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Higgs Couplings ::vj> wz
Standard Model operators

— assume: narrow CP-even scalar

Standard Model operators o W,z
— fundamental physics in terms of Lagrangian
L= Lgy+ Ay gmyH W" W, + Az %mzH Z“ZM - Z Ay %H (?RfL + h.C.)
w

b,t
H H 7,0,
+ AgFg i G G"" + AL Fp v A, A" + invisible + unobservable

— non-linear EWSB, no link to gauge sector

OnIy Run | results, not enough 13 TeV data... [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch]
. . L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) b, 68% CL: ATLAS + CMS
1 electroweak renormalizability broken 98| o cieo g = oM (144))
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Higgs Couplings
Standard Model operators

— assume: narrow CP-even scalar
Standard Model operators

— fundamental physics in terms of Lagrangian

L= Low+ Aw gmwH WHW, + A7 %mzHZ“Z > 8¢ ZLH (fak + he.)
w T,b,t

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

— non-linear EWSB, no link to gauge sector

OnIy Run | results, not enough 13 TeV data... [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch]
L= 4 5-5. 1(7 TeV)+19 4 20.3(8 TeV) fo”! , ATLAS + CMS

1 electroweak renormalizability broken T - ——
1
2 total rates only

lller

3 hard to relate to electroweak sector 0.5
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D6 Higgs operators

D6 Lagrangian at face value [HISZ, polish, Trott etal, Goncales-Garcia etal]

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

Oge = ¢'¢GZ, G Oww = ¢ W WH ¢ Opg="--
Osw = ¢' B, W' ¢ Ow = (Du¢) W* (D,¢)  Op=---

Ou1 = (0u9) 66" (D"9)  Opz= 20" (66) 04 (0'0)

Ops =5 (410’ Ops = (D) (0"9) (¢79)
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D6 Higgs operators

D6 Lagrangian at face value [HISZ, polish, Trott etal, Goncales-Garcia etal]

set of Higgs operators  [renormalizable, #1 solved]
Oce = o1 ¢GL, G Oww ='W, W¢  Opg=---

Opz = 30" (616) 0 (676) Ow = (D) W (D,6) O5 = -

actual basis after equation of motion, etc

Hw _ asV g feB faow fg fw fy 2
L =" &r EOGG'FEOBB‘FFOWW‘FEOB‘FEOW-F A2

- nggS COUpIingS to SM particles [plus Yukawa structures, #2 solved]
l:HVV =gy HGZ"Gauu +9, HA‘“/A;LV
+ 90 2, 240" H+ ¢P HZ,, 2" + ¢¥) Hz,Z*

Og.2

+9y (Wi, W™ 0" H+he.) + g HWS, W™+ + gld) HWI W™ * 4 ...

— 7 A-like coupling modifications
extended by 4 new Lorentz structures
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D6 Higgs operators

D6 Lagrangian at face value [HISZ, polish, Trott etal, Goncales-Garcia etal]

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

Oce = o1 ¢GL, G Oww ='W, W¢  Opg=---

Ouz = 30" (616) 0 (66) Ow = (D) W (D,4) O

— 7 A-like coupling modifications
extended by 4 new Lorentz structures

Run | legacy

— kinematics: pr v, Adji [#2 solved)

2leptons

Events/bin
1S)
T

-

10%- —_— )
—SM :
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D6 Higgs operators

D6 Lagrangian at face value [HISZ, polish, Trott etal, Goncales-Garcia etal]

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

Oce = o1 ¢GL, G Oww ='W, W¢  Opg=---

Ouz = 30" (616) 0 (66) Ow = (D) W (D,4) O

— 7 A-like coupling modifications
extended by 4 new Lorentz structures

Run | legacy

— kinematics: pr v, Adji [#2 solved)

