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Higgs measurements (|)
XS times BR
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https://arxiv.org/abs/1909.02845

Higgs measurements (l1)
Simplified Template XS

« STXS [LHC Higgs XS Yellow Report 4]

implemented in all the major

channels

- Different
channels
contribute to
determine the
final
measurement
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https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1909.02845

Higgs measurements (lI)
Differential measurements

- Measurement of differential
Cross sections are avallable

' VY, H—=2Z,
"WW (in CMS)

+  Usually uncertainties still
large and in most of the
cases statistical limited.
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https://cds.cern.ch/record/2668684
http://cds.cern.ch/record/2691268

Higgs measurement interpretation (l)

k-formalism

Extracting coupling constants In
the k-framework

Under the assumption of no
new particles in loop and
decays:

~10-20% for fermions
8% for vector bosons

More generic parameterisations
used already
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http://arxiv.org/abs/1809.10733

Higgs measurement interpretation (l)
Effective Field Theory

k-model not consistent beyond LO (not suited to precision measurements)

Effective Fields Theory natural way to extend SM

L =LY

EFT allows modifications of rate and of kinematic

-+

STXS and Differential measurements are particularly interesting for this interpretation

Different EFT approaches used in different analyses (AC, HC, SMEFT, SILH ...),

arbitrary units

rel. diff.

Ultimate Precision at Hadron Colliders - Paolo Francavilla (*) d=5 (Violate lepton number) and d=7(violate B-L) terms are not shown 8
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https://cds.cern.ch/record/2694284/files/ATL-PHYS-PUB-2019-042.pdf
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heavily inspired by the talk of A. Gilbert in link

How to extract info on EFT

- Requirement: Want to be able to fit for the ¢j coefficients:
= Need a continuous signal model (not just testing single points in the EFT space);

= For the statistical analysis we need to know the pdf for the signal (and in some cases for the
background) as a function of the parameters: .
Ps(X /C)

Sum of full-sim. signal PDFs [1] Parametrise in gen-level fiducial bins(*)[2]

Generate full-sim pifx) for fixed points | |- SPlit the gen-level in bins k

Iin the parameter space - Get the appropriate scaling pk factor for the

, - effect of € on the bin k
Ca|CU|ate the Welghted Sum Of pl(X) (Usua//y 1st of 2nd order po/ynom/a/s)

with the appropriate dependence on @
Use the SM pdf for x in each bin k: pSMk(x)

P(]6) = ) a;i(Q)pi(F) P(£]2) = m(@p (@)

(*) [t assumes that effects on acceptance and shape
inside the bin k are subdominant and can be neglected.
If this is not negligible, you can split the bin k again
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https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf

Strategy [1] at work:
HVV anomalous couplings

heavily inspired by the talk of A. Gilbert in link

- An example using AC in CMS. NOTE: Straightforward mapping between AC formalism and linear EFT (bkp)

Construct optimal observables using MELA

Simulation using JHU generator and POWHEG, re-weighting to different AC using MELA

Signal model construction follows flexible and extensible approach

Contains both production
and decay kinematics

CMS-HIG-17-034
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https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html

heavily inspired by the talk of A. Gilbert in lin

Strategy [1] at work:
HVV anomalous couplings

* An example using AC in CMS. NOTE#Straigh WhiCh Observable? Optima”
We are testing two hypothesis: ¢=0 VS c¢!=0

- Construct|optimal observables|using MELA

4 powned Which is the best test statistics for the test?
Likelihood ratio = Optimal Observable:

* Simulation using JHU generator &

+ Signal model construction follows f|exible and Duo — Pou() o Phisu(@
CMS Sopplomertey AR OSTY Psum(€2) + Prsm(€2) e Pam(Q) + Psm(Q)”
Contains both production [ " Toa o VBF-tagged | , ; 7
and decay kinematics ol e 1 Jor ratio of or matrix elements M = Mgsm +d - Mcp-odd-
{TTVBF4+VH RS =405
£ [ cOzzz as
2 mmzx T 2
5 | - 00 — (Mcp-odd] 00. — 2ReMgyMcp-odd)
c | 1 2 = 1 - —
g | : M2 Man?

________________ ‘ I used in ATLAS used for CP studies in H—=1T
T opwr  \  |JATLAS-CONF-2019-050)) 1
Maximum sensitivity, but don't separate
measurement and interpretation
. B Usually one needs one observable for each c.
P;Ig/mt (fi Cikr faiX®
CMS-HIG-17-034 General measurements could loose a bit of
information, but more suitable for reinterpretation
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https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html
http://cdsweb.cern.ch/record/2693960/files/ATLAS-CONF-2019-050.pdf

heavily inspired by the talk of A. Gilbert in link

Strategy [1] at work:
HVV anomalous couplings

1 1 (g1 + q2)? g7 + ¢ N
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)
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https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html

heavily inspired by the talk of A. Gilbert in link

Strategy [1] at work:
Morphing in multidimensional space

- An example using Higgs Characterisation Model (SMEFTsim also supported) in ATLAS Run2 HZZ
analysis

- Given a set of input templates/PDFs and the corresponding EFT parameter points generates a morphing
function to model any point in parameter space

- NOTE that this can be used in both approaches [1] and [2].

@ input samples, rgy — V2 X validation samples

%) -
- - - . . _—
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Simple showcase
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https://cds.cern.ch/record/2066980

Strategy [1] at work:
Morphing in multidimensional space

heavily inspired by the talk of A. Gilbert in link

- An example using Higgs Characterisation Model (SMEFTsim also supported) in ATLAS Run2 HZZ

analysis

- Given a set of input te
function to model any

- NOTE that this can be

Simple showc
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3 generates a morphing
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https://indico.cern.ch/event/826136/contributions/3599541/attachments/1928297/3192984/LHCHXSWG-EFTTools-Oct19.pdf
https://cds.cern.ch/record/2066980
https://arxiv.org/pdf/1712.02304.pdf

Strategy [2] at work:
Differential cross sections

Measured fiducial differential cross sections can be used to measure EFT coefficients.

In ATLAS, use unfolded distribution of | p.¥, N m;. A(pjj and ij1

jets’

-

- Correlation between observables obtained by bootstrap 1 1 r
L=———exp (_5 (&data - &pred) c! (6'data - a)'pred))

Jeok|cl

Need to know how Oprea depends on ¢;j

ATLAS-CONF-2019-029
Need to know:

s 10 T T
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% i 4-Data, tot. unc. . syst.unc. ] O'i = O'ISM -+ Z Int Z C: CkO'B%M, Wherej
o 1% E= gg—H default MC + XH | -

30 AR -NNLOJET®SCETNNLO®NLL XH ]

o) ¥Le- i
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+ XH = VBF+VH+ttH+bbH

107"

........ _ =14+ Z cAl] + Z C; Csz ik relative to
i S g S 3 j jk

10°F — ] the SM prediction = need to find M Bk

——= * A and B are calculated from
For specific observables (see later) given by LHC-HXSWG
General use tools start to appear (i.e. EFT20bs) (*)

o s 1w 20 20 3w s (%) This js great! And it is great to see their cross checks and validations.
A preferable direction (imo) for the future would be to converge in a (few?)
common validated set among experiments/channels, avoiding a proliferation.
16
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https://github.com/ajgilbert/EFT2Obs-Demo
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/

Strategy [2] at work:
Differential cross sections

Measured fiducial differential cross sections can be used to measure EFT coefficients.

In ATLAS, use unfolded distribution of | p.Y¥, N,

jets’

j1
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-

Correlation between observables obtained by bootstrap 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/

Strategy [2] at work:
Differential cross sections

. AILAS-CONF-2019-029
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/

Strategy [2] at work:
Simplified Template Cross Sections

Adopt the Simplified Template cross section to extract EFT information.

The bins at gen-level are pre-defined, and anyone can calculate the dependence for its favorite basis.

