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Theory in data-driven era

Same old theory motivation

— WIMP dark matter still best choice
— hierarchy problem (probably) a problem
— but: data in driving seat (750 Gev

Theory tool box

— Lagrangian language established by Higgs discovery
1- full new phySiCS model [built to solve problems]
2- simplified models [capturing experimental features, theoretically poor]

[Hooperon@Fermi]

3- 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

(x)
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Same old theory motivation

— WIMP dark matter still best choice
— hierarchy problem (probably) a problem
— but: data in driving seat (750 Gev

Theory tool box

— Lagrangian language established by Higgs discovery
1- full new phySiCS model [built to solve problems]
2- simplified models [capturing experimental features, theoretically poor]

[Hooperon@Fermi]

3- effective field theory [symmetries and particles fixed, non-renormalizable operators]

= matter of convenience and taste

bottom-up EFT  simplified models full models
agnostic (%) pre-LHC
data-driven (x) (%)
theory-driven (x) pre-LHC
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Theory in data-driven era

Same old theory motivation

— WIMP dark matter still best choice

[Hooperon@Fermi]

— hierarchy problem (probably) a problem

— but: data in driving seat (750 Gev

Theory tool box

— Lagrangian language established by Higgs discovery

1- full new phySiCS model [built to solve problems]

2- simplified models [capturing experimental features, theoretically poor]

3- effective field theory [symmetries and particles fixed, non-renormalizable operators]

= matter of convenience and taste

bottom-up EFT  simplified models full models
agnostic (%) dishonest pre-LHC
data-driven boring (x) (x)
theory-driven pointless (x) pre-LHC
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Higgs couplings

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

or: all couplings proportional to masses?

assume: narrow CP-even scalar
Standard Model operators

total production/decay rates only

Lagrangian

g

m -
L=Leu+Aw gmwH WHW, + Bz 2—mzH Z2"Z, — 3 Ay 7’H (Taf, +h.c.)

2cy

T,b,t

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

electroweak renormalizability through some UV completion

QCD renormalizability not an issue

99 — H

qq — qqH
g9 — ttH
qq’ — VH

—

Grxx = G (1+ Ax)

H—zZ

H— vy

H— ww
H — bb
H— 77
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Higgs couplings ::1> ,,,,,,, we

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

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

total production/decay rates only
Lagrangian

L= Com+ Aw gmyH WHW, + Az %mzH z'z, -5 B %H (Faf, + h.c.)
w T,b,t

H H
+ AgFg m GG + AL Fp m A, A*” + invisible + unobservable

Total width

— coupling extraction impossible without width assumption
observed partial widths:

92 gzzj - g4 g:ﬂ
Vo Vi, < Tild®)
FETe

gives constraint from S"Ti(¢?) < Mot — TH|min

N =0 BR x

+ Funobs

- WW — WW unitarity:  gwww < gﬁ,"ﬂw_, — Ty|max  [HiggsSignals]
— our assumption Ftot = Zobs Fj [plus generation universality]
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Higgs couplings after Run |

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

— assume SM_“ke [secondary solutions possible] L=4.5-5.1(7 TeV)+1 9v4'20v3_‘§ Tev) ib"", 68% CL: ATLAS + CMS
) . 04} ® SMen ge=0g" (1+40)
— SFitter: correct theory uncertainties * daa
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Higgs couplings Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
. L=4.55.1(7 TeV)+19.4-20.3(8 TeV) fb”", 68% CL: ATLAS + CMS
Higgs EFT — assume SM-like [secondary solutions possible] 08 F oo e e Te M (1)
Top EFT ) . N 9= 0 (144
— SFitter: correct theory uncertainties o6} *
DM EFT
- i 0.4
Higgs models g~ with new loops : 1
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Higgs couplings after Run |

