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Couplings
Operators
Off-shell

Breakdown Higgs couplings worked great at Run Il
They are not sufficient for Run Il
Fitting is an experimental task
Interpreting fits is theoretical work
We need a practical solution now
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Higgs Couplings

Standard Model operators  (sFiter: Gonzalez-Fraile, Kiute, TP, Rauch, Zerwas]

assume: narrow CP-even scalar
Standard Model operators
total rates only

test Lagrangian [essentially non-linear sigma model: Buchalla etal]

m _
L =Lew+ Aw gmwH WHW,, + Az %mZH 24z, - > By 7’H (fafy + h.c.)
w

T,b,t

H H
+ AgFg v Guv G"Y + AL Fa v A A + invisible decays

electroweak renormalizability through UV completion
QCD renormalizability not an issue

one key issue: theory uncertainties

total rates only

g9 — H

qq — qqH
gg — ttH
qq’ — VH

— grxx = Giwx (14 Ax)

H— Ww
H — bb
H— 1777
H— vy

H—2Z

H — pr
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SFitter legacy fit

All of Run | [Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

— assume SM-like  (secondary soluions secondary] L=0.55.1(7 Te\)+19.4-20.3(8 Te\) fb™, 68% CL: ATLAS + CMS
— ex: extract Ay from general fit 04t g Suee 0= g (144
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HeesFis —  SFitter legacy fit

Tilman Plehn
Couplings All of Run | [Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
Operators — assume SM-like [secondary solutions secondary] L-4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb™!, 68% CL: ATLAS + CMS
Off-shell . 0.8 sV
— ex: extract Ay from general fit o e 9x=0c (144,
Breakdown . 0.6
— g with new loops
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SFitter legacy fit

All of Run |

assume SM-like [secondary solutions secondary]

ex: extract Ay from general fit
g~ with new loops
gg with new loops

0.8
0.6
0.4
0.2

0

-0.2
-0.4
-0.6
-0.8

[Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

-1 .
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb™_, 68% CL: ATLAS + CMS

@ SMexp. Oy = ng (1+4,)
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SFitter legacy fit

All of Run | [Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

ex: extract Ay from general fit
g~ with new loops
gg with new loops

— 8 couplings best we can do
= Standard Model within 25%

assume SM-like [secondary solutions seconda\ry]0 o

0.6
0.4
0.2

0
invisible decays: BRiny < 31% s%cu,

-0.4
-0.6
-0.8

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb!, 68% CL: ATLAS + CMS
SM
9x=0x (1+4y)
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g i SFitter legacy fit

Tilman Plehn
. All of Run | [Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
Couplings
Operators — assume SM-like [secondary solutions secondan] L=0.55.1(7 Te\)+19.4-20.3(8 TeV) b, 68% CL: ATLAS + CMS
. y X _ oSM
CliFeliel] — ex: extract Ay from general fit 06| oo 9 =0x (1+4)
Breakdown .
— g with new loops 0.4 1 l
: 0.2 l
— gg With new loops 1 t 1
T
— invisible decays: BRiny < 31% s%cuy, t . { }
— 8 couplings best we can do 0.4
= Standard Model within 25% -06
-0.8
7 LI % < S I8, I8, L <%
2 AR ARE AR A2
. . . 0.25
Model for invisible Higgs: Hooperon isriter: Butter etal] E L
£ BR Hips
— NMSSM singlino dark matter [Maggie's favorite model?] 0.2¢;
— simplified model: pseudo-scalar mediator st
Majorana dark matter w L
— motivated by Fermi galactic center excess 01 : ~
— different LHC signatures (cao, zurek,..] el
= BRi,, up to 40%

| | 1 | |
20 30 40 50 60 70
Ml
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SFitter legacy fit

All of Run | [Barca+SFitter: Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

assume SM-like  (secondary solutions secondary]
ex: extract Ay from general fit

g~ with new loops

gg with new loops

invisible decays: BRj,, < 31% [e5%cL]
8 couplings best we can do

Standard Model within 25%

Executive summary

couplings fit works great (experimentally]

offers perfect th-ex interface  (cranmer, Kreiss, Lopez-val, TP|

has issues with electroweak renormalization

only describes total rate changes  (theory-defined categories]
does not easily replace model fits  [correlations]

obvious answer: fit models for extended Higgs sectors...



