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From Higgs measurements to Higgs properties to new Physics
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O(100) Measurements
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O(100) Measurements
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O(100) Measurements
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Outline of this presentation

(1) Introduction
(2) Higgs boson phenomenology & the k-framework interpretation
(3) Combination procedure & experimental inputs
(4) Current couplings results from combined measurements

(5) From rates to distributions, connecting the pieces with SM(EFT)

Wouter Verkerke, NIKHEF
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Standard Model Higgs boson decays
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The natural width of the Higgs boson is expected to be very small (<< resolution)

Decay channel

Branching ratio [%0]

H — bb
H->WW
H — gg
H -1t
H - cc
H—> ZZ
H — vy
H— Zy
H— up

575+1.9
21.6+0.9
8.56 +0.86
6.30 £ 0.36
2.90 +0.35
2.67 £0.11
0.228 +0.011
0.155 +0.014
0.022 +0.001

SM BR theory uncertainties
2-5% for most important decays

See “Handbook of LHC Higgs Cross Sections: 3. Higgs Properties”
(arXiv:1307.1347) for further details on Higgs phenomenology

Wouter Verkerke, NIKHEF
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Higgs boson production in the SM
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Higgs production and decay — Run 2 measurements

O(100) Measurements
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Understanding signal strengths for processi =2 H -2 f

e Signal strength p is observed rated normalized by SM prediction
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e Disentangling production (u;) & decay () always
requires assumption of narrow Higgs width.
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Interpretation beyond signal strengths — the kK framework

See “Handbook of LHC Higgs Cross Sections: 3. Higgs Properties” (arXiv:1307.1347) for further details kK framework

e Alternative one can disentangle deviations in production and decay
with explicit modeling of Higgs width

[ — L B B B
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» Introduce functions K; - describe deviations from SM predictions.

o, =Kk (K) o™ I =k () T/

so that for k=1 = ¢, I'y, ' give SM prediction

Wouter Verkerke, NIKHEF
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Interpretation beyond signal strengths — the K framework

e Parameters K; correspond to LO degrees of freedom

e Example for ggF production of H>WW

f/bA ------ H —=—=—======--

GQQF: (706 KTZ + O.O7Kb2 ‘OO7KDK,) 0] g/:(SM) /_VV,Z: KQWerz(SM)

é f
'/ __________________ z . . I_‘
N O'(Z—>H—)f): O-l(l?) (E)
Iy

N

NB: 6,,+(SM) from NNLO(QCD) + NLO(EW) calculation! Wouter Verkerke, NKHER



The kK framework — the total width

e Note that total H width scales all observed cross-sections

| o (%) - TV (%)
ot > H—> f)= ©
I

e Since [ is not yet directly measured with a meaningful precision,

must make an assumption on [ to interpret cross-sections in terms
of Higgs couplings.

e [.g.inabsence of BSM H decays (invisible, undetected etc...),
can assume SM width, adjusted by effect of k-rescaled couplings

Tu(R) = ki (€) - Ty

f 0.57 - k3 +0.22 - k3, +0.09 - k2+
K2, ~  0.06-k+0.03- k5 +0.03 - K+

0.0023 - &5 + 0.0016 - k7 + 0.00022 - &;,
Y H
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The kappa framework — the dictionary

Factors depend on

Assumed value my,
Calculations of o, [
Kinematic selections

Production Interference Bifective Resolved modifier

modifier o
o(ggF) t—b Kg 1.04 7 +0.002 &7 — 0.04 K; & .
o(VBF) - - 0.73 k3, + 0.27 k% .
o(qq/q98 — ZH) - - K,
o(gg — ZH) t—-7 KggzH) 2.46 K% +0.46 k2 — 1.90 kz«;
o(WH) - - K‘Z)V
o(ttH) - - K2
o(tHW) t—W - 2.91 k7 +2.31 &3, — 4.22 kekw
o(tHq) t—-Ww - 2.63 k% +3.58 K‘Z}V —5.21 kikwy
o (bbH) - - Klzj
Partial decay width
rob - e
rww ) } K%V
rss t=b K§ 1.11 &% +0.01 KZ—O.lzK,Kb
e } ; K2
44 - - K%
ree - AL
rr 4 K% 1.59 K‘Z)V + 0.07 l<,2 —0.67 kw k;
Total width (Bijpy = Bundet = 0)

0.58 k7 +0.22 k7,
+0.08 Kﬁ +0.06 «2

Tu - K3y +0.03 k2 +0.03 k2

2 2
+0.0023 k2 +0.0015 k2,

+0.0004 &7 + 0.00022
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Outline of this presentation

(1) Introduction
(2) Higgs boson phenomenology & the k-framework interpretation
(3) Combination procedure & experimental inputs
(4) Current couplings results from combined measurements

(5) From rates to distributions, connecting the pieces with SM(EFT)

Wouter Verkerke, NIKHEF
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Anatomy of a single measurement

Every measurement consists of one or more signal regions,
designed to selected target Higgs production/decay

Distribution of a (multivariate) discriminant is interpreted in terms
of sum of signal and background contributions

“Low bkg / high mass resol.” (H>Z2%)

CMS \S 7TeVL 51fb \S 8TeVL 197fb

> SLE IR | [ | S

O 35 o Data >

Q) - £

™ = (0]

@ ok ] z:x g

n O s *

g | 7y, 2z

& m, = 126 GeV
20—

15F

101

5f

0 80 100 120 140 160 180

Phys. Rev. D 89 (2014) 092007 m,, (GeV)

Data/Pred

“High bkg / worse resol.” (WH->bb)

105III|III|III IIIIIIIIIII|III|DItI2IO|12IIIIII_:
—— bata =

ATLAS m VH(bb) (1=1.0) >

[ 1s=8TeV [Ldt=2031b" mm Diboson -
10 0 lep., 2 jets, 2 Medium+Tight tags gum Single top E|
pY>120 GeV Multijet -

