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Same old theory motivation

— dark matter still not understood  wimP siill best choice]
— hierarchy problem (probably) a problem
— but: data in driving seat  [remember 750]
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Theory in data-driven era

Same old theory motivation

— dark matter still not understood

[WIMP still best choice]

— hierarchy problem (probably) a problem

— but: data in driving seat  [remember 750]

Theory tool box

— Lagrangian language obvious after Higgs discovery

1 full new phySiCS model [built to solve problems, extrapolating to high scales, think SUSY]

2 simplified models [Feynman diagrams for experimental features, theoretically poor at best]

3 effective Lagrangians [symmetries and particles fixed, non-renormalizable operators]
= matter of experimental needs, convenience and taste

effective Lagrangian simplified models  full models
agnostic (xX)
data-driven (x) (%)
theory-driven (%)
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Same old theory motivation

— dark matter still not understood  (winmP siill best choice]
— hierarchy problem (probably) a problem
— but: data in driving seat  [remember 750]

Theory tool box

— Lagrangian language obvious after Higgs discovery

1 full new physics model [ouilt to solve problems, extrapolating to high scales, think SUSY]
2 simplified models  [Feynman diagrams for experimental features, theoretically poor at best]
3 effective Lagrangians  (symmetries and particles fixed, non-renormalizable operators]
= matter of experimental needs, convenience and taste

effective Lagrangian simplified models  full models
agnostic (xX) pre-LHC
data-driven (x) (%)
theory-driven (%) pre-LHC
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Theory in data-driven era

Same old theory motivation

— dark matter still not understood  (winmP siill best choice]
— hierarchy problem (probably) a problem
— but: data in driving seat  [remember 750]

Theory tool box

— Lagrangian language obvious after Higgs discovery

1 full new physics model [ouilt to solve problems, extrapolating to high scales, think SUSY]
2 simplified models  [Feynman diagrams for experimental features, theoretically poor at best]
3 effective Lagrangians  (symmetries and particles fixed, non-renormalizable operators]
= matter of experimental needs, convenience and taste

effective Lagrangian simplified models  full models
agnostic (xX) dishonest pre-LHC
data-driven boring (x) (%)
theory-driven pointless (X) pre-LHC
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Higgs questions

1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs

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

&W

-

— ask LHCb [Cabibbo—Maksymowicz—Dell’Aquila-Nelson angles, not part of talk]

A ~ /2

spm 0: 03y, 055,055
21wz
spin-2: ZE\\':2E\\'+q

2wig mex 4

n;;

An;a broad

An;a narrow/di




Hogs@LHC —  Higgs questions

Tilman Plehn
SansliEs 1. What is the ‘Higgs’ Lagrangian?
Higgs EFT — psychologically: looked for Higgs, so found a Higgs
More EFTs . .
— CP-even spin-0 scalar expected, which operators?

spin-1 vector unlikely
spin-2 graviton unexpected

— ask LHCb [Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles, not part of talk]

2. What is the Lagrangian?

— naive-but-useful: set of ‘couplings’ given Lagrangian
— bottom-up: effective theory [simpiiiied models?]
— top-down: modified Higgs sectors
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Gouplings 1. What is the ‘Higgs’ Lagrangian?
Higgs EFT — psychologically: looked for Higgs, so found a Higgs
More EFTs

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

— ask LHCb [Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles, not part of talk]

2. What is the Lagrangian?

— naive-but-useful: set of ‘couplings’ given Lagrangian
— bottom-up: effective theory [simpiiiied models?]
— top-down: modified Higgs sectors

3. What does all this tell us?  not part of this talk]

— strongly interacting models?
— weakly interacting extensions?
— TeV-scale physics, hierarchy problem, vacuum stability, Higgs inflation, etc
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Couplings

Standard Model operators

— assume: narrow CP-even scalar for Luigi
Standard Model operators

— couplings proportional to masses?
— fundamental physics in terms of Lagrangian

L= Lsu+ Aw gmyH WHW,, + Az %mzH 74z, — Z Af %H (faf + h.c.)
w

T,b,t

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

99 - H

99 — H+j (boosted)
gg — H* (off-shell)
qq — qqH

g9 — ttH

qq’ — VH

—

Grxx = G (1+ Ax)

—

H— ZZ
H— Www

H — bb
H— v~
H— vy

H — invisible
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Standard Model operators

— assume: narrow CP-even scalar
Standard Model operators

— couplings proportional to masses?

— fundamental physics in terms of Lagrangian

my -
L= Lsw+ Aw gmyH WHW,, + Az EmZH 74z, — Z As 7/-/ (faf + h.c.)

