR{H-=> 1)

BR{H->pv)) ]
L H 10
| 1 | TR | PR TR SR
100 200 300 400 500 B00
M- [GeV]

LHC Hign X8 WG 2011

- mo . emp=10 || I

E —— BRI El

g BRI >} (3 [

F —— BRH-¢s) |]

[ —— BRH-> 1) |]

BRH-=>uv )
E E 107
| | | | w S T T Y R 104
100 200 300 400 500 &00
M, - [GeV]

=] 1 1DD
L E

L .

4
¢ -1

E I 10
e T tang f 10 . % 02
E — =i | §

- = BR{H-> 5] |-

b — BRH=1v) | ]

BR{H-> pv,)

| | P N TR 10
100 200 500 600

=] £
. -
L H
%
¢
L i
m,"™, tanf = 50

— BRH =)

—— BRH->cs)

— BRH-=Tv)

BRH-=>pv,)
B00
a
3
a
2
i
2¢
m™ tani=50 |
— BRH > &) | ]
—— BRH->cs} |]
— BRH-=Tv) | ]

~ BRH >y,

| b Lo by by by
100 200 300 400 500 600
=] &
F E
r @
F 13
£
Y
E EE
- mT =5 ||
E — 8RH =) | ]
C e BR{H-> 05} |
L — BRH =ty | ]

BRH->puw )

| b v by e by ey by vy
100 200 300 400 500 600

LHCHWG (YR3)



III CHARGED HIGGS BOSON PRODUCTION

(i) pp —thH™ + X

o Mpy+r <my—my. oy = o X BR(t— bH™)
° MHi ~ my — mb: new NLO calculation Degrande, Frederix, Wiesemann, Zaro

® Myt > my — my:

g t g t
- - H- __ H-
g b b
NLO NLO
exact g — bb splitting & mass/off-shell effects massless/on-shell b's, no pry
no resummation of log M7./m? terms resummation of log M?./m? terms

— Santander matching Dittmaier, Kramer, S., Walser

Plehn
Flechl, Klees, Kramer, Spira, Ubiali



t—>bH+

© Mpy+ < my—mp: O+ = 04 X BR(t — bH‘l')
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Santander matching:

0.4FS_|_,wO.5FS
1+ w

L MHi
w=log— —2
mb
S‘ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T LI I T LI
Q. N
= §§ 5=8 TeV T
r e ?\ tan p=30 ]
oo F NLO, matched =
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- ~
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minimum: tgg ~

o) F N
Q_ —
= s=14 TeV
g i m, =200 GeV
o[ -~ 4FS
1 -o- 5FS n
E — matched E
101 -
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tan

102

s=14 TeV _
m, =600 GeV
--4FS
-o- 5FS
— matched

[y

10

—
Q
S
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Dittmaier, Kramer, S., Walser
Plehn
Flechl, Klees, Ubiali



SUSY-QCD Corrections to bb¢°

my/v - Ay
Lopp = ——2—blgf(1- h
14+ Ay tga tgps
tgo A Ab .
+git (1—|—Ab—>H—g (1—— ivs Al b
b tgf ° tg2g
2 (@7 ablog 3+bclo b4 calog ¢
Ay = § f mg [ tgps I(m%l,mé,mg) I(a,b,c) == ?G_Jz:)b(zj—i)c(j—c)l =
. Carena, Garcia, Nierste, Wagner
= resummed Yukawa couplings Guasch, Hafliger, S.
e NNLO: 0(10%), u = Msysy Noth, S.

Mihaila, Reisser

e approximation of NLO SUSY-QCD corrections < 1% @ large tgg

Dittmaier, Kramer, S., Walser

. ~ T tgﬁ Ab
e analogous for charged Higgs: gH = — <1 - —) = p X tgps
T 14y tg2p

tt
25 + oy X p + opptg?B x p?

o

tg

o(tagB) = po(tgBesr) =
taBesys VP tap



+ t
e charged Higgs: §g{ = 9p

oNLO = 010l gt gt X {1+ Sqop +

rem

SQCD

#5)

——<1——2
1—|—Ab tg<p

j

9y 9y
taB 057 sy [70]
3 —5.7% +
5  —7.9% —ai (A1)
10 —4.8%
30 _0'13% Dittmaier, Kramer, S., Walser
2HDM [III = lepton-specific, IV = flipped]
type Ju gd
e charged 2HDM couplings: | 1/I1I | ctgB | —ctgg
II/IV | ctgB | tgpg
o(tgB =1)
— ~
I/IIT 923

at per-mille accuracy  [or fit of oy /4y, from grid < exact]



complex-mass scheme, 4FS
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q7 — HTH~ («— DY): SUSY-QCD small Djouadi. S.

bb — HTH—: NLO QCD 4+ SUSY-QCD (4})

Hong-Shen, Wen-Gan, Ren-You, Liang, Li-Rong
Alves, Plehn

Foot, Lew, Joshi

gg — HTH™: loop-induced, NLO unknown Willonbrock

Krause, Plehn, S., Zerwas
Brein, Hollik
Bendezu, Kniehl

bb — HTW—: NLO QCD oo Lo

— . Bendezu, Kniehl
gg — HTW—: loop-induced, NLO unknown Brein, Hollik, ?;nem'ura

VBF: qq — qqH T H~: improvement required (v exchange) Moretti



IV DOUBLY CHARGED HIGGS BOSONS

e simplest model: SM Higgs doublet + Higgs triplet (— HYZW— cpl.)
A — A+/\/§ ATt
- A0 —AT/V2
e neutrino mass w/o right-handed v's:
L = h;i;Lj;CiooALjj, + h.c.
AO = (’UA + 50)/\/52 mij = \/§hz’ij
V(H,A) = —m%HH + XHH)? + MATr(ATA) + (uH ioo ATH + h.c.)
A (HTEHTr(ATA) + M (Tr(ATA))2 4+ M3Tr(ATA)2 + M HIAATH

v2 Arhrib, Benrik, Chabab,. . .

o MAa >v>va: VA ~ + stability/unitarity constraints

V2MZ
1+ 222
— — <
P = a2 (x =vpa/v) = VA ~ 8GeV

= A*E coupling to W suppressed (x va)
= pp — ATEATT ATEAT leading (for not too large M -++)
e gg — HO — ATEATT relevant in special scenarios Akeroyd, Moretti
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V CONCLUSTONS

e Higgs boson searches/studies at LHC belong to major endeavours
— charged Higgs!

e doubly charged unique signature beyond Higgs doublets
e most (SUSY—-)QCD corrs known
e several HO—tools available for inclusive cxn and BR

e important to develop NLO event generators [« backgrounds]
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