T mm W+ht -

10° Wacl |
: B Z+hf 3

o Z+cl -

Z+1 -

1 02 Uncertainty —
----- Pre-fit background I

= VH(bb)x10 3

10 =
30

2

5E

1Ee-e—e0a—u - + + * %%///////// //4;
SF

0

= L E
-1 08 06 04 02 O 02 04 06 08 |
BDT,,

JHEPO1(2015)069

21



Profile likelihood formalism for (systematic) uncertainties

e Build likelihood function for each signal, control region of the data
[2H-=>f  Background
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|
L(k) x{o?™ x Al (k) x &] (k) x BRL, |
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Wouter Verkerke, NIKHEF
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Profile likelihood formalism for (systematic) uncertainties

e Build likelihood function for each signal, control region of the data
[2H-=>f  Background

L(Nlﬁi,ﬁf H Poisson| N, IE u -’ Slfk(8)+EB 6))
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Assume SM Higgs boson for acceptance & efficiency
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Wouter Verkerke, NIKHEF
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Phys. Rev. D 92, 012006 (2015)
Events / bin

Decomposition of Higgs signal contributions in channels

e (Channels selections hardly ever 100% pure in production process
(especially ‘untagged’) - separately model distributions from all
contributing Higgs production processes

“Untagged” H>WW channel H 2Tt channel

CMS, 19.7 fb™ at 8 TeV

i I 1 I I I I T I I | I I l I I i ; T T T T T T T T T I T T

D - mm==e- SM H(125 GeV)—tt
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| | i _gs 0.4 :_ E tEflectroweak _:
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40 } % 03 o Bkg. un(t:ertainil\v(L E
i - F eu ]
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|8 Ww “t .
20 13 vV - - ]
1 [0 Misid 0.1f 3
e s ; as :

0 1 2 3 09, 100 200 300

BDT bin number m.. [Ge

e Some channels also not 100% pure in decay mode (e.g. H>WW
selection has contributions of H>T1T decays). Interpret such
contributions as Higgs signal (of appropriate type) in coupling analysis

Wouter Verkerke, NIKHEF

J. High Energy Phys. 05 (2014)



Most expected distributions subject to systematic uncertainties

e [Expected distributions mostly derived from simulation chain

phy8|cs prog.ess
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Events / 3 GeV

Profile likelihood formalism for (systematic) uncertainties

- Extend description of each signal/background distribution so that
it can describe distribution under a wide range of parameters
for which the true values are unknown (energy scales, QCD scales...)

lllustration: modeling of energy scale uncertainty

. :CMS| — l\s|=‘7TleV,‘Ll=5|.1 flb'll;\E:aTlevl,Llﬂlgjlﬂi‘ %g
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201 E TR
i SIN) 1 == gN|6=0) "
o . ‘ j
: z L
10 /l E . H 1
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L(N| ﬁi,ﬁf, H Poisson| N, IE u - u’
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— S(N|9)

>

o 8
* * Signal Probability model

—— for any value of
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Profile likelihood formalism for (systematic) uncertainties

e (Correlated parameters as needed between channels, experiments

CMS yy untagged

> ATLAS ZZ . < 400 19.7 b (8 TeV) + 5.1 fb" (7 TeV)
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Fully correlated ATLAS Tl 11,0qcDscale: OATLASDEt )

theory uncertainty
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Wouter Verkerke, NIKHEF
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Correlated uncertainties in Run-1 ATLAS/CMS combination

e [ull combination describes ~580 signal regions & control regions from
both experiments. Grand total of ~4200 nuisance parameters,

related to (systematic) uncertainties

e (Correlation strategy of nuisance parameters a delicate and complicated
task

Detector systematic uncertainties - follow strategy of ATLAS and CMS internal
combinations (generally correlated within, not between experiments)

Signal theory uncertainties (QCD scales, PDF, UEPS) on inclusive cross-sections
generally correlated between experiments.

Signal theory uncertainties on acceptance and selection efficiency are
uncorrelated between experiments, as these are small and estimation procedures
are generally different.

PDF uncertainties on signal cross-sections uncorrelated between channels,
except WH/ZH = correlated (effect of ignoring other correlations is <1%)

No correlations assumed between Higgs BRs (except for WW/ZZ).
Effect of ignoring correlations shown to be generally small, except for a few specific

measurements, in which case full correlation structure is retained
Wouter Verkerke, NIKHEF
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Outline of this presentation

(1) Introduction
(2) Higgs boson phenomenology & the k-framework interpretation
(3) Combination procedure & experimental inputs
(4) Current couplings results from combined measurements

(5) From rates to distributions, connecting the pieces with SM(EFT)

Wouter Verkerke, NIKHEF
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Simplest combined fit — global signal strength fit

I I I | I [ I I I | I I I | I I I | I
éf’;ﬁiﬁ;i']%‘g%ﬂy ——Total = Stat. == Syst. "I SM
my, =125.09 GeV, ly, | <2.5
Py, = 71% Total Stat. Syst.
agF vy - 0.96 :o14( =011, 7009
ggF zz I-!I-I 1.04 312 ( +o14, +006)
ggF ww Ilﬁl 1.08 o9 ( 0.1, =+0.15)
ogFt ke 0s CHICND, RS
ggF comb. ] 1.04  +009( 007, 908)
VBF vy = 139 93 ( 0%, o%)
VBF z2Z —e—y 268 i foa. 1o3)
VBF WW  r==H 0.59 903 ( 35, o2t)
VBF 1t e—— 116 05 ( 0%, 103)
VBF bb = 301 g i, %)
VBF comb. o 121 0% o, To1)
VH vy —e=— 109 0% ( 0%, 10%)
VH 27 —a——y 068 3% ( 5. )
VH bb i 119 B o, 9%
| VHcomb. | B 145 0E( Lowe, 0T
ttH-+tH vy e 110 B 3%, )
ttHatH WV e 150 ‘SB( 3%, o4
ttH+tH Tt H—— 138 “gae( 0%, 10%)
ttH+tH bb === 0.79 38 ( 029, +052)
| ttH+tH comb. B 121 02 Lo 02y

| | | | | | | | | | | | | | | | | | | | |

]

