


The Higgs sector

@ Higgs boson is the only fundamental scalar particle (spin 0) in the SM

" )L: lﬂq )(‘5¢‘PL\L

W RAve

@ Run 2: focus shifted towards precision measurements of H couplings
» unique tool to scrutinize predictions of SM

J. Langford Higgs combination LHCP 29.05.20 1/14



The Higgs sector

@ Higgs boson is the only fundamental scalar particle (spin 0) in the SM

@ Gauge boson interactions: H-V couplings

W (+Re WO

@ Run 2: focus shifted towards precision measurements of H couplings
» unique tool to scrutinize predictions of SM

J. Langford Higgs combination LHCP 29.05.20 1/14



The Higgs sector

@ Higgs boson is the only fundamental scalar particle (spin 0) in the SM

@ Gauge boson interactions: H-V couplings
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o Yukawa interactions: H-f couplings
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The Higgs sector

@ Higgs boson is the only fundamental scalar particle (spin 0) in the SM

@ Gauge boson interactions: H-V couplings

o Yukawa interactions: H-f couplings

W RV

o Higgs potential: self couplings
I

@ Run 2: focus shifted towards precision measurements of H couplings
» unique tool to scrutinize predictions of SM
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Run 2 combinations

CMS Integrated Luminosity, pp, vs = 13 TeV

o C T T T T T T
Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC 2160~
180, 180 = £ ATLAS [S=13Tev
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@ Wealth of data allows for unprecedented levels of precision!
» tighter constraints on BSM models which distort H couplings
@ Combinations across decay channels provides ultimate sensitivity
» both collaborations completing full Run Il analyses in individual channels
° Th|s talk: focus on latest intermediate combinations from CMS & ATLAS:
i 35 9-137 fb~! (Jan 2020): CMS-PAS-HIG-19-005

;x
» ¥ALAS 245-79.8 fb~! (Sept 2019): Phys. Rev. D 101, 012002
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-57/

Input analyses ‘

BTTTBBOOOO™
% PATLAS
; EXPERIMENT
Lumi - gH VBF VH ttH Refs Lumi - gH VBF VH ttH Refs
fbinv) g8 (fbinv) g8
v v [CMS-PAS-HIG-18-029] 80 v vV v Vv ATLAS-CONF-2018-028]
H— ~vy 77
v’ [CMS-PAS-HIG-18-018]

H—ZZ* — 4¢ |137 v VvV [CMS-PAS-HIG-19-001] 80 v VvV ATLAS-CONF-2018-018]
H—WW 36 v VvV [Phys. Lett. B 791 (2019) 96] 36 v v [Phys. Lett. B 789 (2019) 508]

7 \/ [Phys. Rev. Lett. 121, 121801 (2018)] 80 \/ [JHEP 05 (2019) 141]
H—bb 77 v’ [CMS-PAS-HIG-18-030] 36 v’ [Phys. Rev. D 97, 072016 (2018)]

36 \/ [Phys. Rev. Lett. 120, 071802 (2018)] 31 \/ [Phys. Rev. D 98, 052003 (2018)]

boost

Hes 77 e \/\/\/ [CMS-PAS-HIG-18-032] 7 \/\/ [Phys. Rev. D 99, 072001 (2019)]

36 v’ [JHEP 06 (2019) 093]
ttH—multilepton 7 v’ [CMS-PAS-HIG-18-019] 77 v’ [Phys. Rev. D 97, 072003 (2018)]

(v, WW, 2Z)
H— pp 36 \/ \/ [Phys. Rev. Lett. 122, 021801 (2019)] 80 vV ATLAS-CONF-2018-026]
H—invisible [24-30 \// [Phys. Rev. Lett. 122, 231801 (2019)]

(*) Not included in all results Offshell H—ZZ 36 For constraint on [ [Phys. Lett. B 786 (2018) 223

(*) Some inputs have now been superseded with full Run 2 analyses
J. Langford Higgs combination


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-042/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-50/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-030/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-032/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

Signal Strengths: p = rate of H boson production / SM prediction

@ Inclusive: all signal rates scale according to single i

s,

w1 = 1.02 £ 0.04(th.) £ 0.04(exp.) £ 0.04(stat.)
)
» FALAS = 1.117%% (sig th.) 4 0.03(bkg th.)* %% (exp.) + 0.05(stat.)

35.9-137 fb™ (13 TeV) 35.9-137 fb™ (13 TeV)
o Observed o Observed
CMS +10 (stat 0 syst) CMS +10 (stat 0 syst)
I 10 (syst) I 10 (syst)
imi +10 (stat) imi +10 (stat)
Pre'lmlﬂary —— +20 (stat [J syst) Pre'lmlﬂary —— +20 (stat [J syst)
Py, = 54% P, =57%
[ Best-fit Stat Syst [ . Best-fit Stat Syst
: W ; 012 1008 008
1009 1005 008 == 1.07
Hogn = 10450, 005 “oo7 H ! 010 008 -007
[ i zZ . +0.10 +0.07 +0.07
: W = 098505 L0700
: 019 4016 010 ]
Hige —i—— 0.7551; 015 -ooe L :
r ! ww ; 016 1009 4013
: K == 120535 00 o1z
: 037 4029 022 :
Hum = 14653 o2 oz r :
H T il \+0.17 +0.10 +0.14
B | i —=— 08033 D0 i
u E‘ 0gg 03 w02 w017 r ;
ZH "¥P-030 025 016 " 4 +
; e —=— iy 55 G
u H w021 4013 017 m H . ;
ttH AER: L1452 o1 015 ! =— 090777 2 0
1 1 1 | 1 1 1 1 | 1
0 05 1 15 2 25 0 05 1 15 2 25
Parameter value Parameter value

@ Systematic uncertainties are becoming increasingly important!
» adapt measurement framework to reduce theory dependencies...
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Cross sections

@ Measure cross sections (and their ratios) as opposed to signal strengths

» dominant theory uncertainties cancel in ratios

ATLAS I—e—i Total Stat. [ Syst. sM

Vs=13TeV,24.5-79.8 fb"

my, =125.09 GeV, ly, | <25

P, =76% Total Stat. Syst.

