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Questions 1. What is the ‘Higgs’ Lagrangian? ,

Couplings — psychologically: looked for Higgs, so found a Higgs ;‘.‘ H ,«.z
:Z:?;S — CP-even spin-0 scalar expected, which operators? £ _zb/:: —uj

spin-1 vector unlikely
spin-2 graviton unexpected .
— ask flavor colleagues  [Cabibbo-Maksymowicz-DellAquila-Nelson angles] i)
=
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Higgs Questions

1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs

— CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

— ask flavor colleagues  (cabibbo-Maksymowicz-Dell Aquila—Nelson angles]

2. What are the coupling values? sFiten

— ‘coupling’ after fixing operator basis
— Standard Model Higgs vs anomalous couplings
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Higgs Questions

1.

What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs {' H ,«‘z e
— CP-even spin-0 scalar expected, which operators? £/ —— :: R
spin-1 vector unlikely Z@/
spin-2 graviton unexpected i

— ask flavor colleagues  (cabibbo-Maksymowicz-Dell Aquila—Nelson angles] U
5

. What are the coupling values? siten

— ‘coupling’ after fixing operator basis
— Standard Model Higgs vs anomalous couplings

. What does all this tell us? [Review 1403.7191]

strongly interacting models

TeV-scale new physics

weakly interacting extended Higgs sectors
Higgs portal, link to baryogenesis, dark matter,...
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Naive Higgs Couplings

Standard Model operators [SFitter: Diihrssen, Klute, Lafaye, TP, Rauch, Zerwas]

— assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

— couplings from production & decay rates

99 — H

qq — qqH
g9 — ttH
qq’ — VH

—

Grxx = G (1+ Ax)

— H — bb

H—zZ
H— ww

H— 171"
H— vy
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Questions Standard Model operators  [SFitter: Dihrssen, Klute, Lafaye, TP, Rauch, Zerwas]

Cenpiies — assume: narrow CP-even scalar bt

Operators Standard Model operators > v
BSM Higgs couplings proportional to masses? h

— couplings from production & decay rates

H— ZZ
99 — H
qq — qqH M -
9g — tiH — GHxx = pxx (1+ Ax) — H—bb
'y VH H— 7171
9 H—~yy
Total width

— non-trivial scaling

2 2 4
9% 9dq g ?—0

N =0 BR x ~
VTt VTt 0 S rig)
P

=+ Funobs

gives constraint from 3" T;(g?) < Tiot = T Hlmin
- WW — WW unitarity: gwwy < gmm — THImax  [HiggsSignals]
— SFitter assumption Ftot = Zobs F,- [plus generation universality]
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Questions NOW  [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]
Couplings — focus SM-like  [secondary solutions possible] o L=t 65.1(7 Tev)+12.21(3 Tev) !, 68% CL: ATLAS + CMS
O it . . . @ SMexp. —gM 1+A,
pesen — tree couplings consistent in loops 1] o daa =0 (148
BSM Higgs . . ) data (*Av)
— six couplings and ratios from data
05
dg Vs gt not yet good 1
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal] B T
. 0 —* 9 — = —
— assumptions help: Ay, Ay, Af # 2
*
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Now and in the future

Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

gg Vs gt not yet good

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— assumptions help: Ay, Ay, Af

Higgs portal  Michaers talk]

— model-specific fits next step

— why not Higgs portal
mixing angle vs invisible width

focus SM-like [secondary solutions possible]
tree couplings consistent in loops
six couplings and ratios from data

Tit(mg,)

Sq

i

. 95% CL
. 68% CL
data

cos?y,
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Now and in the future

Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

— focus SM-like [secondary solutions possible]
— tree couplings consistent in loops
— six couplings and ratios from data

gg Vs gt not yet good

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— assumptions help: Ay, Ay, Af

Higgs portal  michaer's taik]

— model-specific fits next step

— why not Higgs portal
mixing angle vs invisible width

Tit(mg,)

Sq

i

0.1

0.01

0.001
0

0.9 0.99 0.999
cos?y
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Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

gg Vs gt not yet good

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— assumptions help: Ay, Ay, Af

Higgs portal  Michaers talk]

— model-specific fits next step

— why not Higgs portal
mixing angle vs invisible width

— translated into heavy Higgs rate

focus SM-like [secondary solutions possible]
tree couplings consistent in loops
six couplings and ratios from data

o(gg — dy) [pb]