Events/bin

YYii
o] —SMHi 2ggs , ,
,,,,, fy/ A =/ A’=20Te V>
fo A=/ A’=-20TeV
‘
‘
10 w3 w3



D6 Higgs operators
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Higgs Coupl's D6 Lagrangian at face value [Hisz, polish, Trott etal, Goncales-Garcia etal]

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

Distribtons Opz = 30" (610) 0 (6'6) Ow = (D) W (D,6) 05 =

— 7 A-like coupling modifications
extended by 4 new Lorentz structures
Run | legacy

— kinematics: pr v, Adj; [#2solved
L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS

— Run I Higgs limits ;2

AN A2 AN
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50 e T o o
% ,% 3 % S % 7 s >



Tilman Plehn

Higgs Coupl’s
Higgs EFT
Gauge EFT
Consistency

Distributions

D6 Higgs operators

D6 Lagrangian at face value [HISZ, polish, Trott etal, Goncales-Garcia etal]

— set of Higgs operators  frenormaiizable, #1 solved]
Oge = ¢'9GE, G Oww = &' W, W

Opg="---

Opz = 30" (610) 0u (6'6) Ow = (D) W (D,6) Op = -

— 7 A-like coupling modifications
extended by 4 new Lorentz structures

Run | legacy

— kinematics: pr v, Adj; (#2solved]
— Run | Higgs limits
but not easy...

20 30

0
fy/AZ [TeV?
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Higgs Coupl's D6 Lagrangian at face value [Hisz, polish, Trott etal, Goncales-Garcia etal]
HIEZBERT — set of Higgs operators  frenormaiizable, #1 solved]
Gauge EFT + a auv i o

Oge = ¢'¢G,,, G Oww = &' W, We  Opg=---
Consistency

1 o

Distributions (94,72 _ 58“ (¢T¢) a# (¢T¢) Oy = (D“¢)T W}LV(DV¢) Og=---

— 7 A-like coupling modifications
extended by 4 new Lorentz structures

Run | legacy

— kinematics: pr v, Adj; (#2solved]
— Run | Higgs limits
but not easy...
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0
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D6 Higgs-gauge operators

Triple gauge couplings [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]

— just one more gauge operator [#3 solved]

Ow = (Du¢)T W“'V(Dr/‘z’)

Op= (D, ¢)'B"" (D, ¢)

O = Tr (W WP W)
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D6 Higgs-gauge operators

Triple gauge couplings [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]

— just one more gauge operator [#3 solved]

Ow = (Du$)' W' (D,¢)  Op=(D,9)' B (D.6)  Owww =Tr (W W W)

— pre-gauge invariance known as DeltaKappalLambda
ieX,

n

w

. s —v igz) —v
ALvoy =~ ie Ary WW, A — 250 Wi, woveat - B2 wi worezp
w

—igz Akz WIW, 2" — gz Ag? (W;V wrzY — W:ZL,W"“’)

g2 v2

" _ 39°Mj
8c2 A2

2.2
g v

Ay =
z 272

Akz = —5—
"z 8c2 A2

(Cifw — Si,fB) Ag1Z =

foww
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D6 Higgs-gauge operators

Triple gauge couplings [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]

— just one more gauge operator [#3 solved]

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

— kinematics: pr , in VV production

Events/bin

OWWW =Tr (VAV‘“, WV‘J AZ:)

I SMWwW
Bl Background

- Data

<y /A*=25TeV?
< £y /A*=25Te V>
IN=25TeV™
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D6 Higgs-gauge operators

Triple gauge couplings [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]

— just one more gauge operator [#3 solved]

Ow = (Du¢)T W“’"(DM) Op= (D‘LqS)TB“V(DV(;S)

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

[Tev?

fs

Owww = Tt (W“ wre W;)

A2

= 8wz

-30 -20 -10

) 30
& [Tev?]