1

ggF == 104 +009(+0.07, " 508)
+024 4018 40.16

VBF [an——— | 121 o2 (Zo475 —013)
0.40 0.28 0.29

WH et 130 03 (lo57. S027)

ZH == 105 0% (+024, 1513

(TH+H PI-(EH 121 1558 (+o047, 153

L e b b b b b b L

06 08 1 12 14 16 18 2 22 24 26

Cross section normalized to SM value

L B L B L LR
ATLAS e Total Stat. =1 Syst. || SM
Vs=13TeV,24.5-79.81b"
m,,=125.09GeV, Iy, | <25
Pgyy = 93% Total Stat. Syst.
o FEEH 118 013 (1917, £006)
Over/ Oggr L= | 124 0% (0% o)
O O =—"-... T R
OOy P I Gy )
AL =5 120 0% (05 10
By/Byz = 087 918 (U0 o)
Byw/ By e 084 9i (U511, o)
Bi/By == oss 0% (101 10
BBz === 083 0% (105 . 1o%)
o b b b e v L
3

0

Parameter normalized to SM value

@ Both CMS & ATLAS report significances >5¢ for major production modes

@ All results consistent with SM predictions
» more granular fits (uf) in

J. Langford

Higgs combina
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Simplified template cross sections: more detail in CEEED

@ Measure cross sections in increasingly granular “bins”
» split by production mode + kinematics (|yn| < 2.5)

v | | |
(T T

oo | —[eflo ]

VBF cuts
pil < 200

~2j

+) +) >3
—[pfis0120]] [ pfi60,120 | J
+) +)

—[ pi 1120, 200]
—>| —>|

@ Leave no stone/region of space space unturned!
> full Run 2 measurements will adhere to stage 1.2 binning

J. Langford Higgs combination



Simplified template cross sections

@ Insufficient scope to measure all bins
of STXS given current datasets

> merge bins with low sensitivity
(2100%) or high (anti)-correlations

» increases model dependence

%) .
» eg. ¥YALAS: 19 parameter fit

also finer granularity fit:

=

@ At this level of splitting
= stat unc. dominate

@ Differential information

> motivates (re)-interpretation
» + provide full correlation matrix
between fitted params:

@ Very much in agreement with SM!

J. Langford

ATLAS "Total Stat. | Syst.
5=13Tev,361-79807 [>/Px= oss 513 (G037 00
m, =125.00 GeV, ly <25 |5z 0.63 %2; (%g %%
P, = 89% Bwe/Bzz 080 Jo1s (ony om
F—e—Total Stat. Boi/Byz k= 087 % (019 -0.14)
== Syst. [ | SM EOE S V1N S o S 2 N
Total Stat. Syst

Ot 129 517 (o35 o0

Ljet, pi < 60 Gev 057 ur (0% 0%

T, 1det, 60 < p:: 120 GeV “I' 0.87 §-§§ (zggz gg)

1rJe1,1205p'<2005eV|.;§4 130 081 (071 1039

22jet,py<200GeV 111 %55 Coler ‘020

> L-jet, p! 2200 GeV (=== 2.05 fg:?‘z‘ (jg:;j‘ ﬁ;‘;i)

VBF topo + Rest ‘m 157 0% (9%, 107

49 ~Hag x B | VH t0po = o1z T (i 05
P 2200Gev (e 095 s (i3 5%
e JCE L &
MGy e 1o 23 (38 10

Py<is0GeV e 085 115 (Coge 129

gg/aq ~ Hil x B[ 150 < pY < 250 GeV e 085 129 (1102 1079
e

(TH+ ) < B,,. = 148 535 (030 s
P e O S SO RS

5 10 15
Parameter normalized to SM value
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r-framework: 11 — 11(#)

@ Multiplicative coupling modifiers
= SM: positive + equal to unity
@ Two possible treatments for loop
diagrams:
> resolved into SM components
» effective vertices

Effective
Loops Interference scaling factor Resolved scaling factor
Production
o(ggH) v gt K 1.04x7 + 0.002x2 — 0.038xix;,
a(VBF) — — 0.73x3y +0.27x%
(W rp i Ky
fr(qq/ a5 — ZH) — — 3
o(gg — ZH) v Zt 2463 + 047K} — 194Kz,
o(ttH) — — K
o(gb — WtH) - W-t 29167 + 231, — 4.22KKw
o(gb — tHq) — W-t 2.63x7 + 3.58K3, — 5.21Kkw
o(bbH) — — K2
Partial decay width
r — — K%
| ko — — Ky
rm v W-t = 159K, + 0.07x¢ — 0.67xwKe
re = i 2
b - - 2
™ — — 2
Total width for Bysy = 0
058k + 0.22x3, + 0.08x2+
Ty v — % +0.06x2 +0.026x3 + 0.029x7+

