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® Introduction

® Reminder of CMS+ATLAS Run | Higgs results

® [nterpretation using simple coupling modifiers

® Introduction to Effective Field Theory (EFT) approach

® Some ATLAS results from diphoton differential Runl and Run2 measurements
® Projections for achievable precision of EFT fits with full ATLAS dataset

® EFT studies of CP mixing in tau and weak boson channels

® Some recent ATLAS results in ZZ*

disclaimer: not discussing simplified template cross sections scheme!
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How we “see” Higgs Bosons

v

Production Cross section [pb]
process Vs =7TeV Vs =8TeV
ggF 150 £ 1.6 102 2.0
VBF 1.22 +£0.03 1.58 +0.04 o Production modes:
WH 0.577 £0.016 0.703 +0.018
ZH 0.334 +0.013 0.414 +0.016 ®  Main mode is gluon fusion
[ggZH] 0.023 +0.007 0.032 +0.010
tH 0.086 + 0.009 0.129 + 0.014 o
T 0.012 2 0,001 0.018 = 0.001 ® Rare modes have characteristic signatures
bbH 0.156 +0.021 0.203 + 0.028
Total 174 +1.6 223 +2.0

Decay mode

Branching fraction [%]

H—> WW 21.6 +0.9
. . : H 8.56 + 0.86
ZZ,YY: low branching fractions (BR), clean signal e =
H— 11 6.30 £0.36
. . H — cc 2.90 +0.35
WW: good sensitivity, difficult backgrounds — e
] . . ) H — yy 0.228 +0.011
® 7T, bb: medium-high BR, fermion couplings, very H— 7y 0.155 <0014
difficult backgrounds H — uu 0.022 + 0.001
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Basic Properties
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> T T LR T LR T TTTTTT
£ |: 't ATLAS and CMS
! : LHC Run 1 T T T T | T T T T | T T T T T T T T | T T T T T T T T | T T T T | T T
. ATLAS and CMS —e—i Total Stat. = Syst.
EL"|> 107k = LHC Run 1 Total  Stat. Syst.
,\.ALL ATLAS H—yy —— 126.02 + 0.51 (£ 0.43 + 0.27) GeV
CMS H—yy —e— 124.70 = 0.34 (= 0.31 = 0.15) GeV
102k B ATLAS H—ZZ—41 - | 124,51 0.52 ( = 0.52 = 0.04) GeV
- ] CMS H—ZZ -4 —=— 125.59 = 0.45 ( = 0.42 = 0.17) GeV
¢ ATLAS+CMS ] ATLAS+CMS 7y |—|§||—| 125.07 + 0.29 ( + 0.25 = 0.14) GeV
0cte &£ T SM Higgs boson . ATLAS+CMS 4i I—}E—I 125.15 + 0.40 ( + 0.37 = 0.15) GeV
g [6“2’/8];;':_ ATLAS+CMS yy+41 = 125.00 = 0.24 ( = 0.21 = 0.11) GeV
(o)
° ) 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
[ ]95% CL 7 123 124 125 126 127 128 129
_4 _|
10 E ) L ) ol ) i E mH[GeV]
10~ 1 10 10?

Particle mass [GeV]

® Confirmed scaling of coupling with mass

® Precise mass measurement in YY and ZZ* channels
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Limits on alternative Spin/CP

Eur. Phys. J. C75 (2015) 476
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Channels: YY, ZZ* and WW
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Signal models: 0- quark-induced, |*- gluon-induced, 2+ different mixtures

Results: All hypotheses except 0* excluded at >99.9% confidence level
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Couplings: Fit Model

® Derive couplings from event yields n in the different analysis channels k
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® Parameters of interest are the “signal strengths” His for production and decay modes

® Defined such that His = | represents signal strength consistent with the SM

® Other parameters need to be measured in each channel k for all production and decay modes

SM production cross section

N\

selection efficiency

\

X

k
Ajs

gif
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N gnal Hi0i,SM
]
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detector acceptance

XUf X

B f.sm
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integrated Lumi

\
x Lk

SM branching ratio
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Fit Inputs