—2

0 2 4 6 8
Parameter normalized to SM value

Assume all measurements measure
SM Higgs boson
modulo a global signal strength modifier

(Effectively the Higgs discovery strategy)

* Run 1 combination: u = 1.09 £ 0.11
* Run 2 ATLAS: u=1.11x0.09
* Run 2 CMS: u=117=x0.10
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Constraints for Higgs couplings to fermions, bosons

. . MR- T
e Assume universal scaling parameters for oo H — f) = o ;(K) - IV (K)

Higgs couplings to fermions (kg), bosons (ky) [y

e Assume only SM physics in loops, no invisible Higgs decays, Kgy=0

| L T T T T T T T T T T T T T T T 1 | T 1 | T 1 | T 1 | I_
< 2[-ATLAS Preliminary. + Bostfit  —
~ Vs=13TeV, 24.5-79.8 fo- __68% CL -
1.8 m, = 125.09 GeV, ly |<25 ° —
= p,, =41% ----95% CL £
1.6 * SM -
1.4 =
1.2 —
1= —
0.8 —
0 6:_ — Combined — H—yy _:
O 45_ —H-=ZZ H—-wWw _E
E H—bb — H—11 E
O.2__ll | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 |I__
O 02 04 06 08 1 12 14 16 1.8

Wouter Verkerke, NIKHEF

KN
<<
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Constraints for Higgs couplings to fermions, bosons

e EXxpanding parameter ranges to include negative couplings
“_¥LL : 1 I I I | I I I I I I [ | I I | I | :
2 ATLAS and CMS ' -
- LHC Run 1 -
1.50 Prell_llmlnary E Positive WW contour reduced
- LJH—wy . L due to preferred negative solution
- H->2zz - .
- [JH-ww -
05:_ H—bb :{ SOE"A_i_ll_A'S"lé'c'h"é"”l‘”'l""l""l""-
- [(JH->w 1 455 LHG Run 1 oM xpectsd E
0: [] Combined 1 40F Preliminary T Observed =
- 1  35F -
-0.51 ERT E
- 1@ (\ . - .
— e - 25 E
_15 ,//, / E 202— ) —i
150 7 4 s Negatve ks
- «SsM” —68% CL 1 10F zery d'sf."’o:?d E
~2F gBest it -95% CL + 4 s Y combinaton .
:'/1 A I S N (N S NSRRI [N N NN S R 92"'_'1'-5'“_11'“_'6_'5'“6"'6-'5'“5'"'“{5""2
ot 0 0.5 1 1.5 2 .
(\
Likelihood contour for negative ke solution different «f
Vv Wouter Verkerke, NIKHEF

for channels with interference contributions




Constraints on Higgs couplings

e Assuming no BSM Higgs decays

o (&) - T (%)
r‘H

O'(’i—)H—)f):

0.57 -k +0.22 - k3, + 0.09 - K§+
2~ 0.06-k2+0.03-«%+0.03 - &2+

0.0023 - k3 +0.0016 - k3 + 0.00022 - «;
Y H

e [t for scaling parameters
for Higgs couplings to

W,Z b, t,T,4,9,V

e [ffective couplings for g, y

ATLAS Preliminary Vs =13 TeV, 24.5-79.8 fo”
my;=125.09 GeV, ly, | < 2.5

-1 -1 -05 0 05 1 15 2

Parameter value

Wouter Verkerke, NIKHEF
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Constraints on Higgs couplings ATLAS Preliminary /s =13 eV, 245795 5’
my; =125.09 GeV, ly, | <25
seer 0 0= = =
e Allowing for BSM Higgs decays fir VAPl
o (R) - TV (§ K -
O'(’I,—)H—)f)I 1(4) (4) Z 3 '
2 SM - e
. — Ky - FH Kt = :
7 1 —BRpgy Ko | =
e Fit for for additional parameters oo =
Kg =
BRin, K, | -
BRundet B, B ~—| '
or - 5
B ;
(BResw=BRin+BRundet) ndet]. -
B §
BSMllllllllllllllrﬁllllllllllllllll

-15 -1 05 0 05 1 15 2

Parameter value

e Note that fit is degenerate!

—  With BRggy>0 and all k <1
all observables may be identical to SM (BRggy=0 and k=1)
Wouter Verkerke, NIKHEF 34



Constraints on Higgs couplings ATLAS Preliminary /5= 13 TeV. 245 798
my; =125.09GeV, ly, | < 2.5
« Need additional information TSl
to resolve degeneracy » T
Z -
« Option 1 — Assumptions from theory: K i
w —a
—> assume bounds ky,kz<1 —
—> these bounds occur in Kt —_—
many concrete BSM theories K, ———
* QOption 2 — Measured Higgs width K. e
- Direct measurement not possible i
(TH ~ 4 MeV << resolution) ‘o =
- Indirect measurement possible from K, g
off-shell Higgs production B ; =
- Involves theory assumptions too o o
notably Ky =Kqs B indet -
Bgsy |
BSMllllllllllllllrﬁllllllllllllllll

-15 -1 05 0 05 1 15 2

Parameter value

e Note that fit is degenerate!

—  With BRggy>0 and all k <1
all observables may be identical to SM (BRggy=0 and k=1)

Wouter Verkerke, NIKHEF 35



Outline of this presentation

(1) Introduction
(2) Higgs boson phenomenology & the k-framework interpretation
(3) Combination procedure & experimental inputs
(4) Current couplings results from combined measurements

(5) From rates to distributions, connecting the pieces with SM(EFT)

Wouter Verkerke, NIKHEF
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Limiting factors in current approach

O(100) Measurements Parametric New Physics
ggF > H > 27 model to quantify finger printing
o deviations from SM
B é MSSM-like theory
:: " z 4 | : Ky = sq(mga,tan B)+tan S s,(my4,tan B)
0-+ o V1+tan2 B