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
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-0.6
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L=4.55.1(7 TeV)+19.4-20.3(8 TeV) tb”', 68% CL: ATLAS + CMS
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Higgs couplings Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
H EFT . L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb", 68% CL: ATLAS + CMS
e — assume SM-like [secondary solutions possible] 08 & Suexp = ng (1+a,)
Top EFT . C . 0.6 | # data
— SFitter: correct theory uncertainties
DM EFT 0.4 1
_ i 1
ABmEE g~ with new loops 0.2 1t 13 1
— gg Vs gt barely possible 0 11 M
. L 0.2 —4
— including invisible decays 04 I
= Standard Model within 25% -0.6
-0.8
9 L 9 % 4 < & L % %
3, L% % % %% %i%z;%%%% %,
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Higgs couplings after Run |

Run | legacy [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 g 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 o 7y
H — cc accessible
invisible decays hugely improved
QCD theory error bars avoided
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Higgs couplings after Run |

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

— gg Vs g 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 o 7y

H — cc accessible

invisible decays hugely improved
QCD theory error bars avoided

= Higgs factory case obvious
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Run | legacy [corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) lb" 68% CL: ATLAS + CMS
SM
Ox=0x (1+4)
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Higgs couplings after Run |

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

assume SM-like [secondary solutions possible] 08

— SFitter: correct theory uncertainties gi
— g with new loops 02
— gg Vs gt barely possible .0.2
— including invisible decays 04
= Standard Model within 25% 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

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) o', 68% CL: ATLAS + CMS

b Ge=o5" (144)
Al |

LI il It
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Higgs couplings Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..
Higgs EFT — set of HIggS operators [renormalizable, #1 solved]
Top EFT ~ ~
DM EFT Oga = ¢T¢'GiuGa“U Oww = &' W, W ¢ Opg ="
e ol Opw = &' B, W ¢ Ow = (Du9)' W' (D,g)  Op=---

%8“ (¢T¢) R (¢T¢)

(Du)' (D"9) (#9)

Op1=(Dud) 99" (D"¢) O

Ous =7 (6'0)’ O
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D6 Higgs operators

Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..

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

Oge = ¢'¢GL, G* Oww = ¢ W, W ¢ Opg="--
Opw = ¢ B, W ¢ Ow = (D, ¢)T W** (D, ¢) Op=---

107 (+6) 2 (o)

(Du9)' (D"9) (#'0)

Op1=(Dud) ¢ 0" (D"0) Oy
1
Op3= 3 (¢T¢)a O 4

— relevant part after equation of motion, etc

HwW sV g feB fow fg fw fg.2
L = - 8r FOGG"‘FOBB‘FWOWW'FEOBJFEOW—FF




EFTetHC D6 Higgs operators

Tilman Plehn
SR i Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia,..]
B EA — set of HIggS operators [renormalizable, #1 solved]
Top EFT . .
DM EFT Ogg = ¢T¢GZVG3W Oww = ¢" W, W ¢ Opg = -+
Higgs models Oy = ¢TB/“/ W“"d) Oy = (Duqﬁ)'r W“V(quﬁ) Og=---

001 = (0u9) 961 (0"9)  Opz= 10" (80) 0, (¢'0)

1 3
_ 1t _ t(pH i
Osa= 75 (¢'0) Opa = (Du0)' ("9) (¢70)
— relevant part after equation of motion, etc
HwW sV g feB fow fg fw fg.2
L = - 8r FOGG"‘FOBB‘FWOWW"FEOBJFEOW‘FFqu,z

— Higgs couplings to SM particles  (derivatives = momentum, #2 solved]
£ = gg HGZ G + g HALL AMY
+ 9 2,,2"0"H+ gP HZ., 2" + g HZ,z"

+aly) (WL, W0 Hhe) + g HW, W™ 4 g HWIW™# 4 ...
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D6 Higgs operators

Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..

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

Oge = ¢'¢GL, G* Oww = ¢ W, W ¢ Opg="--
Opw = ¢ B, W ¢ Ow = (D, ¢)T W** (D, ¢) Op=---

107 (+6) 2 (o)

(Du9)' (D"9) (#'0)

Op1=(Dud) ¢ 0" (D"0) Oy
1
Op3= 3 (¢T¢)a O 4

relevant part after equation of motion, etc

HwW sV g feB fow fg fw fg.2
L = - 8r FOGG"‘FOBB‘FWOWW'FEOBJFEOW—FF

— Higgs couplings to SM particles  (derivatives = momentum, #2 solved]