- Parameterisations already exist for for HEL-SILH [LHCHXSWG-2019-004, STXStoEFT]
and SMEFT-Warsaw basis [A]L-PHYS-PUB-2019-042]

STXS forV

Onw =i(D*H)" 0 (D"H) Wi

Oup =i(D*H)" (D"H) By,

Ow =% (H*a“D#H) DYV,

Op =4 (H"'E”H) 9By
Od = ya'lleQ_LHdR

AN

— = = = n
g E ATLAS VH, H- bb, V- leptons cross-sections: § HEL Operators Of the SILH (&Q
- g_ o _ {s=13TeV, 79.8 fb™ :;\bﬂserved 5::;:”;‘0. Stat. unc. i baSiS considered X 3.5
S TE : E Parameterisation from i
a2 [ v=w . V=2 - LHC HXSWG <
Q g2 T = -
X o E . - = m 25
— — - e —
S = ! - . X
— [ X ——— — e
: = — 15
= H— -
w 2 - ' -
= T . : * - + ' 1
s 1 Co 1 |
e 0 .L7 — ! > '"7 — B 0.5
S0 N Scp2 50 20
W r 2250 7o) <p2 r=<50
r vesoG GeV rV750G v r 250 Gel/ Ge[/

Ultimate Precision at Hadron Colliders - Paolo Francavilla

JHEP 05 (2019) 141

-~ ATLAS Simulation ]
— --- Ty =0.004 |
- Ty = 0.024 .
- —.T,,- T, =0.008 =
: — Cd = 0.5 :
g = ﬂl :
L ) ! F L
ST e |

--------- romm e

- WH- bb ! ZH- (Il,vv)bb .

50 P, 7S5enz 150 (o)
pw__ 1250 P D2 r->250
r <2 Ge, 7750 r<as Ge
S0 Gey V Gel 0 Ge v V
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Strategy [2] at Work

Simplifie
A;3' AN BN IR R LML B A
= _ATLAS : FVH H-> bb : .
e 1O C : 13 TeV, 79.8 fb”’ - ]
+ Adopt the Simplifie = 5 5 © 3 -
c L ]
+ The bins at gen-ley 2__8,?63_8;&’_ . sfavorite basis.
C 20
- Parameterisations - , .
and SMEFT-Wars 1.5~ —
1 -
- JHEP 05 (2019) 141
STXS for V - ] T
_ 0.5F=mmmmmmmm e el a ]
2  FATLAS VH, 1 N 1
o [ s=13Tev, 708"  eO - : ] E
@ 10° . =S ol L 1 1 1 Tl 1
X F Vew -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 3 =
ol 10° 1 Chw r
S E
N 3 Coefficient Expected interval Observed interval zszd
ij 2l CHW [—0.003, 0.002] [—0.001, 0.004]
g 1 CHB [—0.066, 0.013] [—0.078, —0.055] U [0.005, 0.019] B
- 5 Cw — CB [—0.006, 0.005] [—0.002, 0.007] ;SpﬁesoGeV
Cd [—1.5, 0.3] [-1.6, —0.9] |J [-0.3,0.4] ™G

Ultimate Precision at Hadron " Collidéers™="Paolo Francavilla
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Strategy [2] at work:

Simplified Template Cross Sections

- Parameterisations for STXS already available:

« LHCHXSWG [LHCHXSWG-2019-004]

OEFT = OSM + Cint + OBSM- L |
Parametrisation for

Tint

o = > A, both c and B
OBSM Z i are provided

— i CiCi

OSM ij v

By = Tae Ff}:w 1+ ZA;“C.L- + ZB;’,fcicj — Z ZA{CL' + ZB,{.ch ,
Z:frf Zfl‘;,"' i ij ’ 7 i ij !
r PSM |
F_4f£ Iﬁ 1+ Z Aifci + Z B,L.fjcic]- — Z A;wci + z Bffcicj
4¢ i ij i ij

NOTE 1 : Acceptance dependence on B are neglected so far.
First attempts to go beyond for H->4l presented by C. Hays in
LHC-HXSWG link.

NOTE 2: EFT can change the decay topology.
A summary for the options to make general measurement

Cross-section region ZZ Aic;

99 — H (0-jet)

99 — H (1-jet, pf < 60 GeV) 56¢, H E |_
g9 — H (1-jet, 60 < pf < 120 GeV)

1-jet, 120 < pH < 200 GeV)
1-jet, p2 > 200 GeV)

> 2-jet, pi < 60 GeV)

g9 — H (> 2-jet, 60 < p# < 120 GeV)

g9 — H (> 2-jet, 120 < pif <200 GeV)
99 — H (> 2-jet, pH > 200 GeV)

g9 — H (> 2-jet VBF-like, p% < 25 GeV)
gg — H (> 2-jet VBF-like, p§ > 25 GeV)

99— H
99— H
gg— H

—_— o~ o~ o~~~

56¢;, + 18c3G + 11c26G
56¢; + 52c3G + 34¢2G
56¢],

56¢, + 8c3G + 7c26G
56¢;, + 23c3G + 18¢26G
56¢,, + 90c3G + 68c2G
56¢;,

56¢;, + 9c3G + 8c26G

qq — Hqq (VBF-like, p} < 25 GeV)
qq — Hqq (VBF-like, p > 25 GeV)
qq — Haqq (p} > 200 GeV)

aq — Haq (60 < mj; < 120 GeV)

qq — Hqq (rest)

—1.0cH — 1.0cT + 1.3cWW — 0.023cB — 4.3cHW
—0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
—1.0cH — 1.1cT + 1.2cWW — 0.027cB — 5.8cHW
—0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
—1.0cH — 0.95¢T + 1.5cWW — 0.025¢cB — 3.6cHW
—0.24cHB + 0.084cHQ — 4.5¢cpHQ — 0.25cHu + 0.1cHd
—0.99cH — 1.2¢T + 7.8cWW — 0.19cB — 31cHW
—2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
—1.0cH — 1.0cT + 1.4cWW — 0.028¢cB — 6.2cHW
—0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

99/9q — ttH

—0.98cH + 2.9cu + 0.93c; + 310cuG
+27c3G — 13c2G

gg—H (0-jet)

gg—H (1-jet, p’T’ <60 GeV)
gg—H
(1-jet, 60 < p'T’ <120 GeV)

gg—H
(1-jet, 120 < p;’ <200 GeV)

gg—H (= 2-jet, p" <200 GeV

or VBF-like)

gg—H (> 1-jet, p" >200 GeV)

+ gqq—Hqq (p’r >'200 GeV)
qq—Hqq (plr <200 GeV)

g9/qq —HII/HIv

99/q9q —ttH

presented by M. Duehrssen and N. Berger in LHC-HXSWG link

ATLAS Preliminary
Vs =13 TeV, 36.1 fb”
H—-yy and H—>ZZ*—4l
m,, =125.09 GeV, |yH|<2.5

0.20.40608 1 1.214

Ratio normalized to SM

Measurement lof

Stat. uncertainty

-_

Syst. uncertainty D

SM prediction I
M IR R EPEPEE BT

- i
-1 0 1 2 3 4 5 6

ormalized to SM
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trategy [2] at work:
Simplified Template Cross Sections

- Parameterisations for STXS already available:

+ LHCHXSWG [LHCHXSWG-2019-004]

gg—H (0-jet)

gg—H (1-jet, p'T’ < 60 GeV)
gg—-H
(1-jet, 60 < p! < 120 GeV)

gg—-H
(1et, 120 < p¥ <200 GeV)

gg—H (= 2-jet, p¥ < 200 GeV
or VBF-ike) "

gg—H (= 1-et, p" >200 GeV)
+ qq—Hqq (¢!, 2200 GeV)
qq—Hqq (p’r <200 GeV)
99/qq —HII/HIv

99/qq - ttH

s

T T
ATLAS Preliminary
Vs =13 TeV, 36.1 fb”
H-yy and H—>ZZ*—4l
my; =125.09 GeV, ly, [<2.5

s
————

o HH

B, /B,

0.2040608 11214
Ratio normalized to SM

Measurement lol
Stat. uncertainty

Syst. uncertainty D

SM prediction I
1 A [

2 3
o; X B,, normalized to SM

ATLAS-CONF-2017-047

4 5 6

B,, /B,

yy
gg—H (0-jet)
gg—H (1-jet, p < 60 GeV)

gg—-H
(1-jet, 60 < p! <120 GeV)
gg—H
(1-jet, 120 < p¥ < 200 GeV)
gg—H (2 2-jet, p!! < 200 GeV
or VBF-like)
gg—H (= 1-jet, p;' =200 GeV)
+ qq—Hqq (p" =200 GeV)
qq—Hqq (p’T <200 GeV)

99/qq —>HII/HIv

99/qq > ttH

0.05

010 008 -003 .