IR s D6 operators

Tilman Plehn
S HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]
G — set of Higgs-gauge operators
Off-shell
Breakdown OGG = ¢T¢Giu Ga‘uy OWW = ¢T WNV W“Vq) OBB =
Opw = &' B, W* o Ow = (D.®)'W"(D,®)  0p=

O = (D) dof (DFd) 0o %8"’ (‘DT‘D) o (‘D*‘D)

Oo 5 = % (¢*¢)3 = (D,®)" (D*®) (¢T¢)

o
5
|



HegsFs D6 operators

Tilman Plehn
Gouplings Higgs sector effective field theory f(oliowing Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcial
O;?erators — set of Higgs-gauge operators
::e:::!wn Ogg = ¢T¢GinaW Oww = T W, W o Opg =+~
Opw = 1B, W o Ow = (D) W"* (D, ®) Og=---
Op1 = (D) ® 0T (DFD)  Opp = %8"’ (‘DT‘D) o (‘D*‘D)
Oo,3 = % <¢T¢)3 Oo.4 = (D, ®)" (D" 0) (‘DT‘D)

— relevant part after equation of motion, etc

asV f f, fw fa f f
£ = - 8; AgzoGG‘f‘EOBB"’ zvoww—F 03+%Ow+ Xzoo,z
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = "W, W*" o Ogg ="
1 ; .
o2 = 50" (¢T¢) B, (¢T¢) Ow = (D) W* (D, &) Op=---
— relevant part after equation of motion, etc
sV f, fw fa f f
EHVV: QO BBO WO o W(9 020
8x A2 GG t A2 BB + A2 Wer/\2 5+A2 w+ Az D02

— Higgs couplings to SM particles

£ = gg HGE G + g, HALL AMY

ny
+ 90 Z,,2"0"H+ ¢P HZ., 2" + ¢ Hz,z"
+g (WIVW’“a”H+h.c.) + g8 HWE W 4 g HWw T

pv
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = "W, W*" o Ogg ="
1 . "
o2 = 50" (¢T¢) B, (¢T¢) Ow = (D) W* (D, &) Op=---
— relevant part after equation of motion, etc
sV 1 Tes ww fg fo 2
£ = 20 Oss + X0 Lo o o
8x A2 GG+A BB+ — 5 /\2 Wer/\2 5+A w+/\ 9,2

Higgs couplings to SM particles

£ = gg HGE G + g, HALL AMY

nv

+ 90 Z,,2"0"H+ ¢P HZ., 2" + ¢ Hz,z"
+g (WIVW’“a”H+h.c.) + g8 HWE W 4 g HWw T

pv

plus Yukawa structure 7. p, ;
= 9 operators for Run | data
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D6 operators

nggs sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators
Oge = ®10G7, G
1
Oz = 50" (o70) 0, (o)

— 11 Higgs couplings from 9 operators
2

g:fc"ﬂ:_ﬂfgl g :_ngﬁ, fs + fuww
¢ AN 8w A v o2 >
0 _ 9V Gufw + Syl m_ PV

92~ one 2c2 9w = op 2

@ G°V swlss + Chfww @ ngf

T T g 9w =~ I

2
B) _ a2 1/2 v
9 = M3(V2Gr)" (1 - Wﬂn,z)

m [ V2 ; V2 ;
- ~opele2 + m f
— 7 EFT couplings identical to Ay, suppressed by v2/A?
(1:2) iy addition, suppressed by 9/A

9r =

4 EFT couplings g},

= natural extension of A framework

Oww = ‘DT Wp,u '/AV/“I‘IJ

Ow = (D) W"* (D, ®)