Great Run | results, but issues...

1 electroweak renormalizability broken

2 total rates only
3 hard to relate to gauge, flavor sectors

[for Luigi]

H H
+ AgFg " G G"” + A Fy v A, A" + invisible + unobservable

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

Ox = ng (1+40
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. Standard Model operators
Higgs EFT — assume: narrow CP-even scalar ffor Luigi
More EFTs Standard Model operators

— couplings proportional to masses?
— fundamental physics in terms of Lagrangian

g

L=Lsy+ Aw gmyH W“WN + Ay —
2cw

mzH Z“ZM — Z A¢ %H (?,qu + hC)
7,b,t

H H
+ AgFg " G G"” + A Fy v A, A" + invisible + unobservable

Gaining momentum: invisible decays (Bemaciak, TP, Schichtel, Tattersall; for the QCD people]

0 20 GeV Jets

— WBF best channel at LHC  (eboli & zeppenfeld] )
. . -, ® Baseling
— baseline cuts: jet veto plus A¢; TSV
multivariate: 2-jet, 3-jet sample 005 LY
. Baseline
— reach BRy,, ~ 4% for 3000 fb~—" AN
— further improvement to 3% - N
from QCD jets to 10 GeV...
imiti 0-15[[ == 2-Jet sample
= QCD the limiting factor e oo
— Combined BDT
@ Box Cuts B Baseline
0.000 0.005 0.010 0.015 0.020 0.025 0.030

€
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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 = 616G, G Oww = ¢" W, W Opgg="+-
Osw = ¢ B, W ¢ Ow = (Du¢) W (D, ¢) Og=---

Ou1 = (0u9) 967 (0"9)  Ouz= 10" (80) 0, (¢'0)

Ous =75 (6'0)’ Ops = (Du0)' (D"9) (¢79)
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SansliEs Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..

Higgs EFT — set of Higgs operators  frenormalizable, #1 solved]

e Oge = ¢'$G7, G Oww = ¢" W, W ¢ Opg =+

Opw = ¢ B, W ¢ Ow = (D.o)fW* (D, ¢)  ©Og=---

1
Op1=(Due) 00" (D"6)  Opa= 30" (4'0) 0, (')
1 3
Op5= 3 (4'9) Opa = (Du9)' (D"9) (¢79)
— actual basis after equation of motion, etc
osv Iy fer MOWW‘F inB+ Mow+%0¢,2

Oce + 55088 + -5 A2 e

v _ g
8r A? N2
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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 = 616G, G Oww = ¢" W, W Opgg="+-
Opw = ¢ B, W ¢ Ow = (Duo) W (D,¢)  Og=---

104 (69) 0, (619)

Op1=(Dup) o' (D"¢) Oy

1 3 .
Op5= 3 (4'9) Osa = (D,9)' (D"9) (¢79)
— actual basis after equation of motion, etc
HW asV feg fww fz fw fo,2
L =- 8577 A*QZOGG+FOBB+FOWW+ﬁos+ﬁow+%o¢,2

— Higgs couplings to SM particles  [derivatives = momentum, #2 solved]
£ = gg HG2 G + g HALL A"
+ 0 2,240 H+ g9 HZ,W 2" + o) HZ, Z"
+9% (W+ W™ 8Y H + h.c.) + o HW W g W W

v
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SansliEs Higgs sector effective field theory (Hisz, polish, Eboli, Goncales-Garcia, ..
B EA — set of HIggS operators [renormalizable, #1 solved]
More EFTs | a apv i N
Oge = ¢'¢G,,, G Oww = ¢' W, W0 Opg=---
Osw = ¢' B, W ¢ Ow = (Due) W (D,¢)  Op=--

Ou1 = (0u9) 967 (0"9)  Ouz= 10" (80) 0, (¢'0)

1 3 .
Op5= 3 (4'9) Osa = (D,9)' (D"9) (¢79)
— actual basis after equation of motion, etc
HWY asV f, fe fww fs fw fo,2
L =- 8577 A*QZOGG+FOBB+FOWW+ﬁos+ﬁow+%o¢,2

Higgs couplings to SM particles [derivatives = momentum, #2 solved]
£ = gg HG2 G + g HALL A"
+ 0 2,240 H+ g9 HZ,W 2" + o) HZ, Z"
+9% (W+ W™ 8Y H + h.c.) + o HW W g W W

v

plus Yukawa structure 7. 4, ;
7 A-like coupling modifications
4 new Lorentz structures
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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¢GiuGauu
Opw = ¢TBWWW¢
041 =(Duod) ¢ 6" (D"0)

0ps =5 (40)’

— linking couplings and operators

Oww = ¢ W, W ¢ Opg ="+
Ow = (Do) W"" (D, ¢)
1
00e= 10 (¢79) 2. (+'9)
Opa = (Du0)' (D"9) (¢70)
_ g°vs?, fog + fuw
9 =" 2
g = &Y Iw
Woopz 2
2
) gv
9w = ToNE fww
2 2
@ _9Vv 1 Lf
gW - 4 ( A2 ®,2
2
%
+ =t
vane!