L™ = gg HG,, G + gy HALL A
+90 2,,2"0"H+ ¢® HZ,, 2" + ¢© HZ, Z"

O¢72

+aly) (WL, W0 Hhe) + g HW, W™ 4 g HWIW™# 4 ...

v
— plus Yukawa structure 7.
9 operators for Run | data
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Higgs sector effective field theory  (Hisz, polish, Eboli, Goncales-Garcia, ]

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

OGG — ¢T¢Giueaﬂu
Opw = ¢TB[“/ W“V(i)

(Dud)' ¢ " (D )

15 (¢70)°

— linked to Higgs couplings

04),1

0(7%3

_ fGGV _ Qg ng
TN T 8r A2
) = @ i fw + Shfs
Z T 2A2 2c2
9@ = _ﬂ Swfas + Coyfuw
Z 7 2p2 2c2

Oww

Ow

O(i,,g

O¢)4

2
V
9(23) = Mg(\/EGF)V2 (1 - Wﬂ;)‘z)

my

2
Vv
11— —f
v < 272 "2>

9r =

2

vV
+ —_
V2A2

fy

=¢ W, W ¢ Opg=---
= (D;L¢)T WHU(DUQb) Opg ="

1
— _ M T T
1 (54)a, (o19)
= (D.9)" (0"9) (4')

_ g?vs? fag + fuw

9= " 2
o — &V Iw

WoTone 2

2

2 gv

Qf/v) =% foow

2
V
gt(f/) = Mﬁ/(\/EGF)V2 (1 - W"o.z

)
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Higgs couplings Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia,...

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

Top EFT i a v o -

ST Ogg = ¢'¢G,,, G Oww = ¢' W, W0 Opg="--
Higgs models Opw = (bTBMV W“V(ZS Oy = (Duqﬁ)]\ W“V(Dl,qb) Op =

001 = (0u9) 961 (0"9)  Opz= 30" (80) 0, (¢'0)
Oy =5 (40)’ Opa = (Du6)! (0"6) (4'9)

Run 1 legacy

— kinematics: pr v, A 12 solved] 2leptons

Events/bin
)
‘w

10°F S '
__SM e R—
— (SM Higgs) x 70 1
o (fy/A” =20TeV7?) x 70
TR
0 50 100 150 200 250

PrY(GeV)
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D6 Higgs operators

Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia,...

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

OGG — ¢T¢G2VGHHV
Opw = ¢TBMUWHV¢

Op1 = (Duod) ¢ 0" (D*9)

Oy =5 (40)’

Run 1 legacy

— kinematics: pr v, A 12 solved]

OWW:¢TVAV‘“,VAV“U¢ Opgg ="
Ow = (D) W' (Dyg)  Op =
1
Os2= 50" (¢'6) 0u (¢'0)
Opa = (D,9)' (D"9) (¢79)

S
&)

Events/bin

10,

YYii

SM Higgs
. 2 2 2
Fy/ A =-Fg/ A=20TeV

Foyw/A'=f/A’=-20TeV

3 73
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D6 Higgs operators

Higgs sector effective field theory  (Hisz, polish, Eboli, Goncales-Garcia, ]

— set of Higgs operators  [renormalizable, #1 solved]
Oww = &' W, W ¢
Oy = (D;Ld))]\ WHU(DV¢)

Oge = ¢'¢GZ, G
Opw = ¢TB[“/ W“V¢
Op1 = (D) ¢ 6" (D*¢)

Op3 = 15 (¢T¢)3

Run 1 legacy

— kinematics: pr v, A 2 solved]
— with impact...

?“@wﬁn@w)

(D.9)' (D"9) (#'0)

Opg =+

Op=---

10 ,20
fy/AZ [TeV"

30
]
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D6 Higgs operators

Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..