9l = Miy(V2Ge)'/2 (1 -

Og

Opg=---

2
v
ffw.z)

2/2
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators

Ogg = ¢'0G],

O 2

SFitter rate analysis

— setup and data id

ajv
.G

3 (e9)a (o)

entical to Ay fit

Oww = "W, W*" o

Ow = (D,®) W (D, ®)

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

fIA°,
[Teve]

20
10

o

4l

@ SMexp. 68% CL
== SM exp. 95% CL
data 68% CL

== data 95% CL

—

2 9 g 9
% % & &

AN
[TeV]

0.25
0.3

0.5
0.5
0.3
0.25

0.2

0.15

Ogg =+
Og=---
[Tfél\xlz'z]
60
40 l
20
T
-20
9 g ¢

AN
[TeV]
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0.25
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0.5
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0.25
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]
— set of Higgs-gauge operators
Ogg = ®T0G%, G Oww = "W, W*" o Ogg ="

Op = %a“ (¢T¢) B, (4>Tq>) Ow = (D) W* (D, &) Op=---

SFitter rate analysis

setup and data identical to Ay fit
— correlations through larger basis  (problem for #3]
diagonalization essentially means Ay
price to pay for theory issue #1?

40 20 0, 20 40
fg/A2 [TeV?
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = o'W, W' o Opg = -

Oz = %a“ (670) 0, (oT0)  Ow=(D.®) W (D,®)  Op=---

SFitter rate analysis

setup and data identical to Ay fit

— correlations through larger basis  [problem for #3]
diagonalization essentially means Ay

price to pay for theory issue #1? fag/Al

5 10

15 _20

fuw/AZ [TeV?]
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]
— set of Higgs-gauge operators
Ogg = ®T0G%, G Oww = "W, W*" o Ogg ="

Op = %a“ <¢*¢) B, (q>*q>) Ow = (D) W (D, ®) Op=---

SFitter rate analysis

setup and data identical to Ay fit
— correlations through larger basis  (problem for #3]
diagonalization essentially means Ay
price to pay for theory issue #1?

20 _30

0
fy/AZ [TeV?]
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = "W, W*" o Ogg ="
1 . .
o2 = 50" (¢T¢) B, (¢T¢) Ow = (D) W* (D, &) Op=---

SFitter distributions analysis

- 0 x 68//\2 teSting p7—7v or Aq)jj, #2  [easy with Madgraph]

2leptons

)

Events/bin
5
T

1

4

103

—sM
— (SM Higgs) x 70 1
cor (fy/A” =20TeV?) x 70 I

Il L Il Il Il Il Il

L
0 50 100 150 200 250
pr¥(GeV)
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = TW,,, W" o
1 R ~
LSS t _ Ty
Ovz = 50 (4> ¢) 3, (4> <1>) Ow = (D, o) W*” (D, )

SFitter distributions analysis

- 0 x 68//\2 teSting p7—7v or Ad)jj’ #2  [easy with Madgraph]
— improving correlations

Opg =+

Og=---

10 .20 _30
fy/AZ [TeV?]
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D6 operators

HIggS sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

— set of Higgs-gauge operators
Ogg = ®T0G%, G

0s= 3o (+16) 2, (419

SFitter distributions analysis

Oww = "W, W*" o

Ow = (D) W (D, ®)

- 0 x 68//\2 teSting p7—7v or Aq)jj, #2  [easy with Madgraph]

— improving correlations
— EFT issues with last bin

Opg =+

Og=---

10 _20 _30
f/AZ [TeV?]
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Gouplings Higgs sector effective field theory  f(following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]
Operators — set of Higgs-gauge operators
Offshel Oge = ¢T¢GiVGa/"V Oww = ‘DT Wp,u W+ ¢ Ogg=---
Breakdown