110 120 130 140 150 160
Tz =y Ty ASM
m, [GeV] wz wz W,Z( ) ( t ﬁ) \/m
Ky = sy(my,tanB)————
VBF O H- 1T Ogor = (1.06 K2 + 0.07K,2 -0.07K,) OggtefSM) u = SulTA tan 8

kg = sq(ma,tanB) /1 +tan2 g,

T T T T
VBF ATLAS ]

pppppp
Vs=8TeV,20.3 " Pre-fit

-4 Data

— 50 x H(125)

Have ‘sheep with 3 legs’

Events /0.35

 (Can’t model distributions,

nor self-couplings 5 e, Dl
my =125.09GeV, Iy, | <25
Make no assumptions
A, J,) ‘e i
N about specific features
VH > H - bb bectt 10 .
) of new physics : | -
«  Ad-hoc model that
does not respect | S
known physics features 20 300 400 500 600
505 m,[GeV]
£ Wouter Verkerke, NIKHEF
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O(100) Measurements
ggF > H-> ZZ

n
=]

I )
ata ]

> T
$ L ATLA o0
o [H> zzg_, 4] W ggF+bbH M ZZ*
S 100} f5=13Tev, 139" VBF XX, VWV ]
2 F BVH  EZiets
Q [ | 7/ Uncertainty
& gof- ]
60 ]
40 ]
20f
0
m, [GeV]
[to} T T T T
@ 300,75, VBF ATLAS B
N Vs=8TeV,20.3 " Pre-fit
£ 250 -+ Data
Q — 50 x H(125)
w - WZow 1]
200 Il (T+single-top
Ml Others
150 I Fake lepton ]

Uncert.

o
o

an(, i)

250 5 =13Tev, 798 10"

Events /20

F p:z150
200}
150}
100F

50

515
3
[
s
80

m,, [GeV]

How can we improve In the future

A new parametric model
to quantify deviations
in all our data

/—VV.Z: KZWerz(SM)

Oggr= (1.06 kZ + 0.01K,2 -0.07KykK;) Tgee(SM)

Have ‘sheep with 4 legs’

* Model distributions
Describe self-coupling

Sound theoretical basis

Make few assumptions
about specific features
of new physics

New Physics
finger printing

MSSM-like theory

_ sq(mytanB)+tan g s,(my,tan G)

Ky =
V1+tan2 B

tang

V1+tan? B

Ky = sy(ma, tan B) @ng

kg = Sq(ma,tanB) /1 + tan? B

b

10

ATLAS Preliminary [] Obs. 95% CL
Vs=13TeV,24.5-79.8f6" oo Exp. 95% CL
my, =125.09 GeV, [yHl <25

hMSSM

R I R S AN
Jo0 300 400 500

600

m, [GeV]

Wouter Verkerke, NIKHEF




How can we improve In the future

O(100) Measurements A new parametric model
ggF > H > 27 ggF =2 H - vy differential to quantify deviations
,‘ in all our data

n
o
B

10
ATLAS Preliminary  Hoyy, \s = 13 ToV, 139 16"
+

T
ATLAS ® Data

[H—oZZ" -4l W ggF+bbH M ZZ* 4
[ Vs=13Tev, 139" VBF XX, VWV

WVH W Zsjets, tt |
WttH+H 7 Uncertainty -

Events/2 GeV
>
O

doj,/ dp!’ [fo/GeV]

+III

o5 Twz= Kz ASM)

110 120 130 140 150 160
m, [GeV]

VBF > H-> 1T Coct =

T T
ATLAS ]

(1.06 Kk + 0.07K,? -0.07KpKy) Ogor(SM)

300 VBF

'''''''

T
. " ) 2o aras 'y oaa p . ,
e Have ‘sheep with 4 legs
~¢- Data [ 2b-tag, Iuose selection ]

— 50 x H(125) ]

Mz ] b
M (7+single-top
[l Others

I Fake lepton ]
Uncert.

Events /0.35
N
a
?
Events /2.5 GeV

n
o
o

« Model distributions

(o))
o

o
o

o
o

| F Describe self-couplings

Sl I b b e P
A, i) 0 120" 780 140 150 160
i), m,y [GeV]

VH->H->Dbb boosted (hlgh pT) VH>bb Sound theoretical basis

Data - Bkg
o
e T

T

.
< ATLAS —e-Data =
2 E e 1oy 708" I VH,H — bb (u=1.16) 9 6—) - E I\/l k 1: l
Fab i, e B O ™ e ] ake few assumptions
200"+ 1 L. 5 5.“’ w 5:2:7::::5:.?:;‘; -

R D g afsimon ; about specific features
150~ —VH,H = bb x5 -S" 3 Weighted by Higgs S/8 _f '

5. HEEE of new physics

s 2 L

50 > 1

: S o
§re P N Wouter Verkerke, NIKHEF
%0 :>j 60 80 100 120 140 160 180 200

o
0 so 100 150 200 250 sno 350 400 450 500
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A different approach to modeling deviations — (SM)EFT

New theory framework for measurements: SM Effective Field Theory

[ — LSM_I_Z Od 6_|_Z (f)dS

e [Fssence of the idea

— Take full SM Lagrangian (dim-4 operators)

Extend theory by adding new operators (dim-6, dim-8) that allow novel interactions
between SM particles, suppressed by a (large) energy scale A

Describes BSM physics as effective operators between SM fields
(only assumption on BSM physics is high energy scale)

E\L W T\\Qo« / E ‘T offect &

0
_ Py . W
. -
N b 7 ‘ o A
T w‘,* -
\\/ed‘ ) . KiKD
| 3 oM resC T /0'01

Wouter Verkerke, NIKHEF



A different approach to modeling deviations — (SM)EFT

e New theory framework for measurements: SM Effective Field Theory

£:LSM+Z%(9§=6 Z L od=8 4

e New experimental goal is to constrain the (Wilson) coefficients ¢;
(instead of Higgs couplings scale factors k)

e How many parameters c;/ operators O; exist? In principe many, but
can restrict scope to those involving Higgs sector = Managable