+0.0023¢2 + 0.0015x3, +
+0.000252 + 0.00022x2

=

Limitations

@ LO framework

@ Ignores shape effects
© Specific to H physics

Higgs combination



r-framework
@ Under assumption of no additional H boson decays beyond SM particles

w L B

1 ifi < Z?gligé\iv 245-79.8f0" + Best fit ]
° Unlve'rsal modifiers for H L8, ~iz50s cev v, <25 —ggz//o gt E
couplings to V bosons (ky) and 1,65 ™% et 3
fermions (kf) 14 E
» resolve loops into SM components 12p e
> Ky = Kz = Kkw 1;* *;
> KF = Kt = Rp = K+ = K’N 0-8; B
0 6;—C0mbined —H-.yy A
04;—H<ZZ H-ww E
R o e e e L R e 0‘2:,*“‘bb mH- E
¥13;ATLAS & Best fit | T T B B B I I D R e
S Vs=13Tev,245-79.8 0 —68%CL ] 0 02 04 06 08 1 12 14 16 18 2
£ m,=125.09 GeV, <25 95% CL 1 Ky
1.2] Poy=88% % SM 3
11~ = @ Probe new particles in loops:

£ E = ggH, H— !

L ] » effective coupling strengths: kg, K+
0.9~ e > assume all other k; =1
08:\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\:

085 09 095 1 105 11 115 12

Kg
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K/—framework Extend to include Higgs boson self coupling (k. ), see talk by Stefano
@ Under assumption of no additional H boson decays beyond SM particles

35.9-137 fb™ (13 TeV) E>|§ [ ]
ATLAS
CMS ® Observed £ E Vs=13TeV,245-79.81"
e — 10 (stat [ syst) f'; F m,=12509GeV, Iy, | <25 p,,=78%
Preliminary — 420 (stat D sys) L oL SM Higgs boson
Py, =72% E -

. Best-fit r ]
K, — —- 0.96°907 2l -
Z = . =
| 007 102 % E
K| — - 113 i —emat 3
[ 3 ~——95%CL —
K - 013 10 E
~ = M,(my,) used for quarks |
ol — oo ool 4
Bt | | | E|
Kol — L1892 E ‘ ‘ ]
kel — 11653 S 12f ] l E
L N E E|
£ & 11
Iy — 1.015% 1E 15| L
r o5 0.8 =
Kl ‘ T 0.92'057 bl . . o

5 4 5 I 3 10 1 10 10
Parameter value Particle mass [GeV]

Parameter Result

@ ~5-20% precision on H couplings to gauge bosons &

- | Kz 1.10+0.08

3rd gen fermions. Agrees with SM! K 1.05 £0.08

» correlation matrix in Kb 106 * 013

" . . K1 102765

@ Sensitive to relative sign of Ky z-K¢ . 072015
» effective model: via interference in tH + ggZH processes Ky < 1.53 at95% CL

J. Langford Higgs combination LHCP 29.05.20 10/14


https://indico.cern.ch/event/856696/contributions/3742201/

r-framework: beyond SM

& . ATLAS ($=13TeV,245-79.8 "
o ¥ATLAS additional benchmarks to account m, =125.08 Gev, y, | <25
for BSM effects in H decay gock -~ - -

. BﬁsMZO KV<1 Kvn:Kun
» on-shell production... Py =88% Py, =96% P, =95%
N[ :
oi(R)I (R K P
o B — q:() (%) z : —
rH(/i, Binv, Bundet) Ky :-..__
—S———
> Biny: H—invisible decays (MET) P - Y 7
. t o —
> Bundet: final states not measured — .
IS ;
K RS —_—
b o3o% R o3eo0se0s —l——
0 Bundct > 01 Ky < 1 gﬁ\\\:\\\\g&%%g% —
» includes results from H—inv. searches T RS ——
S S5 :
> Bundet < 21% & Biny < 30% @ 95% C.L.  , ’,‘ ’.. -
9 :’3:3:3’/0/ LS —_—
(2] BBSM = Bundet + Binv Ky s 5 -
> includes off-shell H»ZZ* meas. B : ‘
> — inv —
assumes Kon = Koff ;
f o N[
(oi - B )oi—shel ~ 0i(kor)[ (Korr) B undet e
> Bpsm < 49% © 95% C.L. Bgsm
R R
@ also fit ratios of coupling modifiers -5 -1 05 0 05 1 15 2
. . Parameter value
@ -+ 2HDM/hMSSM interpretations
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

EFT interpretation of STXS measurements

CM S @ Observed O Observed (other ¢, = 0)
_—1g -1117(0merc‘ =0)
Preliminary —.z 26 (other ¢ = 0)
Py, = 89% !
Coy X 10° —o-——
(€, ~ Ca) X 107 __-._
c,x10 — +
ex10 = -
c, x10* —-—
. x10° —-F—
¢, x10 - _.._
i
-20 -15 -10 -5 0 5 10

35.9-137 fb! (13 Tev)

Parameter value

» More info in talk by Nikita

J. Langford Higgs combination

@ Extend Lgy with higher-dim operators:

L=Lsu+ Yy F0;/N
j

@ Parametrize o + BR as function of EFT
parameters: ¢; o f;/A?
» for each bin of STXS
» beyond k's: shape effects

~ | using Higgs Effective Lagrangian

» SILH basis

» combination of STXS stage 0, 1 and 1.1
o Neglected acceptance corrections

> sizeable in some channels:

)
e.g. ¥ALLAS H— 4¢: submitted to EPJC
» future EFT interpretations will account
for such effects!

e = SMEFT (Warsaw)

LHCP 29.05.20 12/14


https://indico.cern.ch/event/856696/contributions/3742205/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/

Differential combinations: more detail in talk by Andrea
@ Also combination of do/dX measurements across major channels
@ Fiducial & model independence
@ Shape is sensitive to Yukawa couplings + new physics in loop diagrams!
» ¥ALAS 4 + v using full Run 2 data (140 fb~!): ATLAS-CONF-2019-032
> EMZ Several full Run 2 inputs ready e.g. H—->WW...