® Measured signal strength in units of SM cross section x branching ratio

ner-»

® Not possible to measure either by itself without theory assumptions

® |n all decay channels signal strength agrees with SM expectation within |-2 G

. . .. ATLAS and CMS -e- Observed =10
Channel Signal strength [/1] . Signal s1gp1ﬁcance [o] L HO Ruﬁn1 Th. uncert.
from results in this paper (Section 5.2) -
F 3
ATLAS CMS ATLAS CMS L 771 b
H - yy 1147027 11103 50 5.6 > wwi d
(J—rggg) (J—rgé?) (4.6) (5.1) | -
H-7Z 1.52 4040 1.04 1032 7.6 7.0 L ;; I T
032 0.30 —
(J—ro.27) (to.zs) (5.6) (6.8) > WW i +
H - WW 12203 0.90 707 6.8 4.8 ol fo-
(%)  (63%) 68 66 v [ —t
H- Tt 1414040 0884030 44 3.4 § WWi ERE
T ——
(3 (%) 63 6D ool i
H - bb 0.62 %037 0.81 %09 1.7 2.0 VY .
(%)  (85) e 2.5) T oww| .
H - pu -0.6*3¢ 09136 ks R
. . bb -
(35 (%) o z
ttH production ~ 1.970%  29*10 2.7 3.6 I ww I ; S
(67) (89 ae a3 I o
bb | S S N TR SR S I S S TR AN SO TR SR N TR SR S T SR ST T T

-6 -4 -2 0 2 4 6 8 10
7 o - B norm. to SM prediction
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The Kappa Framework

First attempt to parametrize deviations of Higgs couplings from SM expectations

In narrow width approximation production cross sections and branching ratios factorize

oi(K) - T (&)
L'
Then introduce kappa parameters to scale cross section or partial widths

2 =

K

SM 2 _ i/’
crj/crj or Kj = FJ/FSM
Can reduce complexity by correlating kappa parameters, e.g. one k for all fermions or bosons
By construction only modifies event rates, not shapes

Does not predict where deviations from SM could occur
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Couplings: Ky VS{.Kf

Nep»r->»

L L
“ L ATLAS and CMS
, , 2FLHC Run 1 ]
® Scale all vector boson couplings with kv and _

fermion couplings with k¢ 1__ Zijgt ( -

® New physics could change ratio and relative sign L Beati
: %  SM expected 1
® Measurement compatible with SM and positive or .

sign preferred

® top andW loops in diphoton decay lift - (9&/ i

degeneracy of sign

i DCombined |:|H—>yy

ol [Hezz  [Jr-ww i
:I:IH%n H—>b|b :
~ 0o o5 1 15 2




A ( > GEORG-AUGUST-UNIVERSITAT
L JHEP 1608 (2016) 045 /' GOTTINGEN
[ ]
oupliings. VS
PIINgS: Rg VS. Ry
o e B A A A B
“ ’ 6'_ATLAS and CMS [C]ATLAS+CMS
L LHC Run 1 DATLAS
® gluon and photon coupling sensitive to new 1.4} i
particles through loops -

1.2 N

® Set all other couplings to SM values j
s 1

® SM values for kg and ky firmly within |0 boundary j
0.8F 1
® P-value for SM case 82% _ _
0.6 -
- —|68% CL o 95% CIL + Belst fit * S|M expectzled .

0.6 0.8 1 1.2 1.4 1.6

KY
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Couplings: 8D Fit

® Can also allow for individual k-factors for ATLAS and CMS — 1o
. LHC Run 1 -o- ATLAS+CMS -+ ATLAS +~CMS — =20
all measurable couplings ,
K — :—_} —— ——
® Assume positive k¢, no loss of generality\xw — = — -
® Results depend on whether the fit allows - : - :
. . . | s -
for a non-zero BSM contribution to width a T i —
o — ——
® Then kz and kw <= | and same sign kg - -
of of° o . o lKYl _—_'_'.".—_—‘_:__ I—__‘_:_
® Compatibility with SMis | 1% N =T - - B0 -
B BSM = ~—
BSM lIllllIlllllllllmlllllllllllllllllll lIlllllllllllllllllllllllllllllllllllllll
-15 -1 -05 0 0.5 1 1.5 2 -15 -1 -05 0 0.5 1 1.5 2