_fegV _ as fgv
9= N T A
g(1) _ ﬂ Cﬁ,fw + Sﬁ,fg
Z T 2A2 2¢2,
g = &PV sy fes + Coyfaw
z 2/2 2c2
(3) _ @ 1 sz
92 " 2ne ?
2
my v
g = -y (1 - Wﬂp.z)

Op=---
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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 = ¢1¢G?, G

nv

Opw = ¢TBW W ¢
01 = (Duo)' ¢ 0 (D"0)

Ous =7 (6'0)’

Run 1 legacy

— kinematics: pr v, A 12 solved]

Oww = &' WWWW¢ Opg ="+
Ow = (Duo) W (D,¢)  Og=---
1
Os2= 50" (¢'6) 0. (¢'0)

Opa=(Duo)" (D"9) (¢T¢)

2leptons

Events/bin
~
T

-

10°F '
—SM :
— (SM Higgs) x 70 1
e (fy/A* =20TeV?) 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]
Oww = ¢ W WH ¢ Opg=""--
Ow = (D) W (D,¢)  Op=---

Ogg = ¢T¢GZV G3Hv
Opw = ¢' B, W ¢
041 = (Dud) ¢ 6" (D)

Ous =7 (6'0)’

Run 1 legacy

— kinematics: pr v, A 12 solved]

Oue = 30" (66) 0 (70)

Opa=(Duo)" (D"9) (¢T¢)

- Wi
S 5 — SM Higgs
Z10°F N 3 2 -2
e r - /N =-fgy/A"=20TeV"
& Fy/ A =-f/ A’=-20Te V"

]

1

]
10 73 773

AP,
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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¢GiuGaW
Opw = ¢T“A3WVAVW¢
Op1 = (Duo) ¢ 6" (D*¢)

Ous =75 (6'0)’

Run 1 legacy

— kinematics: pr v, A 12 solved]
— with impact...

Oww = ¢ W, W ¢
Ow = (Du¢)" W"" (D, ¢)
1
Od>,2 — Eah ((z)‘rd)) (9“ (¢T¢)

Opa = (Du9)' (D"9) (¢79)

Ogg=---
Og=---

10 .20 _30
fy/AZ [TeV?]
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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 = ¢'9¢GL, G
Opw = ¢' B, WH ¢
Op1 = (Dug)' ¢ o' (D" )

Ous =7 (6'0)°

Run 1 legacy

— kinematics: pr v, A 12 solved)
— with impact...
...in last bin

Oww = ¢ W, W ¢
Ow = (Du¢)"W"" (D, ¢)

Ou = 30" (66) 0 (70)

044 = (Due)' (D"9) (¢0)

Ogg = -

Og=---

10 20 30
fy/AZ [TeV]
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- Higgs sector effective field theory  (Hisz, polish, Eboli, Goncales-Garcia, ]
uplil
Higgs EFT — set of Higgs operators  [renormalizable, #1 solved]
More EFTs

OGG — ¢T¢GiuGauu

Oww = ¢T Wuu W“U(b

Osw = ¢' B, W ¢ Ow = (D,.¢) W (D, ¢)

Op1=(Dud) ¢ 0" (D"9) Oy

O¢13 =

Run 1 legacy

1

3

(v'0)

O¢74

— kinematics: pr v, Aj;  [#2 solved]

— with impact..

...in last bin
— Run I 'limits

fIA
[Tev?

0
-10
-20
-30
-40

-50

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

Hh.;ulh
t

-

@ rate only
@ rate+distributions

o 9 o g q o
% m % & 6

50" (616) 0 (0'0)

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

Op=---

Opg =+

AN A2,
[TeV] [TeVé]
0.5
0.5

0
0.3
0.25

-5
0.2

-10
0.15

-15

AN
[TeV]

0.5

g

0.4

0.3
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Gouplings Triple gauge couplings
Higgs EFT — one more Higgs-gauge operator 3 soled]
More EFTs

Ow = (Dud) WH(D,0)  Op=(D,0) B (D,0)  Ouaww = Tr (Wouo W W)

— kinematics: pr o in VV production

E10Y N »
3 EISMWW - fy/A=25TeV
5 B Background - f,/A>=25TeV
al I - fyw/A’=25TeV™?