10g 5 g
% E TLAS Pvellmlnary 3 S “337 fb (13 Tev)
9} £ (s= 13 TeV, 139 b 1 K] [ cMs H
ﬁ & E 3 [ Preliminary vl
3 3 = ke 9oF
] 1= === Uncertainty
E 4+ Madgraph5_aMC@NLO
4 Combined data E E I Lt 2 neened
A Heyy 3 £
0 H-zzr -4l 7 r
------ NNLOPS K =1.1, + XH El 10
. f S
e .
4L | 102
W0 e B ;
1 4ETTTI T I T T T . £
2 12F E % 15 \ ‘
E 1] - | * 4 El e Lt 1 Lol T
£ E o e
S 0.8§T 1 + ‘I’ = Z 05 * T t
8 066 bbbl oo b b o & % = 00 o0 200 20
0 20 30 45 60 80 120 200 350 1000

H
P, [GeV] py (GeV)
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https://indico.cern.ch/event/856696/contributions/3742194/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/

Looking to the future

@ Presented results of Higgs combinations using partial Run 2 data

» signal strengths, cross sections, STXS, k-framework, EFT
> all in agreement with SM predictions

@ Full Run 2 combinations will provide never-before-reached levels of precision

» both collaborations completing full Run 2 analyses in individual channels
@ STXS + differential measurements offer finer granularity
@ Interpretation: emphasis shifting x-framework = EFT

e Ultimate precision: inter-collaboration combination (as in Run 1)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html
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Statistical procedure for combination
@ Methodology used by ATLAS and CMS collaborations

@ Profile likelihood ratio: q(&)
> estimate POls (&) and corresponding confidence intervals e.g. u, x etc.
» 0: nuisance param (NP) describing experimental + theoretical unc.

a(@) = —2In (L(‘”)>
L(a,6)

o Confidence intervals: regions where q(d) below threshold in F , (1 -p)

> F ! quantile function of x? dist. with n d.o.f
> compatlblllty with SM measured with p-value: psm = 1 — F,2(q(dsm))

@ e.g. 1D measurements: lo (20) intervals — gq(&) < 1 (q(@) < 4)
» models with more than one POI: treat other POIs as NP (profiling)

@ For expected results: construct likelihood functions w.r.t. Asimov data set
» using expected (SM) values of the POls

J. Langford Higgs combination LHCP 29.05.20 14 /14


https://arxiv.org/abs/1606.02266

Global signal strength: uncertainty breakdown

)
o YATLAS.

Uncertainty source Ap/ p [%]
Statistical uncertainty 4.4
Systematic uncertainties 6.2
Theory uncertainties 4.8
Signal 42
Background 2.6
Experimental uncertainties (excl. MC stat.) 4.1
Luminosity 2.0
Background modeling 1.6

Jets, Episs 1.4
Flavor tagging 1.1
Electrons, photons 22
Muons 0.2
7-lepton 0.4
Other 1.6

MC statistical uncertainty 1.7
Total uncertainty 7.6

J. Langford Higgs combination
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CMS: puf

@ Separate signal strengths for all possible production mode (i —H) x decay
channel (H— f) combinations

35.9-137 fb™? (13 TeV)

CMS_ —— Observed +10 || u combined 1o
Preliminary P =90% '
SM
% 5 4 e
7z 4 8 4 .~
: %; -2 0 l 2. 4 6 :
ww . -2 : - |
T P Lo —ei
bb |2 Bis A e
m 03172 |a1g02 | ' :
0 05 1 15 2 25 0 1 2 3 0 1 2 3 4 5 0 1 2 3 4 5 -05005 115 2 25
ggH VBF WH ZH ttH
uf
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CMS: uf correlations

@ Separate signal strengths for all possible production mode (i —H) x decay
channel (H— f) combinations

uf CMS preliminary 35.9-137 b (13 Tev)

1 o
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ATLAS: o; x BR(H— f)

@ Separate parameters for all possible production mode (i —H) X decay channel
(H— f) combinations

ATLAS +— Total [ Stat. ==Syst. 1" SM
Vs =13 TeV,24.5-79.8 b
m,,=125.09 GeV, ly | <2.5

~ 719
Py, =71%
Total Stat. Syst.
Y - 096 +o1 (soat , 0%
77+ - 1.04 518 (o014, +008)
ggF wwr = 108 soss (+oi1 , +015)
B i 096 6% (185 . 0%)
VBF
VH
Ly
ftH+tH |0 e—t 138 i@ (0% 10E)
|pb === 079_ 3% (02  tos2)
comb. ] 121 9% (sor7 , 0%

-2 0 2 4 6 8
6 x BR normalized to SM
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ATLAS: o; x BR(H— f) correlations

@ Separate parameters for all possible production mode (i —H) X decay channel
(H— f) combinations

ATLAS

Vs=13TeV,24.5-79.8 fb"