Operator Notation Operator Notation =
X e WL WPWH Oy
_e (¢79)° 2 ) .
E e (w000 o (6'0,0) (0"9)'9) Gon For details see (tomorrows) lectures by Pilar
X292 ?+¢Bu\:f?u:v Osp ¢:¢W‘§VW::: Ogw ) . ,
$obWET o G oo L Experimental bottom line (SM)EFT provides
PR ) (oe) (), :
EYC Goded a,  Goas @), a BSM-agnostic theory framework that
WD) (), @Dgsat) (@5 can describe all observable distributions*
G v @D (%), including self-couplings
5 (0'iDuo)@ra) (0g)y  (0DGO)Er o)) (05 ( g p Q)
(91iDu0) @y uf)  (Gou),, (0'iDu0) (" dl)  (Gpa), ,
(611D o) (d@yr*d)) (r/Z,,,,),.j ' _ Wouter Verkerke, NIKHEF




The power of distributions — according to (SM)EFT

Effective field theory

Y

zZ

WwW

bb

On-shell

ATLAS and CMS

LHC Run 1 Th. uncert.
o> I i o
.
' ' :
—.— ———
i i
. . .
e —e— Jo— —— ——
l i .
: ' ' '
. I . :
—— 4 —— | +— ——
: : ' : !
+ o +
. . '
-05 0 05 1 15 -05 0 05 1 15 4202 468 42024628 42024268

ggF VBF WH ZH ttH
o - B norm. to SM prediction

o= (5)

Inclusive u/x : high-precision yields
precision on new physics scale
ou=1%>N~25TeV)

L=Low+ %ogﬂ

Off-shell / large g

CMS Preliminary 35.9 fo™' (13 TeV)

Ao(p;} > 600) / 250
Ao(py! > 200) / 120

(pb/GeV)
T

! Ao(p! > 600) / 250

Ac/Ap;‘
=)
T
z) [e]
2 3

107 E t How \ 1

|
|
|
L
|
|
|
|
|
|
|
| E ot oz
. y
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

4
10 E aMC@NLO, NNLOPS
[ og,from DOI: 10.23731/CYRM-2017-002
1 1 1 I I |

SR BISTEE

i

T
0 15 30 45 80 120 200 350 600 <

P (GeV)

Ratio to prediction

ou=(3)

Differential: High momentum production
sensitive to new physics

00 =15% (q=1TeV) = A ~ 2.5 TeV

Need to use differential measurements to exploit sensitivity at LHC!




What experimentalist do with these new possibilities”?

e 1) Which distributions to measure?

— Potentially hundreds of differential Higgs signal distributions that can be measured.

(theory) ideas popping

— Which ones provide (large) sensitivity to ¢,? } Promising new
up non-stop these days

— For which have good experimental resolution/sensitivity?
e 2)What is the ‘interface’ between data and
theory for future measurements”?
— For k framework the interface was trivial: SM-normalized cross-sections for each process

— Interpretation could be (largely) done ‘a posteriori’: first measure all b, then reinterpret in k;

— Can we usefully summarize observed distributions before interpretation?

e Three possible approaches
1. Publish theory-level distributions = ‘straightforward’ EFT reinterpretation

2. Publish reco-level distributions = 'convoluted’ EFT reinterpretation

3. Directly interpret data in terms of EFT = publish likelihood for EFT parameters

Wouter Verkerke, NIKHEF



What experimentalist do with these new possibilities”?

e 1) Which distributions to measure”?

— Potentially hundreds of differential Higgs signal distributions that can be measured.

— Which ones provide (large) sensitivity to ¢,? Promising new
(theory) ideas popping

B , - - itivity?
For which have good experimental resolution/sensitivity” up non-stop these days

Theory studies: ATLAS Extraction of Kg,Ky
sensitive to e.g. Higgs-charm coupling of all other «; fixed at SM)
,,,,,,,,,,,,,,,,,,,, S FARAS e T T I AR R RN RN AR RRARE RN RRRE
E (arXiv:1606.09253) " g 18 (iatovrsom’ ! omineddea E “ [ ATLAS b Bestf ]
214 T He= R - ez E 00N 7z ) ey E
S Q_E1-4? ~~~~~~ NNLOPS K = 1.1, + XH E F Vs =13TeV, 139 fb" * SM 1
3 'g 1.2 | i ] 15 Best Fit p-value: 0.09 -
S S | M . : :
S osigly [P :
= osi 1 e :
= 0.4F Rt B
g 0.2F RIS E
'.5 0:....1....|...,|....1....|....|’.”...i~ ........ ‘o
% - 1_4?”']””I""I""l""I‘”'I””l””l"”l" =
N T S b * 3
~ < 1: | T 1 r
= 1 o 3 0.8;—1 I E
0 20 40 60 80 100 S O 1550504260 "0 126 200 380 1000

P, [GeV]

TH K
pr,n [GeV] Wouter Verkerke, NIKHEF



What experimentalist do with these new possibilities”?

e 1) Which distributions to measure”?
— Potentially hundreds of differential Higgs signal distributions that can be measured.

— Which ones provide (large) sensitivity to ¢;? Promising new
(theory) ideas popping

B , - : itivity?
For which have good experimental resolution/sensitivity up non-stop these days

ATLAS Run-2 data ATLAS Run-2 data
direct search for H>cc pT(H) distribution
3 b T T e T e — .
o 10 = ATLAS ] - Pre-fit = - ATLAS _Preliminary 4 Combined data 3
S T E (5-13Tev,36.1 1" — Fit Result E Vs=13TeV, 1391 L Hery E
o - 2 c-tags, p? > 150 GeV B Z +jets o ‘ G HeZz'—dl =
= - [t 7 e NNLOPS K = 1.1, +XH —

e 10° .z = E E
L = (VAL = 2 I -

B0 oo : : : |f--h-e| ;
0 - Joint extraction o ﬁ £ E
of charm coupling sf [ s E
" P W -
0E .......................... T.‘.“.i-fv.‘.*n »-J...L:
LI L R AR AR RLALN RARRN RARRN RERAN N I
1 > -