D6 Higgs-gauge operators
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Higgs Coupl's Triple gauge couplings  [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]
Higgs EFT i
e — just one more gauge operator #3 solved]
Consistency Ow = (D‘qu)'r W“"’(Dy(z)) Og= (D‘Lq&)TBHU(Dy(ﬁ) Owww = Tr (WL“' wee VAVZ,‘)
Distributions . . . .
— kinematics: pr , in VV production T 0
— combined LHC channels £ 20-
| L
. . . — <
— cleaning Higgs-sector correlations ‘ ot
-20F
-40;-
-601
L

C | 1 L | L L
~20-15-10 5 0 5 10 15 20
AL;[TeV'Z]
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D6 Higgs-gauge operators

Triple gauge couplings  [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]
— just one more gauge operator  [#3 solved]

Os= (D))" B"" (Dv9)

kinematics: pr ¢ in VV production

combined LHC channels
cleaning Higgs-sector correlations

Ow = (Du¢)T W“'V(Dr/‘z’)

= complete Higgs-gauge analysis

/A%,
Tey,’l

10

0
-10
20
-30
-40
-50

—Lo—
—=

<

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

__._
=

_q_

_.__

L J

o)
%

Q
2,

%

Owww = Tt (W“ wre W;)

AN
[TeV]

0.25
0.3
0.5
0.5
0.3
0.25
0.2

AN
[TeV]

0.3

0.5

0.3
0.25



Tilman Plehn

Higgs Coupl’s
Higgs EFT
Gauge EFT
Consistency

Distributions

D6 Higgs-gauge operators

Triple gauge couplings  [Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, TP, Rauch]

— just one more gauge operator [#3 solved]

Ow = (Dud) W (Dy¢)  Op=(Du¢) B*" (D, o)

— kinematics: pr , in VV production
combined LHC channels

cleaning Higgs-sector correlations
= complete Higgs-gauge analysis

LHC vs LEP [AdamF, FrancescoR,...]

— triple gauge vertices gy, k, A vs operators

— LEP limits from precision
LHC limits from energy

— semileptonic analyses missing for 8 TeV
= LHC beating LEP, but what does it mean?

_ A AV e A

Owww—Tl’( ‘“,W p)
o 40
T LHC
E 20f
P r }7\\\\

0 N\,

P/

Eoy J AN

—20F \

[l LHC+LEP

f -
AslTev 7
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e ot Example of combined Higgs+diboson fit

Higgs EFT 5 Fit to LHC Higgs signal strengths in Run-1 and -2
Gauge EFT 1o constraints and fo LEP-2 WW data

Consistency Syu 0.037 + 0.13
Distributions syd 0.24 + 0.25 I fit previous 9 parameters affecting single Higgs productio
+ 1 parameter (Az) affecting only diboson production.

dye 0.11 0.14 I
Thus 10 parameter fit in total

cgg = -0.0006 + 0.001

cyy = 0.0076 + 0.0072 Correlation matrix

czy 0.034 + 0.054 1 0.48 0.3 -0.61 0.02 0.38 0.18

0.48 1. 0.73 0.24 0.04 0.84 0.26
6cz = -0.001 + 0.11 0.3 0.73 1. 0.22 0.06 0.55 0.04

0.61 0.24 0.22 . . 0. 0.13 o0.08

e —

glz = 0.027 + 0.023 - 0.23 -0.04 -0.18 0. . 0.09 0.35 0.54
0.02 -0.04 -0.06 0. 1. -0.01 0.16

éxy = 0.11 0.07 0.38 0.84 0.55 0. 0.01 1. 0.5~
0.18 0.26 0.04 0. 0.16 0.5

0.13 0.061 0.01 -0.19 -0.28 . 0.03 0.06 Q.79
0.08 0.01 0.14 -0.03 by

o Under MFV assumption, current Higgs signal strength measurements together with
LEP-2 WW data simultaneously constrain all 10 linear combinations of CP-even
dimension-6 operators contributing to single Higgs and diboson observables at leading
order and not contributing fo electroweak precision observables at this order

Combining LHC and LEP-2 leads to better constraints on 3 CP-even ATGCs and
reduced correlations