My =125.09 GeV, |y, | < 2.5 1

'@ Y 0.05 0.01 0.030.22 -0.01-0.01-0.02 0.01-0.14 0.00 0.01:0.10 0.01 0.00 0.00 {E
o zz +0.02-0.28 0.00 0.00 0.00:0.00 -0.17 0.02:0.02 0.02 0.00 0.00 0.8 é—
g W 0.00 0.00 -0.09 0.04 0.03 -0.01 -0.01 0.01:0.00 0.02 0.01 -0.01 E
Tt |0.03 0.00 -0.01 0.02 0.03 0.02 -0.44 0.00:0.05 0.03 0.00:0.00 0.02 -0.01 0.01 0.6 é._
vy |[0.22-0.02 0.00 0.02 0.05 0.05 0.00i0.02 0.01 0.01i0.05 0.01 0.00 0.00 0.4‘5,_’
w ZZ*|-0.01-0.28 0.00 0.03 0.01 0.00:0.02 -0.06 0.00:0.01 0.00 0.00 0.00
00 WW?*[-0.01 0.00 -0.09 0.02:0.05 0.00:0.00 0.00 0.00:0.00 0.01 0.00 0.00 0.2
= 1T [-0.02 0.00 0.04 -0.44i0.05 0.01 -0.01 0.00 0.00:0.00 0.01 0.00 -0.02
bb |0.01 0.00 0.03 0.00:0.00 0.00 0.00 0.00 0.00 0.00:0.00 0.01 0.00 -0.01 0
Yy |-0.14 0.00 -0.01 0.05:0.02 0.02 0.00 -0.01 0.00 -0.08 0.01 0.00 0.00 0.2
§ ZZ*(0.00 -0.17 -0.01 0.030.01 -0.06 0.00 0.00 0.00 0.00 -0.08 0.03 0.00
bb |0.01 0.02 0.01 0.00:0.01 0.00 0.00 0.00 0.00:0.00 0.00 0.01 0.00 0.00 0.4
< vy [0.10 0.02 0.00 0.00:0.05 0.01 0.00 0.00 0.00 -0.08 0.00 0.03 0.03 06
"I VV*|0.01 0.02 0.02 0.02:0.01 0.00 0.01 0.01 0.01:0.01 -0.08 0.01
E Tt [0.00 0.00 0.01 -0.01:0.00 0.00 0.00 0.00 0.00:0.00 0.03 0.00 -0.8
= bb [0.00 0.00 -0.01 0.01:0.00 0.00 0.00 -0.02-0.01:0.00 0.00 0.00
vy ZZ*WW* 1t i yy ZZ*WW* 1t bbiyy ZZ* bbiyy VV* 1t bb -
ggF VBF VH tTH+tH
oxB
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Simplified template cross sections

@ Coherent framework for increasingly granular Higgs measurements

» isolate mutually exclusive regions of Higgs phase space (bins)
» split by production mode + kinematics (|yn| < 2.5)

I [ ]
. G S

@ Aims: maximise experimental sensitivity whilst systematically reducing theory
dependence folded into measurements
» design bins to have constant theory unc.
» -+ isolate possible BSM physics
» decouple interpretation from measurement: long-term useful
» coherence permits combinations across decay channels

@ Build up more granular picture of the Higgs Boson
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STXS stage 1.0

@ Measure cross sections in increasingly granular “bins”
> split by production mode + kinematics (|yn| < 2.5)

‘ - + - Stage 1.0

_ —1 |et [ > ZJe« > 2jet Vi ous
' M | GEEE P
[wow | @ [zou+e |
d [pFo.150] | pY 10,150 |

Y [150,250]] Y [150,250]|
EW qqH incl. VH —
—
I [pFis0, T | oY [250,09] |

T
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STXS stage 1.2

@ Evolves in stages: increased granularity to match increase in statistics
e Updates w.r.t stage 1.1: split ttH and ggH p} > 200 GeV...

1 I I
[Feos] | = oget [ = tet |
Pr
300 "‘n

650
o
0.15

e

[ ##10,200] | |,4'[2oo,ee] |

. e

Pl g

Odet et > 2qet Ojet et > 2qet Ojet et > 2qet




STXS: ATLAS merging scheme + sensitivity breakdown

ATLAS
Vs=13TeV, 36.1-79.8fb*
m,, =125.09 GeV, ly | <25

0-jet
Ljet, pt <60 GeV

9g9—H

1et, 120 < p < 200 GeV
> 2-jet, p}f <200 GeV

V(lep) VBF topo + Rest
e | S VY
——

pY <250 GeV
pY =250 GeV

qq—HIv

28/gq— HII 150 <p, < 250 GeV

£lgq— HIL p 2250 GeV
pY <150 Gev

gglaq —Hll | 150 < pY <250 GeV/
pY 250 GeV/

TH _

0 010203040506070809 1
Decay channel contribution
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STXS: correlations

o Correlation matrix between fitted parameters: crucial for re-interpretation

(s=13TeV, 36.1-79.8 b
ATLAS my =125.09 GeV, |y | <25 .