T T T T

T
ATLAS Preliminary *l

Vs=13TeV, 36.1 b —
H—yy and H—=ZZ* -4l |
m,, =125.09 GeV, |y |<2.5

o
5
8
I3
5
2
& &
g8 R
s &
s B
8 8
s &
8 =
8
!.:.

g
e
T

%
&
o

Observed HEL constraints with H— ZZ* and H — yy

| I l
. : ATLAS Preliminary

cG[107] - Vs=13TeV, 36.1 fb”!
v [
« .
cHW[10™"] . :
CWW - cB[107] 5 -

| i l

2 0 2

Parameter value

ATL-PHYS-PUB-2017-018

T

gg—H (14et, p" < 60 GeV)

gg9-H

T

(1-jet, 60 < p¥ <120 GeV)

gg9—H

T

(1jet, 120 < p¥ <200 GeV)

> 5 S X T
8 8s & § ¥
=3 T o
§ 838 1 ¢
v n 8 v -4 2
TN I &
ar '3
o
233¥ §
VET e T
$62f |
§>;f~Tv
2851 §
S o o+

Results in ATLAS
using STXS and HEL

-0.6

-1

Cross-section region

i Aic

g9 — H (0-jet)

99 — H (1-jet, pf < 60 GeV) 56¢, H E |_
99 — H (1-jet, 60 < pf < 120 GeV)
g9 — H (1-jet, 120 < pi < 200 GeV) 56¢, + 18¢3G + 11¢2G

1

(

(

(

99 — H (
99 — H (> 2-jet,
99 — H (> 2-jet,
99 — H (> 2-jet,
99 — H (> 2-jet,
(

g9 — H (> 2-jet VBF-like, p% < 25 GeV)
gg — H (> 2-jet VBF-like, p§ > 25 GeV)

-jet, pH > 200 GeV)

p < 60 GeV)

60 < pif <120 GeV)
120 < pi <200 GeV)
pH > 200 GeV)

56¢; + 52c3G + 34¢2G
56¢],

56¢, + 8c3G + 7c26G
56¢;, + 23c3G + 18¢26G
56¢,, + 90c3G + 68c2G
5602
56¢;, + 9c3G + 8c26G

qq — Hqq (VBF-like, p} < 25 GeV)

qq — Hqq (VBF-like, pi3 > 25 GeV)

qq — Haqq () > 200 GeV)

qq — Hqq (60 < mj; <120 GeV)

qq — Hqq (rest)

—1.0cH — 1.0cT + 1.3cWW — 0.023cB — 4.3cHW
—0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
—1.0cH — 1.1cT + 1.2cWW — 0.027cB — 5.8cHW
—0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
—1.0cH — 0.95cT + 1.5cWW — 0.025¢B — 3.6cHW
—0.24cHB + 0.084cHQ — 4.5¢cpHQ — 0.25cHu + 0.1cHd
—0.99cH — 1.2¢T + 7.8cWW — 0.19cB — 31cHW
—2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
—1.0cH — 1.0cT + 1.4cWW — 0.028¢cB — 6.2cHW
—0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

99/9q — ttH

—0.98cH + 2.9cu + 0.93c; + 310cuG
+27c3G — 13c2G
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Strategy [2] at work:
Simplified Template Cross Sections

Cross-section region Zl Aic;
99 — H (0-jet)
99 — H (1-et, pf < 60 GeV) 56¢, H E |_
1 | H H (1-jet, 60 < pH < 120 GeV)
- Paramet t for STXS already lable: 9 H b, 05 2f
99 — H (1-jet, p > 200 GeV) 56¢], + 52¢3G + 34c2G
g9 — H (> 2-jet, pif < 60 GeV) 56¢],
g9 — H (> 2-jet, 60 < p < 120 GeV) 56, + 8c3G + 7c2G
+ LHCHXSWG [LHCHXSWG-2019-004] g9~ H (> 2, 120 <pf <200 GoV) | 36, 200 + 18cac
99 — H (> 2-jet, pH > 200 GeV) 56, + 90c3G + 68c2G
99 — H (> 2-jet VBF-like, p! < 25 GeV) | 56¢,
) R N A I I I I I — H (> 2-jet VBF-like, pJ? > 25 GeV) | 56, + 9c3G + 8c26G
99K (04eh "B" ATLAS Preliminary B, /8, o 'S o H ( V];F like, p’? I:F GeV ! L.0cHl— L0cT + 130WW — 002308 — 43
M (1ot o < 60 GoV Vs =13 TeV, 36.1 fb" ATLAS Preliminary 0.8 % 9q — Haq (VBF-like, p7’ <25 GeV) —1.0cH —1.0eT + 1.3¢WW — 0.023¢B — 4.3cHW
gg—H (1et, p¥ eV) % Hosyy and HoZZ*—4I gg—H (0-jot) G-t3tev.a1n’  — 0.6 = —0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
9%—1{: 60 < p <120GoV) m,, =125.09 GeV, |y, |<2.5 gg—H (1-et, pYf <60 GoV) Hoyy and H—ZZ* >4l i 0' 4 qq — Hqq (VBF-like, pi3 > 25 GeV) —1.0cH — 1.1cT 4 1.2¢WW — 0.027c¢B — 5.8cHW
y = —H = .
gg—H ! - ot 60 < p < 120 Gov) M =125.09 GV Iy J<25 | o2 _ —0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
(1-jet, 120 < p* < 200 GeV) E == A “‘:1'_;:’ 120 < pH < 200 GaV) : qq — Hqq (p} > 200 GeV) —1.0cH — 0.95¢T + 1.5cWW — 0.025¢B — 3.6cHW
9g—H (> 2-jet, p <200 GeV . —t—— I-E-I 9g-H (z2dot, pY<200Gev [ . 71 10 —0.24cHB + 0.084cHQ — 4.5cpHQ — 0.25cHu + 0.1cHd
or VBF-like) ggc—':igl(!fﬁ“-f:a) pH =200 GoV) | I _0 2
gg_)ig 1‘1’(8;} ‘;:2302?5093)“‘,) . E Ratigi%:r?\'gl?izu t:izéiol + QQ—AH:W(";, 2’200 GeV) 040 018 001 010 008 -003 - | __04 qq i qu (60 S mjj < 120 GeV) _O‘QQCH - 1‘2CT + 78CWW - 0‘1QCB - 31CHW
99—Hqq (p = veaswement o aq-+Haq (7, < 200 GoV) F“' . I - . —2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
99->Hqq (o), <200 GeV) ——— - —-0.6 qq — Hqq (rest) —1.0cH — 1.0cT + 1.4cWW — 0.028cB — 6.2cHW
- Stat. uncertainty 99/qq —>HII/HIv 002 -004 001 -003 -003 -002 -003 -0.00 .
HIVHI —— — -0.8 —0.42¢HB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd
99/99 > v L} Syst. uncertainty D 99/qq —ttH 007 005 -002 003 005 -003 -003 005 -0.11
- o I 1 = T = |> 1; TR = -1 / o —0.98cH + 2.9cu + 0.936; + 310cuG
et ¥ > > =
99/aq >ttH AP e I I I ..|.p.re.|.clon...|“ 3; 3 S 8§ 88 §§‘5 g E- e +27c3G — 13c2G
1 0 1 2 3 4 5 6 = 3z 8 & 8% 858 } ¢
o, x B, normalized to SM 5 ¥ v ow¥ iy g ” PP OB pee—
ATLA S_ CO N F _ 2 O 7 7_ O 4 7 T 8 8 ok :;; % k. Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
FOHIA -
® 87 8°g° LHCHXSWG-2019-004

Reinterpreting
ATLAS STXS
in gaussian
Results in ATLAS approximation
using STXS and HEL

Observed HEL constraints with H— ZZ* and H — yy

l I I
. - ATLAS Preliminary
cG[107] ;. - {s=13TeV, 36.1 b

cHW[10"] .

cHB[10"] _
g

| | l ' |
0

2
Parameter value

cG[10™]

cA[10%]

cHW[10"] |

cWW -cB[107]

LHCHXSWG-2019-004

cWW -cB[107]

|
2

cu |E
|
0

ATL-PHYS-PUB-2017-018
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Strategy [2] at work:

Simplified Template Cross Sections

- Parameterisations for STXS already available:

. LHCHXSWG | ]

+ CMS (based on EFT200bs) [STXStoEFT]

STXS Stage 1.1 qq — Hqq HEL UFO

HEL

! CISM
— C,w =0.05

S5 — € =0.2
i'i ““““ ; — Cww = 0.03
B ' Dy f f —Ccg=0.1
o : : : I, : :

0B n

L ! ! : ! ; :  M—

' ! t : : : , : @)

- ) ) ) 1 ) 1 1 1 1 N

$ 3 s s %) " % 4 4 )

=2y fh \24 %QJ ><”‘J 2y <2y [72J [62J [0 0y >|\<

>700 M7 00 ﬂs[aso G[6’50 1/ =350 ¢, 20 0,7 60
cd o Géy, 20 78y 2070 O e, pﬁssdo 26 ) Goy Se N