[AdamF]
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That other gauge theory

The most nasty D6 operator  [krauss, Kuttimalai, TP; ChrisH]

— making sense of black hole searches

— dimension-6 operators  [MichelangeloM: check more 4-fermions]

ST%ZET

jets

Ogq = 41,9 4’79 Oc = G} G, G

Niet 25 £L=22fb"!
- = - = Observed

Expected (+0)

2—-3 jets 2 5jets
= new physics M 2> 5 TeV
£ 10t
o —
g 10 A =5TeV
£ 902
4
@10t
+ CMS data
10° SM
10-1 - e - - SM+0Og )
107° b
Z20f  Suerea JEES 107 |
.
.
505 S A 1079
2000 3000 4000 5000 6000 7000

Sr[GeV]

54

5.6

58 6.0
A/V/CG [TeV]
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Self consistency

Ideal LEP and flavor worlds
— unique EFT Lagrangian: linear realization matching unbroken phase
— chain of well separated energy scales E < A < ... < Ay
= systematic expansions in E/A and «  [example: ew precision data]



Self consistency
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Higgs Coupl's Ideal LEP and flavor worlds

2:3:;; — unique EFT Lagrangian: linear realization matching unbroken phase
oA — chain of well separated energy scales E < A < ... < Ay

D = systematic expansions in E/A and «  [example: ew precision data]

Rotten LHC world

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

&

o x BR
(o x BR)gy

Gha10% & Ax 400 Gev

9T A 14 TeV

= systematic EFT probably not valid
cutoff scale dependent on UV completion  (Francescor
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Matching matters

Example: oblique parameters from Higgs portal vs D6 [Freitas, Lopez-Val, TP; Trott etal]

Lerr 5 20" (6 0)0u(0'9) + (67 B o) T ) + I (5164 Br )0 W,

— predictions of Higgs portal model [my ~ 2x5v2, 2, ~ 23v2/(2xpm2))]

PV o ms, - 73>\§v2 m: m? o ms,
= 247, m2 9 e ~ 3or 2 xomz, \ mZ  m2 9 2

— leading log for tree-insertion of loop operators Or g w 102 = 23,2

o A cr BaewSZ A3 N2 ca.w 2 N2

= — = ——— W' |og — =2 - T3 og —
N2 T 2xA2 N T T 32nc AN D 2 RT3 W




Matching matters

Tilman Plehn
Higgs Coupl's Example: oblique parameters from Higgs portal vs D6 [Freitas, Lopez-Val, TP; Trott etal]
Higgs EFT
cy <—> igew =g vk
covee e Lerr D o2 0" (67 8)0u(678) + 5 (61 D 0)(0" D o) + Sm (o D)D" W,
Consistency
Distributions
— predictions of Higgs portal model [my ~ 2x5v2, 2, ~ 23v2/(2xpm2))]
PV o ms, - 73>\§v2 m: m? o ms,
= 247, m2 9 e ~ 3or s2 xomz, \ mZ  m? 9 2
— leading log for tree-insertion of loop operators Or g w 102 = 23,2
CH _ )\g ﬁ _ SaEWsﬁ,)\g o /\72 Ce,w _ )\% o ﬁ
N2 T 2xA2 N T T 32nc AN D 2 RT3 W
— v-improvement: A = my and full model in terms of ¢,
ch_2(1—ca) cr _ Baesy(l—ca) My  cw _1-ca log m
A2 v2 A2 8mc2 v2 u2 A2 4872y2 12
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Matching matters
Example: oblique parameters from Higgs portal vs D6 [Freitas, Lopez-Val, TP; Trott etal]