® Non-SM width constrained to Bgsm < 0.34

Parameter value
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Effective Field Theory

e Kappa framework is useful to tell us where deviations from SM predictions occur
® Only takes into account rate information
® Assumptions on correlations in couplings need to be put into fit by hand

e [Effective field theory (EFT) approach starts from:

® Construct effective Lagrangian with all possible operators up to dimension six
[JHEP 1010:085,2010]

® Require lepton and baryon number conservation and Lorentz invariance
® Wilson coefficients describe strength of effective coupling

® Directly gives coherent predictions of modified differential cross sections
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The SILH Basis

® Many possible bases, popular example is “strongly interacting light higgs™ (SILH)
[JHEP 1307 (2013) 035]

neEr=>»

ALO) =|ALsrrm+ ALce + ALgipore + ALy + +ALyy,

16 operators SILH operators
(12 CP even, 4 CP odd) Giudice, Grojean, Pomarol, Rattazzi JHEP 0706 (2007) 045
ALsiom =<2 on(HYH) 0, (H'H H i) (D, 1) - S (gt
sin =55 O (H'H) 0, ( )+2— pH ) — —5 (H'H)

+(2yuHHqLHuR+ va HVH G Hdp + < ylHTHLLHlR+hc)

iICw g

Hi ZD“H) DY)+ B Y (HTD“H) 9" B,y

e (D"Wou)' =+ 5 (0" Byw)

._ o

S (DM H) 0 (DY HYW, + 3 (DY H) (DY H) B,
miy miy brazenly stolen from here

+ 79 HUHB,, B + 995 i g, o
miy miy

4 W9 (D)t (D Y, + B (DR (D H) B
miy mW

~ 12 =2
+ 99 HIHB,, B + 95 HTHGS, G -
miy ms, : & /2,

CATS : ALL YOUR BASE ARE BELONG

|3 TO US.
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Ingredients for EFT Fit

® Several groups provide predictions for EFT models for some operators natively
(HAWK arXiv:0707.0381,1412.5390 VBFNLO arXiv:0811.4559,...)

® But also full EFT models available in so-called universal FeynRules output (UFO)
format

® (Can use this generate signal models using generators with UFO support (MadGraph,
Sherpa) [JHEP 06 (2011) 128, Eur.Phys.]. C75 (2015) 135]

® Usually renormalize partial widths to SM prediction from HDecay

® Using these signal predictions hypothesis tests can be done with fit framework of
your choice (SFitter widely used in theory community)
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R—YY EFT Interpretation

® Using Run | H—YY differential

E‘ 102 [T I I I I I I I I I I I I I I I I I |
= " Epp—>H-—yy, (s=8TeV, 20.3 fb™ ¢ data .
measurements g - ATLAS — Standard Model
i ¢, =0.0001
. : [ --F, =0.05
® |[nterpretation in SILH basis : . .
. . 10F _+_ Ii s
® EFT models formulated in universal FeynRules | *’f’ 1 + ]
output (UFO) format i I Fi’ | |
B -—J—; E __g * - L |
| | o i e ] L 1
® Use this to produce signal predictions with n - 4 N
Madgraph - :{i T 1
E1 | | | | | | | | | | | | =1- | | | | | [
. . . QDD DD DD N NNN2 P A 22D RS 4
® |nformation both from total and differential IR EEEEE S AR X P NS P Lk ER%:
: : " [Gev N. ) ) GeV
XS dependence on Wilson coefficients Py 151 s My 16V T Agy Py (Y

15 involvement by Desy, Bonn
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H->YY EFT Interpretation

® Sensitive mainly to dim. 6 operators involving photons, gluons

Nep»r->»

® ButalsoW and Z via vector boson fusion and associated production

® Both in CP even (bar) and odd (tilde) variants due to including A®;