- Data

500 700 900
prlead(GeV)
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Gouplings Triple gauge couplings
Higgs EFT — one more Higgs-gauge operator [ soived]
More EFTs

Ow = (Dud) W (Dy¢)  Op=(Du) B" (Do) Owmw =Tr (W, W W)

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




Higgs@LHC D6 Higgs-gauge operators

Tilman Plehn
S Triple gauge couplings
Higgs EFT — one more Higgs-gauge operator  #3 soved]
More EFTs

Ow = (Dud) W (Dy¢)  Op=(Du) B" (Do) Owmw =Tr (W, W W)

— kinematics: pr o in VV production T I
— combined LHC channels £ 200
— affecting EFT correlations =% o
20
a0l
60l

L L L L L L L
-20-15-10 5 0 5 1fo 15 20
A—"‘;[TeV'z]
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Gouplings Triple gauge couplings
Higgs EFT — one more Higgs-gauge operator [ soived]
More EFTs

Ow = (D;L‘ls)T W“’”(DM) Op= (Du‘ls)TB}w(DV‘l&)

kinematics: pr ¢ in VV production
combined LHC channels

— affecting EFT correlations
= complete Higgs-gauge analysis

I/A

[Te¥

10

#4

-
-10 1
-20
-30
40
-50

<>

_.__

_q_

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

v = Tr (W, W W

ANTH A2
[TeV] [Teye?]
05 10
05
05
0.3 0
025
02
-10
15
0.15
20

%,

~—

AN
[TeV]
03

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¢)  W* (D, ¢)

kinematics: pr ¢ in VV production
combined LHC channels
affecting EFT correlations
complete Higgs-gauge analysis

LHC vs LEP

— triple gauge vertices gy, x, A vs operators

=

LEP limits from precision
LHC limits from energy

semileptonic analyses missing for 8 TeV
Run | LHC beating LEP

Og= (D.¢)'B*"(D, ¢)

_ A AV e A
OWWW =Tr ( o w A )
o 40
3 I LHC
E 200
o [
[ ~
0, N\
L \
- AL .
-20F \
[ LHC+LEP \\
-40F |
r /
~60F . LEP Y
[ ~
—goLowi \\T\ﬁw—ﬂ’//\ !
=10-5 0 5 10 15 20 25 30 35

f -
Ai; [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)°
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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

first operator, wave function renormalization
_ 1o (ote) 9F (ot d)— L (4 2 i
Os2= 50u(¢"¢) 0"(¢'¢)= 5 (H+Vv)" 9,H O"H
proper normalization of combined kinetic term (Lsz)

1 ~ ~ f¢72v2 1 1 ~ f¢Y2V2
Lkin:§3¢LH8“H(1+ A2 :EauHa“H o H=H1+ >
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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)

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
)ééauHa“H & H=H1+

second operator, minimum condition giving v

ve =

2

pe o fyapt

X 4N3AZ

f¢12 v2
A2
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Gouplings Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1 3
More EFTs Lo = 2500 With Op2=50,(0'6) 0"(6'0) . Opa=—2(60)

i=1

first operator, wave function renormalization
_ 1o (ote) 9F (ot d)— L (4 2 i
Os2= 50u(¢"¢) 0"(¢'¢)= 5 (H+Vv)" 9,H O"H
proper normalization of combined kinetic term (Lsz)

fd),Z V2
A2

1 1 ~ f¢Y2V2
):EauHa“H & 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—fﬂv“HZ L -H

fyov?  fyaV?
s mi=2)F <1 _ eV | e )

A2 2A2)\
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Gouplings Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1
More EFTs Log =D 750 With Opo=20,(6'9) 9"(6'0). Ops=—75(60)
i=1

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
M| (g eV AesVi) e AoV e 8y, HO* H
8v2 A2 A2, A2,



His@HC  Exercise: higher-dimensional operators
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Gouplings Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1 3
More EFTs Los = 21 3O with Oy2=20,(0'9) 0"(8'0), Ops=—7(0"0)
p

Higgs self couplings momentum dependent
2 4 2
Lot = — my [(1 MV . 2f, 3V ) W 2s2v