00 ekgg, sl %"200 '°rV2oo 0Ge|/
r8507 %5 el/,p"///_\ el Hj/v
Vv el 25G o) 25Ge|/

Cross-section region

i Aic

g9 — H (0-jet)

g9 — H (1-jet, p¥ < 60 GeV) 56¢;, H EI_
g9 — H (1-jet, 60 < pf < 120 GeV)
99 — H (1-jet, 120 < p¥ < 200 GeV) 56¢; + 18¢3G + 11c26G
99 — H (1-jet, p > 200 GeV) 56¢], + 52c3G + 34c26G
g9 — H (> 2-jet, pif < 60 GeV) 56¢],
g9 — H (> 2-jet, 60 < p# < 120 GeV) 56¢;, + 8c3G + 7c26G

g9 — H (> 2-jet, 120 < pif <200 GeV)
99 — H (> 2-jet, pH > 200 GeV)

g9 — H (> 2-jet VBF-like, p% < 25 GeV)
gg — H (> 2-jet VBF-like, p§ > 25 GeV)

56¢;, + 23c3G + 18¢26G
56¢,, + 90c3G + 68c2G
560_;
56¢;, + 9c3G + 8c26G

qq — Hqq (VBF-like, p} < 25 GeV)
qq — Hqq (VBF-like, pi3 > 25 GeV)
qq — Haqq (p} > 200 GeV)

qq — Hqq (60 < mj; < 120 GeV)

qq — Hqq (rest)

—1.0cH — 1.0cT + 1.3cWW — 0.023cB — 4.3cHW
—0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
—1.0cH — 1.1cT + 1.2cWW — 0.027cB — 5.8cHW
—0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
—1.0cH — 0.95¢T + 1.5cWW — 0.025¢cB — 3.6cHW
—0.24cHB + 0.084cHQ — 4.5¢cpHQ — 0.25cHu + 0.1cHd
—0.99cH — 1.2¢T + 7.8cWW — 0.19cB — 31cHW
—2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
—1.0cH — 1.0cT + 1.4cWW — 0.028¢cB — 6.2cHW
—0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

99/9q — ttH

—0.98cH + 2.9cu + 0.93c; + 310cuG
+27c3G — 13c2G
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Strategy [2] at work:
Simplified Template Cross Sections

Cross-section region > Aic
99 — H (0-jet)

99— H (1-Jet, Pl < 60 GeV) 56¢, HEL
n " " . N - H G V)
- Parameterisations for STXS already availabl o ool in
99 — H (1-jet, p > 200 GeV) 56¢; + 52c3G + 34¢2G
g9 — H (> 2-jet, pif < 60 GeV) 56¢],
g9 — H (> 2-jet, 60 < p# < 120 GeV) 56¢;, + 8c3G + 7c26G
+ LHCHXSWG [ ] 09 H (2, 120 < pff <200 GeV) | 566, + 28630 18626
99 — H (> 2-jet, pH > 200 GeV) 56, + 90c3G + 68c2G
99 — H (> 2-jet VBF-like, p! < 25 GeV) | 56¢,

99 — H (> 2-jet VBF-like, p > 25 GeV) | 56¢, + 9¢3G + 8c2G
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Strategy [2] at work:

Simplified Template Cross Sections

L HCHXSWG | ]

Parameterisations for STXS already available:

CMS (based on EFT200bs) [STXStoEFT]

ATLAS [ATL-PHYS-PUB-2019-042]

STXS Stage 1.1 qq — Hqq HEL UFO

CHEL

107 R R R
1% { ! d ¢ ) )
i i i i i i 3 3 3 %
=2y ms <2 32y 52, <2y S, S, 52 0y
>700 G//V700 G 4,6[350 755[350 > ,,0 =350 G/j 129 3 45[60 2 5 [0 6‘0]
% %0 g 7 Ge|, GeV
v200 > <200 eV, o el/ 7200 &
e|/ pl~(// el "200 e|/

o) l/
e I/QS Gop -8 %2?2;‘3%25 Ge
el > Ge

CJSM

C,w =0.05
—Cyg = 0.2
— Cyyw = 0.03
—cz = 0.1

STXStoEFT

ASTXS -bin / A(otal

ASTXS-bin / Alo(al

STXS-bin / Aio(al
i

A
I
'S

Cross-section region > Aic

99 — H (0-jet)

g9 — H (1-jet, p¥ < 60 GeV) 56¢;, I—l E I_
g9 — H (1-jet, 60 < pf < 120 GeV)

g9 — H (1-jet, 120 < p¥ < 200 GeV) 566{,] + 18¢3G + 11c2G
1-jet, p2 > 200 GeV) 56¢], + 52¢3G + 34c2G
> 2-jet, pi < 60 GeV) 56¢],
g9 — H (> 2-jet, 60 < p# < 120 GeV) 56¢;, + 8c3G + 7c26G
g9 — H (> 2-jet, 120 < pif <200 GeV) 56¢), + 23c3G + 18¢2G
99 — H (> 2-jet, pH > 200 GeV) 56, + 90c3G + 68c2G
g9 — H (> 2-jet VBF-like, p%? <25 GeV) | 56¢
g9 — H (> 2-jet VBF-like, p7? > 25 GeV) | 56¢, + 9c3G + 8c26G

99— H
gg— H

,_\AA,_\,_\,_\

qq — Hqq (VBF-like, p} < 25 GeV) —1.0cH — 1.0cT + 1.3cWW — 0.023cB — 4.3cHW
—0.29cHB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd
—1.0cH — 1.1cT + 1.2cWW — 0.027cB — 5.8cHW
—0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
—1.0cH — 0.95¢T + 1.5cWW — 0.025¢cB — 3.6cHW
—0.24cHB + 0.084cHQ — 4.5¢cpHQ — 0.25cHu + 0.1cHd
—0.99cH — 1.2¢T + 7.8cWW — 0.19cB — 31cHW
—2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
—1.0cH — 1.0cT + 1.4cWW — 0.028¢cB — 6.2cHW
—0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

qq — Hqq (VBF-like, pi3 > 25 GeV)
qq — Haqq () > 200 GeV)
qq — Hqq (60 < mj; <120 GeV)

qq — Hqq (rest)

—0.98cH + 2.9cu + 0.93c; + 310cuG

qg— ttH
99/44 +27c3G — 13c2G
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ATL-

PHYS-PUB-2019-042 SMEFT Wilson coefficient Operator

Towards global EFT fits

heavi

Combined measurement:

ly inspired by the talk of A. Cueto in link

Several operators can have very similar physics signature in the Higgs
sector giving rise to high correlations in fits.

|dentify directions in the operators space for which the STXS
measurement provides sensitivity and safely neglect “flat

directions” (directions in the EFT parameters space to which the
measurements are not sensitive), using Fisher information, and finding

CHbox (HTH)D(HTH)
CHDD (H'D*H)" (H'D,H)
CHG HTH GﬁVGA“V
CHB H'H B, B*
CHw HTH Wivwlﬂv
CHWB Hit'HW. B
) 7
CHI1 (H (1_1));1H)(lp)’”lr)
CHI3 (H'i D H)(I,"y"1,)
CHe (HTi D yH)(e_p'yﬂer)
5y 5 M
CHq1 (H lDuH)(pr qr)
N 00 Y7 I T
CHg3 (H zD(_),,H)(qu Y qr)
CHu (H'i D, H)(itpy"ur)
—> -
CHd (H'i D H)(dpy"dy)
lcuc| (ép_G’”TAu_r)H G,’)‘v
Cl (lp')/ulr)(lsyult)

eigenvectors (sensitive directions) and eigenvalues

Eigenvalue Eigenvector

241550 0.24 - CHG — 0.23- CHwW — 0.83- CHB T 0.45 - CHWB

147981 -0.97 - CHG — 0.21 -cygp +0.11 - cgwn

6090 -0.12 - cgw —0.98 - cg3 — 0.11 - chy,

124 -0.20 - cgwp + 0.30 - CHq1 T+ 0.14 - CHg3 — 0.85-cyu +0.29 - cya

34 -0.21 - cgpox —0.56 - cyw —0.24 - cywp —0.11 - cggy1 +0.51 - cy3 — 0.16 - CHgl +0.17 -
cHu —0.37 - ¢;i1 — 0.10 - |CdH| +0.25 - |CuG| -0.12- qu3l

22 -0.11 - ¢ + 0.60 - CHW — 0.12-cyp +0.18 - CHI3 + 0.63 - |CuG| -0.13- Cqqll — 0.31-
Cqq3l — 0.13- Cuul

16 -0.48 - CHW +0.19-cygp +0.11 - cgwp + 0.13 - CHI1 — 0.47 - CHI3 — 0.11- CHe +0.31-

cn +0.14 - |CdH| +0.49 - |CuG| -0.24- Cqq31 — 0.10 - cyu1

Sensitivity to cHG, cHQg3, |cuG|, cHW, cHu, cHI3 (potentially cHg1)

NOTE: Sensitivity to Chw,
Chs, Chws driven by H—yy

2
FH—-yy) |, 8m°v7
I'sm(H — yy) - o4 Crr|
1 1 1
Cyy = ZCHW + 5CHB — == CHWB:
8 8] 8182

=Chw, Cha, Crwa highly

correlated

Including the decay brings additional sensitivity to cHW, cHB and cHWB but also stronger correlations

Sensitivity to cHI1, cHe and cHd (from VH(bb)). Also to |ceH| from H-> and |cdH| from H->bb
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Towards

glolbal

heavily inspired by the talk of A. Cueto in link

- Several operators can have very similar physics signature in the Higgs
sector giving rise to high correlations in fits.