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

O = ¢T¢GZV G
Osw = ¢' B, W ¢
Op1=(Duo) ¢ 8" (D*¢)

Oy .3 15 (¢T¢)3

Run 1 legacy

— kinematics: pr v, A 2 solved]
— with impact...
...in last bin

Oww = ¢" W, W' ¢
Ow = (Du¢)"W"" (D, ¢)
1
Os2= 50" (¢'6) 0. (¢70)

Oss = (D,9)' (D"9) (¢79)

Ogg=---
Og=---

10 _20 _30
fy/AZ [TV
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D6 Higgs operators

Higgs sector effective field theory  (Hisz, polish, Eboli, Goncales-Garcia, ]

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

OGG — ¢T¢GZUGEMU
Opw = ¢TB[LV W“V(i)

04,,1

O¢Y3

15 (¢70)°

Run 1 legacy

(D.9) ¢ o' (D"¢) Oy

Oww = ¢ W, W+

¢

Oy = (D;Ld))]\ WHU(DVQb)

1

O¢)4

— kinematics: pr v, Agj;  [#2 solved]

_ H H 2
with impact... A
...in last bin o

— Run | sensitivity Iimited_10

= consistent EFT??? i

-30

-40

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fi”, 68% CL: AT

AN

0.5

@ rate only
@ ratesdistributions

0.5
03
0.25

0.2

0.15

-50

o o o o o o
% % 0

LAS + CM:

50" (¢70) 0. (¢'0)

(D.9)' (D"9) (#'0)

S
/A2

TeV, 2
[TeV] [Tev.]

&

Op=---

Opg = -

~O

N

~0O

AN
[TeV]

0.5

—g=

0.4

0.3
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(¥ G Triple gauge couplings
oS ET — one more Higgs-gauge operator  # soied]
Top EFT
oM Ow = (Dud) W (Dy¢)  Op=(Du) B" (Do) Owmw =Tr (W, W W)
Higgs models — kinematics: pr o in VV production c
£ B SM WW £y /A*=25TeV?
E B Background - f/A*=25TeV"”
ol  Eyy/A=25TeV

- Data

500 700 900
prlead(GeV)
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SR i Triple gauge couplings
Higgs EFT — one more Higgs-gauge operator [ soived]
Top EFT . N N . .
DM EFT Ow = (Du¢)'W""(D,¢)  Op=(Du)'B*(D,¢)  Owww =Tr (Wm/ wee Wz,")
Higgs models

— kinematics: pr o in VV production
— combined LHC channels
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Higgs couplings Trlple gauge COUp"ﬂgS

Higgs EFT — one more Higgs-gauge operator [ soived]
Top EFT
oM EFT Ow = (Du®)' W' (D,¢)  Op=(D,9)' B (D.9)  Owww =Tr (W W W)
IR — kinematics: pr . in VV production T f
— combined LHC channels EN 20F
— affecting correlations b o
—20;
740;
—60;
‘

L L L L L L L
-20-15-10 5 0 5 1fo 15 20
ﬁ%[Tevﬁ
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Triple gauge couplings

D6 Higgs-gauge operators

Ow = (D;L‘ls)T W“’”(DM)

complete Higgs-gauge analysis

f/A

[Te¥

10
0

-10
20
-30
-40
-50

one more Higgs-gauge operator  [#3 solved]

Op= (Du‘ls)TB}w(DV‘l&)
kinematics: pr ¢ in VV production

combined LHC channels
affecting correlations

e

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

L J

_.__

_|_

&°

v = Tr (W, W W

5)

AN A,
[TeV] [Tey
025
03 10
05
05
03 o
025
02
-10
15
0.15
-20

i

AN
[TeV]
03
05

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 = (D“qB)T W“’”(DM)

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

= complete Higgs-gauge analysis

LHC vs LEP

— triple gauge vertices g1, x, A vs operators
— semileptonic analyses missing for 8 TeV
= Run | LHC beating LEP

Op= (Du ¢)T B}w (D,, ¢)

& 40r
R LHC
E 20
e 0: :)Yi\\\\
L / N
[/ J AN
-20F /| \
[ \\ LHC+LEP \\
-40F \ )
[\ /
[ \ J
-sof LEP
[ Na e
—807““““‘ T e L L
=10-5 0 5 10 15 20 25 30 35

v = Tr (W, W W

~—

AA; [Tev?