Lo = 5'707 + Z'gOg + cgwOnw + cgpOHB

+ ¢y0y + 40y + CywOnw + ¢upOmns,

% L LA B S S B & T —T ]
— 04— pp—H-yy, Is=8TeV,203 1" ATLAS 0.001F pp_’H_’YY’@ﬂT;\QZO-?’fb - ATLAS
Q = T T T R T [ -
(&) i - _mmmman N\ ] - //\\ \[\\\ ]
0.2 Ve o / g \ — 0.0005— // // \ —

- /L ST~ \ N u /// >/ \\ §\ h

- / \ \._\‘ — = e == To— = >

O : \—( (\ ] /‘ j \ ] - < = —— = .

- \ v N y | ) -0.0005— S i =

- \ N sy . - D\ Yy L4 ]

N u 0.001 A\ 1/ =

-0.2— < g I " n \\ \ / *  Standard Model -

I N | - \V| v/ _. .

- T2 9%CL S~ _____ " | * StandardModel 0.0015F J Tl oesmoL S

- m s L - . : = \/ < @ es%cL :

04 T C 1 | L | .
-0.6 -0.4 -0.2 0 0.2 0.4 -0.002 0 0.002 0.004 0.006

T, x10° T

g9

-
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How [ heorists do it

Nep»r->»

® Several theorists already take ATLAS data and feed it to ;
working EFT frameworks :
® Here use one example that can be directly compared to 2
the ATLAS H->YY EFT result o

® Also uses SILH basis

® Signal predictions with modified version of VBFNLO 4 2

using FeynRules ;L

® Includes all production modes apart from di-Higgs ;
® Fitted Decay modes cover all ATLAS Run | results ; Ny o

L L L L L 111 MR B NI A
-1 -08-06-04-02 0 02 04 06 08 1
c
Y

® Results in slightly tighter limits on gluon and photon
Wilson coefficients due to including other channels
¢y € [—0.64, 0.43] x 10~*
¢, €[—7.8,4.3] x107*.
also arxiv: 1410.7703vI , 1505.05516vl 17



Full LHC Dataset Projections
® Extrapolate to 300 ( ) and 3000 ( ) fb-1 using

® Published object selection efficiencies for production and decay
® Estimates of background levels and systematic uncertainties

® Comparison of fits with only rate information (left) and full differential ptH (right)

10— 1 : E « 10 E
I o R SRR [ Ea 130 < 9E 330
8t : ' g 8L ]

43 7E
6F 6F
SE L E 5¢ -
S 777777777 o I ‘*;20 4§ EZO
3j - 3: =
2e 2F E
Ll A\ 77/ =L 1E 3o
N B B Ix1073 E : ] E -3
"1 0806 04 O 08060402 0 02 04 08 08 1
C,
~, 10F 73 ~, 10E — E
< 9f 130 ST ] SE e 330
8E E 8 | E
75 E 7E 3
6F E 65 E
5; E 5E =
aE EPY IR, e B J20
3E E 3F ; E
2 = 2F . =
o E R IEEEEEEEEE & Jof 1o
i3 E:?o-s ;E A R A R % [
%3 o 0.1 -0.05 0 0.05 0.1

18 % arxiv: 1511.05170
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H->YY:ATLAS strikes back

Ner=p»

® ATLAS published the Run 2 version of this analysis in February 2018
® Again sensitivity is obtained from simultaneous fit of differential cross
. . . 4.5¢ -
sections in multiple observables 3 jAnAss,immauon T LR teTer
o S . fast LI, e -
® Limits in Wilson coefficients improve significantly 3 E
25 =
® but again heavily dependent on rate information 2z i o
e L
. R o =
° . g 1
senSItIVIty mOStIY from m” and PT(YY) O-S;Q‘%‘%‘%‘%‘%‘ﬁ‘ﬁ‘\% \\‘\‘\\‘N Q‘ﬁ‘% Q‘a‘f’ %‘%‘7‘»"@;
o ,:TW :Ge\z s Niey mjjg[Ge%\o/] . QIA;\_J&-}I‘ :J‘; ?Ge\;é] :
s — T T —— H —yy, s =13TeV, 36.1 o, m =125.09 GeV
o 0.4 pp—>H—=7vyy,Vs=8TeV, 20.3fb" ATLAS _| ‘ [ ' ! ! ' ]
i ] - ATLAS ]
0.2 ~7T - | Cup = Chw i
B [ // \\\\ i  Cup =Caw /\ ]
ol [ \/ n ’ : 72 .
i \ /] ] : %@ _
B \\ ~ 1 // / 7 : :
-0'2__ CHw = CHB \~—-// * Standard Model | B 7]
: CHw = Cup T2 95%CL : B 68% CL 7]
% — B 95% CL 7]
-0.4_— 68% CL i — * Standard Model |
P I R T T T | P I T R T S
0.2 0.1 0 0.1 0.2 02 01 0 0ol o2
EHW