100

0.1

0.01

—

SM cross section
maximal mixing

HL-LHC

my, [GeV]

2
126200 300 400 500 600 700 800 900 1000
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Now and in the future

Now

[Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

focus SM-like  [secondary solutions possible]
tree couplings consistent in loops
six couplings and ratios from data
dg Vs gt not yet good

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

assumptions help: Ay, Ay, A¢

Higgs portal  Michaels talk]

=

model—-specific fits next step

why not Higgs portal
mixing angle vs invisible width

translated into heavy Higgs rate
direct invisible searches numerically irrelevant
remember your model hypothesis
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2HDM as a consistent UV completion

How to think of coupling measurements  [constant couplings, see Spanno’s talk]

— Ay # 0 violating renormalization, unitarity,...
— EFT approach:

(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit
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2HDM as a consistent UV completion

How to think of coupling measurements  [constant couplings, see Spanno’s talk]

— Ay # 0 violating renormalization, unitarity,...
— EFT approach:

(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit

Yukawa-aligned 2HDM

Ay < (B—a) Dpir = {8} Ay & my+
— Ag not free parameter, top partner?
custodial symmetry built in at tree level Ay, < 0
— Higgs-gauge quantum corrections
enhanced Ay < 0
fermion quantum corrections
large fortan 8 < 1
Ay # Az > 0 possible
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2HDM as a consistent UV completion

How to think of coupling measurements [constant couplings, see Spanno’s talk]

— Ay # 0 violating renormalization, unitarity,...
— EFT approach:

(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit

UV-complete vs SM coupling fits

— 2HDM close to perfect at tree level

- AW # AZ > 0 throth |OOpS 0.8 =@= direct fit measured data
— ignote constraints on UV completion 06} 4 oree e
. . aligned 2HDM (constr.)

= free SM couplings well defined 04 ‘

0.2 79,
0 ‘fT IS Tl
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Error analysis

Sources of uncertainty  [cranmer, Kreiss, Lopez-Val, TP]

— statistical error: Poisson

systematic error: Gaussian, if measured

theory error: not Gaussian [no statistical interpretation, just a range]
— simple argument

LHC rate 10% off: no problem

LHC rate 30% off: no problem

LHC rate 300% off: Standard Model wrong

— theory likelihood flat centrally and zero far away

— profile likelihood construction: RFit  ckwFitter]
—2log £ =x* = X5 €' Xy

0 ldi —di| < o

Xa, =1 1d = & — o™
(exp)

i

ld—d| > o

(theo)

1
(_theo)

i
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Error analysis

Sources of uncertainty  [cranmer, Kreiss, Lopez-Val, TP]

— statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian [no statistical interpretation, just a range]

— profile likelihood construction: RFit ckwFiter]
—2log £ =x* = X5 €' Xy

(theo)

i

A i ‘di _ a/‘ > O_;theo)

Combination in profile likelihood  [rrit, ckmFitter]

— Gaussian ® Gaussian: half width added in quadrature
— Gaussian/Poisson Q flat: linear
— flat ® flat: linear
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Higher-dimensional operators

nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi]

— strongly interacting models predicting heavy broad resonance(s)
— light state if protected by Goldstone’s theorem (ceorgi & Kaplan]
— interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]
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Higher-dimensional operators

nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi]
— strongly interacting models predicting heavy broad resonance(s)

— light state if protected by Goldstone’s theorem (ceorgi & Kaplan]
— interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]

Lsiy = ﬁd“ (HTH) Oy (HTH) + — (HTD“H) (H' D“H)
- Cf’\ (HTH) i (C;y’ /—/THfLHfH +he. )

ic i . i icsgd’ — .
+ 2;5 (HTo'DPH) (D" W) + 2‘;‘2 (HTD"H) (" B,)
o b
icHwg v iceg’ -
1M (D Yo' (D" H)W, + 10T (D" ) (D" H)Bu,

2 2 2 2
c,g"" o 4 wv | Ca9s Vi ot yma manv
T6n27 g2 HBL B + 1 5% a3 HTHGE, G .
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Higher-dimensional operators

nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi]

— strongly interacting models predicting heavy broad resonance(s)
— light state if protected by Goldstone’s theorem (ceorgi & Kaplan]
— interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]

Lsin = CHau (HTH) i HTH) or (HTD“H) (HJr D H)

HTH ( ynyTHfLHfHJrhc)

Cs

(32

icw t i p v icg t M v
H'o'D D" W, HYD H) (6" B,

(16f)2 ( )( (16f)2( )( 2

W pi )t o (D HYW. 4 B (Dt )t (DY H)B

(16f) me Tt (1612) Y

+ —_H"HB,,B"" + ~H'HGE, G .