2 2
2v 2/A2 3N mZ, A2mz,

ms, ; foov?  Afg gVt 4 Afy0VP
8v2 A2 A2, A2,

HB,LHB”H}

H? 0, HO" H}

alternatively, strong multi-Higgs interactions

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



Hegs@tHo —  Exercise: higher-dimensional operators

Tilman Plehn
Gouplings Higgs sector including dimension-6 operators
Higgs EFT 2 f ) 1 1
More EFTs Log =D 750 With Opo=20,(6'9) 9"(6'0). Ops=—75(60)
i=1

Higgs self couplings momentum dependent
Cself — m%-l [(1 - qu,ZV2 2f¢,3v4> H3 o 2f¢y2V2

2 2
2/A2 3N mZ, A2mz,

n1,2_, |:<1 _ f¢’2V2 + 4f¢’3v4) H4 _ 4f¢’2V2

2 2 m? 2 m2
A AZm3, AZmg,

HB,LHB”H}

H? 0, HO" H}

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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Matching matters

Ideal LEP and flavor worlds

— unique EFT Lagrangian: linear realization matching unbroken phase
— chain of well separated energy scales E < A{ < ... K Ay
= systematic expansion in E/A and «
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Gouplings Ideal LEP and flavor worlds
Higgs EFT — unique EFT Lagrangian: linear realization matching unbroken phase
More EFTs

— chain of well separated energy scales E < A{ < ... K Ay
= systematic expansion in E/A and «

Rotten LHC world [Brehmer, Freitas, Lopez-Val, TP]

— range of (partonic) energy scales [H-jets production]
— electroweak symmetry breaking at v ~ E ¢
— low precision, reach from energy

o x BR B
(o X BR)gy

2 2
:gA’Z"”mo% &L A~ 400 GeV

= D8 operators not obviously suppressed
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Higgs EFT
More EFTs

Matching matters

Ideal LEP and flavor worlds
— unique EFT Lagrangian: linear realization matching unbroken phase
— chain of well separated energy scales E < A{ < ... K Ay
= systematic expansion in E/A and «

Rotten LHC world [Brehmer, Freitas, Lopez-Val, TP]

— range of (partonic) energy scales [H-jets production]
— electroweak symmetry breaking at v ~ E ¢
— low precision, reach from energy

oxBR
(o X BR)gy

2 2
1= L ~t0% £ Ax 400 Gev

= D8 operators not obviously suppressed

Task for LHC theory

— develop a working D6 framework
or find a better approach, test it, include in Monte Carlos...

— while keeping theorist’s self respect



figs@HC —  Matching matters
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S Oblique parameters: Higgs portal vs D6 Lagrangian (Freitas, Lopez-Val, TP]

Higgs EFT — operators

More EFTs R = ige = v
Lerr D o 0" (81 0)0u(670) + 5 (81 T 6)(6' D up) + 2o (61 0* T 6)D" W

— predictions of Higgs portal model my ~ 2x;12, 2 ~ 23+ /@xpm?))]

2 2 2 2,2 2 2
A3 Vv my, —3A3Vv mz  my, m,
— TR ———— log —
ms

~ og — ~ — - =
24wy M, g m2 32w Aem?, \ m3  m?

— leading log with tree-insertion of loop operators Or g w 182 = 23,21

cr 3aewsﬁ,>\§ o A2 Ce.w )‘g lo N
A2 32w A2 guz A2 19272 2,A2 gpﬁ

— including weak-scale loops including Oy

CH kg

A2 T 2),A2

— v-improvement: A = my and full model in terms of Co  (resumming VEV insertions]

cv _ 2(1—ca) cr _ Baewsi(1 —ca) o m, caw 11— o ms,
A2 v2 A2 87rc2 v2 K u2 A2 48772'/2 g




figs@HC —  Matching matters
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Couplings
Higgs EFT

Oblique parameters: Higgs portal vs D6 Lagrangian (reitas, Lopez-Val, TP]
— operators
More EFTs

igew

CH Au cr Hu Aot Hu v
Lerr D 550" (8T 8)0u(679) + 55 (67 D" 9)(8T D o) + 55 (670" D *9)D W,

— v-improvement: A = my and full model in terms of Co  [resumming VEV insertions]
cv _ 2(1—ca) cr Baews2 (1 — Ca)
N T

m?, csw 11— Ca o ms,
A2 8mc2 v2 2 A2 48m2y2 9 12
— broken-phase matching: systematically all terms v/A
or _ _owsy(l-co) (5 g0 mh)  caw
A2 8mwcg v? 2 12

1-— 5 m2
=% (-2 43lg T
N2 14472y2 2 12
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More EFTs

Matching matters

Oblique parameters: Higgs portal vs D6 Lagrangian (reitas, Lopez-Val, TP]