—
ojet JlNIN-027 018 0.18 0.00 0.22}0.32 0.03 -0.01:0.15 0.12}0.03 0.08 0.12 }0.333-0.52-0.17 ~0.50-0.25 S
Tojet, pff <60 GeV |-0.27 [NKI-0.17 -0.08 0.07 -0.01::0.02 -0.01 0.04 :0.00 0.01}0.01 0.00 0.02 0.040.06-0.02 -0.05 -0.01 0.8 ><"
Ty Mol60spf<120GoV 018 0. 0,09 -0.22 0.05 -0.04 0.05 0.07 002 0.03:-0.01 0.02 0.02}0.06 -0.10-0.03-0.13 -0.01 =Y
@
8 x 1et, 120 < p¥ <200 GeV|0.48 -0.08 0.09 -0.010.05 0.08:0.03 0.04:-0.01 0.02 0.04 ;0.113-0.13-0.05 0.11-0.18 0.6
= 24et, plf <200GeV 000 007 -0.22-047 £0.26-0.42 -0.0110.04 0.0310.02 0.01 0.04 {0.083-0.21-0.05 003 ~0.07
= 1et, p!f =200 GeV 022 -0.01 0.05 0.01 -003 031 -0.15-0.55:0.08 0.06:0.03 0.04 0.07 ;0.20 :-0.35-0.09-0.15 -0.41 —0.4
5, VBF topo + Rest |0.32 -0.02-0.04 -0.01-0.26 0.31 0.12 0.10005 0.05 010 }029+-0.42-0.14 -0.45-026
qu VH10p0[0.03 ~0.01 0.05 005 -0.42-0.15 000 0.00-0.010.00 0.001001}0.03 0.00 005 001 —{() D
2 .
8 P, 2200GeV|-0.01 004 0.07 008 -001-055 -0.01-002 -0.01 -0.01:-0.03:0.07 0.02 -0.05-0.06
Y pY<250GeV|045 000 0.02 003 0.04 0.08:0.12 0.00 -0.02 012015 0.05 0893017 -0.24-045-0.13-0.10| — ()
T
g x PY=250GeV042 001 0.03 004 0.03 0.06:0.10 0.00 -0.01 £0.18-0.72-0.12-0.10|
N PY<150GeV|003 0,01 -0.01-0.01 0.02 0.03:0.05 -0.01-0.02 £009 026 -0.03-002| ——0.2
T
gmfd 150 < p} <250GeV[0.08 0.00 0.02 002 001 004005 0.00 -0.01 -0.11-0.23-0.06 -0.05
£
8 PY2250GeV|012 002 0.02 004 0.04 0.07:0.10 0.00 -0.01 n.asu 019073 012010 ——0.4
((TH  tH) x B,,,. 033 0.04 0.06 011 0.08 0.20i029 0.01 -0.03:017 0.22:-0.01 0.09 0.23
By/B1z.[0.52 -0.06 -0.10-0.13-021-0.35:0.42 0.03 0.07 :0.24 -0.18:-0.09 -0.11-0.19; —-0.6
B,5/822 0,17 0.02-0.03-0.05 -0.05 -0.09:-0.14 0.00 0.02 :0.45 -0.72:0.26 -0.23-0.73
By/B 77-1-0.50-0.05-0.13 -0.11 0.03 -0.15 -0.45 -0.05 -0.051-0.13 -0.12}-0.03-0.06 -0.12 —-1-0.8
B./B ,,.10.25 -0.01-0.01-0.18 -0.07 ~0.41:-0.26 ~0.01-0.06-0.10 ~0.10:-0.02 ~0.05 ~0.10;
3 3 % 3.3 2.3 3 3 -1
8 dig & 8:8 88 &8 &
g g:ir T 8:8 8:8 8 8
& 8ig 8:8 82 8§ 8
v w8 WiV o aiv VR
- wig B N B
w g8 v
o B 2
8 - 2
g N e
Gq—Haq i qq-HIv: gglqq—HIl
By X By x By,
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STXS: finer granularity

=)
AS £ 1 1 Total Stat. Syst.
o XATLAS finer granularity fit ATLAS o o o
- a (BB =] 081 53 (%010 “o00)
(5=13Tev,361-79.8f" |", 001 a3 (an 0%
2 FE——— . -029 {018 -0.22)
. m, =125.09 GeV, ly |<25 |.” P
H ’ 20 (4014 40.14,
@ Closer to nominal STXS stage 1.0 oo " BuclBy  rESSH 083 SR (TH DY
p. =69% 5B ey 02 (w02 <o
.. sm /B 078 93 (9% 91
deflnltlon F—— Total Stat.
== Syst. "I SM 0 05 T 15 2 25
Total Stat. Syst.
@ Reduced model dependence! ol r 190 33 (i )
p : Liet, it < 60 Gev - 116 soem (B8 92
L-jet, 60 < p¥ < 120 GeV 1.36 _'g;g (:gjg‘ 'ggi)
. Let, 120 < pH <200GeV [ 239 1O (08 w08
ATLAS Vs =13 TeV, 36.1-79.8 fb’ 1-jet, pH = 200 GeV e 15 A® (05
my, = 125.09 GeV, ly |<2.5 09-HxBy |15 T <60 Gev i oC Ay e o
H by - jet, p¥ (== =2 071 532 (L -7
wor o I R o < e M < 2 2-jet, 60 < pif < 120 GeV 212 % (ML 0%
0025 < 120 Gov e o 67 oo QBN 03 04 o280 510 o oo o on ot o on <o N 0.8 X >24et, 120 < ! <200 GeV' 121 ‘L0 (0% 0%,
s 1205 <5060 (RN v 10 AR o o om o s o i 2 am o ot . %
¢ it o v o e o s a2 00 o o o o (0 = 2-jet, pif =200 GeV e 319 % (i 0D
85 22 <6000V om oo oar nae o 015 co oaafor 415 037 21zl am ot 2ot} o1 o0 amniomi e s s 00 - VBF topo premmip 00 20 (24 1%
22460805 < 120 G 6 s 1 ass oo o 01 o fons o oo Y 2ss o216
< 2 20 1< 00| o 0.4 l
2 2 200 Go o o w057 1048 1030
" VB too e [T VBF topo - 0.92 (15 )
R 02 v ) 28 4% 28
bl aq-Hag x 8, |VH R0 F 034 55 (1% 0D
P === 0 # |Rest =—— 270 55 (Gon a0
el Pl 200 Gev = 167 G (e 59
0% <3| v o v -02
a0 o s e w17 s
BT 0.4 Py <150 Gev 257 -ggé (-;gg‘ -ggg)
R Bt e v 3% Gy
e a9 ~HIV x By, |150:< py <250 GeV 220 58 (Gl )
GECEOC 06 pY 2250 GeV (== 199 28 (%
e [EBem cm e o am e e e e T 08
e e L e pY <150 Gev ey o 3 (s oy
. T33 -1 99/qq — HIl x B,,.|150 < p} <250 GeV = 090 5 (Gop 070
888 pY 2250 GeV |re— 290 Tl (2% 2l
- ({TH + tH) x By, ‘ ‘ ‘ ot ‘ e 22% (5o .“.3‘22)
TS D e -10 -5 0 5 10 15 20

