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Beyond the Standard Model

What is the Standard Model?
— a gauge theory with the group structure SU(3) ® SU(2) ® U(1)
massless SU(3) and U(1) gauge bosons
massive electroweak gauge bosons
single light Higgs scalar
— Dirac fermions in doublets and with masses equal to Yukawas

— generation mixing in quark and neutrino sector
= QFT defined by particle content and (gauge) interactions



New Physics
at the LHC

Tilman Plehn

BSM physics
Anomalies
Higgs EFT
Top EFT

DM EFT
Higgs sectors
DM sectors

susy

Beyond the Standard Model

What is the Standard Model?

a gauge theory with the group structure SU(3) ® SU(2) ® U(1)
— massless SU(3) and U(1) gauge bosons

massive electroweak gauge bosons

single light Higgs scalar

— Dirac fermions in doublets and with masses equal to Yukawas

— generation mixing in quark and neutrino sector
= QFT defined by particle content and (gauge) interactions

More physics at higher scales

renormalizable Lagrangian (ail operators to D4]
neutrino masses? [see-sawat10'! Gev?]

— flavor phySiCS? [new operators above 104 GeV?]

dark matter? [only solid evidence for new physics]

gravity?  [mostly negligible, and unrenormalizable in usual sense]

= general effective-theory Lagrangian with those interactions and particles
= cutoff scale built in, size of A negotiable

= who the hell cares....???
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= Higgs mass including loops wants to be cutoff scale A
= effective Standard—Model destabilized [Higgs wants to be at A, but does not function there]
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my, — my; —

= hierarchy problem
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Beyond the Standard Model

Starting from data...

...after the Higgs discovery
...and requiring high—scale physics
— Higgs mass driven to cutoff of effective Standard Model
= easy solution: counter term to cancel loops =- artificial, unmotivated, ugly

=- or new physics at TeV scale:  supersymmetry
extra dimensions
little Higgs (Goldstone Higgs)
Higgsless, composite Higgs, TopColor,
YourFavoriteNewPhysics...

= typically cancellation by new particles or discussing away high scale
= beautiful concepts, but problematic at TeV scale [data seriously in the way]
= new physics models in baroque state
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Strategies

Theory tool box

Lagrangian language established by Higgs discovery
full new physics model  [uil to solve problems]

simplified models [capturing experimental features, theoretically poor]

effective field theory [symmetries and particles fixed, non-renormalizable operators]
matter of convenience and taste

bottom-up EFT  simplified models  full models

agnostic
data-driven
theory-driven

lecture 2
lecture 3 lecture 4
lecture 3
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Strategies

Theory tool box

Lagrangian language established by Higgs discovery
full new physics model  [uil to solve problems]

simplified models [capturing experimental features, theoretically poor]

effective field theory [symmetries and particles fixed, non-renormalizable operators]
matter of convenience and taste

bottom-up EFT  simplified models  full models

agnostic lecture 2 pre-LHC
data-driven lecture 3 lecture 4
theory-driven lecture 3 pre-LHC
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Strategies

Theory tool box

Lagrangian language established by Higgs discovery
full new physics model  [uil to solve problems]

simplified models [capturing experimental features, theoretically poor]

effective field theory [symmetries and particles fixed, non-renormalizable operators]
matter of convenience and taste

bottom-up EFT  simplified models  full models

agnostic lecture 2 dishonest pre-LHC
data-driven boring lecture 3 lecture 4
theory-driven pointless lecture 3 pre-LHC
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750 GeV — the finger to particle theory

not true
actual model

2 effective couplings H ‘vector quarks"

taste

X — w@»{impossible‘

X — aaa4yHNMSSM‘

My take on all those 750 GeV papers

— open questions due to limited significance

— general problem: signal rate large

— largely EFT exercise

— dimension-5 operators XG** G, and XA#* A,,, —> avoid di-jet constraints
— gauge invariant XB** B,,,, and XW*#* W,,,, — avoid VV constraints

— no clear link to other data
= great to play with, but only for fun, please
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Galactic center excess in FERMI data, by theorists  Goodenough & Hooper (unpublished? 2009)]
BSM physics
Anomalies — look at gamma ray spectrum in galaxy o <3 =28 GeV, ﬁ?basyzl.l
Higgs EFT — remove all foregrounds SR ou=9xI0T em®/s 7
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Hooperon — the best dark matter has to offer

Galactic center excess in FERMI data, by theorists  [Goodenough & Hooper (unpublished? 2009)]

look at gamma ray spectrum in galaxy
remove all foregrounds

check radial distributions

explain by annihilating DM into photons
my ~ 25 ... 30 GeV from spectrum

T T T T T T
~ <3 mpy=28 GeV, XX-bb, y=1.1
"0 2 ov=9x10"% em®/s |
i

-8
E 10
0
&} 5
N
~
5
~ 2
X
z
e 1077
=
L L
05 1.0 5.0 10.0 50.0100.0
E, (GeV)

In conclusion, we have studied the angular distribu-
tion and energy spectrum of gamma rays measured by
the Fermi Gamma Ray Space Telescope in the region sur-
rounding the Galactic Center, and find that this data is
well described by a scenario in which a 25-30 GeV dark
matter particle, distributed with a halo profile slightly
steeper than NFW (y = 1.1), is annihilating with a cross
section within a factor of a few of the value predicted for
a thermal relic.
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Hooperon — the best dark matter has to offer

Galactic center excess in FERMI data, by theorists  [Goodenough & Hooper (unpublished? 2009)]

look at gamma ray spectrum in galaxy

remove all foregrounds
check radial distributions

explain by annihilating DM into photons

my ~ 25 ... 30 GeV from spectrum

Kind of confirmed by FERMI

[Murgia etal (2015)]

— analysis with all uncertainties
— fit without dark matter not good

2 -2 -1
E) dNA//dEA/ (GeV cm™ s7%)
I

~

T T T T
mp,=28 GeV, XX-bb, y=1.1
ov=9x10

% omd/s o

1

E* dN/E [MeV ems

5.0 10.0
E, (GeV)

50.0100.0

Pt
+

+ :
o

(Data-Modely/Model

=

10 10"
Energy (MeV)



New Physics
at the LHC

Tilman Plehn

BSM physics
Anomalies
Higgs EFT
Top EFT

DM EFT
Higgs sectors
DM sectors

susy

— remove all foregrounds
check radial distributions

look at gamma ray spectrum in galaxy

explain by annihilating DM into photons

- my ~ 25 ... 30 GeV from spectrum

Kind of confirmed by FERMI

[Murgia etal (2015)]

— analysis with all uncertainties
— fit without dark matter not good
— improved with NFW contribution

2 -2 -1
E) dNA//dEA/ (GeV cm™ s7%)
I

~

Hooperon — the best dark matter has to offer

Galactic center excess in FERMI data, by theorists  [Goodenough & Hooper (unpublished? 2009)]

-26
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NEW annibilation.

10° 10
Energy (McV)



newrmee®  Hooperon — the best dark matter has to offer

Tilman Plehn
Galactic center excess in FERMI data, by theorists  [Goodenough & Hooper (unpublished? 2009)]
BSM physics : : T T T T
Anomalies — look at gamma ray spectrum in galaxy B <3 0y =20 GeV. XX-b, 7=1.1
Higgs EFT — remove all foregrounds SR v=exl07F em?/s 1
I
Top EFT — check radial distributions E 1076
DMEFT — explain by annihilating DM into photons &
Higgs sectors ~
- — my ~ 25 ... 30 GeV from spectrum S
DM sectors o
S~
susy =
el
th 107
H H N L
Kind of confirmed by FERMI  Murgia etal (2015)] T PRI 00000
E, (GeV)

analysis with all uncertainties

fit without dark matter not good

improved with NFW contribution

even better with modified NFW contribution

L Observed —+IC]ring |

|
E? dN/E [MeV em™s!

of the analysns that has prevmusly not been employed. After

of i ion and point sources, an ex- 10°
tended residual is present. It can be fit with a centrally peaked | L e
profile with a specified spectral model, but not all of the posi-
tive residual is accounted for by such a model. Because of the
uncertain nature of the properties of the positive residual due
to the IEM and point source determination, a precise physical

ion of its origin is

(Data-Model)'Model
T
5
N
L
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Hooperon — the best dark matter has to offer

Galactic center excess in FERMI data, by theorists  [Goodenough & Hooper (unpublished? 2009)]

look at gamma ray spectrum in galaxy

remove all foregrounds
check radial distributions

explain by annihilating DM into photons
my ~ 25 ... 30 GeV from spectrum

Kind of confirmed by FERMI

=

dN,/dE,, (GeV em™® s71)

2
7

E

[Murgia etal (2015)]

analysis with all uncertainties

fit without dark matter not good

improved with NFW contribution

even better with modified NFW contribution

different DM candidates
DM model playground

[Calore etal]
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Higgs couplings

Agnostic: why super-simple SM-Higgs sector?

or: all couplings proportional to masses?

assume: narrow CP-even scalar
Standard Model operators

total production/decay rates only
Lagrangian

g

[SFitter]

m, -
L=Lou+Aw gmwH WHW, + Dz ——mzH 2"Z, — 3 1y 7’H (Taf, +h.c.)