(256f) (256f)
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Higher-dimensional operators

nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi]

strongly interacting models predicting heavy broad resonance(s)
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]
interesting if v < f < 4nf ~ m, fite Higgs v ~ g21/(2m)]

collider phenomenology of mostly (H'H) terms
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Higher-dimensional operators

nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi]

strongly interacting models predicting heavy broad resonance(s)
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]

interesting if v < f < 4nf ~ m, fite Higgs v ~ g21/(2m)]
collider phenomenology of mostly (H'H) terms

Anomalous HIggS couplings [Hagiwara etal; Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

assume Higgs is largely Standard Model
additional higher-dimensional couplings
Oészi

Lo = —
ot 8w A2

(®19)G,. G + "‘/’\Lng W, WH o
fw o fa v
+ﬁ(Du¢)*W’ (Dy¢)+ﬁ(ou¢)*5' (D, ®) +
fo , 4o = B
+ p(‘b ®)(Q3®dr3) + ﬁ(d’ ®)(LzdPen 3)

plus e-w precision data and triple gauge couplings
remember what Lagrangian you assume
not best approach for renormalizable models

fwww
A2

(W, W"P W)
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Questions One-dimensional description of signal strengths I'p, ¢ [Cranmer, Kreiss, Lopez-Val, TP]
SO — decoupling defined through the massive gauge sector
Operators é. 62
BSM Higgs gv =1-2 4+0(£% = Ay =—2 +0(£%)

o
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Extended Higgs sectors

One-dimensional description of signal strengths I'p, ¢ [Cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

Bo1-Go
9v
— dark singlet

Finy = §2 F'sm

)

Hp,d

62

& Ay=-—> +O(£3)

I'sm

rSM + iy

=1-&+0() <1
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Extended Higgs sectors

One-dimensional description of signal strengths I'p, ¢ [Cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

A
o

— dark singlet
Finv = §%Tsm Iip,d

— mixing Singlet [no anomalous decays]

1+ Ax=cosf=1/1—¢€2

<~ Ay =

I'sm

rSM + iy

Hp,d

RS 3
5 +0(£%)

1-¢+0(&) <1

1-2 408 < 1
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Extended Higgs sectors

One-dimensional description of signal strengths I'p, ¢ [Cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

2
Koo e =-S5 o)
o
— dark singlet r
Finv = &Tsm Pp,d M —1-24+ 0% <1

rSM + iy
— mixing Singlet [no anomalous decays]

14+ Ax =cosh = /1 —¢2 tpg =1—E2+0(€%) <1
— composite Higgs
HWBF,d (1-¢2

_v d _ _ 2 3
$=7 pera  (1-2€2)2 =1rae o)~
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Extended Higgs sectors

One-dimensional description of signal strengths I'p, ¢ [Cranmer, Kreiss, Lopez-Val, TP]

decoupling defined through the massive gauge sector

A
o

dark singlet
Finv = §%Tsm Iip,d

mixing Singlet [no anomalous decays]

1+ Ax=cosf=1/1—¢€2

composite Higgs
HWBF,d

52

& Ay=-—> +O(§3)

I'sm

rSM + iy

=1-&+0() <1

ppg=1—€+0(€%) < 1

(1 -2

=1+26+0(%) > 1

v
€= .
f KGF,d

additional doublet [type-X fermion sector]

1+Ay=sin(B—a)=1/1-¢€2

(1—2¢2)?
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Extended Higgs sectors

One-dimensional description of signal strengths 'y, 4 [Cranmer, kreiss, Lopez-Val, TP]

decoupling defined through the massive gauge sector

9v £ 3 2 3
Q1T O e A= 50
v
dark singlet r
Finv = €2Tgm Hp,d = ﬁ =1-+0(c%) < 1
inv

mixing Singlet [no anomalous decays]

14+ Ax=cos0 =4/1—¢2

composite Higgs

v
=

PWBF.d _ (1—¢2)2

ppg=1—€+0(€%) <1

=142+ 0(%) > 1

KGF,d (1 —2¢2)2

additional doublet [type-X fermion sector]