Lerr 5 20" (6 0)0u(0'9) + (67 B o) T ) + I (5164 Br )0 W,

2/A2
— predictions of Higgs portal model [my ~ 2x5v2, 2, ~ 23v2/(2xpm2))]
2 2 2,,2 2 2 2
o MV T N TNV (mrmiy
24m Xy m2, e 32m 2 Ao m3, \ m? m2, m2
— leading log for tree-insertion of loop operators Or g w 102 = 23,2
o A o BoewSi A o N caw A o N
N2 T 2xA2 N T T 32nc AN D 2 RT3 W
— v-improvement: A = my and full model in terms of ¢,
cv _ 2(1—ca) cr  Baewsy(1 — ca) ms, caw _1—¢Ca o m,
A2 v2 A2 8mc2 v2 u2 AT 4gnaE Y 12

— broken-phase matching: systematically all terms v /A

2
1— Cq 5 m? 1— Co 5 m?
or _ _oewS,(1 ~Ca) —2 4 3log 2 Cew _ 17 Ca —2 4 3log 2
A2 8mc2 v? 2 u2 N2 14472y2 2 2
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Matching matters

Example: oblique parameters from Higgs portal vs D6 (Freitas, Lopez-Val, TP; Trott etal]

ige
Lerr D 550" (6T 8)0u(670) + 50561 D 0)(0" D o) + g (00
— predictions of Higgs portal model [my ~ 2312, 2, ~ 23v2/(2xpm2))]
o MY M N T8V (mrmy
247 xp M2, m2 32w s2 XomZ, \ mZ,  m?

leading log for tree-insertion of loop o
CH _ /\g
A2 T 22,A2

Ccr

KDY
=

32mc2 Ao/

v-improvement: A = my and full mod
2(1 — ca)
v2

3aewsw(
8mc?

CH

A2

cr

A2

broken-phase matching: systematical
°r (7§ + 3log n—ﬁ
2 Iz

aewSe(1 — Ca)
e

2 /2
8mcs v

D8 effects testing what?

k Dugf))DVWk

-5.0x10°

T parameter
A, = 1.8x10"

L,/ — Full ,
/ LL-L A, =6.6x10"
/ -- LLTL
-1.0x10%[7 —- LL-TLy
- BP-TL
BP-TLv
100 n 1 n 1 n 1 n 1 n 1 n 1 n
400 500 600 700 800 900
s3 m,, [GeV]
sino
10'F
1 1 1 1
10 15 20 25 30

tanp
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Self consistency at LHC

D6 Lagrangian at face value  (srenmer, Freitas, Lopez-Val, TP]

1 push (simplified) models to visible deviations at LHC
Higgs portal, 2HDM, stops, vector triplet [weakly interacting]
2 construct and match D6-Lagrangian to model
coupling modifications v2/A? vs new kinematics 9/A?
3 LHC simulations: D6-Lagrangian vs full model

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

= check for peaks in Pr,j OF Myy,...
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Self consistency at LHC

D6 Lagrangian at face value  (srenmer, Freitas, Lopez-Val, TP]

1 push (simplified) models to visible deviations at LHC
Higgs portal, 2HDM, stops, vector triplet [weakly interacting]
2 construct and match D6-Lagrangian to model
coupling modifications v2/A? vs new kinematics 9/A?
3 LHC simulations: D6-Lagrangian vs full model

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

= check for peaks in Pr,j OF Myy,...

Ensuring self consistency  Monday discussion]
— not use high-virtuality data  mawatari
psychologically bad for sensitive experimentalists
— define theory hypothesis with form factors [cutoff?]
not the theory we want to test
— D6 Lagrangian at face value, but matching uncertainties
well-defined, complete, just a little more work for theorists



Tilman Plehn

Higgs Coupl’s
Higgs EFT
Gauge EFT
Consistency

Distributions

Kinematic distributions

Kinematical information for example on effective Lagrangian

— simple pr, my;, ¢ trivially included  (Butter etal
— correlations hard, check impact

— full phase space: BDT/NN-variable-weighting
= phase space patterns understood?
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Kinematic distributions

Kinematical information for example on effective Lagrangian

— simple pr, mj;, ¢; trivially included  (gutier etal
— correlations hard, check impact

— full phase space: BDT/NN-variable-weighting
= phase space patterns understood?