* |dentify dire
Mmeasureme
directions” (
Mmeasureme
eigenvector

Combined meast

Eigenvalue Eige:

241550 0.24

147981 -0.9

6090 -0.1

124 -0.2

34 -0.2

CHu

22 -0.1

Cqq31
16 -0.4
c

- Sensitivity t

- Including tr

Parameter

cHG
cHqg3

0.27cHW+0.96cHB
0.96cHW-0.27cHB

| cuG |

cHI3

cHI1-cHe

| ceH |
| cdH |

-0.3cHd + 0.9 cHu -0.3 cHq1l

—FT fits

Wilson coefficient Operator
SMEFT CHbox (HTH)D(HTH)

CHDD (H'D*H)" (H'D,H)
CHG HTH GﬁVGA”V
CHB H'H B, B*
CHw HTH WﬁVWI”V

CHWB Hit'HW. B
ch (H'i D H) by 1)
chs (H'i'D L)@, y*1,)
CHe (HTi D yH)(ép'yﬂer)

g
CHgl (HTi D pH)(qpyuqr)

Appears in
ggH
VBE WH, ttH and W couplings

vy, Zy decays. VBF and VH
(redefinition of EW fields)

Top

VBE, WH, ttH, W couplings and
oGt

Z(lep)H, ZZ decay
77 decay

bb decay
VBF and Z(lep)H, ZZ decay

‘ .(_) -
H'i I(J_,)’,H)(qpf’ Y 4r)
(HTing)(ﬁp')’”ur)
(H'i D yH)(dpy*dy)
(Gpo* Tuy)H Gy,
(lp7ylr)(ls7”lt)

' to Chw,
by H—=yy

822 2

T
1+ chyy,

1

iB—~ ——CHWB:
8182

8 highly

r correlations

- Sensitivity to cHI1, cHe and cHd (from VH(bb)). Also to |ceH| from H-> and |cdH| from H->bb
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- How to extract info on EFT

- Global fit & Extrapolation to HL-HE LHC

- Future Colliders
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Global fit: Current and future sensitivity

- Higgs sector give valuable information for the EFT, but global picture requires a fit with all the
available information (EWPO, TGC, top sector,...)

- While in the ATLAS and CMS collaborations, work is ongoing, first global fits already exist.

- These are precious per se, and to inject information on which directions are less constraint to
the experimental collaborations.

- Three examples reported here, on current sensitivity and projections to HL-HE LHC,
based on the HL-HE LHC Yellow book [CERN-LPCC-2018-04] :

* Prospective SMEFT Constraints from HL- and HE-LHC Data
(J. Ellis, C.W. Murphy, V. Sanz, 1. You)

- Global constraints on universal new physics at the HL/HE-LHC
(J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini)

- Global analysis including the Higgs self-coupling
(A. Biekotter, D. Gongalves, T. Plehn, M. Takeuchi, D. Zerwas)
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Global fit: Current
and future sensitivity

c®)

HL C’HL

Warsaw

(H%‘B’H) ir! “5) 4 === (HTzD H)(ey"0) + (5\“ (£y,0)(2v"0)

CH D “WB g HT Ty W;VB#”

CH@(H%D JH) (E71e) + (j\f;“(HTz'DMH)(m“uH%(Hfi‘ﬁ’“ﬂ)(cwd) NLO

(3)

n Cj{{Q (HTzD H)( 3W g IJKWIUWJpWKp,

C
Tykq) + :Q(HTzD H)(qv"q) +

J. Ellis, C.W. Murphy, V. Sanz, T. You A% 3!
L3 S Sy () eH) + Y ya(HY ) @H) + Sy, (HH)(quid)
Fit done with the SMEFT Warsaw A% 7° A? AT
. 2 ~
+%% ABCGAGPPGSH + iH (a“| |) (go" T*u)H G,
20 parameters relevant for the di-boson, CWW. N CBB - Cot 3t a o
. . g q woy pv
electroweak precision and Higgs observables + o GHHWLW H'H B, B"™ + =57, H H G, G
LEP1 :11 Z-pole observables Coefficient | Z-pole + my, | WW at LEP2 | Higgs Runl | Higgs Run2 | LHC WW high-pp
Cya X X 10 8.1 X
SLC: 1 Z-pole observable Cye X x 2.9 1.3 X
Csa X X 0.5 9.1 X
C X X 9.9 -10° 2.0 - 10° X
Tevatron: W mass measurement C?: y y 01 s 01
Cha 7.4-10 X 2.0 1.5 9.8
LEP2:e + & — = W +W — = 4f Cip 4.3-10 51 4.6 45 5.5 - 10°
measurements Cye 6.5- 10 14 1.1-107% | 3.7-1072 X
Coc X x 9.8-10° 8.6-10° 1.5- 10"
LHC1: ATLAS+CMS 20 Higgs sign. strengths Chr 1.1-10° 51 1.1-107% | 3.6-107 46-107°
H— pu combination c? 1.7 - 10° 1.3-10° 51 49 3.5-10°
4
ATLAS h = Zy measurement ngz 6.4-10 < 23 Lo 7
ATLAS W mass measurement gHQ ‘11-2 - 134 9.1-10 5.91-810 3.31-210 5.08-310
Hu 4 - X
4 5 -3
LHC2: CMS: 25 Higgs measurements Cww o < 9-1-10_ 1.8-10 7010
ATLAS: 53 [y t Cwp 3.3-10 1.9-10 3.0-10 5.7- 10 2.2-10
' 9gs Measurements CrL 5.5- 10 3.3-10° 16 21 6.0 - 10°
ATLAS: pp—=WW—=evpv Coc X X 18 97 X
(pT()>120 GeV) Cyu X X 0.4 1.8 X
Caw 6.7 19

Ultimate Precision at Hadron Colliders - Paolo Francavilla
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Global fit: Current
and future sensitivity

J. Ellis, C.W. Murphy, V. Sanz, 1. You

3
EWarsaw Cg{ }1
SMEFT - A2

_ C _ Crr - _
(H'i DL H) 'y 0) + %(Hfi(ﬁuﬂ)(£7”£) + ﬁ(me)(we)
2
CI{;D |HTD#H‘ + —CX‘;B gg' H'r' HW], B*
C C C _
+ —A’ge (H'iD H)(@y"e) + f;* (=YD H)(ay"u) + —;gd (H'i'D , H)(dy"d)

_|_

NLO

C§ZI3) . _ CH = _ C g v
+ A—zQ(H iDL H)(ar'v"q) + A—f(H "D H)(gy"q) + %QEUKWJ W, PW,

C _ C C -
Loasaw ~ ZYe o (HYH)(PeH) + —2uy,(H HY(GdH) + —2= v, (H'H)(GuH)

- Fit ¢ T
Current 95% CL Bounds w)H G,
. 20 F s Mare ~A GA/.W
elec | & S :
"~ Indiv. [
- LEF 10'm udiv.(HEPFiY) E W high-pr
L W - X
. SL( 51 | . X
, 4 X
. = ! {1k
Tev é ] _ 0.1
— - — 9.8
- LEF ) 1 B - 107
mes I . = . y
- n , - C1nd
= - N ) : ) - 10_3
- LH( 0.5 ) _ - 10
: ; 5-10°
I e 37
i i} | . )-10°
83
1073
¢ LH( O-]. __ ‘ . —. ). 103
T 8 QY 8 x ¥ oA S = e T T )- 107
S 3 8 Q = SO I U R N
X

Ultimate Precision at Hadron Colliders - Paolo Francavilla

Fisher information Iin current measurements
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Warsaw