Exercise: higher-dimensional operators
Higgs sector including dimension-6 operators

2 f ) 1 1
Lps = 2_1: 2201 with 040 = 20,(616) 0(879) , Op5 = —5(6"9)°




EFT@LHC

Tilman Plehn

Higgs couplings
Higgs EFT

Top EFT

DM EFT

Higgs models

Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

1

2 f/ ) 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)

i=1

2

first operator, wave function renormalization

1 1 - -
Op2 = 50u("0) 0"(8"0)= 5 (H+v)* 0,H 0" H

proper normalization of combined kinetic term (Lsz)

1 ~ -
Lin = 50, H 0" H (1 +

f¢72v2
A2

);

1 .
S0uHO"H & H=H\l1+

f¢12 v2
A2
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

1

2 f/ ) 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)

2

i=1

first operator, wave function renormalization
1 1 .
Op2 = 50u(979) 0" (979)= 5 (H +v)°
proper normalization of combined kinetic term (Lsz)

f¢72v2
A2

1. o -
Lin = 50, H 0" H (1 +

second operator, minimum condition giving v

2 e fyapt
i
A 4N3A2

B, Ho"H

1
)ééauHa“H o H=H1+

f¢12 v2
A2




EFT@LHC —  Exercise: higher-dimensional operators

Tilman Plehn
SR i Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1 3
Top EFT Lo = 2500 With Op2=50,(0'6) 0"(6'0) . Opa=—2(60)
i=1
DM EFT . ' . . .
" first operator, wave function renormalization
iggs models

1 1 . .
Op2 = 50u("0) 0"(8"0)= 5 (H+v)* 0,H 0" H
proper normalization of combined kinetic term (Lsz)

f¢72v2
A2

1 1 " ~ f¢Y2V2
):EauHaH & H=H\[1+ 25

1 - ~
Liin = 50, o H (1 +
second operator, minimum condition giving v

2 e fyapt
i
A 4N3A2

both operators contributing to Higgs mass

2 2
. 3 o fs315 4+ m
Lomass = J‘?H2 - AV - Z—’:ﬂv“HZ L -H

fo2V?  fy3V?
s mi=2)F <1 _ DoV "”3'/)

A2 2A2)\
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SR i Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1
Top EFT Log =D 750 With Opo=20,(6'9) 9"(6'0). Ops=—75(60)
i=1
DM EFT X ' .
R Higgs self couplings momentum dependent

rr72 f, 2V2 2f, 3V4 2f, 2V2
Lo =— =2 |[1- 2 2, H - 2222 Ho, HO*H
sl v e T 3, nemg

2 2 4 2
m f af af
T (gt TeR ) T2 2y, HotH
A2 A2, A2,
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SR i Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1
Top EFT Log =D 750 With Opo=20,(6'9) 9"(6'0). Ops=—75(60)
i=1
DM EFT X ' .
R Higgs self couplings momentum dependent
rr72 f, 2V2 2f, 3V4 2f, 2V2
Lo =— =2 |[1- 2 2, H - 2222 Ho, HO*H
sl 2v e T 3, nemg
2 2 4 2
my fp 2V 4fy 3V 4 Afyove o "
,WKP N e HfAzmiHauHé)H

alternatively, strong multi-Higgs interactions

H=(1+ fy.2V? FofozVpe fozps o
2A2 212 612
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2 f ) 1 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)
i=1

Higgs self couplings momentum dependent

mf, f¢ 2V2 2f¢ 3V4 3 2f¢ 2V2
— > ’ > 13
Lo == [\' " 22 * 3nZm?, = n2m2, HouHO"H
B ﬁ . foov?  Afy gVt P 4f, V2 o Ho'H
8v2 A2 A2m2, Am2, "

alternatively, strong multi-Higgs interactions

H=(1+ fy.2V? g fe2Vpe  fozps o
2A2 212 612

=- 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]

Og = G1uq 't Og = fascGh G G

= generic D6 reach ~ 500 GeV (c =

profile likelihoods and individual limits

1

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

O¢G — ¢T¢GZVGBHV.”