2cy

T,b,t

H H
+ AgFg v G G"" + A Fp v A A" + invisible + unobservable

— electroweak renormalizability through some UV completion
— QCD renormalizability not an issue

99 — H

qq9 — qqH
g9 — ttH
qq — VH

—

Grxx = giyex (1+ Ax)

— H — bb

H—zZ
H— ww

H— 17
H— ~y
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Higgs couplings :]> ,,,,,,, v

Agnostic: why super-simple SM-Higgs sector?  (sFiter]

— or: all couplings proportional to masses? bt
,,,,,,, W,z
— assume: narrow CP-even scalar
Standard Model operators

total production/decay rates only
Lagrangian

L= Lsu +Aw gnwH W“W + Az 2imzHZ“ Z Ay —H(fRfL+hC)
T,b,t

H
+ AgFg — G,WG*“’ + A Fa — AWA‘“’ -+ invisible + unobservable

Total width

— coupling extraction impossible without width assumption
— observed partial widths:

2 2 4
9% 94 g =0
N =0BR x ~ — 5 =0
VTt VTt r
’ ° Z (g ) =+ Tunobs

gives constraint from S°T;(¢%) < Mt — r,.,\min
- WW — ww unitarity: IwwH S g%//—f — FH|maX [HiggsSignals]
— our assumption lot = Zobs Fj [plus generation universality]
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb', 68% CL: ATLAS + CMS
. Lo 04 |} ® SMexp. 9 =gsm (1+4)

— SFitter: correct theory uncertainties * data = Ox x

I

— assume SM-like [secondary solutions

0.2
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Q
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Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
BSM physics 1
. L=4.55.1(7 TeV)+19.4-20.3(8 TeV) fb”!, 68% CL: ATLAS + CMS
Anomalies — assume SM-like [secondary solutions possible] 08 f oo < < M (eh )+
o 9= (14
Higgs EFT — SFitter: correct theory uncertainties 06| * e
DS - g with new loops 04 1
DM EFT 0.2 | I
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1 4
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

ol 9 .
L=4.5:5.1(7 TeV)+19.4-20.3(8 Te\) fo”!, 68% CL: ATLAS + CMS

assume SM-like  (secondary solutions
SFitter: correct theory uncertainties
g~ With new loops

dg Vs gt barely possible
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”", 68% CL: ATLAS + CMS

assume SM-like [secondary solutions possible]
SFitter: correct theory uncertainties

g~ With new loops

— g Vs gt barely possible
including invisible decays
= Standard Model within 25%

0.8
0.6
0.4
0.2

0

-0.2
-0.4
-0.6
-0.8
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

— assume SM-like [secondary solutions possible]
— SFitter: correct theory uncertainties
— g~ with new loops

— gg Vs gt barely possible

— including invisible decays
= Standard Model within 25%

Future [SFitter; Cranmer, Kreiss, Lopez-Val, TP]

— LHC extrapolations unclear
— systematic/theory uncertainties large
— et e~ linear collider much better
unobserved decays avoided
width measured from o7y
H — cc accessible
invisible decays hugely improved
QCD theory error bars avoided

-0.2
-0.4
-0.6
-0.8

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo!, 68% CL: ATLAS + CMS
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fby", 68% CL: ATLAS + CMS

— assume SM-like [secondary solutions possible]
— SFitter: correct theory uncertainties
— g~ with new loops
— gg Vs gt barely possible
— including invisible decays

= Standard Model within 25%

Future [SFitter; Cranmer, Kreiss, Lopez-Val, TP]

— LHC extrapolations unclear
— systematic/theory uncertainties large
— ete™ linear collider much better

unobserved decays avoided
width measured from o7y

H — cc accessible

invisible decays hugely improved
QCD theory error bars avoided

500 GeV linear collider even better

-0.2
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-0.6
-0.8
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

— assume SM-like [secondary solutions possible]
— SFitter: correct theory uncertainties
— g~ with new loops

— gg Vs gt barely possible

— including invisible decays

= Standard Model within 25%

Future [SFitter; Cranmer, Kreiss, Lopez-Val, TP]

— LHC extrapolations unclear
— systematic/theory uncertainties large
— ete™ linear collider much better

unobserved decays avoided

width measured from o7y

H — cc accessible

invisible decays hugely improved
QCD theory error bars avoided
500 GeV linear collider even better

= Higgs factory case obvious

L=4.5-5.1(7 TeV)+19.4-20.3(8

TeV) fb", 68% CL: ATLAS + CMS

0.8
® sm —gM (11A.
06| & daa Ox=0x (1+4)
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Higgs couplings now and in the future

Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”", 68% CL: ATLAS + CMS

assume SM-like [secondary solutions possible]
SFitter: correct theory uncertainties

g~ with new loops
dg Vs gt barely possible

0.8
0.6
0.4
0.2

0

-0.2

including invisible decays
= Standard Model within 25%

0.4
0.6

-0.8

Three major problems with approach

1— theory: no electroweak renormalizability
2— experiment: no kinematic distributions
3— phenomenology: no link to other sectors

g Suow 9= (1+4)
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Higgs sector effective field theory
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Anomalies — set of HIggS operators [renormalizable, #1 solved]
Higgs EFT v P
TIQQZFT Oge = 619G, G Oww = &' W, WH ¢ Opg="--
op N N N .
A Osw = ¢ B, W ¢ Ow = (Du9)' W' (D,g)  Op=---
" 1w
Higgs sectors Og1 = (D“¢7)T @ ¢T (DI ¢) Op2= _ ot <¢T¢) d, (¢Jf¢)
DM sectors 2

susY Op3 = 15 <¢T¢)3 Oga = (Dug)" (D" 0) (¢T¢)
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D6 Higgs operators

Higgs sector effective field theory

— set of nggs Operators [renormalizable, #1 solved]

Oge = ¢1¢GL, G* Oww = &' W, WH ¢ Opg="--
Osw = ¢' B, W ¢ Ow = (Du¢)' W (D,¢)  Op=---
Out = (D) 66" (D"9)  Opz= 30" (66) 0 (4'0)
Ops =5 (610)° Oy = (0,0 (0"9) (010)
— relevant part after equation of motion, etc
=~ Zsﬂv %OGG + %035 + %OWW + %OB + :TMZ/OW + f;;': Op,2
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D6 Higgs operators

Higgs sector effective field theory

— set of HIggS Operators [renormalizable, #1 solved]

Oge = ¢1¢GL, G* Oww = &' W, WH ¢ Opg="--
Opw = ¢' B, W ¢ Ow = (D) W"(D,¢)  Op=---
" 1w

Op1 = (Dug) ¢ 6T (D*9)  Opp = 58’ (¢>*¢) d, (¢*¢)

1 £ \3
Ous =3 (¢'9) 044 = (D0)' (D"9) (676)

— relevant part after equation of motion, etc
asV feg fww fz fw fs.2
rhw — _ 8; A—QZOGG + FOBB + FOWW + FOB + EOW + A2 Oy 2

— Higgs couplings to SM particles  (derivatives = momentum, #2 solved]
l:HVV =gy HGZ"Gauu +9, HA‘“/A;LV
+6Y) 2,740 H+ g¥) HZ,, 2" + o) HZ, 2"
+ayy (Wi, W™ 0" H+he.) + i) HW, W™ + gi) HWIW™ ¥ 4 ...

1%



New Physics
at the LHC

Tilman Plehn

BSM physics
Anomalies
Higgs EFT
Top EFT

DM EFT
Higgs sectors
DM sectors

susy

D6 Higgs operators

Higgs sector effective field theory

— set of nggs Operators [renormalizable, #1 solved]

Oge = ¢1¢GL, G* Oww = &' W, WH ¢ Opg="--
Osw = ¢ B, W' ¢ Ow = (Do) W""(Dug)  Op=---
. 1 .