— operators

Lerr > a5 (8'0)0,(616) + o5 (6" D 6)(6" D ) +

— numerical comparison fang = v/vs]
T T T T

41x10° P

T T
S parameter

A, = 18x10"
2,=6.6x10°

-5.0x10°

igcw
2

80w (41,45
2N

(¢7o"

vk
“$)D"W,,

T parameter

A =tsxio’

3

- A, =6.6x10
1.4x10° 4 -10ox10” CBPTL )
BP-TLv BP-TLv

100 Il Il Il Il Il Il 0 i Il Il |
200 500 600 700 800 900 10 200 500 600 700 800 900 3
S3 m, [GeV] s3 m, [GeV] 3
sina k‘
10'F 5 10'F 4
L ! L 1 E . T B P B

10 15 20 25 30 10 15 20 25 30

tanp tanp

= D6 Lagrangian saved by theory
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Couplings D6 HIggS Lagrangian [Brehmer, Freitas, Lopez-Val, TP]
Higgs EFT — phenomenology: does D6 capture all model features at LHC?
More EFTs

theory: how do D6 vs EFT vs full model differences appear?

1 push (simplified) models to visible deviations at LHC
Higgs portal, 2HDM, stops, vector triplet weaky interacting]
2 construct and match D6-Lagrangian to model

coupling modifications v2/A? vs new kinematics 8/A?
v-improved and broken phase matching

3 LHC simulations: D6-Lagrangian vs full model

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

= check for differences

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

=- consider uncertainties as matching uncertainties



Model by model...

Higgs singlet/doublet extensions  (Higgs portal

— mixing with SM-like Higgs, not too interesting
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Model by model...

Higgs singlet/doublet extensions  (Higgs portal

— mixing with SM-like Higgs, not too interesting

Scalar tOp partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting



Higgs@the —  Model by model...
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SansliEs Higgs singlet/doublet extensions  (Higgs portal
Higgs EFT — mixing with SM-like Higgs, not too interesting
More EFTs

Scalar tOp partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  [Brehmer, Biekstter, Kramer, TP]

— additional vector triplet field V,,
— Lagrangian modulo UV completion

2 >
10, tuva M\? tyai/na 9v a t _asTu 9w a T i1_a
£ = VL, Ve LRV i on V] [¢ o®D ¢] o Vi > cFuyoFL
fermions
v Ca bl . g Vb
+ 5 Cvwveabe v VoD 1 4 g% cvinm vavr(ele) — ?WCVVWCabc w Vﬁ v

— new states, mixing with W® and Z
weak gauge coupling to W, Z mass eigenstates
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Gouplings Higgs singlet/doublet extensions  (Higgs portal
Higgs EFT — mixing with SM-like Higgs, not too interesting
More EFTs

Scalar tOp partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  [Brehmer, Biekstter, Kramer, TP]

— additional vector triplet field V,,

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

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 —-056 —1.32 0.08 849 —0.007 —0.020 —0.027 —0.007




Higgs@the —  Model by model...
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- Higgs singlet/doublet extensions  (Higgs portal
Higgs EFT — mixing with SM-like Higgs, not too interesting
More EFTs

Scalar top partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  (Brehmer, Biekstter, Kréamer, TP]

— additional vector triplet field V/,
— new states, mixing with W= and Z

weak gauge coupling to W, Z mass eigens

Triplet model
My gy cH CF  CVWVHH 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]

R

10

10

-

pp - Vh(T4)

full

full (no &)

_%

500 1000
m, [GeV]
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Model by model...

Tilman Plehn
- Higgs singlet/doublet extensions  (Higgs portal
Higgs EFT — mixing with SM-like Higgs, not too interesting
More EFTs

Scalar top partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  (Brehmer, Biekstter, Kréamer, TP]

— additional vector triplet field V/,
— new states, mixing with W= and Z

weak gauge coupling to W, Z mass eigens

Triplet model
My gy cH CF  CVWVHH 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]

=
Q

pp - Vh(T4)

full (no &)

EFT error

500 1000
m, [GeV]
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Model by model...