3
C“L

(HTz(BIH) ETI’)’“Z) + —==

CHL (HM‘B H)(ty"0) + =E& Crr (eqﬂe) )

Ultimate Precision at Hadron Colliders - Paolo Francavilla

C v
Individual 95% CL sensitivity, WG2 projections (with STXS) HD 2 —%F g9 HT 'H WI B*
60 S Ltoa 7 50 K iLtoa i C e . — C u . _ .(_) 7
100 E__ LHC (current) JOtOP:;yz ‘/ day, 60‘:::“ = Z:j’i Ljﬂ:" . IR L(HTZD MH) (e’y e) + I-g (HT'L(B#H)(U’Y“U) + #(HTZD#H)(d’)/”d) NLO
- £ @ HL-LHC (3ab™* '
~ W HE-LHC (15ab) + AQ H‘Lz(Bl )@ v q) + _AzQ (H'iD ,H)(gy"q) + ng 3 Wl wPw e,
- @ HL-+HE-LHC (#5ab™")
— 10F Cy. t 1\ (7, Ya t (A Cy, t 7\ 500 77
% : D Fye(H H)(leH) + —5ya(H' H)(qdH) + A2 yu(H H)(quH)
— T Cs3G 9s ,ABC ~Av ~Bp Cu Cpl “ 2 Cue o gwmA N5 A
S + o rrear el + s (0HP) + v (@0 T W H G,
< C . Cgp 2 , C y
= - —XVZW gH' HW. W* + ZBE"gig B, B" + —X';G g2H'H G,,G .
' Improvements using 27 TeV data:
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3 238 3 5933 SEEQEREE 838 5> ' different energy to break degeneracy between
CLTJPTSoTTTITTO 5000 x CGG, CuG and Cyu
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ATLAS h — Zy measurement O =
E 50
ATLAS W mass measurement Chq 5
CHu ~
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LHC2: CMS: 25 Higgs measurements wa TS
ATLAS: 23 Higgs measurements Cv;f 0.5
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Higgs-Only Operators

. . . Oy = 3(0"|H[*)” O = A H°
niversal new pnysiCs. 0,. ./ QMn 0, =i’ QHd 0, =Lt
Opp = g”|H|*B,, B" Occ = ga|H| G, G Oww = g°|[H"W, W™

Universal Operators

Current and future SenSitiVItY o iy o wwmunn oo nsae

- A ‘g SR Ow = %(HTU“ELH)D"WL‘,, Op = i;,L'(HTE“H)a"BW Ows = g99'(H' o' H)W,.,B*"
J. de 'B/as, M.' C/uc/j//j/, E. Franco, S. Mishima, M. Pierini, Oy = oDyl * (D HYYS,  Ounp = ig (DM (D' EOB,,  Ou = hgen WEWH o0
L. Reina, L. Silvestrini 0w = § (D*GL,)° 025 =} (0°B,)" Ouw = § (D°W)°
- Fit done with the SMEFT Warsaw in HEPTit and Oy, Os, O, Oww: Oca, Oy = 32y Oy,

package

Interested in new physics effects that arise in Used here

;[:‘e Co_nteXt of the so-called universal {On,0mp, 06,066, 0B, Oww, Ows, Onp, Onw, O2p, Oaw, Osw, Oy }-

eories:

All new physics effects can be
captured by operators involving SM

bosons only (via field redefinition) :

N [HE PTT - 9 LHC+LEP/SLD W HL-LHC (S1/52)  --- Ecushebownd . 4x10-4
EWPO measurements : - 952 pros. bounds
LHC Higgs measurements | & ) ) l

10p-------- | ARt | B S S A "~ 0.01
Differential distribution of mHH in bbyy final s o b B = S . oos &
state E | HERHE il i 3

s

Differential distribution of mZH in ZH,Hbb final 3 i ) 3
state 1f---- BT T . o o B B 1 BF (1 [EEEE 1
High-energy measurements in the di-boson °'5.""_" BIRIBIEIERIE R R R R . la
channels i’ I-I
Sensitivity study to the W and Y parameters in 0.1 H MOl E1 E1 S NS NEL eEL Sl Sl ] N ._

Drell Yan production Osw O Oww Ose Ouw Oue Ows Owp Ov Oy Ow O28 O
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Higgs-Only Operators

O = 3(0"H|*)? O = NH|°

Universal new physics:

Opp = g”°|H|*B,, B"* Oca = 92| H|* G, G Oww = g’ |H* W, W™

Universal Operators

Current and future SenSitiVItY o iy o wwmunn oo nsae

J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini,

. > o, >
Ow = 2 (H'¢"D*H)D* W}, Op =4 (H'D"H)d"B,, Ows = g99'(H' o' H)W,.,B*"
Opw = ig(D"H)'e"(D"H)W,, Opp =ig (D"H) (D"H)B,,  Osw = §igeq W, "W, W

L. Reina, L. Silvestrini

Fit done with the SMEFT Warsaw in HEPit
package

Interested in new physics effects that arise in
the context of the so-called universal
theories:
All new physics effects can be
captured by operators involving SM
bosons only (via field redefinition)
EWPO measurements

LHC Higgs measurements

Differential distribution of mHH in bbyy final
state

Differential distribution of mZH in ZH,Hbb final
state

High-energy measurements in the di-boson
channels

Sensitivity study to the W and Y parameters in
Drell Yan production

Ultimate Precision at Hadron Colliders - Paolo Francavilla

NAy € [Tev]

Oz =3 (D"wa)2 Oz = 3 (apBuu)2 Oaw = 3 (DPW;ZV)z
and Oy, Og, O, Oww, Oca, Oy = -y, Oy,

Used here

{Ou,0up, 06,066,088, Oww, Ows, Onp, Onw, Osp, Oaw, Osw, O, }.

Tposy X 3ab ™
) = )
stat MHE-LHC 27TeV —1 Ostat HuL-LHC:
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o faa /BB fww

- - - Lot = — S_FOGG + A2 == Opp + A2 Oww + A2 ~=<0p+ A2 Ow + A2 Owww
- f f T T
Global fit with self coupling: 10, 180, 50, B804 W0,
. \ + invisible decays .
Current and future sensitivity oo Lrgonds one L
A. Biekotter, D. Goncalves, 1. Plehn, M. Takeuchi, D. Zerwas
- Interested in including EFT modifications when testing .
the Higgs self coupling f/A2 27Tev,60%CL AN|f|——BR
[TeV' ]I--o- 15 ab — 0syst+theo-half _lTeV] |[%]
 Current expected bound on trilinear coupling at —— 15ab’ Osyst+theo=Tull | o5
27 TeV 1.5ab: o | '
1} 12
p— {1 +15% 68% C.L.
SM)
Ay 1+30% 95% C.L. 0 i
which becomes 1
- 11
2 i
_ /\E),S}}” 14 207 fgav and A > 1 TeV 68% C.L. 2 | 0.7 | o5
my A fs3 700 GeV  95% C.L. 9 :
3} = itter
Using global fit to assess how these limits change I I L 30
. QQ 41/@ @0 Y @ 25 4111/ ’ 6 > 95 o @,2)
Measurements used: 2 L
channel observable #bins range [GeV ] Re S U/t Iﬂ the g/O b a / f/t
WW — (bv)(fv) My 10 0 — 4500 A
WW — (bv)(Lv) pgl 8 0 — 1750 m > 430 GeV 68% C.L.
WZ — (£v)(£6) mi? 11 0 — 5000 A"’ N
WZ — (tv)(eL) T 07) 9 0 — 2400 > 245GeV  (fz3 >0) and >300GeV  (fs3<0)  95%C.L.
WBFE, H — vy P 9 0 — 2400 \/ fesl /1743l
VH — (0¢)(bb) pr 7 150 — 750
VH — (1¢)(bb) pr 7 150 — 750
VH — (2£)(bb) pr 7 150 — 750
HH — (bb)(v7), 29 My 9 200 — 1000
HH — (bb)(yy), 3j Mgy 9 200 — 1000 36




Outline

- Summary of the Higgs measurements
How to extract info on EFT
- Global fit & Extrapolation to HL-HE LHC

Future Colliders
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Future Colliders

- The physics of the Higgs boson is a key aspect in the discussion for future colliders.
Coupling measurements interpreted in EFT is an important part of the ongoing discussion towards the European Strategy Update.