Os1 = (Dus) 60" (D"6) Oy = 50" (¢'0) 0, (¢'0)

1 . \3
Ous =3 (¢'9) Opa = (D,®)' (0"9) (¢79)

— relevant part after equation of motion, etc
asV feg fww fg fw fg.2
£ =~ 8; /TQZOGG + 72O+ 3 Oww + 508+ 50w + -5 00 2

— Higgs couplings to SM particles  (derivatives = momentum, #2 solved]
v _ e HGf“,Ga"” 1 gy HALL AP
+0) 2,,2"0"H + g9 HZ,, 2" + ¢S HZ,Z"
+ayy (Wi, W™ 0" H+he.) + i) HW, W™ + gi) HWIW™ ¥ 4 ...
— plus Yukawa structure f, 4, ;
— 9 operators for Run | data
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D6 Higgs operators

Higgs sector effective field theory

— set of Higgs operators  [renormalizable, #1 solved]

Occ = ¢10G3, G Oww = &' W, W ¢ Opg="--
OBW = d’]\épu W“”¢ OW = (Du¢)TW“V(Du¢) OB =

Op1 = (0ud) 667 (D°9)  Ouz= 10" (676) 0, (9'0)

1 3
Oss =3 (¢'0) Opa = (D,0)" (0"9) (¢79)
— linked to Higgs couplings
_ fagv _  as fyv _ gzvsfv fee + fw

9= T Bl 9= " 2
o) = gV Chfw + shfs g = gV fw

Z T 2A2 2c2 WoTone 2

@ G°v spfes + Chfuw @ _ gV ;
92 = "o T 22 Gw = “opz W

2 2
v v
g(za) = Mg(\/éGF)VZ (1 - W"mz) g|(/|3/) = Msv(\/éei‘f)‘/2 <1 - Wﬂp,Z)

my 2

- AP W
g =-- A2 002 VTG f
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— kinematics: Pr,v, A¢jj [remember #2]

D6 Higgs operators

Higgs sector effective field theory

— set of HIggS Operators [renormalizable, #1 solved]

Oce = ¢10G2, G Oww = &' W, WH ¢ Opgg = -
Osw = ¢'B., W ¢ Ow = (D.¢) W' (D,¢)  Op=---

s = (0.0 661 (0"6)  Opi = 30" (46) 0, (o10)
Ous =5 (¢'6)’ Opa = (Du6)! (D"6) (4'9)

Run 1 legacy

2leptons

Events/bin
Su
T

10% N ' :
—SM e —— oessnmsened
— (SM Higgs) x 70 t
o (fy /A’ =20TeV™?) x 70
TR TIY
0 50 100 150 200 250

prY(GeV)
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D6 Higgs operators

Higgs sector effective field theory
— set of Higgs operators  [renormalizable, #1 solved]
Oww = ¢' W, W ¢
Ow = (Do) W™ (D, ¢)

Ogs = ¢T¢Ginauu
Opw = ¢TBMU W‘“/Qﬁ

s = (0.0 661 (0"6)  Opi = 30" (46) 0, (o10)

Opg="--
Og=---

1 L \3
Ous =3 (¢'9) Osa = (Du0)" (D"9) (¢'0)
Run 1 legacy
— kinematics: pr, v, Adjj irememper #2] - i
%1027 — SM Higgs
EF - Fy/ A= fgy/A’=20Te V™
A Fyy/ A*=-f/A’=-20Te V™
|
10 a3 pI7E]
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D6 Higgs operators

Higgs sector effective field theory

— set of Higgs operators  [renormalizable, #1 solved]

Oge = ¢'¢GZ, G
Opw = d)]\B;uJ W‘U/qﬁ

Ot = (Dug)' ¢ o7 (D*9)

Op3 = 15 <¢T¢)3

Run 1 legacy

— kinematics: pr, v, Adjj irememper #2]
— with impact...

Oww = o' W,,, W"" ¢
Oy = (D;L¢)TW“V(DV¢)
1
Os2= 50" (¢16) 0. (¢70)

O = (Du0)' (0"9) (¢70)

Opg =

Op=---

10
fw

20
/A2 [Tev2

30
]
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D6 Higgs operators

Higgs sector effective field theory

— set of nggS operators [renormalizable, #1 solved]

Ogg = ¢T¢Ginauu
Opw = ¢TBW wH ¢

Oy = (Duo) ¢ 0" (D)

1 +\3
Ops= 73 (¢70)
Run 1 legacy
— kinematics: PT,v, Ad)jj [remember #2]
— with impact...
...in last bin

Oww = ¢"W,., W ¢

Ow = (Dm)*WW(Dm)
0s0= 10" (¢16) 0. (+9)
Oga = (Dug)" (D" 0) (Wﬁ)

fa/A

Ogg = -+
Og=---

10 _20 _30
fy/AZ [Tev?
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Higgs sector effective field theory
BSM physics
Anomalies — set of Higgs operators  (renormaiizable, #1 solved]
Higgs EFT Oga = ¢T¢GZVGQHU Oww = ¢ W, WH ¢ Opg =+
- Osw = 6" B W ¢ Ow = (Du®) W' (D,§)  Op=---
DM EFT m ) " Y
Higgs sectors Op1 = (Duqﬁ)f ) ¢>T (D“d)) Op2 = 56“ <¢T¢> O (¢T¢)
DM sectors 1 3
susY Op,3= 3 (¢T¢) Op4 = (Dud)’ (D*9) (¢>T¢>

Run 1 legacy

— kinematics: A¢ji  [remember #2
pT’ v ¢Ij L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb", 68% CL: ATLAS + CMS

— withi /A AN 1A AATH
with impact... [Tav ) * [Te\‘l]‘ [Tev?) [Te\ll]‘
...in last bin Lt +% T | } o2 | o8

e s .. 0.5
= Run | sensitivity limited | o o | 1;
0:25 +
20 5 | | 05
0.2 0.4
-30 Qiller
10
-40 @ rate only 0.3
@ rate+distributions 0.15
50 o o o o q o 1 Q Q O
% % % 2 ¢ % ’ 5 S
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D6 Higgs-gauge operators

Triple gauge couplings

— one more Higgs-gauge operator #3 solved]

Ow = (D.¢)' W (D, ¢)  Op= (D,.¢)'B""(D,9)

— kinematics: pr , in VV production

Events/bin

OWW =Tr (W‘W WVP A;‘)

I SMWwW
Bl Background

- Data

<y /A*=25TeV?
< £y /A*=25Te V>
IN=25TeV™

o,

www/

500

700

900
pylead(GeV)
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D6 Higgs-gauge operators

Triple gauge couplings

— one more Higgs-gauge operator #3 solved]

Ow = (Du¢)T WI"V(DV(#) Op= (Du¢)TB}W(DV¢)

— kinematics: pr , in VV production
— combined LHC channels

f
& [Tev?]
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D6 Higgs-gauge operators

Triple gauge couplings

one more Higgs-gauge operator [#3 solved]

Ow = (Du¢)T WI"V(DV(#) Op= (Du¢)TB}W(DV¢)

kinematics: pr ¢ in VV production
combined LHC channels
affecting correlations

Oww = Tr (V”VW Wwre W;,)

[Tev?

s
A2

Lot | | |
-20-15-10 -5 0

5

L L
1fo 15 20
/TV; [Tev?
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D6 Higgs-gauge operators

Triple gauge couplings

— one more Higgs-gauge operator #3 solved]

Ow = (Du¢)T VAVI“/(DVd’)

combined LHC channels
affecting correlations

= complete Higgs-gauge analysis

Op=

(

kinematics: pr ¢ in VV production

D, ¢)'B"" (D, ¢)

f/A
eyl

10
0

—_—
-

-10
20
-30
-40
-50

—c=
——

@ LHC-Higgs, 95% CL

<

_._ -
-

_q_

@ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL

20
o
o]

Oww = Tr (V”VW Wwre W;,)

AN
[TeV]

0.25
0.3

0.5
0.5
0.3
0.25

0.2

AN
[TeV]
0.3
0.5

0.5

0.3
0.25
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D6 Higgs-gauge operators

Triple gauge couplings
— one more Higgs-gauge operator #3 solved]

Ow = (Du¢)T WI"V(DV(#)

kinematics: pr ¢ in VV production
combined LHC channels
affecting correlations

= complete Higgs-gauge analysis

LHC vs LEP
— triple gauge vertices gy, k, A vs operators
— semileptonic analyses missing for 8 TeV
= Run | LHC beating LEP

Op= (Du¢)TB}W(DV¢)

Oww =Tr (V”VW Ve W;,)

[ l\ LHC+LEP \
-40F \
Lo\ /
\
—60 N LEP //
[ N Py
[ N P
1) U T =T e T
910 -5 0 5 10 15 20 25 30 35

Ai; [Tev?]
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2
f:
Lo =Y. /Tlao" with Oy, =

i=1

1

2

1
0u(#'9) "(878) , O3 = —5(979)°
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2 f ) 1 1
Log =3 7501 With Oy2=20,(6"9) 0"(6'¢), Ops=—3(s"0)

i=1

first operator, wave function renormalization
_ o (ota) 9 (ot d)= L (v 8. o
Ogp2 = 5%(05 $) 0" (o' ¢)= > (H+v)" 0,Ho"H

proper normalization of combined kinetic term sz

1 ~ ~ f¢,2V2 1 1 ~ f¢,2V2
Lkin:EQuHa“H<1+ ) = 0uHOH & H=H\[1+ 25
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2 f ) 1 1
Log =3 7501 With Oy2=20,(6"9) 0"(6'¢), Ops=—3(s"0)

i=1

first operator, wave function renormalization
_ o (ota) 9 (ot d)= L (v 8. o
Ogp2 = 5%(05 $) 0" (o' ¢)= > (H+v)" 0,Ho"H

proper normalization of combined kinetic term sz

1 ~ ~ f¢,2V2 1 1 ~ fd),zvz
Lkin:EQuHa“H<1+ ) = 0uHOH & H=H\[1+ 25

second operator, minimum condition giving v

o _#72 _ foau’
A 4\3N2
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2 f ) 1 1
Log =3 7501 With Oy2=20,(6"9) 0"(6'¢), Ops=—3(s"0)

i=1

first operator, wave function renormalization
_ o (ota) 9 (ot d)= L (v 8. o
Ogp2 = 5%(05 $) 0" (o' ¢)= > (H+v)" 0,Ho"H

proper normalization of combined kinetic term sz

1 fy oV? 1 I B Y
- W .2 2 w _ .2
Lk.nfgauHa H<1+ A2 >7§8HH0H & H=H\/1+ A2

second operator, minimum condition giving v

o 2 fyant
A 4032

both operators contributing to Higgs mass

2 2
~ 3 ~ fo315 4~ m
Linass = 7%/‘/2 — 5)\V2H2 — %SQVAtHZ ; 7?HH2

fyov?  fyaV2
2 2 .2 .3

& my =2\ v [ 1 —

H ( O 2/\2,\>
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators
2 f ) 1 1
Log =3 7501 With Oy2=20,(6"9) 0"(6'¢), Ops=—3(s"0)
i=1