Opp = 158“ (¢*q>) A (¢fd>) Ow = (D,®) W** (D, ®)  Op

SFitter distributions analysis

- 0 x 68//\2 testing ,D'ryv or A¢’j‘, #2 [easy with Madgraph]
— improving correlations
— EFT issues with last bin

(1) D6 fit works L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo ", 68% CL: ATLAS + CMS
. /A%, AN 1742, AN
(2) D6 is not EFT [Tev] (Tevl [ev]

. + [TeV]
# +% i% " | + 05 05
05 I |
10 T 03 o || +
0.25
20 05

o

g

-5
0.2 0.4
-30
-10
-40 @ rate only 03
@ rate+distributions 0.15
=" o o o o B9 9 o
% ,% % 4 % % z 5 S



Higgs Fits
Tilman Plehn
Couplings
Operators
Off-shell

Breakdown

Off-shell Higgs

Width measurements [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

— peak cross section vs off-shell interference in H — ZZ

9292 99

Aint 999z
(s— P2y merz . mere

o, g -
off(gggz)"’ cont s_ e

Opeak "™~

— top—Higgs—gluon sector A¢ vs Ag or f; VS fy  myy > mp > myy]

2 7,72

m 2 My,
Mgg_yzz ~ £—5 log® —£
99— m? 9 m?

An G505
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Off-shell Higgs

Width measurements  [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

— peak cross section vs off-shell interference in H — ZZ

9592 G505

%% Ani 0oz | AHO9%
(s — m2)2 + m2rz — ner2

7onlG992) oeont = S o ¥ (s~ e

Opeak "~

— top—-Higgs—gluon sector At vs Ag or fy VS fy  myp > mp > myy]

’172 ’772
2 'Mige
M zz ~ +—L Iog —
99 m2Z mr2

Measuring At,g from Myy distributions [Buschmann, Goncalves, Kuttimalai, Schénherr, Krauss, TP]

T T T T T
do [ fb

o WM[G?V} PP 2Z

r=rg'

10"

— simulation: MCFM
— sensitive region my, > 500 GeV

w

N

-

100 200 300 400 500 600 700 800 900 1000
m, [GeV]
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Off-shell Higgs

Width measurements  [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

— peak cross section vs off-shell interference in H - Z2Z

I 9595 g
poak ™ (s — mR)2 + m2r2 _ mere

Aint gggZ
S

Uolf(gggz)"’ Ocont — e

— top—-Higgs—gluon sector At vs Ag or fy VS fy  myp > mp > myy]
m

2
2
Mggszz ~ i?’z log #

An G507

(s — me)2

Measuring At,g from Myy distributions [Buschmann, Goncalves, Kuttimalai, Schénherr, Krauss, TP]

— simulation: MCFM

— sensitive region my, > 500 GeV [

— most optimistic: statistics only
H — eepp analysis
2D likelihood study of cos e, My,

= A; = —0.3to 95% CL with 1700 fo~"

[ k=(0.7.0.3)

0.001-

Exclusion plot based on cos8, and m,
10

w20
— expected 95% CL

500 1000 1500

|
2000 2500 3000
L[]
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Off-shell Higgs

Width measurements [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

— peak cross section vs off-shell interference in H — ZZ

9292 99

_ Aint 999z
(s— P2y merz . mere

o, g -
off(gggz)"’ cont s_ e

Opeak "™~

— top—Higgs—gluon sector A¢ vs Ag or f; VS fy  myy > mp > myy]

2 7,72

m 2 My,
Mgg_yzz ~ £—5 log® —£
99— m? 9 m?