_ individual —e—
Ca L -2 marginalized —e—
Cit 3
Cy —

i N

Ci .
e .
Ciiv e

Ci e

ng —
s
Cou
('Vcl‘)q _r
-0.5 0 0.5

Gy = Ciw? /A2
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D6 top operators

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

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

including anomalous Agg from Tevatron

— 4-quark, Yang-Mills, electroweak operators

Og = G1uq 't Og = fascGh G G

profile likelihoods and individual limits
= generic D6 reach ~ 500 GeV (c=1]

For theorists: in terms of models
— axigluon: Mp > 1.4 TeV |iresonance]
— SM-like W': My > 1.2TeV [tchannel..]
= models less sensitive to correlations

O¢G — ¢T¢GZVGBHV.”

_ individual —e—
Ca L -2 marginalized —e—
Cit e
Cy —

i N
Ci —_—
e .

Ciiv e

Ci e
ng —

s
Cou
('Vcl‘)q _r

-0.5 0 0.5

Gy = Ciw? /A2



FFetic D6 dark matter operators
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MRS Combining direct, indirect, collider results for WIMPS  (ait etal
ioos Sl — choose dark matter candidate  majorana/birac fermion, scalar, dark photon]
:; E; — consider D6 scattering process xx — SM SM
Higgs models — relic density from annihilation (m, /7 ~ s0]

— indirect detection even later
— direct detection non-relativistic (£ ~ 10mev]
— LHC tricky: single scale my < Myediator?
— example: scalar dark matter

LabelCoefficient Operator ogi{@annVv)
Real scalar
Rl Ay ~ 1/(2M?) mgx2dq v swave
R2 Ap ~ 1/(2M?) imgx2G+°q s-wave
R3 Ag ~ as/(4MP)x2Guy GHY v swave
R4 Ay ~ g/ (4MP)ixPGpuy GHV s-wave
Complex scalar
Cl xy ~1/(M?)  mgxT xaq v swave
C2 Ap ~ 1/(M2) ""’qXTXEI’YsCI s-wave
C3 Az ~ 1/(M?) xTouxavia v pwae

Ca xg ~ 1/(M?)  xTouxavH~Bq  pwave
C5 Xp ~ LYS/(3MZ)XTXGW/G’“’ v s-wave
C6 Ag ~ as/@M)ixTxGu EHY s-wave
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D6 dark matter operators

Relic density plUS Hooperon [Liem, Bertone, Calore, Ruiz de Austri, Tait, Trotta, Weniger]

default input: relic density

scalar dark matter

LabelCoefficient

Operator

ogl{oannv)

Real scalar

Rl Ay ~ 1/(2M?) mgx°aq
R2 Ap ~ 1/(2M?) imgx?g+5q
R3 Az ~ as/(4M2)x2Guy GHY v
R4 Mg ~ as/(4M)ix? Gy, GHY

v'  s-wave
s-wave
s-wave
s-wave

profile likelihood

flat prior on log A\; [prior 1/;]

Dirichlet prior prefering

similar-sized Wilson coefficients

Posterior — Dirichlet prior

i
07 100 100
A [GeV2

Ay [Gev2

107710
A4 [Gev2,

i

10°

02

102

107 1077

(ov) [em’s " atv =0

5 00
% 0,00

0.05

7
0.10
n?

L
0.15

0.20
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D6 dark matter operators

Relic density plUS Hooperon [Liem, Bertone, Calore, Ruiz de Austri, Tait, Trotta, Weniger]

Prosi wod - P

= with data, the method hardly matters

default input: relic density
scalar dark matter

LabelCoefficient Operator ag| (cannVv)
Real scalar

Rl Ay ~ 1/(2M?) mgx2aq v s-wave

R2 Ap ~ 1/(2M?) imgx23+°q s-wave

R3 Az ~ as/(4M?)x2Gy GHY v swave

R4 Ay ~ as/(4MR)ix2 Gy, GHY s-wave

profile likelihood

flat prior on log A; [prior 1/;1

Dirichlet prior prefering
similar-sized Wilson coefficients

Fermi: GCE plus dwarf galaxies

PDF/PL

PDF/PL

Dir

ichlet prior

00 10"

Ay [Gev2

1070 107

10"

X [GeV=2

010

PDF/PL

10 1007 1000 107

A5 [Gev-2

10

A4 [Gev2,

1077 107

PDF/PL

107

iy [GeV

st [ph]

102101017 107

T

i

i

PDF/PL

107 107
ov) [em®s ! atv =0

i 0.0
» 70,00

0.05

A
0.10
n?