Higgs self couplings momentum dependent

ms, froV?  2fy vt g 2f50V2
_ > > > "
Lot == 5 || 1- Sp F BN, H — per, Ho, Ho"H

4 2
_ ﬁ |:<1 _ fd’«zvz + 4fp 3V ) HY 4fp 2V H? d, HBILH:|

N2 e, A2,
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Exercise: higher-dimensional operators
Higgs sector including dimension-6 operators

2
f ) 1 1
Loo =D 7501 with Oy2=30,(6'9) 9"(6'6), Ops=—7(6'9)
i=1
Higgs self couplings momentum dependent
rr7,2_, f(f) 2V2 2f(75 3V4 3 2f¢ 2V2
L N (P ’ H - 2227 Ho,HO"H
Loot 2v e " e, nemg Ot

m {(1 o2V 4f¢”3v4> e MoV o 3, Ha“/-/]

82 A2 A2m2, A2m2,
alternatively, strong multi-Higgs interactions

fooVP\ »  fyoVies foo- .
H= <1 4 le2Y >H+ 02V e 92 s L oty

2/2 22 62
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Exercise: higher-dimensional operators
Higgs sector including dimension-6 operators

2
f ) 1 1
Loo =D 7501 with Oy2=30,(6'9) 9"(6'6), Ops=—7(6'9)
i=1
Higgs self couplings momentum dependent
m,z., f¢ 2V2 2f(75 3V4 3 2f¢ 2V2
L N (P ’ H - 2227 Ho,HO"H
Loot 2v e " e, nemg Ot

4 2
m {(1 gV . 4f, gV ) o a2V e 2 Ha“/-/]

82 A2 A2m2, A2m2,
alternatively, strong multi-Higgs interactions

fooVP\ »  fyoVies foo- .
H= (1 4 le2Y >H+ 02V e 92 s L oty

2/2 22 62

= operators and distributions linked to poor UV behavior
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D6 top operators

Same for tOpS [TopFitter: Buckley, Englert, Ferrando, Miller, Moore, Russell, White]

Ogq = qruq Yt Og = fABCeﬁU clce

= Generic D6 reach ~ 500 GeV

profile likelihoods and individual limits

[C=1

single, pair-wise, and associated top production [plus decays]
including anomalous Agg from Tevatron
— 4-quark, Yang-Mills, electroweak operators

O¢G — ¢T¢Gla“/Ga‘uV~~~

T
_ individual —e—
Co e marginalized —e—

33
Cutz —

A1 .
Cy —_—

A2
c? e

Al
Ca — .
c2 -
o83 [

‘uW —_——

Cy fas

A3

(& —

33
CuB
Cou
1
Chy
-0.f 0 0.5

C; = Civ? /A?
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D6 top operators

Same for tOpS [TopFitter: Buckley, Englert, Ferrando, Miller, Moore, Russell, White]

including anomalous Agg from Tevatron

— 4-quark, Yang-Mills, electroweak operators

Ogq = qruq Yt Og = fABCeﬁU clce

profile likelihoods and individual limits
= Generic D6 reach ~ 500 GeV (¢ =1]

For theorists: in terms of models
— axigluon: My > 1.4 TeV (it resonance]
— SM-like W': My, >1.2TeV (tchannel...]
= models less sensitive to correlations

single, pair-wise, and associated top production [plus decays]

O¢G — ¢T¢Gla“/Ga‘uV~~~

T

_ individual —e—
Co e marginalized —e—

33
Cue: —

A1 .
Cy —_—

A2
c? e

Al
Ca — .
c2 -
o83 [

‘uW —_——

Cy fas

A3
(& —

33
CuB’
Cou
1
Chy
-0.f 0 0.5

C; = Civ? /A?
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D6 dark matter operators

Combining direct, indirect, collider results for WIMPS  (tait etal

— choose dark matter candidate (Majorana/Dirac fermion, scalar, dark photon]
— consider D6 scattering process xx — SM SM
— relic density from annihilation (m, /7 ~ 30

— indirect detection even later

— direct detection non-relativistic (£ ~ 10Mev]
— LHC tricky: single scale m, < Mmediator?

— example: scalar dark matter

LabelCoefficient Operator ogi{oannv)
Real scalar
R1 Xy ~ 1/(2M2) quzaq v s-wave
R2 Ap ~ 1/(2M?) imgx2G~q s-wave
R3 A3 ~ as/(4M?)x? Gy GHY v s-wave
R4 Ny ~ as/(AMZ)isz,“/ GHY s-wave
Complex scalar
Cl Ay ~ 1/(M?)  mgxTxaq v swave
C2 Xy ~ 1/(M2) iquTXZrysq s-wave
C3 Az ~ 1/(M) xTouxavtq v pwave
Ca ag ~ 1/(M)  xTouxav#~5q  pwave
C5 A5 ~ as/(8M?)xTxGuLGHY v swave
C6 Mg ~ avs/(8M2)ixT xGuy GHV s-wave
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Relic densny plUS Hooperon [Liem, Bertone, Calore, Ruiz de Austri, Tait, Trotta, Weniger]
BSM physics
Anomalies — default input: relic density o .
Higgs EFT — scalar dark matter e
Top EFT LabelCoefficient Operator og|{oannV) ; ::’
Real scalar &
DM EFT Rl Ay ~ 1/(2M7) mgx2gqq v s-wave 2 02
Higgs sectors R2 Ap ~ 1/(2M?) imgx2G+°q s-wave Fom 0F e w0 1w N w0
R3 Ag ~ as/(4MP)x2Guy GHY v swave M [Gev
SIEECEs Ré Mg ~ as/@MD)ix2G, GHY  swave 10 10
susy LA s s
— profile likelihood . g
6 Z 06
— flat prior on log A\; fprior 1/x;] Soa £ o4
. . . 0.2 02
- DIrIChIet prlor preferlng ”1‘{’)"“ 1072 10 10710 ]l‘l"‘ 107 ”1‘(‘! - 10710 s 107
similar-sized Wilson coefficients Ao Gev-2 GV

10

06

PDF/PL

0.4

0.2

0.0

)
0-

100 [ 107 [T
my [GeV st [pb)
" 10
08 ¢
Z 06 rf :“.
£ o [
# N
0.2 ;‘ }'}\
= 0.0 L L
107 10 05 000 005 010 015 020

(ov) [em*s™] at v =0 n?
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Relic density p|US Hooperon [Liem, Bertone, Calore, Ruiz de Austri, Tait, Trotta, Weniger]

BSM phyS\CS rior — Log prior Posterior — Dirichlet prior
Anomalies — default input: relic density 10
08
Higgs EFT — scalar dark matter 2 06
Top EFT LabelCoefficient Operator o5 (cannV) £ 04
ED Real scalar 02
Rl Ay ~ 1/(2M?) mgx2aq v swave | P U Y| B ——
Higgs sectors R2 Xy ~ 1/(2M2)2 imquzﬁ’ysq s-wave 10 107 u/\\l (;.»\“l-’ 10 100 107 107 14;1 (:.»\“j-' 10
v
B R3 Az ~ as/(4M2)x sz,Gf‘ v s-wave » »
R4 Ay ~ os/(4M?)ix?Guy GHY s-wave —
susy . 08 i 0s
— profile likelihood 20 0 |
. ) S 04 ; S o4 j
— flat prior on log \; fprior 1/x;] 02 | 02 i
- DIrIChIet prior prefering T om0 141""' o T 10T 10 Lm" 10°
similar-sized Wilson coefficients Ao [0V Aloev
. . 1.0 1.0
— Fermi: GCE plus dwarf galaxies o o
= with data, the method hardly matters... £ g oo
204 204 |
0.2 0.2 I;
0.0 — — E —
107 10" 10° F100 101070 10 10°
my [GeV sz [pb]
10 10 —
08 08 fr‘ﬂ:
oo =06 b
; 04 ; 04
/
0.2 02 i
0.0l _ AN 0g AN
10°% 1077 102 107 0.00 0.05 0.10 0.15 0.20