Parameter normalized to SM value
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K framework

@ Correlations matrices indicate how parameters influence eachother
@ Positive correlations due to total width: 'y

Vs =13 TeV, 24.5-79.8 fb™
ATLAS m,, =125.09 GeV, ly _|<2.5

Parameter Y

Ky Ky K¢ Ky K Ky

Parameter X

J. Langford

Higgs combination



Higgs boson self coupling

@ Indirect probe of H self coupling (\3) using single H measurements

» via NLO EWK corrections to o & BR

@ Anomolous coupling parametrization: xy = A3/A$M

» described in pHEP 1612, 080 (2016)] and [Eur. Phys. J. C (2017) 77: 887]

> Three parameter model: kv, kF, Kx

35.9-137 " (13 TeV)

e N

u L3 S 16 > LApr e e 1
x [ cMs Preliminary + Best fit a X [ cMs Preliminary + Best fit a
C 68% CL 14 n —68% CL
12f Ky =1 -2 95% CL Ere=1 < 95% CL _ ; §
L + SM . L + SM Assumption Best fitky 95% CL interval
r L 716 —
pa L 1 670 [=35,145]
F 0 E ()  (1-51,137)
" s - o1 10.3+61) [-55,217]
b s b (z5)  (-74172)
o9 i F S 66742 [-3.3,14.4]
| F AU .
| | +82
ol L (253)  (s5138)
£ 2 £
o le “5 é é 1‘0 1‘5 2‘0 0 o =10 -5 0 5 10 15 20
K L9

o Lose sensitivity to k) if float both ky and kf in

o Kinematic effects are neglected
» only inclusive shifts in production mode and decay

fit

channel rates
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https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1709.08649

H + HH combination

@ True scope realised in combining with HH measurements

o ¥ALASH (79.8 fb~') + HH combination (36.1 fb~!): ATLAS-CONF-2019-049
» Hinputs: vy, ZZ*, WW, 77 and bb
» HH inputs: bbbb, bbr7, bby~y
» extra caution to remove overlap between input analyses

@ Remain sensitive to k) including other coupling modifiers to SM particles

T 10T TS < i e e B s

% F —Oge Oz El c ;ATLAS Preliminary E

r —o, -0, ; 1 F B

102k GVBF _G"H : 4 N 5=13Tev,275-798 1 k!

)/L\E 61 — Ky Kz Ky Ky, K profiled —

107 z 7 5; —— Kk,-only model é

4= =

£ 95% CL ]

1 L g

2k =

107 3 L 1

] Y- — E

qozbone e b L e | A B L]
20 -15 -10 5 0 5 10 15 20 -10 -5

Ky K)\
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/

Ratios of coupling modifiers

@ Most model-independent coupling strength measurement in x framework
» independent of assumptions on total width, 'y
@ Of particular interest...
> Awz: identical coupling strength for W/Z required by tight bounds on SU(2)
custodial symmetry + p parameter measured @ LEP & Tevatron
» \,z: sensitive to NP in H— 7+ loop, unlike H— ZZ*
> Ai: new coloured particle in ggH loop, unlike ttH

ATLAS [ e A —
fs=13TeV, 24.5 - 79.8 fb* % — .
m,, =125.00 GeV, I, [ < 25 Parameter Definition in terms Result
Kgz [ of k modifiers
Ao | _._._ B Kgz KgKz[KH 1.06 + 0.07
Ay | N Arg Ke/Kg 110 *+ 013
/\wz 0 ——— 7 /IZg Kz/Kg lleg{g
A [ 7 Awz kw/Kz 0.95 +0.08
yZ ——
AL i T Az KylKz 0.94 +0.07
1Z _o—o—
Avz [ Py, = 85% — Arz Kr/Kkz 0.95 + ;).1153
I | i | | | i, P 0.93 + 0
08 09 1 11 12 13 vz b/xz Lon

o All in agreement with SM!
LHCP 200520  14/14



Ratios of coupling modifiers: correlations

@ Correlations matrices indicate how parameters influence eachother

@ Independent of total width: observe negative correlations

N
B Kyz 012 -046 055 -026 -0.27
|5
§
s Ayg 021 -016 -021 -0.32
Agg| 012 033 -032 -0.66
wz | 046 -0.21 027 050 | —
Ayz|-055 -016 -033 0.44
Az | 026 -021 -032 o027 034 | |
Apz | 027 -032 -066 050 044 B
K
9z Atg AZQ AWZ A vz A [74 A bz
Parameter X
J. Langford Higgs combination

ATLAS

Vs=13TeV, 24.5-79.8 fb*

m, = 125.09 GeV, Iy, | < 25

0.8 2&,
06
0.4
0.2

0
02
04
06
08
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2HDM /hMSSM interpretations