Higgs singlet/doublet extensions  (Higgs portal

Scalar tOp partners [simplified supersymmetry]

— mixing with SM-like Higgs, not too interesting

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  (Brehmer, Biekétter, Krémer, TP]

— additional vector triplet field V/,

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

Triplet model
My gy cH CF  CVWVHH 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
= D6 Lagrangian okay, if away from poles

& [folbin]

ud ~ udh(T5)

200400 600 800 1000
P, [GeV]
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Model by model...
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Couplings Higgs singlet/doublet extensions  (Higgs portal]
IS BT — mixing with SM-like Higgs, not too interesting
More EFTs

Scalar tOp partners [simplified supersymmetry]

— loop contributions everywhere, small, not too interesting

Triplet gauge extension  (Brehmer, Biekétter, Krémer, TP]

— additional vector triplet field V/,
— new states, mixing with W= and Z

weak gauge coupling to W, Z mass eigens

Triplet model
My gy cH CF  CVWVHH 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

= D6 Lagrangian okay, if away from poles

& [folbin]

Oert - O

ud — udh (T5)

10° E

=t ‘ ‘ ‘ 2

F o ERTemor e

o 0 |
200400 600 800 1000

P, [GeV]
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D6 QCD operators

Ubiquitous QCD operator (TR, krauss, Kuttimalail
— anomalous gluon coupling
c . ) v
06 = % fcGl, Gpy G, With GY = 0°GY — 0¥ Gl — igsfapcG™ G°

— affecting multi-jet production  cwvs black hole search]
Niets
Sr = Erj+(br >50 GeV)
j=1
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D6 QCD operators

— anomalous gluon coupling

Js Cg
j\T fabe Ggu ng G?p

— 4-fermion operator for Nigts = 2,3 104
gluon operator for Nigts > 5 [sherpal

Ubiquitous QCD operator  [r krauss, Kuttimalai]

— affecting multi-jet production  cwvs black hole search]

Niets

Sr=>_ Er;+(pr >50 GeV)
j=1

with GL” = 8°GY — 8" G! — igstancG™ G

10°
10?
10!
10° +  CMSdata

101 ] sM
- — -~ SM+0¢

Events per bin

H
S
b

r SHERPA

[+ + F . 4+ 4

-t
= hes

Ratio to SM
O == N
oo

2000 3000 4000

5000

6000 7000

St[GeV]
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D6 QCD operators

Ubiquitous QCD operator  [r krauss, Kuttimalai]

— anomalous gluon coupling

C
¢c0g = % faoGL,Gyn Gy, With GE¥ = 0°GY — 0" G — igsfansG™ G™

— affecting multi-jet production  cwvs black hole search]

Niets

Sr=>_ Er;+(pr >50 GeV)
j=1

— 4-fermion operator for Nigts = 2,3
gluon operator for Nigts > 5 [sherpal

Events per bin

10-1 L sM

H
S
b

Ratio to SM

10*

10°
10%
10!

10° +

CMS data

- — -~ SM+0¢

r SHERPA

G R S el

[
oo

2000 3000 4000 5000

6000 7000
St[GeV]
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Gouplings Ubiquitous QCD operator (TR, krauss, Kuttimalai]
Higgs EFT — anomalous gluon coupling
More EFTs

C
¢c0g = % faoGL,Gyn Gy, With GE¥ = 0°GY — 0" G — igsfansG™ G™

— affecting multi-jet production  cwvs black hole search]
Niets
Sr = Erj+(br >50 GeV)
j=1

— 4-fermion operator for Nigts = 2,3 104
gluon operator for Nigts > 5 [sherpal

103 + A =5TeV |
10% |
10' |
10°F +  CMSdata

101 ] sM
- - —-- SM+0Og

Events per bin

H
<
b

r SHERPA

;+d.<3.‘+)4uﬁ~" "
+

Ratio to SM
O == N
oo

!

i

I

2000 3000 4000 5000 6000 7000
St[GeV]
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More EFTs

D6 QCD operators

Ubiquitous QCD operator  [r krauss, Kuttimalai]

— anomalous gluon coupling

C
¢c0g = % faoGL,Gyn Gy, With GE¥ = 0°GY — 0" G — igsfansG™ G™

— affecting multi-jet production  cwvs black hole search]

Niets

ST = Z ET_J' + (pT > 50
j=1

— 4-fermion operator for Nigts = 2,3
gluon operator for Nigts > 5 [sherpal

GeV)
£ 10*F T T j T ]
a A
5 0] 5Tev |
@
£ 10%} p
12
& 10|
CMS data
100 + SM
10-1| ---- SM+0c
%2-0* SHERPA ¥ 1
215 ! 1
2 10 | +g=52—— +
gosp TR T
2000 3000 4000 5000 6000 7000

St[GeV]
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D6 QCD operators

Ubiquitous QCD operator [T krauss, Kuttimalai]

— anomalous gluon coupling
s Ca
/\2

¢gOq =

Jels

SrszT,

4-fermion operator for Nigis = 2,3
gluon operator for Nigts > 5 [sherpa)

— 4-fermion operators from ATLAS A/y/c > 4.8 ...