(ov) [em*s™"] at v =0 n?
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(Simplified) Higgs portal

Higgs sector minimal?  (iheory-driven question]

secondary question: D6 Higgs approach applicable?
renormalizable extended potential  with or without VEV]
V(¢,8) = = 1f(¢7¢) + M[8T6[° — 158 + kS® + 228" + A6 9|
= = W5(679) + MoT Bl — 15S% + 228 + haf0T 9| S

mixing to the observed Higgs mass eigenstate
Hy =cosx Hy +sinx S
decays to SM and hidden sectors [plus H, — H; Hy cascade decays]

_ [-hid
Iy = cos® x I$™ + sin? x M = cos? x I§™ (1 + tan? X—F;M >
1

constraints on event rate ' ' '

THy—sM cos? x ‘e
UffM*}SM o :”d E}% 1.5 | Mp, =125 GeV, 95% CL
1 1+ tan? x — [y
r1 rE_T

-

collider reach

o
&

. VE=17TeV VE=7Tev !
L=5m! L:snfb"/
0 L L L
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(Simplified) Higgs portal

Higgs sector minimal?  (iheory-driven question]

secondary question: D6 Higgs approach applicable?
renormalizable extended potential  with or without VEV]

V(6,S) = — 1i2(67 ) + Mo  ¢° — 43S + kS® + XSt + A0 9] S?
= — 1507 0) + Mo o — 13S% + XSt + Nal 9IS

mixing to the observed Higgs mass eigenstate
Hy =cosx Hy +sinx S
decays to SM and hidden sectors [plus H, — H; Hy cascade decays]

_ [-hid
Iy = cos® x I$™ + sin? x M = cos? x I§™ (1 + tan? X—F;M >
1

— constraints on event rate ' ' '

THy M _ cos? x Lr
o'f,MHSM '11'“ 5% 15 F  Mng, =125 GeV, 95% CL
1 1+ tan? x — [y

= resonance, rates, and invisible Higgs decays

0.5 VE=T7TeV VE=17Tev 9
L=5m! £=50mt
0 . . . /
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Invisible Higgs decays

LHC challenges: invisible decays [Eboli & zeppenteld]

— WBF best choice to boost Higgs

— backgrounds: Z,,jjin QCD (o « aa?] &
Z,,jj WBF-like [0 <3 &

el

— cut on missing energy and Ag¢;; =
S

3

100.0

5

o S

o o

0.0
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LHC challenges: invisible decays  (evoli & zeppenteld] .

BSM physics :
Anomalies — WBF best choice to boost Higgs
Higgs EFT — backgrounds: Z,,jj in QCD (o « aa2]
Top EFT Z,uJj WBF-like [0 « 3]

DiIEAY — cut on missing energy and Ag¢;;

Higgs sectors

DM sectors

SUsY
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LHC challenges: invisible decays [Eboli & zeppenteld]
BSM physics
Anomalies — WBF best choice to boost Higgs
Higgs EFT — backgrounds: Z,,jj in QCD (o « aa2]
Top EFT Z,uJj WBF-like [0 « 3]
DMEFT — cut on missing energy and Ag¢;;
Higgs sectors — central jet veto to suppress QCD background

DM sectors t . th b|
rl r r m
Uy = lrigge € prooble
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Invisible Higgs decays

LHC challenges: invisible decays [Eboli & zeppenteld]

WBF best choice to boost Higgs
backgrounds: Z,,jin QCD (s  aa

2

Z,ujj WBF-like (o « o3

cut on missing energy and Ag¢;;

= trigger the problem

Multivariate update  (semaciak, TP Schichtel, T:

— baseline cuts: jet veto plus Ag¢;;
multivariate: 2-jet, 3-jet sample

— reach BRj,, ~ 4% for 3000 fbo—"

— further improvement to 2%
from QCD jets to 10 GeV...

= QCD the limiting factor

central jet veto to suppress QCD background

& [107]

o ”20 GeV Jets
° Baseline
+CJ.V.
+AD
0.05]
© Baseline 3
+CJV.
0.1
0.5} -~ 2-Jet sample BDT
3-Jet sample BDT
— Combined BDT
e Box Cuts Baseline
: -
0.000 0.005 0.010 0.015 0.020 0.025 0.030

€
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LHC challenges: invisible decays [Eboli & zeppenteld]
BSM physics
Anomalies — WBF best choice to boost Higgs
Higgs EFT — backgrounds: Z,,jj in QCD (o « aa2]
Top EFT Z,uJj WBF-like [0 « 3]
1A — cut on missing energy and A¢;;
IS S — central jet veto to suppress QCD background
DM sectors .
ey = trigger the problem
Multivariate update  (semaciak, TP Schichtel, T: 1 o0 Sevjets
— baseline cuts: jet veto plus Ag¢;; stg_;i“f.
multivariate: 2-jet, 3-jet sample oosp tAT
— reach BRi, ~ 4% for 3000 fbo~ B ., | Selve
— further improvement to 2% e
from QCD jets to 10 GeV...
= QCD the limiting factor oasl o

3-Jet sample BDT

— Combined BDT :

s Box Cuts Baseline %
o

0.000 0.005 0.010 0.015 0.020 0.025 0.030

€
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(Simplified) two Higgs doublets

Doublet extension

— two complex doublets, 8 degrees of freedom

three Goldstones W=, 20
five Higgs fields A%, HO, A0, H+

— renormalizable extended potential
V(1 b2) = miy ] 61 + mbyshde — [mipé] g2 + .|

A A
+ 5 (81007 + 5 (9102) + 2a(] 61)(9]02) + Nalo] o’

A .
+ [ 26102 + (6] 01)(6102) + A (0302)(]00) + hec

Two doublets [no flavor, CP, custodial troubles]

— angle g = atan(vz/vy)

angle a defining h and H — gauge boson coupling gw,z = sin(8 — a)gpM,
— type-I: all fermions with ¢»

type-II: up-type fermions with ¢»

lepton-specific: type-l quarks and type-Il leptons

flipped: type-ll quarks and type-I leptons
- single hierarchy mp K mH’A’Hi with sin2 a~ 1/(1 + tan2 ﬁ) [custodial symmetry]
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(Simplified) scalar/gauge extensions

Scalar tOp partners [simplfied supersymmetry]

— toy model for non-Higgs scalar
— Lagrangian with scalar top partner, singlet plus doublet

£ 5D, (D" Q) + (D) (D"Ta) — QT MPQ — MP

i

— k(6 ) (¢ Q) — raa(Ta) (@1 0) — [raMiz(s - Q) + he.]

— contribution through loops all over Higgs-gauge sector

Triplet gauge extension  [whatever that becomes in the UV]

— additional vector triplet field V,,

2
102 tuva M\7 vavma , 9V | val t _a{u
£ = g Vn, vty LU i en [¢ o®D ¢]

v va g o va i
+ % Cvvveane V3 VE D V1 1 gf oy V2 V297 ) —

— new states, mixing with W= and Z
weak gauge coupling to W, Z mass eigenstates

— strongly interacting towards UV

2
gw {7a = Kk _a
+72gv V8 S" crFiytoFL

fermions

9w iyb /e
5 Cvweape WHY VI V]
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Higgs D6 breakdown

D6-Lagrangian breakdown  (Brehmer, Freitas, Lopez-Val, TP]

— phenomenology: does D6 capture all model features at LHC?

theory:

how do D6 vs EFT vs full model differences appear?



New Physics Higgs D6 breakdown

at the LHC

Tilman Plehn

D6-Lagrangian breakdown  (Brehmer, Freitas, Lopez-Val, TP]
BSM physics

Anomalies — phenomenology: does D6 capture all model features at LHC?

Higgs EFT theory: how do D6 vs EFT vs full model differences appear?
Top EFT — push (simplified) models to visible deviations at 13 TeV

EAr HIggS portal, 2HDM, StOpS, vector trlplet [weakly interacting, Eq.(2)]

Higgs sectors 5 m2

DM sectors LBR — = g 2“ Z 10% = A S 400 GeV

Y (o x BR)gy N

no scale hierarchy for testable models?!
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susy

Higgs D6 breakdown

D6-Lagrangian breakdown  [Brehmer, Freitas, Lopez-Val, TP]

— phenomenology: does D6 capture all model features at LHC?

theory: how do D6 vs EFT vs full model differences appear?
— push (simplified) models to visible deviations at 13 TeV

Higgs portal, 2HDM, stops, vector triplet weakly interacting, Eq.(2)]

o x BR
(o x BR)gy

2 n2
m
=9A2“310% & A<400 GeV

no scale hierarchy for testable models?!
— construct and match D6-Lagrangian to model

coupling modifications v2/A? vs new kinematics 9/A?
matching conditions with v < A, v-improved matching?
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susy

Higgs D6 breakdown

D6-Lagrangian breakdown  [Brehmer, Freitas, Lopez-Val, TP]

phenomenology: does D6 capture all model features at LHC?

theory: how do D6 vs EFT vs full model differences appear?
push (simplified) models to visible deviations at 13 TeV

Higgs portal, 2HDM, stops, vector triplet weakly interacting, Eq.(2)]

o x BR
(o x BR)gy

2 n2
m
1=9A2“310% & A<400 GeV

no scale hierarchy for testable models?!
construct and match D6-Lagrangian to model

coupling modifications v2/A? vs new kinematics 9/A?
matching conditions with v < A, v-improved matching?