Measurements used in this fit extrapolated similarly to the one commented on the Universal new physics

Collider Type NS P %] N(Det.) Linst < Time Refs. Abbreviation
[e/et] [103*]ecm~2s~! | [ab™1] [years]
HL-LHC pp 14 TeV - 2 5 6.0 12 [13] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [13] HE-LHC
FCC-hh® | pp  100TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee My 0/0 2 100/200 150 4 [1]
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eeyqg
2myep 0/0 2 0.8/1.4 1.5 5 FCC-eesgs
(+1) (ly SD before 2m;,, run)
ILC ee 250 GeV  £80/£30 1 1.35/2.7 2.0 11.5 [3,14] ILC;s50
350 GeV  £80/4+30 1 1.6 0.2 1 ILC3s9
500 GeV  £80/430 1 1.8/3.6 4.0 8.5 ILCs09
(+1) (1y SD after 250 GeV run)
1000 GeV  £80/£20 1 3.6/7.2 8.0 8.5 [4] ILC1000
(+1-2) (1-2y SD after 500 GeV run)
CEPC ee My 0/0 2 17/32 16 2 [2] CEPC
2My 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8 [15] CLIC3g¢
1.5 TeV +80/0 1 3.7 2.5 7 CLIC 500
3.0 TeV +80/0 1 6.0 5.0 8 CLIC3000
(+4) | (2y SDs between energy stages)
LHeC ep 1.3TeV - 1 0.8 1.0 15 [12] LHeC
HE-LHeC ep 1.8 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5TeV - 1 1.5 2.0 25 [1] FCC-eh
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arXiv:1905.03764

Future Colliders

- The phy HEPT B HL+HELHC WM HL+LHeC HL+ILCzs0 HL+CLICago HL+FCCee240
. Higgs@FC WG T Single operator fit . HL+|LC500 = HL+CL|C1500 = HL+FCCee
ot HL+ILC HL+CLIC HL+FCC
! || September 2019 Global fit to £ 1000 3000 eeleh/hh
- Coupling 10 s —140.32 date.
- Measure
1 3 - 1
T 3
E 10-1 - 3-2 b
S 2
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10_3 o : 32-
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Conclusion

-+ Higgs discovery 7 years ago was an important milestone in particle physics

- Aot of its nature has been tested in the past years, but a lot remains to be
measured.

- We have several options to describe in the best way we can the characteristics of
this new boson.

- EFT interpretations have already been used by the experiments, and we are
equipping ourself with all the needed technologies to report our finding in the best

way:

Measurement of quantities that are sensitive to EFT effects (i.e. going
differential)

Preparing the road to combine the information from Higgs physics with all the
other measurement to get a global view beyond the SM.

Ultimate Precision at Hadron Colliders - Paolo Francavilla 40
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Duehrssen and N. Berger in LHC-HXSWG

Let's try a wish list

Since none of the proposals so far got wide acceptance,
let’s try to make a wish list and discuss it. From this it
might be easier to converge.

The parameters should be as sensitive as possible, e.g. not average
over large phase space volumes that could provide extra sensitivity

The parameters should have some intuitive meaning. For example,
something directly related to the partial decay width

 Imagine reading and understanding: "We measure the CP-even

part of H—1t as 230+30 keV and the CP-odd part is <50 keV @
95% CL. The SM prediction (CP-even) is 256%5 keV"

As general as needed with as few parameters as possible

We know there is interference in decays. Whatever is chosen
should make dealing with interference not too complicated

Can be well measured together with production STXS bins

?
More* 4 4




. Duehrssen and N. Berger in LHC-HXSWG

Trivial: measure in bins (STXS)?

Linear (parameters are ~ partial width I’ like)

 Bin the decay phase space into a suitable number
of bins to extract all information

* Pro: Intuitively understandable, well defined
* Pro: Interference enters in the interpretation step

 Con: Likely need a large numbers of bins
in order to simultaneously extract
the information about ~5 decay
observables with good
sensitivity (for h—4l)
TO BE CHECKED
— Les Houches project

gq)
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. Duehrssen and N. Berger in LHC-HXSWG

Continues: Linear or Quadractic?

Reminder: the observable rate for a Higgs signal is
*
o'T, [T,

Extract decay information with continuous parameters
(a) with the decay rate depending linearly on the

parameters, e.g. I'(CP-odd)

(b) with the decay rate depending quadratically on the
parameters, e.g. l“j=poly2(1<m) as in the k-framework

* In both cases, interference effects between
parameters need to be treated correctly
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Juehrssen and N.

Berger in LHC-HXSWG

Most general proposal so far: POs

(b) ro

(a) Physical PO

Relation to the eff. coupl.

) 5('1)
"’f- (f
-CP
. (5A;J
) -CP
hZA’ . ()ZA’
Kzz
€727
CP
€727
(:'Zf
RKww

EWw

CP
EwWw

EW f

C(h— fF)

[(h — vy)

I'(h — Z~)

I'(h — Z1Z;,)
U(h— ZpZ7)
r“®V(h = ZpZ7)
I'(h— Zff)
T(h— W, W;)
T(h — WpWr)
V(b — wpwy)
C(h— WS

L(h— )PV [(k)* + (677)7)

SW[(r,)2 + (057
T'(h = Z7)™[(ky.)? + (650)%

I'(h — )

(0.209 MeV) x |k

(1.9 107 MeV) x |ez|”
(8.0 x 107% MeV) x [ezz|”
(3.7 % 107% MeV) x N/ |ez [
(0.84 MeV) x |"'H'u'\2

(0.16 MeV) x |eyw [

(6.8 x 107% MeV) x |ejpw |
(0.14 MeV) x N |ew 4|*

Kg
Ky

Table 110 in YR4:

O'(.])]) — h )gg—fusion
o(pp — tth )Yukawa

Fl()l(h)

SM 2
g

o(pp — h) g—fusionh

g

1.\9M
o(pp — tth)yykawaki

SM 2
rtut‘ (h _)HH

K
https://arxiv.org/abs/1610.07922 H
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. Duehrssen and N. Berger in LHC-HXSWG

Physical POs

Linear (parameters are ~ partial width I like)

* Pro: continuous parameter (so only ~5 for h—4l)
* Pro: closely related to the c*B==event rate

 Mixed: Appears to be intuitively understandable (its
like a partial width), but because of interference the
partial width components in the same decay mode
do not sum up to the observable partial width!

e Con: interference terms ~ ugly/difficult

10
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. Duehrssen and N. Berger in LHC-HXSWG

POs

Quadratic (parameters are ~ kappa k like)

* Pro: more closely related to underlying theory
* Pro: interference terms natural and simple

 Con: value/meaning not necessarily intuitively or directly
connected to observable quantities

* Factors of 2, &, ... (any constant) can be put into the
definition of the parameters without changing physics

 Option to make this more intuitive:
K., €, C, ...==1 could correspond to something well

defined

 Possible Con: Covariance matrix of a joined
measurement with STXS bins could be insufficient

(TO BE CHECKED)), if k%, €2 terms dominate y
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Duehrssen and N. Berger in LHC-HXSWG

A compromise ?

H—4l :
1% Z usually ~ on-shell, mass m_, ~ m

. 2" Z off-shell, mass q>=m,,

« STXS for g? dependence:
make bins in m,,.

Experiments usually cut m_>~10 GeV
« Within each bin, q? is ~ constant

« Can chose bins or continuous
parameters without worry about g2 expansion

« Continuous parameters could be stage 2

H-lvlv:
« Want to be as independent from production bins as possible

« Only one Lorentz invariant observable: m — Let's make bins
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Duehrssen and N. Berger in LHC-HXSWG

Even more minimal starting point

We have seen in the EFT discussions that acceptance effects in
decays play a role. Treat it like |[Y_[>2.5 in production

e H-Z2Z*
 Add 3 H->ZZ* sub-bins
- H—4l, m,, <X (X~ 10 GeV, not measured region)

- H—4l, X <m,_ <62.5 GeV
- H—-»ZZ*—-!4l (populated in ttH multilepton)
e« H-WW*
« Add 4 H-WW* sub-bins
- H—lvlv, m < X1 (X1 ~ 10 GeV, not measured region)
- H-lvlv, X1 <m, < X2 (X2 ~ 50-60 GeV)
- H-=lvlv, X2 <m,

- H-H-WW*llivly (populated in ttH multilepton, VHWW) 13
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C. Hays in LHC-HXSWG

Acceptance corrections

SM extrapolation to total decay width biases EFT interpretation
Particularly for H — 4¢ and H — vV where new classes of diagrams appear at dimension-6

Z W~
h h h h
Z w-

Ideally STXS would be splitinto m,, ,, bins for H — 4¢ and m,, bins for H — £vtv

For now we can estimate a correction based on published event selection in these channels
The correction for requirements on invariant masses is approximately universal for the production modes

Apply to decay ratio equations B
yj = ZAji “ri - (0 - Bag)sm - 1y - (B—f) - L
i l 4¢ / sm

Bg Ag oTe \°® A_\:J\I EFT\ ® T ¥ 8 A,\'.\/ EFT
ot ‘ 1+ —= | (] - - T )
(lgll )'\"\/ (A“ >,\"\/ [ ; (l:\/ ) < A:\/ ) Z (l-.rl,\l ) ( A_Tl;\/ “(

Can be calculated with Madgraph or analytically, e.g.