An G505

Off-shell measurements in SFitter [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

— just another rate measurement... 12— T T ™
...either improving A or f; measurement 108\ AG-2InL) —— Qmeottshell
— On-Shel 4
8r E
6F E
4 .
2f \ / E
0 L M Il \\L_/ L
-3 -2 -1 0 1
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Off-shell Higgs

Width measurements  [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

— peak cross section vs off-shell interference in H — ZZ

2.2 2.2
959, 9,9,

Opeak "~ 72922 T 7g2 22 00ii(9g9z)~ Tcont —
(s — m?)2 + m?I mer

— top—-Higgs—gluon sector At vs Ag or fy VS fy  myp > mp > myy]

,772 ’772
2 'Mige
M zz ~ +—L |09 —
99 m2Z mr2

Aint 999z
s—m?

An G507
(s_me)y

Off-shell measurements in SFitter [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

— just another rate measurement...

...either improving A; or f; measurement 10, . Run | LHC - ATLAS+CMS

. . A(-2InL) SM+dim6 1

...or measuring unobserved Higgs decays all 1

— eventually a measured distribution 6 95% CL]
4 1

) V 68% CL]

% 10 20 £

rJret
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Theory side of D6 vs EFT

Complete models vs EFT signatures  [srenmer, Freitas, Lopez-Val, TP]

— two questions
does D6 fit capture model features at LHC?
what kills the theory interpretation of D6 fit?
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Theory side of D6 vs EFT

Complete models vs EFT signatures  [srenmer, Freitas, Lopez-Val, TP]

— two questions
does D6 fit capture model features at LHC?
what kills the theory interpretation of D6 fit?
— push models to visible deviations at 13 TeV
Higgs portal, 2HDM, stops, vector triplet [weakly interacting, Knoche! etal]

o x BR
(o X BR)gy

&
/\2

2 0.1 & A < V10gmp ~ 280 GeV
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Theory side of D6 vs EFT

Complete models vs EFT signatures  [grehmer, Freitas, Lopez-Val, TP]

— two questions
does D6 fit capture model features at LHC?
what kills the theory interpretation of D6 fit?
— push models to visible deviations at 13 TeV
Higgs portal, 2HDM, stops, vector triplet [weakly interacting, Knoche! etal]

o x BR
(o X BR)gy

&
A2

2 0.1 & A < V10gmp ~ 280 GeV

— construct and match EFT to D6

coupling modifications v2/A? vs new structures 9/A?
matching conditions with v < A?
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Theory side of D6 vs EFT

Complete models vs EFT signatures  [srenmer, Freitas, Lopez-Val, TP]

two questions

does D6 fit capture model features at LHC?

what kills the theory interpretation of D6 fit?

push models to visible deviations at 13 TeV

Higgs portal, 2HDM, stops, vector triplet [weakly interacting, Knoche! etal]

o x BR
(o X BR)gy

&
/\2

2 0.1 & A < V10gmp ~ 280 GeV

construct and match EFT to D6

coupling modifications v2/A? vs new structures 9/A?
matching conditions with v < A?

compare LHC simulations: model vs D6
H — ~v,4¢, WBF, VH, HH,...
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Theory side of D6 vs EFT

Complete models vs EFT signatures  [grehmer, Freitas, Lopez-Val, TP]

— two questions

does D6 fit capture model features at LHC?
what kills the theory interpretation of D6 fit?
— compare LHC simulations: model vs D6

H — 4, 4¢, WBF, VH, HH,...

— where are the

issues? [David's or Ayres’ talks]

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




HegsFs | essons from doing fits

Tilman Plehn
- Higgs couplings fit
Operators — works great for Run |
Clireiiel] 1) requires th-ex interface (cranmer, kreiss, Lopez-Val, TP]
Breakdown

(
2
(3) only describes total rate changes  (theory-defined categories]
(4) does not easily replace model fits  [correlations]

has issues with electroweak renormalization

D6 Higgs operator fit

— is a simple extension of the coupings fit
includes Ay as v2/A?
describes distributions though 0/A

— is easy to simulate through MC

— can be interpreted in terms of EFT
— only breaks down in theory land

— will work great for Run Il

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

Much of this work was funded by the BMBF Theorie-Verbund which is ideal for relevant LHC work % %L:'n;‘edsﬁigismrium

und Forschung


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