Kinematics for gauge boson production  (panico, Pomarol, Riva, Wulzer]
Extracting the longitudinal channel

Transverse amplitudes vanish for (nearly) central scattering
[Baur, Han, Ohnemus '94]

AGoy(ud—>W2), Aciy(ud— WZ)ocosf — %tan Ow

+ longitudinal amplitude §
dominates for 6 ~ 90° H
3

+ cutsin 8 and cosf ”§
can be used to isolate T
the longitudinal channel £

cos 6

13 TeV Otot oLL \ ILL/Ttot
[cosf] <0.5 V/3>300GeV | 630 b | 230fb 37%
[cos] < 0.5 3>500GeV | 80fb | 34fb 42%
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Kinematic distributions

Kinematical information for example on effective Lagrangian

— simple pr, my;, ¢;; trivially included  [utter etal

— correlations hard, check impact

— full phase space: BDT/NN-variable-weighting
= phase space patterns understood?

Beyond distributions  (that was s0s]

— Log-likelihood estimator for hypothesis testing
— Neyman-Pearson lemma
— phase space integration
— statistics limiting factor
— significance distribution  (#H — 6By~

[MadMax: Cranmer, Kling, TP, Schichtel, Wiegand]

6
do/daR,, [10° pb]

Significance

-
[Eobyy Wecyy Mg,

E[CJbbjy [JzH

— Significance

0
0 05 1 15 2 25

o Agy (X 20)

= 0
3 35 4 45 5
AR,
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Kinematic distributions

Kinematical information for example on effective Lagrangian

— simple pr, my;, ¢ trivially included  (Butter etal
— correlations hard, check impact

=

full phase space: BDT/NN-variable-weighting
phase space patterns understood?

Beyond distributions  (that was s0s]

Ll L

A

Log-likelihood estimator for hypothesis testing  MadMax: Cranmer, Kiing, TP Schichtel, Wiegand]
Neyman-Pearson lemma

phase space integration

statistics limiting factor

significance distributions

Fisher information for parameter estimate MadFisher: Brehmer, Cranmer, Kiing, TP]
Cramer-Rao bound

phase space integration

statistics limiting factor

information distributions

LHC theorists: smell the coffee...
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Information geometry

Applled to D6 in WBF H — 77 [Brehmer, Cranmer, Kling, T

— correlations in Wilson coefficient space

0.10

NS
-0.10

-0.05  0.00
fwv?/A?
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Information geometry

Applled to D6 in WBF H — 77 [Brehmer, Cranmer, Kling, T

— correlations in Wilson coefficient space
— information distribution

Normalized distribution

0.35

s+ Background

Information

100 200 300 400

0.0



. Information geometry
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Higgs Coupl's Applied to D6 in WBF H — 77  [Brehmer, Cranmer, Kiing, TP]

Higgs EFT . . ) . :
— correlations in Wilson coefficient space \\

Gauge EFT

Consistency — information distribution

Distributions

— 1D, 2D distributions vs full phase space
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Higgs Coupl's Applled to D6 in WBF H — 77 [Brehmer, Cranmer, Kling, TP]
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Distributions — 1D, 2D distributions vs full phase space

= full statistical analysis: multi-variate wins
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Information geometry

Applled to D6 in WBF H — 77 [Brehmer, Cranmer, Kling, TP]

— correlations in Wilson coefficient space

— information distribution

— 1D, 2D distributions vs full phase space
= full statistical analysis: multi-variate wins

Combined with decay H — 4¢
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— precision vs energy
= energy wins
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Bottom line

Higgs and electroweak sectors same thing [inear representation]

dimension-6 Higgs-gauge LHC analysis working [sutter etal, Falkowski etal]
effective Lagrangian validated through full models

uncertainties part of matching

distributions the key, not obviously easy...
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