= gluon operator A/+y/c > 5.2 TeV ~ Smax

affecting mUlti-jet production [CMS black hole search]

(br > 50 GeV)

10-°
107
10-8
1070 Lt

6.8 TeV

fancGl, Gpy G, With GY = 0°GY — 0% Gl — igsfape G G™

Niet > 5 £ =22fb"
= = = = Observed
Expected (+0)

5.0

52

54

5.6 5.8 6.0
A/ [TeV]
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Couplings Same for tOpS [TopFitter: Buckley, Englert, Ferrando, Miller, Moore, Russell, White]
Fiags EFT — single, pair-wise, and associated top production  pius decays]
More EFTs

including anomalous Agg from Tevatron
— 4-quark, Yang-Mills, electroweak operators

Ogq = G1uq Tt Og = fagcGh GAGSH Oug = ¢ G2, G -+

profile likelihoods and individual limits

- _ in(_liv‘i(_lual ——
= generiC D6 reach ~ 500 GeV (c=1] (j( 3, marginalized
ot —
C. R
c? -
“u AN - s
Ci .
3 et
@f& —_—
Ci S
3 )
o
Cou
('Vcl‘)q —tr
-1 -0.5 0 0.5

Gy = Ciw? /A2



Higgs@LHC

Tilman Plehn
Couplings
Higgs EFT
More EFTs

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

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

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

O¢G — ¢T¢GZVGBHV.”

Ca
Cit
C,
i

Ci

e

~133
Cu w

t
ot
Cou

1
('d)q

T
individual —e—
o, marginalized +—e—

]

| MI“MMMH,

-0.5

Gy = Ciw? /A2
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SansliEs Combining direct, indirect, collider results for WIMPS  (ait etal
Higgs EFT H . .
— choose dark matter candidate [Majorana/Dirac fermion, scalar, dark photon]
More EFTs

— 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 my < Myediator?

— example: scalar dark matter

LabelCoefficient Operator ogi{@annVv)
Real scalar
Rl Ay ~ 1/(2M?) mgx2dq v swave
R2 Ay ~ 1/(2M?) fqu26w5q s-wave
R3 Az ~ D‘S/(4M2)X26;LVG“V v s-wave
R4 Ag ~ as/(aM2)ix2Gy,, GHY s-wave
Complex scalar
Cl xy ~1/(M?)  mgxT xaq v swave
C2 Xy ~ 1/(M2) iquTxf['ysq s-wave
C3 Az ~ 1/(M?) xTouxavia v pwae

Ca xg ~ 1/(M?)  xTouxavH~Bq  pwave
C5 Xp ~ ’JS/(SMZ)XTXG;LVG“” v s-wave
C6 Ag ~ as/@M)ixTxGu EHY s-wave




Higs@HC D6 dark matter operators
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Couplings Relic density plUS Hooperon [Liem, Bertone, Calore, Ruiz de Austri, Tait, Trotta, Weniger]
Higgs EFT — default input: relic density w0 e
More EFTs — scalar dark matter : :
LabelCoefficient Operator ogi{eannVv)
Real scalar
Rl Ay ~ 1/(2M?) mgx°aq v s-wave ;
R2 Ap ~ 1/(2M?) imgx?g+5q s-wave T om T 0w 0
R3 Az ~ as/(4M?)x2Guy GHY v swave A [Gev-2

R4 Mg ~ as/(4M)ix? Gy, GHY s-wave

profile likelihood

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

Dirichlet prior prefering [ : | -
similar-sized Wilson coefficients (G- -

107 10°

i
10751070 10 10°

02

- 0.0 - T
10- 1077 107 107% 0.00 0.05 0.10 0.15
(0v) [em’s ] at v =0 n?

0.20
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D6 dark matter operators

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

=

= ...not linked to actual models

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

working framework...

PDF/PL

PDF/PL

PDF/PL

L0
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0.4
02

0.0

ProfieLikelibood === P

i

102 10 10 100100
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T

PDF/PL
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T 10
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Questions

Where we stand with LHC theory

Is it really the Standard Model Higgs? o]

Is there WIMP dark matter? (yes]

Is there TeV-scale physics beyond the Standard Model?  [yes]
Are EFT analyses boring? fotaiy]

Are there nice theory aspects to work on?  [plenty]

Will | stop doing EFT once we find new states? (definitely]

= Welcome to a data-driven era! |itsucks]

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 ﬁ% Bundesministerium

A fiir Bildung
und Forschung


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