@ Cast coupling modifiers into parameters of benchmark SUSY models

N\
2HDM hMSSM
Type I Type I Type III Type IV

Sits np

wv[ sin(f—a) sin(p —a) sin(f— ) sin(f— a) z
V1+tan?
‘/Jlrﬂan?ﬁ

ku| cos(a)/sin(B) | cos(a)/sin(B) cos(a)/ sin(B) cos(a)/ sin(B) SuYgng N
kq\ cos(a)/sin(B) |—sin(a)/cos(B) cos(a)/sin(B)  —sin(a)/ cos(B)\ sqy/1+ tan?p Sq = M Su

( mZ +m? tan? f—m?(1+tan? B)
K1 \cos(a)/sin(B)/ —sin(a)/cos(f) —sin(a)/cos(p) cos(a)/sin(B) qy/1+tan? g £ "
v

(

Q ATLAS [ Obs. 95% CL S ATLAS [ Obs. 95% CL|
S Vs=13TeV,245-79.8 10" x  Best Fit Obs. < Vs=13TeV,245-79.8f0"  -ceoen Exp. 95% CL
m,=12500GeV, Iy, | <25 e Exp. 95% CL my =125.00 GeV, ly, | < 25
” 2HDM Type-| ——SM hMSSM
[ il 10 -
1= E : ]
P} o S B 1 I R INL L
-1 -0.5 0 0.5 1 2100 300 400 500 600
cos(B-a) m, [GeV]
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Additional 2HDM interpretations

tang

Type L: One Higgs doublet couples to vector bosons, while the other one couples to fermions. The

first doublet is fermiophobic in the limit where the two Higgs doublets do not mix.

Type 1I: One Higgs doublet couples to up-type quarks and the other one to down-type quarks and

charged leptons.

Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type [ model and to

charged leptons as in Type IL

Flipped: The Higgs bosons have the same couplings to quarks as in the Type Il model and to charged
leptons as in Type L

ATLAS "] Obs. 95% CL 2 ATLAS "] Obs. 95% CL > ATLAS "] Obs. 95% CL
V5=13TeV,245-79.8 10" x  Best Fit Obs. S V5=13TeV,245-798 10" x  BestFit Obs. g V5=13TeV,245-798 10" x  Best Fit Obs.
my=12500GeV, Iy, <25 Exp. 95% CL. m,=12509GeV, Iy, [<25 e Exp. 95% CL m,=12509GeV. Iy, [<25 Exp. 95% CL
2HDM Type-Il ——SM 1 2HDM Lepton-specific ——SM 1 2HDM Fiipped ——SM
E E 1= E L3 E
-1 | I -1 | I -1 | I
L 05 1 R E— 05 1 L R 05 1
cos(B-a) cos(B-a) cos(B-a)
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Effective field theory couplings: STXS re-interpretation

@ EFT: in light of no new physics @ TeV scale, assume exists at A >> g°
» couplings in Lagrangian modified by higher dimensional operators

@ Parametrize STXS bin in terms of EFT params: Higgs Effective Lagrangian (HEL)

6
Lugr = Lsm + ZOJ( )75'//\2
7
> introduces 39 flavor independent dim-6 operators

> new physics: deviations from 0 in f;

> LA consider eight of these

e Scaling functions: y;(¢;) = oFFT /oM
» for each STXS bin, i, where ¢ « f;
BFT _ GSM | gint | oBSM

i i

= ni(g) =1+ Aig+Y_ Buge
j K

@ Derive A; and Bji coefficients for each STXS bin

J. Langford Higgs combination

0, = |HP*G}, G4
0, = |HPGH, G
Oy = |H|*Bu,B*
O, =|H|*B,, B

Oy = yu|HPPQrHfup + hec.
Oq = ya|H*QLHdR + h.c.
Op = y|H?’LLH(R + h.c.

Oy = (oH?)?

0s = (H'H)®

Opw =i (D*H)' o*(D”H)Wg,
Onw =i (D*H)' o*(D" H)Wg,

Onp =i(D*H)' (D"H)B,,
Oup = i(D"H)' (DVH) B,

Ow =i (Hio"DrH) D'Wy,
0p =i (HIDMH) 0By
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https://arxiv.org/pdf/1310.5150.pdf

EFT parametrization: derivation

pilg) =1+ Aig+ Y Bige
J Jk

@ Using EFT20bs tool: not specific to Higgs

© Generate events per Higgs prod. mode (LO): MADGRAPH w/ PYTHIA showering

© Import HEL (UFO): reweight events for different points in HEL param space

= SM:all¢ =0

= vary ¢ individually: (¢; = w,0,...,0), (0,w,0,...,0), ...
= pairwise to calc. Bj cross terms (j # k): (w,w,0,...0), (w,0,w,0,...,0), ...

© Propagate events through RIVET tool: STXS classification (0, 1 and 1.1)

@ Extract dependence of STXS bin, 7, on ¢ (or ¢jck): Aj & Bix
= comparing reweighted cross section to SM

WH Leptonic

pY [0,150]

=1+33cww + 12caw + 320y + ...

o Complete HEL parametrization of STXS stage 0, 1 and 1.1 bins provided
LHCP 29.05.20
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https://github.com/ajgilbert/EFT2Obs
https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG2/STXS/Classification

EFT interpretation: correlations

@ Correlations matrices indicate how parameters influence eachother

CMS Preliminary

¢, x 10

Ce X 10°

.
¢, X 10

€x10 | -0.02

¢y x 10 0.37

(€ ~Co) X107 | 0.29

J. Langford

35.9-137 fb™ (13 TeV)

-0.02 = 0.37 0.29 -0.30

-032 -0.32 -0.09 -0.03

0.08 0.19 -0.15  0.23

-0.32 -0.60

-0.09 -0.15

i p > ) o o
=1 o o =1
2 g o 4 S ]
x x o % x x
) < J ~ z
© %) 2 I
9 <

«
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