§ 1.?| —— { | | 0 # 4 *

;. 14F 5 oe_—T [ =
B 12 ® 0.6F b bbb e b b L A
% 10 © "0 10 20 30 45 60 80 120 200 350 1000
= 08 | p. . [GeV]
S 06Bcl. vl et ity TH
o 60 80 100 120 140 160 180 200

m . [GeV] Wouter Verkerke, NIKHEF



Which distributions to measure — many other opportunities!

e Qbservable of Higgs self-coupling is now the ‘holy grail’

diHiggs production

-.H

4
H_.7
--0_ X

R i B i B B A B B L
o ATLAS ¢ Da
- sl B — NR HH at exp limit |
.2 10 E 13 TeV, 36.1 fb Top-quark E
[ E ThadThag 2 D-tags jet — 1, fakes (Multi-jets)
w - Z — 1t +(bb,bc,cc) E
10° ke I jet — v, fakes (i) =
E : I Other 3
r SM Higgs
5 o [[] Uncertainty
10 semsetassstn «+=++ Pre-fit background E!
aaaana 7 Teeeeee
10 ¥ | =
P
1=
E ] ] 1
_gg-1,5:,,‘,..‘”,,..,H.I R e A RiRe
S 1. ¢ $ -
E E ]
® bl b by by byt 1 d
a -1 08 -06-04-02 0 02 04 06 08

BDT score

Traditional approach
Extremely low rates
make it super challenging

ttH production py distribution

(Vo)da/dpy
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= 05 ——
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(arXiv: 1709.08649)
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Which distributions to measure — many other opportunities!

e Qbservable of Higgs self-coupling is now the ‘holy grail’

diHiggs production

.H
4
H .7
g
N\
N
\
.................................
s ATLAS * NAtHater!
7] 4 — -1 -
2 10 E 13 TeV, 36.1 fb Top-quark
E F ThadThas 2 b-tags jet — 1, fakes (I

1_ . + +

I T N i - [

>7 0.8 0604 02 0 02 04 06 08 1

Traditional approach
Extremely low rates
make it super challenging

ttH production py distribution

Future joint interpretation
in SMEFT framework?

Ce A 3
w2 (®TD)]
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Substantial expected
sensitivity in ttH data
(channel observed at 50)

loop correction
to single Higgs prod.
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ATLAS Preliminary
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Which distributions to measure — many opportunities!

e High energy tails of Higgs production have largest sensitivity to new
physics contributions

o——» large-R jet
3' :l T 1T I T T T T l L I LI I T T T T l L I IIIIIIII - Sl<etch Of a ,]—lepton
© - MadGraph, simulation — SM? . candidate
4l |
10 = pp — WH — vbb — SM’+SMxBSM 5|
- .A® _ ]
- SMEFT Operator: QHq with ¢ = 0.1 g electron
10° =

(VR) track-jets

LA L I L Y B

T A LI | 17T l LI | T T3
[ ATLAS Preliminary —e— Data ]
[ {s=13TeV, 139 b Bl VH, H — bb (1=0.72) 1
:— 0+1+2 leptons I Diboson (u, ,=0.91) —:
[ = 1large-R jets, 2 b-tags [ B-only uncertainty

[ pY =250 Gev

Weighted by Higgs S/B

[
l\)!l) #101 (o))

—
1|||IIII|IIITIII
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»
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What experimentalist do with these new possibilities”?

e 2)What is the ‘interface’ between data and
theory for future measurements”?

— For k framework the interface was trivial: SM-normalized cross-sections for each process
— Interpretation could be (largely) done ‘a posteriori’: first measure all b, then reinterpret in k;

— Can we usefully summarize observed distributions before interpretation?

e Three possible approaches
1. Publish theory-level distributions = ‘straightforward’ EFT reinterpretation
2. Publish reco-level distributions = 'convoluted’ EFT reinterpretation

3. Directly interpret data in terms of EFT = publish likelihood for EFT parameters

Wouter Verkerke, NIKHEF



Publishing distributions 1 - the cleanest & hardest way

e (Observed event rates and observed distributions cannot be trivially
interpreted in terms of fundamental theories

— Rates = need to substract backgrounds, account for acceptance effects

— Distribution = substract backgrounds, account for acceptance and migration effects

< 400F _MCTruth migration probabilities Reconstructed
8 Landau(5,2) c Verﬂow 9 % [ 4
-~ i —data 2 m 8 G300F — MC total =
= 300r Landau(6,1.8) 3 . 7 ~ :
% [ § o E’ : Dbackground %
< 200K ° 5 2200 - data S
: | P '
1005 H 100}
E- g :1 F aa
00 20 40 0 20 40
t P,/ GeV P;(gen) / GeV P,(rec) / GeV
Theory predicts Detector t
distribution resolution Experimental
in terms of ¢; i measurement

and efficiency
Wouter Verkerke, NIKHEF



Publishing distributions 1 - the cleanest & hardest way

e (Observed event rates and observed distributions cannot be trivially
interpreted in terms of fundamental theories

— Rates = need to substract backgrounds, account for acceptance effects

— Distribution = substract backgrounds, account for acceptance and migration effects

Reconstructed

> s
(2 300F = MC total

Dbackground

Overflow bin

-®-data

IK

0 20 40
P (rec) / GeV

*

Experimental
measurement

)/ GeV

N
-l
_-'

- v W s o N » ©

Overflow bin

P;(gen) / GeV

*

Inverse of detector
resolution and efficiency
(deconvolution/unfolding

Truth
>400F = —mc
8 [ Landau(5,2) c
~ I -—d 2
z 300 y E:::ldau(s,ts) g
< 200f ©
1008
% 20 40

P, / GeV

Theory predicts
distribution
in terms of ¢;

Wouter Verkerke, NIKHEF



Publishing distributions 1 - the cleanest & hardest way

e Example ATLAS result with full unfolding procedure

vy,
PG [y

Fiducial differential Higgs measurements in several
(1D) variables with H>yy
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Publishing distributions 1 - the cleanest & hardest way

e Example ATLAS result with full unfolding procedure

Deviation from SM expressed in terms of Wilson coefficients /LZW > ,u;w ((_3, E)
(using SILH / SMEFT basis @ LO)

s8¢ E s I e e e B B B B
%1 7 3TeV - 2 ~ATLAS Simulation Preliminary H — yy, V\s=13 TeV A
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ent...
but result directly interpretable in EFT ¢;’s



Ratio to SM

Publishing distributions 1 - the cleanest & hardest way

21 '8: E
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Example ATLAS result with full unfolding procedure & interpretation
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Extremely labour intensive measurement...
but result directly interpretable in EFT ¢;’s



Unfolding is really difficult!