0.15

0.20
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(Simplified) scalar/gauge extensions

Higgs singlet/doublet extensions  (Higgs portal

— one or more new (pseudo-) scalars
— mixing with SM-like Higgs
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Higgs models

(Simplified) scalar/gauge extensions

Higgs singlet/doublet extensions  (Higgs portal

— one or more new (pseudo-) scalars
— mixing with SM-like Higgs

Scalar top partners, non-Higgs  isimpified supersymmetry]
— Lagrangian with scalar top partner, singlet plus doublet
£ (D, (D" Q) + (D, TR)* (D*Ta) — QTMPQ — MPT3Te
—ru(¢- Q)¢ Q) = rar(tala)(6'9) — [riaMiz(o - @) +he]

— contribution through loops all over Higgs-gauge sector
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Higgs models

(Simplified) scalar/gauge extensions

Higgs singlet/doublet extensions  (Higgs portal]

— one or more new (pseudo-) scalars
— mixing with SM-like Higgs

Scalar tOp partners, non—Higgs [simplfied supersymmetry]

— Lagrangian with scalar top partner, singlet plus doublet

(D) (D) + (D.Tr)" (D"Tr) — Q' MPQ — MPT5iq
— k(s QN (¢ Q) — srr(tia) (0" 0) — [HLRM?EW SQ)+ h-C-]

— contribution through loops all over Higgs-gauge sector

Triplet gauge extension  [whatever that becomes in the UV]
— additional vector triplet field V,,

M2
ﬁj—lva Vuua VVaV‘ua-&-lg

pv

2
CH Va {qﬁT aD“(f)] ggw \75 Z CF?L’YHO'EFL
v

fermions

+ %vavfabc VaviD v 4 gf oy V2 V44 (T ¢) — Q?W Cvvweabe WH VS VS

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



EFT@LHC

Tilman Plehn

Higgs couplings
Higgs EFT

Top EFT

DM EFT

Higgs models

Higgs D6 breakdown

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

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

theory:

how do D6 vs EFT vs full model differences appear?
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Higgs D6 breakdown

D6-Lagrangian breakdown  (grehmer, 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 weaky interacting]

2 m?
—1=9A2h210% & A<400 GeV

o x BR
(o x BR)gy

no scale hierarchy for testable models?!
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Higgs D6 breakdown

D6-Lagrangian breakdown  (grehmer, 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 weaky interacting]

2 m?
—1=9A2h210% & A<400 GeV

o x BR
(o x BR)gy

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

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

Higgs D6 breakdown

D6-Lagrangian breakdown  (grehmer, 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 weaky interacting]

2 m?
—1=9A2h210% & A<400 GeV

o x BR
(o x BR)gy

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

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

LHC simulations: D6-Lagrangian vs full model

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

check where differences appear at 13 TeV

kinematic distributions like pr ; or myy?
resonance peaks of new states?
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Higgs D6 breakdown

Higgs portal

— testable benchmarks for LHC

Singlet EFT EFT (v-improved)
my sina  vs/v Aii"gla A CH AEFT CH AEFT
500 0.2 10 —0.020 491 0.036 —0.018 0.040 —0.020
350 0.3 10 —0.046 336 0.073 —0.037 0.092 —0.046
200 0.4 10 —0.083 190 0.061 —0.031 0.167 —0.083
1000 0.4 10 —0.083 918 0.183 —0.092 0.167 —0.092
500 0.6 10 —0.200 407 0.461 —0.231 0.400 —0.200
— effects in WBF and hh

ud - udl' I E™®(S5) pp - hh(s4)

= T B ' ]

g 1 8 15 ]

o © ]

SM ]

i ]

0.5 J

full (no H) ]

full ]

‘ ‘ EFT 4

EFT error EFT error ]

1000 2000 200 500 800 1000

m,, [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 a/m Mz Mg My Myt |A] [GeV] Cu Cd,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
Il 10 0.082 157 500 500 500 99 0.465  —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 tanp a/m Mz Mg My My |A] [GeV] Cu Ca,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
] 10 0.032 157 500 500 500 99 0.465  —46.5
| 20 0 45 200 500 500 T ot o
107 pp - h - yy(D1
T