W, W,
{ 2091 i 2091 uk [5MV2V _Gr +CHk'n” / dps4A—JV\‘/’1W +
~ Kl SM
Re[(g7725)5M]  Re[(g70)5M] M, o V2 A

wWwW
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C. Hays in LHC-HXSWG

Acceptance correction: H —» vty

Use Rivet routine from ATLAS Run 1 fiducial cross section measurement

T~

Coefficient (=0.1)

Orotal [fb] | 0

sus [fb] \ Aot = 02| /oM | Ayes = |0t | /oM, y.ﬁrecﬁon (Acuts/Ator)

SM | 852 | 460 | | - / | -
cHW 126 | 08 | 0148+0.001 | 0.181+0.001 1.219 + 0.002
cHI3 319 | -165 | 0374£0002 |  0.359£0.002 0.959 + 0.002
v

l"SMEF T

SM
FH/ vl

'sM

SM
Hévtv A

Htvty

FSMEFT ASMEFT
HEVEY  _ 1 _ 0.15cHW — 0.37cH13 — Hevey Hevév ) — 1 - 0.18cHW — 0.36cH13

Approximately half the effect is fromm,, < 55 GeV

Agrees with analytical calculation
Verified with Madgraph that the correction is independent of production (checked ggF and VBF)

| Brivio, CH, H Smith, M Trott, G Zemaityte
in preparation

11
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C. Hays in LHC-HXSWG

Acceptance correction: H — 47

Use Rivet routine to implement ATLAS selection

Coefficient (=0.1) | oior [fb] | o5, [fb] | Aot = [of3t]/0DN | Acuts = |02 |/oSM, | Correction (Acuts/Asor)

SM | 308 | 0658 | - | - | -

cHW -0.452 -0.029 0.147 4+ 0.001 0.044 £+ 0.001 ﬂ).213 4+ 0.001

cHB -0.305 -0.101 0.099 £ 0.001 0.154 + 0.001 < 1.555 £ 0.001

cHWB 0.312 0.015 0.101 £ 0.001 0.023 = 0.001 0.222 4+ 0.001

cHI1 0.697 0.141 0.226 4 0.001 0.215 £+ 0.001 0.950 £ 0.002

cHI3 -1.16 -0.259 0.375 = 0.001 0.393 = 0.002 1.046 £ 0.002

cHe -0.559 -0.112 0.181 £+ 0.001 0.171 + 0.001 0.942 £ 0.002

clll 0.929 0.198 0.301 = 0.001 0.301 += 0.001 0.999 + 0.002

Preliminary indications that some parameters are more significantly affected

To be checked with analytical calculation

12

| Brivio, CH, H Smith, M Trott, G Zemaityte
in preparation
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Operators used in
Prospective SMEFT Constraints from HL- and HE-LHC Data

J. Ellis, C.W. Murphy, V. Sanz, 1. You

2 2 2 2 2
— v — v — v — v — v
Cy = e Cs, C¥) = G c®)  cW) = G Cir, Cu = G Crr,Cup = G Cup ,

2 2

_ v = () ~(3 v 3 ~(1 v

Cuwp = —Qgg,CWB) Cle,vu,gHd = ~3CHe, Hu,Hd > Cj(q; = —201&{23, qug = —Chq
A A A A

= v? g = v? = v? 1 = v? 2

Cw = PQC%W, CeH,dHuH = PCye,yd,yu) Cuo = PiCH’ Caw = Pg Cww

2 2
v v

2
~ _ 12 ~ . 2 ~ . v gs
CHB - Azg CBBa CHG - AzgsCGGa CG - A2 3! C3G .
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Anomalous couplings VS EFT

® Two equivalent parameterizations: Effective Lagrangian 77

LHVV) ~ | —alm—%HZ“Z M rgzenz, " _peogay  Logawy Lomawz
2 a5t et w5 "
4o’V mIL HW W, — —_ miH (k"YW oW + kYW oW )

| (A7) WW

—3 _mioHWYW, — o VHW*W,, — af/ WV HW W,

w I Qv

T . i —1 M 1 .
2 m2HZ,8,F" — aZ " HF" Z,, — a? HF" Z,}— ~a}' HF" F,,, — 503 HF" Ey, YY

| CEii — Zy L,

1 1l v (; 7 u; ~a f
—§aggHG¢L G i §GggHGé G,l“/’ | gg

uv

e or Amplitude

1 ono (M @)° G4 ;
_ _ I0AQ _ ippg 11 2 2k % k(1) px(2),puv *(1) r*(2),uv
= a e — 5  —€ 5 | My €€ + o], +asf,., .
([ 1 (Ap)? (A2 ]V 2w s A.Gritsan

A(HVV Vv KYVq%_*_K;/Vq% 2 x % VV (1) £x(2)uv VV (1) 72(2)uv
( )~ |ag " + (AVV)2 myi1evi€va +4ay  fuv ' f +az fu'f /
1

|a3|2¢73 as
faz = - , ¢Paz = arg | — |,
|[11|20'1 + |a2|202+ |a3|2(73 +0pa/ (A1)4+ m
H
fa2 = 222 $a2 = arg <a2> ggH _ 255
a2 — ’ al — D 3 - ’
|a1 201 + |az |20 + |as[205 + Tar/ (Ar)* + ... @ ’ |a88™[2 + 288" |2
oa1/ (A1)
far= - , a1,
|a1|?01 + |az2|?02 + |az|?03 + Ga1/ (Al)4 +...
~Zy Zy 4
Zy _ o1/ (Al ) ¢Z
Al ai 7

4 ’
|a1|20'1 + 5%'{/ (A%’Y) +...

CMS-HIG-17-034
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/index.html

JHEP 03 (2018) 095

Coupling measurement in
ATLAS H—Z2Z

1 _
Ly ={KSM ligHZZZ,uZ'u +gawwW, W “]
_1
4
11

TIA [Kszzyyzﬂv + tan aKAZZZ,J,,Z”"]

11 .
oA [KHWWw;VW_”V + tan a'KAwwW;VW_#v] }X().

a a,uv a Fsa,uv
[KHgggHggGva +tan @kagg84gg G, G ]

Table 10: Expected and observed confidence intervals at 95% CL on the kagq, kgvv and kayy coupling parameters,
their best-fit values and corresponding compatibility with the SM expectation, as obtained from the negative log-
likelihood scans performed with 36.1 fb~! of data at /s = 13 TeV. The coupling xg gg is fixed to the SM value of
one in the fit, while the coupling ks is either fixed to the SM value of one or left as a free parameter of the fit.

BSM coupling Fit Expected Observed Best-fit Best-fit | Deviation
KBSM configuration conf. inter. conf. inter. KBSM KsM from SM
KAgg (kagg = 1, ksm =1) | [-0.47,0.47] [-0.68,0.68] | +0.43 - 1.80
KHVV (kHgg =1, ksm = 1) [-2.9, 3.2] [0.8, 4.5] 2.9 - 230
KHVV (kHgg = 1, ksm free) | [-3.1,4.0] [-0.6, 4.2] 2.2 1.2 1.70
KAvyv (KHgg = 1, KsMm = 1) [—3.5, 35] [—5.2, 5.2] +2.9 - 1.40
KAVYV (kHgg = 1, ksMm free) | [-4.0, 4.0] [—4.4,4.4] +1.5 1.2 0.50

Table 11: The best-fit coupling values and corresponding deviation from the SM expectation, as obtained from the
two-dimensional kgvy — kayy negative log-likelihood scans performed with 36.1 fb~! of data at /s = 13 TeV.

Best-fit kgyy  Best-fit Kayy  Best-fit ks | Deviation from SM
KHgg =1, ksm =1 2.9 +0.5 - 1.90
KHgg = 1, ksm free 2.1 +0.3 1.7 1.20

Fit configuration
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https://arxiv.org/pdf/1712.02304.pdf

CERN-EP-2019-097

ATLAS {s=13TeV, 24.5-79.8 b
m,, =125.09 GeV, |y, | <2.5

K-measurement in ATLAS oot e
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