LHC simulations: D6-Lagrangian vs full model

production: WBF, VH, HH
decays: H — ~v,4¢

check where differences appear at 13 TeV

kinematic distributions like pr ; or myy?
resonance peaks of new states?
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Higgs portal

BSM physics
Anomalies — testable benchmarks for LHC
Higgs EFT Singlet EFT EFT (v-improved)
Top EFT my  sina  vs/v Afj"glet A Ty AEFT Ty AEFT
OMERT 500 0.2 10 —0.020 491 0.036 —0.018 0.040 —0.020
Higgs sectors 350 0.3 10 —0.046 336 0.073 —0.037 0.092 —0.046
Vot 200 0.4 10 —0.083 190 0.061 —0.031 0.167 —0.083

Seciore 1000 0.4 10 —0.083 918 0.183 —0.092 0.167  —0.092
susY 500 0.6 10 —0.200 407 0461 —0.231 0.400 —0.200

— effects in WBF and hh

ud - ud T EP* (S5) pp — hh(s4)
T T

5 1 = [ !
g E § 1.5 B
5 1 o f
1T ]
i 05 ]
1 r full (no H)
I I ] E
F ‘ ‘ 3 3 osf 7
ol
L l =S o 1
EFT error o EFT error
= n n ) —0.5t , , k|
1000 2000 3000 400 600 800 1000

m; [GeV] my, [GeV]
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Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC
— effects in WBF and hh

2HDM

— testable benchmarks for LHC

2HDM EFT
Type tang aj/m Mg Myo My Myt |A] [GeV] Cu Cq,e
| 15 —0.086 45 230 300 350 100 —0.744 —0.744
Il 15 —0.023 116 449 450 457 448 0.000 0.065
I 10 0.032 157 500 500 500 99 0465 —46.5
| 20 0 45 200 500 500 142 0.003 0.003
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Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC

— effects in WBF and hh
2HDM

— testable benchmarks for LHC

2HDM EFT
Type tang aj/m Mgz Myo My Myt |A] [GeV] Cuy Cad,e
| 156 —0.086 45 230 300 350 100 —0.744 —0.744
Il 15 —0.023 116 449 450 457 448 0.000 0.065
Il 10 0.032 157 500 500 500 99 0.465  —46.5
| 20 0 45 200 500 500 T ot oo
%10 pp - - yy(@D1
E T

— effectsin H — v

o [fb/bin]

M

500 600 700

800
m,, [GeV]
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R Higgs portal

Anomalies — testable benchmarks for LHC
Higgs EFT — effects in WBF and hh

Top EFT

DM EFT 2HDM

Higgs sectors — testable benchmarks for LHC
DM sectors — effectsin H — ~v

SUsY

Top partners

— testable benchmarks for LHC

Scalar top-partner model EFT
M KLL KRR KLR My Mg, CH Cyw Chw
500 —1.16  2.85 0.147 500 580 6.22-107% —3.11-10~7 3.99.10"7
350 —3.16 —2.82 0.017 173 200 430-107% —255.10"% 2.55.107%

500 —7.51 —7.17 0.012 173 200 1.66-1072 —2.97.10~% 2.97.10~%
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susy

Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC
— effects in WBF and hh

2HDM

— testable benchmarks for LHC
— effects in H — v~

Top partners

— testable benchmarks for LHC

Scalar top-partner model

M KLL KRR RLR My b
500 —1.16 2.85 0.147 500 580 6.2:
350 —-3.16 —2.82 0.017 173 200 4.3
500 —-7.51 —7.17 0.012 173 200 1.6€

— effects in WBF and Vh

=
a8
2
=]
3| 0.5f i i T B
© = EFT error
[ P TSP~
|
=)
-0.5E , , . !
20 250 300 350 400

my, [GeV]
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Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC
— effects in WBF and hh

2HDM

— testable benchmarks for LHC
— effectsin H — ~v

Top partners

— testable benchmarks for LHC
— effects in WBF and Vh

Vector triplet [Brehmer, Biekétter, Kramer, TP]

— testable benchmarks for LHC

Triplet model EFT
My gy CH CF CywHH Mg Cw CH Co C
591 3.0 —0.47 —5.0 2.0 1200 —0.044 0.000 0.000 0.000
946 3.0 —0.47 —5.0 1.0 1200 —0.017 0.000 0.000 0.000
941 3.0 -—-0.28 3.0 1.0 1200 0.006 0.075 0.100 0.025
1246 3.0 —-0.50 3.0 —0.2 1200 0.006 0.103 0.138 0.034
846 1.0 —-0.56 —1.32 0.08 849 —0.007 —0.020 —0.027 —0.007
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Higgs D6 breakdown

Higgs portal
— testable benchmarks for LHC
— effects in WBF and hh

2HDM
— testable benchmarks for LHC
— effects in H — v~

Top partners
— testable benchmarks for LHC
— effects in WBF and Vh

Vector triplet  (Brehmer, Biekstter, Kramer, TP]

— testable benchmarks for LHC

Triplet model
My gy CH CF CyvHH Mg
591 3.0 —-0.47 —-5.0 2.0 1200
946 3.0 —0.47 —5.0 1.0 1200
941 3.0 -0.28 3.0 1.0 1200
1246 3.0 —-0.50 3.0 —0.2 1200
846 1.0 —-0.56 —1.32 0.08 849

— effects in Vh and WBF

<

10

o [fb/bin]

10

10

i

pp — Vh(T4)

full

EFT
full (no &)
SM

500 1000
my, [Gev]
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Higgs portal
BSM physics
Anomalies — testable benchmarks for LHC
Higgs EFT — effects in WBF and hh
Top EFT 2H DM
DM EFT

— testable benchmarks for LHC
— effects in H — v~

Higgs sectors
DM sectors

susy Top partners

— testable benchmarks for LHC
— effects in WBF and Vh pp - Vh(Ta)

E E T
Vector trlplet [Brehmer, Biekétter, Kramer, TP] g [
S 10%F
© E
— testable benchmarks for LHC F
Triplet model 10¢
My gy cH CE Cyyuy Mg 1:—
591 30 —0.47 —50 20 1200 - full (no &
946 30 —0.47 —5.0 1.0 1200 - i
941 30 —0.28 3.0 1.0 1200 10
1246 3.0 —0.50 3.0 —0.2 1200 E E
846 10 —0.56 —1.32  0.08 849 - ]
. EFT error
— effects in Vh and WBF 1 ]

500 1000
my, [Gev]
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Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC
— effects in WBF and hh

2HDM

— testable benchmarks for LHC

— effects in H — v~

Top partners

— testable benchmarks for LHC
— effects in WBF and Vh
Vector trlplet [Brehmer, Biekétter, Kramer, TP]

— testable benchmarks for LHC

Triplet model
My gy CH CF CyvHH Mg
591 3.0 —-0.47 —-5.0 2.0 1200
946 3.0 —0.47 —5.0 1.0 1200
941 3.0 -0.28 3.0 1.0 1200
1246 3.0 —-0.50 3.0 —0.2 1200
846 1.0 —-0.56 —1.32 0.08 849

— effects in Vh and WBF

o [fb/bin]

-

ud - udh (T5)

EFT error

|

N
o
=]
N
Q
=]

600

800

P.