Unfolding is a numerically very difficult problem that requires
‘regularization’ to make deconvolution step numerically stable

Many algorithms on the market — with variable sensitivity to

assumptions, biases, etc

Unfolding a simply toy distribution — results vary...

Bayes IDS TSVD TUnfold Gaussian Process
g v g i g
m-_LL o Ll s o ol
L L F F
F L h il b m;_ *L" "
w4l i | L L o L o
i I b £ - E
B sl L

Unfolded physics distributions are extremely time and resource
intensive for collaborations to produce!

Wouter Verkerke, NIKHEF



Publishing distributions 2 — the simple & ‘ugly’ way

o “Simplified Template Cross-Sections”

ldea — distributions of interest largely originate from H production
- publish production rates (normalized to SM)

ggF > H > 77 | goF > H > Ww
VBE > H = 22 pH>27) VBF > H > ww b HH>WW) &

VH>H> 27 VH-> H-> WW |

2000 T
%120......|....|‘...|‘..‘|...._ S [ARRERERS T e Data’  Uneerlainty
0] ATLAS ‘Da:be.zz* 1 ‘g 1800F ATLAS W H, [ He
(V) [ H—ZZ" — 4l 9or i T 1600F Howw*—evuv, N <1[] ti/we [l ww
B 100 Vs=13Tev, 139 0" VEF DLWV 2 5=13Tev,36.1 1" [ zv' [ Misid
= VH W Zets, tt S 1400F 's=15TeV. 5. lvvy

P . B >
g) % MttH+tH % Uncertainty d 4200
(W] 80%
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60 80 100 120 140 160 180 200 220 240
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Wouter Verkerke, NIKHEF



Publishing distributions 2 — the simple & ‘ugly’ way

o “Simplified Template Cross-Sections”

e |dea — distributions of interest largely originate from H production

99
VE

\%

- publish production rates (normalized to SM)

FOH>ZZ
F>H>7Z

u(ggk

>H>

U(VBF > H > %)

ggF > H > WW |

L pH>WW) &

U(VH > H > %)

Wouter Verkerke, NIKHEF



Publishing distributions 2 — the simple & ‘ugly’ way

o “Simplified Template Cross-Sections”

e |dea — distributions of interest largely originate from H production
- publish production rates (normalized to SM)

goF > H> 77 | ggF > H > WwW
VBF > H > 77 - pH>YWW) &
VH > H >

u(ggF > H > %) U(VBF > H > %) U(VH > H > %)

u(ggF > H+0 jet) p(ggF > H+1jet pr[0,60) ]

H(ggF > H+1 jet) HiggF = H+Tjet pr [60,120) L1 gigtribution’ of ggF H+1 jet
u(ggF =2 H+1 jet pr [120,200])

b(QgF = H+1 jet pr [200,00]) Wouter Verkerke, NIKHEF




Publishing distributions 2 — the simple & ‘ugly’ way

o “Simplified Template Cross-Sections”

e |dea — distributions of interest largely originate from H production
- publish production rates (normalized to SM)

220} —p—
ATLAS Preliminary  .,[ -, I
H— ZZ* — 4] 22| ——— i
13 TeV, 139 fb’! o[ a |
Reduced Stage 1.1 - |y | <2.5 B R TR I S W - R 2'Nle
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| [m] Observed: Stat-Only 6-B [fb] (0:B)g,, Ifb] B
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"1 0 1 2 13 4 5 g EFTinterpretationpossible
-B/(c-B) (more more difficult)



Publishing distributions 2 — the simple & ‘ugly’ way

e [Extra work needed to interpret ‘STXS distribution’ -
need MC simulation to map each measured bin p to expression in ¢

— STXS distributions = reco-level information - must account for acceptance effects

Calculated from MC
with MadGraph+STXS
Rivet routine

o i _
M= — 1+ Z AiCi + Z BijCiCj
i ij

OSM

-==--¢G =0.00003 cHW =0.04 ATLAS Preliminary
10 — cA =0.0003 -+-'cHB=015 o Vs= 13 TeV, 36.1 fb”'
- cu=0.25 - = cWW - cB = 0.06 ! R

HEL implemented :

inFeynRules [1]  _ _ _ _ i Loe o i
i
i

Ratio with respect to SM
I T TTTTI |
I |

810-8102-dNd-SAHd-SV11VY

M ggF qg—>Hgg g9g—>Hqg qgq—Hgg qg—> Hgg qgg— Hagq Hiv Hiv HIl , lHII , tfH
B(H— 4I) pJ“<25 Gev pj“Z o5 Gey VH-like rest pJT>200 Gev low p:’ high p:’ low Py high p
T T

Less labour intensive measurement. ..

EFT interpretation possible
(more more difficult)



Publishing distributions 2 — the simple & ‘ugly’ way

e [Extra work needed to interpret ‘STXS distribution’ -
need MC simulation to map each measured bin p to expression in ¢

— First results in effort to make EFT/STXS combinations

Observed HEL constraints with H— ZZ* and H — yy
I b |

: ~ ATLAS Preliminary ATLAS-PHYS-PUB-2018-018
cG[10*] 1 &
- \{s=13TeV, 36.1 fb" ATLAS Preliminary X
cG - —os=
o [s=13TeV, 36.1 fb’'
4 : : —06
i : —0.4

: . —0
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c '
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0.19

, i om
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Parameter value

Less labour intensive measurement...
EFT interpretation possible
(more more difficult)



Direct modeling of distributions in terms of (SM)EFT ¢
e |[tis actually not needed to (quasi) unfold data to be able to measure
EFT coefficients that modify the shapes of distributions

e (Consider a measurement of a process with two operators labeled
SM and BSM, with strengths ggy and gggy respectively. Matrix
Element is

M(Gsm, ssm) = 9smOsm + FasmOssm

e Transition amplitude is |M|?:

T(gSMagBSM) o< |M(gSMagBSM)|2

|M(gSMagBSM)|2 = Q§M|03M|2 +g§SM|OBSM|2 + 29smesmR (Ogy Ossm)

Resulting distribution described by coefficient-weighted sum of three fixed-shape template distributions!