— effects in H — v~

& [fbibin]

Oeer ~ O

O
o
-

M
1 5

500

600

700

800
m,, [GeV]
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Higgs couplings nggs portal

HIEZRIE — testable benchmarks for LHC
o — effects in WBF and hh

DM EFT

Higgs models 2HDM

— testable benchmarks for LHC
— effectsin H — vy

Top partners

— testable benchmarks for LHC

Scalar top-partner model EFT
M KLl KRR kLR My M CH Cw Chw
500 —1.16 285 0.147 500 580 6.22-107% —3.11.1077 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~% 297.10~*
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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 — ~vv
Top partners

— testable benchmarks for LHC

Scalar top-partner model

M an KRR KLR M

500 —1.16 285 0.147 500
350 —3.16 —2.82 0.017 173
500 —7.51 —-7.17 0.012 173

6.2¢
430 ° g
1.6¢

o [fb/bin]

— effects in WBF and Vh

pp - Vh(P2)
T

EFT error
T e W e 2%

300

350 2
my, [GeV]

0
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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 — ~vv

Top partners

— testable benchmarks for LHC
— effects in WBF and Vh

Vector triplet [Brehmer, Biekdtter, Kramer, TP]

— testable benchmarks for LHC

Triplet model EFT
My gy CH CF  CyvHH Mg Cw CH Co Ct
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 — ~vv
Top partners

— testable benchmarks for LHC
— effects in WBF and Vh

pp ~ Vh(T4)

. T 10°F
Vector trlplet [Brehmer, Biekétter, Kramer, TP] g
=] 102
— testable benchmarks for LHC
Triplet model 10k
My gy CH CF  CyvHH Mg
591 3.0 —0.47 —5.0 2.0 1200 - 1=

946 30 —0.47 —5.0 1.0 1200 :
941 30 —028 3.0 10 1200

full

m
ul
3

full (no &)

[%)
=

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 b e

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 — vy
Top partners

— testable benchmarks for LHC
— effects in WBF and Vh PP - Vh(T4)

= T E
Vector trlplet [Brehmer, Biekétter, Kramer, TP] 2 ]
=107 <
© g
— testable benchmarks for LHC ]
Triplet model 10¢ 3
My gy CH CF  CyHH Mg L 1
591 3.0 -—0.47 —5.0 2.0 1200 - full (no &)

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 i

EFT error

500 1000
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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 — ~vv
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 —-056 —1.32 0.08 849

— effects in Vh and WBF

& [folbin]

ud - udh (T5)

full (no &

200

400

600

80
P,

0
[G

Tit

1000
eV]
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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 — ~vv

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 —-056 —1.32 0.08 849

— effects in Vh and WBF

& [folbin]

ud - udh(T5)

full (no &

200

400

600

800
pT‘Ji [G

1000
eV]



EFT@LHC

Tilman Plehn

Higgs couplings
Higgs EFT

Top EFT

DM EFT

Higgs models

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 — ~7, ... (%) 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 — ~7, ... (%) 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

test D6 in comparison to (simplified) models

all relevant effect at tree level

resonance peaks the key feature

= D6 limitations not from matter-of-principle arguments
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' Questions waiting to be answered
Higgs couplings

Higgs EFT — is it really the Standard Model Higgs? o

Top EFT — is there WIMP dark matter? (ves]
e — is there TeV-scale physics beyond the Standard Model?  (ves]
Higgs models

— are EFT analyses boring?  (ves]
— will we stop EFT analyses once we find new states [pefinitely]
= welcome to a data-driven eral!

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 % %‘ﬂg?;l:':]i;iswri“m

und Forschung


www.thphys.uni-heidelberg.de/~plehn/
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Higgs couplings
Higgs EFT

Top EFT

DM EFT

Higgs models

750 GeV — the finger to particle theory

not true
actual model

2 effective couplings H ‘vector quarks"

taste

XeaaahHNMSSM‘

taste

Effective theories in action?
— key question: another Higgs scalar?
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

=- everyone writing models papers!
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