1+Ay=sin(B—a)=14/1-¢€2

MSSM  jpustan 8]
. m2 (m2 — m?) N m? sin?(2p)
ma(mg, — mz) m
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Extended Higgs sectors

Effect on signal strengths

— decay—diagonal and production—diagonal correlations
— for dark singlet

for mixing singlet L s R os 1 s
g sing T I : ‘
Dark single Singlet
for type—ll 2HDM Dark singlet ingle boraitagl,
4 sk q1sp R
Harvy ~Hysrvy
I Mo Mypre i Mors ™ Mvbrs 41 Haryv vy
/ Moy~ Muaryy
05k Haray ™ Pvprgy T 050
HMaray ™ Myary
I I
L5k q 15k
1 Foa 4k
T By
o0st J osk
1 | |
02 04 02 04 06 08 02 04 06 08 1
T/ Ty cos @ sin (B-a)
05 1 LS 05 1 15 0.5 1 15
T T T T T i T T i
Dark singlet 2HDM - Type Il
L5k 4 sk H1sp g
MorpHar e
My e -
[ I TR T, 4.f il
Hirvn ™ Husrze Hvpry Hvbree
05 Py ™ Hvpree < 05k 05 —
P~ Pora
v Mybree
1 1 P I
15k 4 15k HISE g Har n\.”xtnmf
1 4 ik 1
Hoa 1 Hou
05 9 05 ~05
1 | | | i
02 04 2 3 02 04 06
e 0 02 04 06 08

o/ T cos 6
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Extended Higgs sectors

Effect on signal strengths

— decay—diagonal and production—diagonal correlations

— for dark singlet

for mixing singlet

for type-1l 2HDM

— new physics scenarios in 2 dimensions

2 T 2 T 2 T
£<04 £<04 §§< 0642
g 1 I 7 * =0. |
. E=02 . E=02
1.5 15 15 MSSM
2HDM 1L
+ MCHMS 2HDM 1t ] |
\ / . M('IINQ‘ . ' N
& > : & singlet 2HDM I
g ! singlet =1 : 21 —e 20
singlet —, MCHMS
[ MSSM 1 2HDM 1 1 B b
e MSSM
05 05 05 ohpmn
2HDM I -
, . , . . . .
0 05 1 52 05 [ 5 w2 O 05 I [E—
HGr o a8
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Extended Higgs sectors

Effect on signal strengths

decay—diagonal and production—diagonal correlations

for dark singlet
for mixing singlet
for type-1l 2HDM

new physics scenarios in 2 dimensions
theory uncertainties also with direction
— robustness against theory uncertainties

) LARRAN AR LAAR AaAAR AR o LAARAN RRA A RAAR RaA AR ) T
= —singlel -~ QCD scale goF in « —singlel - QCD scale goF inclusive = —singlet - QCD scale goF nclusive
ol —MCHMS  —QCD scale goF > P o —MOHUS  —QCD scale ggF > 2 els 1 ol —MCHMS  —QCD scale goF > 2 ets 1
—zHom —2HoM1 —2HDM 1
—2HDM I - —2HoM I —2HDM I
MSSM (5 x5) 7 MSSH & x5) MSSM (:x5)
L L 3
q ]
1 4 R ~ B e —
2F 3 2 —3 oF 3
Hos W s bty Hozz sa Hony
[ T T F S T T T T T L VT T I T N |
005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04

H 3
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Extended Higgs sectors

Effect on signal strengths

— decay—diagonal and production—diagonal correlations
— for dark singlet
for mixing singlet
for type-1l 2HDM
— new physics scenarios in 2 dimensions
— theory uncertainties also with direction
— robustness against theory uncertainties
=- only for illustration at this stage...
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Couplings — what is the Higgs Lagrangian?
e — what are the coupling values?
BSM Higgs

— what does all this tell us?

Small questions

— what are good alternative model hypotheses?

— go for renormalizable or EFT completions?

— how can we improve the couplings fit precision?
— how can we measure the quark Yukawas?

— how can we measure the Higgs self coupling?

— how do we avoid theory dominating uncertainties
— who wants to work on backgrounds?

— can QCD be fun?

Lectures on LHC Physics, Springer, arXiv:0910.4182 updated under www . thphys.uni-heidelberg.de/~plehn/

Much of this work was funded by the BMBF Theorie-Verbund which is ideal for relevant LHC work * %‘;";T;ﬁigiswﬁ“m

und Forschung


www.thphys.uni-heidelberg.de/~plehn/
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