The mapping of templates to operators

¢ Note that templates do not need to correspond one-to-one to
single operators or pure interference terms

IM(QSMagBSM)lz — QgM IOSM |2 + QSSM |OBSM |2 + zgSMgBSMR(OgMOBSM)

e [or 2 operator, any three independent pairs of gsy,dssv Values can
generate templates that will span the whole parameter space. E.g.

Tin(170) o< OSM|2
Tin(0,1) o< |Ogsu|?
Tin(1,1) o< |Osm 2+ |Ogsm|? + 2R (031 O0ssm)

2
|M(QSM y BSM )l = (QS‘.‘2 — gsuGasm) Tin(1,0) + (955‘.'2 — gsmesm) Tin(0,1) + gsmasu Tin(1,1)
N - o N - ' \—v—/
L J

Resulting distribution described ... sum of three fixed-shape positive-definite template distributions
sampled at ‘physical’ MC generator configurations




A more realistic physics example

¢ |n many scenarios new physics can enter amplitudes in both the
production and decay vertex of a t-channel process

% q
\\/1 W

v
Ism '@ H @ Ysv
gBSI\/I,” ' JUBsMm
vV -

q4/‘\’\c2

A A
I 1 I 1

M(gsw 8ssm) = (8sv - Oswp + 8sm * Opsmp) - (8sm * Osma + 88sm - Opsma) -

Wouter Verkerke, NIKHEF



A more realistic physics example

e A little math shows we now need 5 independent templates

M(gsm, gBsm) = (85M Osm,p + 8BSM - OBSM,p) - (gsm - Osm,a + gBsm - OBsm,a) -

IM(gsm, gBsm)|* = (gSMOSM.p + 81351\401351\/1,;;)2 - (gsMOswm.a + gBsMOssm,a)’
= gsm " 0§M,p0§M,d + 8hsm 01238Mp01238M.d
+ 8am8nsu - (02, R (O%y 4Osw.a) + R (Ody ,Ossu,p) Oty 1)
+ 8u8asm ° (0§M p0[2!SM,d + Oésm, pogM,d)
+ SSM&’gSM ' (012331\4, p‘R(OgM,dOBSM-d) + ‘R(OgM,pOBSM,P)OlziSM,d) .

O N N
OB wWN =

e And the template model can be written as

_ 4 3 2 2 3 4
Tout(gsMm, gBsM) = (angSM + a1285m8&BSM t+ @1385m8psm T @148SMERsm T alsgBSM) Tin(gsMm, 1> BSM, 1)

wi

4 3 2 2 3 4
= (azlgSM + 42285 8BSM + 42385\8psm T 4248SM8psm T azsgBSM) Tin(gsm,2, €8sM,2)

wa

4 3 2 2 3 4
= (aslgSM + a3285v8BSM t+ a3385M8&asm T+ A348SMEpsm T+ a35gBSM) Tin(gsMm,3 8BSM,3)

w3

4 3 2 2 3 4
= (a41gSM + a4285v&BSM T+ A4385M8psm T d448SMERsm T a4sgBSM) Tin(8sM,4- 8BSM,4)

Wy

4 3 2 2 3 4
= (aslgSM + as5285\18BSM + a53858psm + d548SM8psm T assgBSM) Tin(gsm,5, BSM,5)-

ws

4 4 4 4 4
aip ap aiz ai as ; 8sm,1 ; 8sM,2 \ 8sM,3 X 8sm,4 \ 8sm,5
ay| ayp a3 az axs 8sm.18BSM, 1 85 28BSM,2 85 38BSM,3 8\ 48BSM4  8g\ 58BSM,5

2 2 27 2 27 2 2 2 277 2 _
asy azx a4z dz ass |- gSM,lggSSM,l gSM,2g133$M,2 gSM,381;SM,3 gSM,4g}??SM,4 gSM,Sglé?:SM,S =1
aq1 Q42 Q43 Q44 445 8SM,18gsm,1  8SM,28psm.2  8SM,38psm.3 8SM,48pspa  8SM.58BsM 5

4 4 4 4 4
ds1 dsz ds3 ds4 dsS 8BSM, 1 8BsM,2 8BSM,3 8BSM, 4 8BsSM, 5



A concrete example VBH - H 2> WW

3 shared parameters = 15 terms in |M|? expression = 15 input distributions needed
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A concrete example VBH - H 2> WW

3 shared parameters - 15 terms in |M|? expression = 15 input distributions needed
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Distributions and their interpretation — 3 ways

1) Full unfolding (very complicated)

I
—

doy,/dp}! [fb/GeV]

Reconstructed migration probabilities
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G300fF —NC total < 0]
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§ Dbackground < —~
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t Inverse of detector

Experimental resolution and efficiency
measurement (deconvolution/unfolding

2) Template cross-sections (med. hard) - SM(EFT) param. (med. hard)

H(H>WW)

HGgF > H > %) HVBF > H > ¥ HVH > H > )

3) Template morphing with SM(EFT) parametrization (medium)
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Future (SM)EFT combinations
may combine power of

L ! : Future (SM)EFT combinations
pt(H) distribution, Higgs couplings to may leverage power strongly

direct charm searches and more... 3rd gen fermions | |
and W/Z bosons boosted Higgs production...

0O(10%) precision

Yukawa
couplings
to 1st and
2nd generation?
[ UNPROVEN ]

xxxxxxxxx " Future (SM)EFT combinations
may combine power of
| direct searches,
“““““““““ single Higgs production
pt(t) in ttH production and more...

Higgs field/potential, self-couplings?
[ UNPROVEN ]