Til

1000
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Higgs portal
BSM physics
Anomalies — testable benchmarks for LHC
Higgs EFT — effects in WBF and hh
Top EFT 2H DM
DM EFT

— testable benchmarks for LHC
— effects in H — v~

Higgs sectors
DM sectors

susy Top partners

— testable benchmarks for LHC
— effects in WBF and Vh pp - Vh(Ta)

E E T
Vector trlplet [Brehmer, Biekétter, Kramer, TP] g [
S 10%F
© E
— testable benchmarks for LHC F
Triplet model 10¢
My gy cH CE Cyyuy Mg 1:—
591 30 —0.47 —50 20 1200 - full (no &
946 30 —0.47 —5.0 1.0 1200 - i
941 30 —0.28 3.0 1.0 1200 10
1246 3.0 —0.50 3.0 —0.2 1200 E E
846 10 —0.56 —1.32  0.08 849 - ]
. EFT error
— effects in Vh and WBF 1 ]

500 1000
my, [Gev]
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Higgs D6 breakdown

Reasons for D6-breakdown in Higgs sector at LHC

Model Process EFT failure
resonance kinematics matching
singlet on-shell h — 4¢, WBF, Vh, ... X
off-shell WBF, ... (%) X
hh X X X
2HDM on-shell h — 4¢, WBF, Vh, ... X
off-shell H — ~-, ... (x) X
hh X X X
top partner ~ WBF, Vh X
vector triplet  WBF ( X ) X
Vh X (x) X
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Higgs D6 breakdown

Reasons for D6-breakdown in Higgs sector at LHC

Model Process EFT failure
resonance kinematics matching
singlet on-shell h — 4¢, WBF, Vh, ... X
off-shell WBF, ... (%) X
hh X X X
2HDM on-shell h — 4¢, WBF, Vh, ... X
off-shell H — ~-, ... (x) X
hh X X X
top partner ~ WBF, Vh X
vector triplet  WBF ( X ) X
Vh X (x) X

Lessons from Higgs sector

start with D6 description  [data-driven era of particle physics]
EFT expansion in E/A known to be dodgy
simplified models theory-driven

test of D6 in comparison with (simplified) models
all relevant effect at tree level

resonance peaks the key feature
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(Simplified) DM scalar

DM scalar from Higgs sector (data-driven question]

scalar dark matter, mg = 10 ... 100 GeV
coupling to Standard Model through renormalizable portal [Higgs as mediator]

extended potential [z, symmetry, no VEV]
V(¢,S) = — 1%(¢"¢) + NaloT 67 — u5S” + rs(079)S?

physical masses and parameters

ms = \/2p% — AaVE gssH = —2X3Vy gssHH = —2X3
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(Simplified) DM scalar

DM scalar from nggs sector [data-driven question]

scalar dark matter, mg = 10 ... 100 GeV
coupling to Standard Model through renormalizable portal [Higgs as mediator]
extended potential [Z5 symmetry, no VEV]

V(¢, 8) = — 1i2(67 ) + Ml ¢I° — 15S% + As(979)S?

DM conditions

physical masses and parameters

mg = 1/2;125 — A3VEI

— (in-) direct detection: same as DM EFT
LHC: mg <+ my open, all propagating states
— thermal relic density Qh? ~ 0.12 [ss — bb, HH]

Agmy
m
Ay
M

A3

2
ms

Oann X

My
mg < 7 A3 ~ 0.3

mg = 7 )\3%1073

mg > mz,my A3z ~ 0.1

gssH = —2X3Vy

JssHH = —2X3
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DM scalar from nggs sector [data-driven question]

BSM physics
Anomalies — scalar dark matter, mg = 10 ... 100 GeV
Higgs EFT — coupling to Standard Model through renormalizable portal [Higgs as mediator]
Top EFT — extended pOtentiaI [Z5 symmetry, no VEV]

DM EFT

V(¢, 8) = — 1i2(67 ) + Ml ¢I° — 15S% + As(979)S?

DM sectors physical masses and parameters
SUsY 2 P
ms = y/2ug — Asvyy gssH = —2X3Vy JssHH = —2X3

DM conditions

Higgs sectors

1 L T g
~--. Min
XENONI100___

— (in-) direct detection: same as DM EFT oM
LHC: mg <+ my open, all propagating states e Max oo

— thermal relic density Qh? ~ 0.12 [ss — bb, HH]

A2m? my ;
% mg < 7 A3 ~ 0.3 , / “XENONUP

H e i e " XENONIT
Agmg my _3 0°F o E

Tann X 22 mg = 72 A3 & 10

L L N A | R — Br = 10%
A2 WMAP
= ms > mz, My Az ~ 0.1 - ‘ ‘ ‘
mg 50 100 150 200

M, (GeV)
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(Simplified) DM scalar

(In-) direct detection boundary conditions
— Higgs mediator coupling to proton
same effective ggH interaction as for gluon fusion production
DY
osassam3-1077 ?Z

— Fermi GCE explained on the pole: (Voann) = (Vogce)

LHC searches
— important: for this (simplified) model we have discovered the mediator

— mg < my/2 invisible Higgs decays (mpy < mmediator]
LHC searches really for mediator

— mg 2, my off-shell invisible Higgs decays? (mpy = Mmediator]
LHC searches for DM particles

= depressing in particular for small \3
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(Simplified) DM models

Requirements for a valid simplified model [1506.03116]

(I) Besides the SM, the model should contain a DM candidate that is either

a

a

)

=

absolutely stable or lives long enough to escape the LHC detectors, as well as a
mediator that couples the two sectors. The dark sector can be richer, but the
additional states should be somewhat decoupled...

The Lagrangian should contain (in principle) all terms that are renormalizable
and consistent with Lorentz invariance, the SM gauge symmetries, and DM
stability. However, it may be permissible to neglect interactions or to study
cases where couplings are set equal to one another...

The additional interactions should not violate the exact and approximate
accidental global symmetries of the SM...



New Physics (S|mpl|f|ed) DM models

at the LHC
Tilman Plehn
Requirements for a valid simplified model [1506.03116]

BSM physics
Anomalies (I) Besides the SM, the model should contain a DM candidate that is either

Higgs EFT absolutely stable or lives long enough to escape the LHC detectors, as well as a
Top EFT mediator that couples the two sectors. The dark sector can be richer, but the
- additional states should be somewhat decoupled...

MRS (I) The Lagrangian should contain (in principle) all terms that are renormalizable
. and consistent with Lorentz invariance, the SM gauge symmetries, and DM
ey stability. However, it may be permissible to neglect interactions or to study

cases where couplings are set equal to one another...

(1) The additional interactions should not violate the exact and approximate
accidental global symmetries of the SM...

Things not required: simplified models...

...need a good motivation, theoretical or experimental

...need a UV completion

...need to be agreed on by everyone in the field

...should be really hard/easy to experimentally test
= there is no such thing as a wrong simplified model



New Physics (S|mpl|f|ed) DM models

at the LHC
Tilman Plehn
Requirements for a valid simplified model (1506.03116]

BSM physics
Anomalies (I) Besides the SM, the model should contain a DM candidate that is either

e EET absolutely stable or lives long enough to escape the LHC detectors, as well as a
Top EFT mediator that couples the two sectors. The dark sector can be richer, but the
- additional states should be somewhat decoupled...

T (I) The Lagrangian should contain (in principle) all terms that are renormalizable
. and consistent with Lorentz invariance, the SM gauge symmetries, and DM
ey stability. However, it may be permissible to neglect interactions or to study

cases where couplings are set equal to one another...

The additional interactions should not violate the exact and approximate
accidental global symmetries of the SM...

a

=

General structure of simplified DM models

— relatively light dark matter candidate
— mediator, often inducing 2 — 2 scattering process xx — SM SM
— predicting relice density, (in-) direct detection, LHC observables
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DM-mediator pairings (1506.03116, 1507.00966]

BSM physics
Anomalies (1) scalar or pseudo-scalar mediator, fermion DM
Higgs EFT ¢ -

Lieemion, ¢ D —Gx $XX — —= > Gy T
Top EFT ermion, ¢ X il

V2 4

DM EFT

Higgs sectors — mono-jet(s), mono-V, mono-Higgs (not necessarily ISR]

DM sectors
SUSY g 9
’aabbyp ¢
t t
'636@ ofa =<5

X
X

= mediators almost more relevant than DM states
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(Simplified) DM models

DM-mediator pairings (1506.03116, 1507.00966]

(1) scalar or pseudo-scalar mediator, fermion DM
Caomion. D —Gu$7x — —= NI
, V32

— mono-jet(s), mono-V, mono-Higgs (not necessarily ISR]
(2) vector mediator, fermion/scalar DM

Lermion,v D V;L)ZW”(QZ - gi’Y5)X + Z Vu?Vu(g!v - 9?75”)
f
‘Cscalar,v ) ’gcp Vu(‘p*alﬂp - @8H<P*) + Z VM?’YH(g)y - glA’Y5)f
f

— mono-jet(s) or di-jet resonances

9 9
q
q X X
- g
q \4 % . v e
q

= mediators almost more relevant than DM states

=1
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(Simplified) DM models

DM-mediator pairings (1506.03116, 1507.00966]

(1) scalar or pseudo-scalar mediator, fermion DM
Lermion ¢ D 7gx¢’>_( - i ngyif?f
, V2 %
- mOnO‘jet(S), mono- V, mono-Higgs [not necessarily ISR]
(2) vector mediator, fermion/scalar DM
Ltemion,v D VX" (9y — devs)x + D VuFy* (g — gfvs)f .
f
L"sca]ar,V ) Igcp Vu(w*auﬂa - 308#50*) + Z VM?’YM(g!‘/ - g;qu)f
f
— mono-jet(s) or di-jet resonances

(3) t-channel mediator, fermion DM [scalar darkoquark]

‘Cl'crmion,z”/ D) Zg?*XPnf + h.c.
f

— mono-jet(s), associated, pair production  [mono-jet vs jet(s + MET]
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(Simplified) DM models

DM-mediator pairings (1506.03116, 1507.00966]

(1) scalar or pseudo-scalar mediator, fermion DM
Caomion. D —Gu$7x — —= NI
, V32

— mono-jet(s), mono-V, mono-Higgs (not necessarily ISR]
(2) vector mediator, fermion/scalar DM

Lermion,v D V;L)ZW“(QZ - gi’Y5)X + Z VM?VH(g!v - 9?75”)
f
‘Cscalar,v ) ’gcp VM(W*GHQO - @8H<P*) + Z Vu?'y“(g)/ - glA’Y5)f
f

— mono-jet(s) or di-jet resonances
(3) t-channel mediator, fermion DM [scalar darkoquark]

Lermion,o O Zg?*XPRf + h.c.
f
— mono-jet(s), associated, pair production  mono-jet vs jet(s + MET]

— scalar DM, spin-2 mediators, flavored DM, spin-17/2 DM,....
= mediators almost more relevant than DM states
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sy charged partner, W= WOW= coupling
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(Simplified) weakly interacting DM

WIMPs dark matter, classified by SU(2), representation

- Z, H mediators known [extended Higgs sector possible]
singlet (Majorana) fermion DM  (vino}
coupling only through mixing

doublet fermion DM [1/2 higgsino] _

charged partner, ZH°HO and hHO WO couplings
— triplet fermion DM wino1

charged partner, W= WOW= coupling

Relic density of (simplified) electroweakinos

— DM relic density: light, mixed bino DM
efficient annihilation to weak bosons
co-annihilation with charged states

— pure states typlcally heavy [Sommerfeld enhancement]

Mz 2 S feld
Qph ~0.12 [ —1— oM 0.12
w (2.1 TeV

utf 012 23""35*9"’012
HE TP 118 Tev ’

mi? 2
2.6 TeV

m,
5

1.14 TeV

;
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(Simplified) weakly interacting DM

WIMPs dark matter, classified by SU(2), representation

- Z, H mediators known [extended Higgs sector possible]

singlet (Majorana) fermion DM [bino}
coupling only through mixing

doublet fermion DM [1/2 higgsino] _

charged partner, ZH°HO and hHO WO couplings
— triplet fermion DM wino1
charged partner, W+ WO W= coupling

Relic density of (simplified) electroweakinos

DM relic density: light, mixed bino DM
efficient annihilation to weak bosons
co-annihilation with charged states

pure states typically heavy (sommerfeld enhancement]
pure-state WIMP electroweakinos heavy
chargino co-annihilation crucial

— mixed bino scenario through mixing
= not covered by usual simplified models
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M;[TeV]

(Simplified) weakly interacting DM

WIMPs dark matter, classified by SU(2), representation

- Z, H mediators known [extended Higgs sector possible]
— singlet (Majorana) fermion DM  (vino}
coupling only through mixing

doublet fermion DM _ [1/2 higgsino]
charged partner, ZH°HO and hHO WO couplings

— triplet fermion DM [wino}
charged partner, W+ W% W= coupling

Relic neutralino surface Mssm; Bramane...]

My[TeV]

L -3 H[TeV]
LSP mass

Y1y, 4 :
7 = ©0.1]00.2 1.5[02.0(02.5 TeV] HlTev] .
my,0=¢0.1]00.2[¢0.5] [01.5]02.0/02.5 Te l CLSP-LSP mass splitting

No Sommerfeld = my,-y= 0<0.15[00.25 |o1[020[0>40 GeV
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Minimal supersymmetric extension: MSSM

MSSM spectrum
— mechanism for SUSY masses unknown

blind mediation: MSUGRA/CMSSM
scalars: mg, fermions: my /,, tri-scalar: Ag
plus sign(x) and tan 3 in Higgs sector

— gauge, anomaly, gaugino mediation...?
= measure spectrum at LHC [pmssw)

spin | d.o.f.
fermion . ./L’./H 1/2 1+1
— sfermion fi.fg 0 1+1
gluon G“, 1 n-2
— gluino g 1/2 2 Majorana
gauge bosons ,Z 1 2+3
Higgs bosons ~ h®, HO, AC 0 3
— neutralinos if 12 | 4.2 SM
gauge bosons wE 1 2-3
Higgs bosons Hi 0 2
— charginos )'(i 12 2-4
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Minimal supersymmetric extension: MSSM

MSSM spectrum

— mechanism for SUSY masses unknown

blind mediation: MSUGRA/CMSSM
scalars: mg, fermions: my /,, tri-scalar: Ag
plus sign(x) and tan 3 in Higgs sector

— gauge, anomaly, gaugino mediation...?
= measure spectrum at LHC [pmssw)

Search strategies at the LHC [oiivers taik]

— squarks, gluinos strongly interacting 10

PP — 43*, 49,99

decays to jets and DM state 1o
d— 49, 9. — gx3, gr — a9 "
additional jets and leptons possible
= jets plus missing energy 1
— strongly interacting Majorana gluinos o

final—state leptons with both charges

= like—sign dileptons 0L

spin | d.o.f.
fermion . ./L’./H 1/2 1+1
— sfermion fi.fg 0 1+1
gluon G“, 1 n-2
— gluino g 1/2 2 Majorana
gauge bosons ~,Z 1 2+3
Higgs bosons ~ h®, HO, AC 0 3
— neutralinos if 12 | 4.2 SM
gauge bosons wE 1 2-3
Higgs bosons Hi 0 2
— charginos )'(i 12 2-4

Prospino2 (T Plehn)

0,{Pb]: PP — @8, 48, 1%, 787}, ¥, 788, 780

>

VS =14TeV

— NLO

--- Lo

m[GeV]q

100 150 200 250 300

350 400 450 500
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Supersymmetric Hooperon

Spirit of ambulance chasing: Hooperon <— LHC  [sutter etal]

MSSM pushing error bars  [(xx — ww
linked to x°x* production

— NMSSM dark matter

simplified model: pseudo-scalar mediator
Majorana fermion DM

MSSM-like DM composition (3 — A
mixed singlino DM

= linked to LHC signatures?

spin | d.o.f.
fermion va ﬂ? 1/2 1+1
— sfermion fL, fR 0 1+1
gluon G 1 n-2
— gluino g 1/2 2 Majorana
gauge bosons v, Z 1 2+3
Higgs bosons ho, HD, AC 0 3
complex singlet Ho, AC 0 2
— neutralinos )Z,-O 12 5.2 DM
gauge bosons wE 1 2-3
Higgs bosons HE 0 2
— charginos gli 1/2 2-4
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Supersymmetric Hooperon

Spirit of ambulance chasing: Hooperon <— LHC (Butter etan

— MSSM pushing error bars  xx — ww)
linked to x°x* production

— NMSSM dark matter

— simplified model: pseudo-scalar mediator
Majorana fermion DM

— MSSM:-like DM composition (5 — A
mixed singlino DM

= linked to LHC signatures?

LHC signatures suter etal

— requiring relic density
— requiring GCE rate
— passing Xenon limits
= chargino-neutralino rate (cao, zurek,...

spin | d.o.f.
fermion ] fL,% 172 1+1
— sfermion fi,fg 0 1+1
gluon Gy 1 n-2
— gluino ] 1/2 2 Majorana
gauge bosons 1 2+3
Higgs bosons ho, HO, A° 0 3
complex singlet  HO, A® 0 2
— neutralinos )2;’ 12 | 5.2 DM
gauge bosons wE 1 2.3
Higgs bosons HE 0 2
— charginos )?,i 172 [ 2-4
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Supersymmetric Hooperon

Spirit of ambulance chasing: Hooperon <+— LHC  [sutter etal]

— MSSM pushing error bars  (xx — ww
linked to x°x* production

— NMSSM dark matter

— simplified model: pseudo-scalar mediator
Majorana fermion DM

— MSSM:-like DM composition & — A
mixed singlino DM

= linked to LHC signatures?

LHC signatures (suter etal

— requiring relic density

— requiring GCE rate

— passing Xenon limits
= chargino-neutralino rate (cao, zurek,..]
= BRj, up to 40%

spin | d.o.f.
fermion g_, g:, 12 1+1
— sfermion fL, fR 0 1+1
gluon Gy, 1 n-2
— gluino a 12 2 Majorana
gauge bosons 4 1 2+3
Higgs bosons ho, Ho, AC 0 3
complex singlet ~ HO, A° 0 2
— neutralinos Xf 12 | 5.2 DM
gauge bosons wE 1 2.3
Higgs bosons HE 0 2
— charginos X/-i 172 | 2-4
0. J: ; E:
8 BR Hips — %7 %, | 0.6
0.2r
L 0.5
0151 0.
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[ 0.8
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Questions

Questions waiting

is it really the Standard Model Higgs?

is there WIMP dark matter?

is there TeV-scale physics beyond the Standard Model?
should | become a particle physicist? — yes!

— is our experimental/theoretical program exciting? — yes!

Lectures on LHC Physics and dark matter 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

*

Bundesministerium
fiir Bildung
und Forschung


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