Caw
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CP Mixing in Higgs Sector

® ATLAS and CMS have published >99.9% confidence level (CL)
exclusion limits on pure CP-odd behaviour of new scalar boson

® But CP mixing still possible

® Look for small admixtures of CP-odd state to discovered scalar

in

4 I |||||||||||| I 1T 17T I ||||||

—_
Q

o —e— Data 3

boson _'\9 B [ Background (u=1.4) 7

c ------ Background (u=0) |

Ij>j 103 -H(125)—>'rr(pt=1.4) _§

. . . = H(25)>tt (u=1) ]

® Can look at HVV coupling in vector boson fusion (VBF) |
10° E

production - m

L H—tt

 ATLAS
| {s=8TeV,20.3f6" | |
1E (s=7TeV, 451" ' E

® CP-mixing in HVV vertex also studied in H#WW and ZZ decay -+ 5 2 - 0o 1~

—_
o

® Using HTT decay mode due to relatively large VBF sample

® results of both will be compared here

® Disclaimer: won’t be discussing CP mixing in HTT vertex

20
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HVV in Effective Field Theory

® Most general, Lorentz-invariant tensor structure of HVV vertex

Nep»r->»

T*(q1,92) = a1(q1, q2) g™ (SM: CP even)
+ a2(q1, 92) [q1 - g28™” — g5 qf]
(CP even)

+ a3(91,92) €"""? q1pq26  (CP odd)

® Witha3 =0inSMand!= 0 in CP-mixed case
® Yields effective Lagrangian:
Lot = Lsm + JuanHA LAY + GuazHAWZY + GruzzHZ0 7R + guwwHW, W

® Wilson coefficients g proportional to d-tilde parameter from HAWK EFT model

Expressed in terms of the

N g - _ parameters used for the
Jaww = ST d and Qpaz =0 HWW/HZZ CP analysis
my (E.P. J. C75 (2015) 476):

|J= —Rz = —Rw = —Rw /Ksm tana|

~ ~
—

Juaa = Ouzz =

~

D | —
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HVV Matrix Element in EFT

® Using the EFT Lagrangian from previous page, the VBF matrix element can
be written as:

]

M = Mgy + d - Mcp_odd

® Squaring M gives three terms. Only term linear in d-tilde is cp-violating:
IM|* = [Mgm|* + d - 2Re(M GyMcp.odd) + d° - [Mcp.oddl”

® Quadratic term only affects total yield, but no contribution to CP violation

® Not exploiting yield information in this analysis

® |n principle can also have CP-violation other Higgs coupling

® here assume SM couplings (also for gluon fusion production), but could
have additional interpretation with additional non-SM couplings

22
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Optimal Observable

Use all kinematic information of VBF final state

® Reconstructed 4-vectors of tagging jets and

Higgs

I€CO — mHJ.] "'YH]]

® Bjorken x5 =

Combine into ratio of matrix elements

_ 2Re(MgyMcp-odd)

00 =

Matrix elements calculated at leading order

using HAWK 2.0

N

et

0.12

0.1

IMsm|?

0.08

0.06

Fraction of events / 0.5

0.04

0.02

o

0.14

A
Is

-é- : 'I-'6I 1 I-4I 1 I-2I 1 1

TLAS Simulation
=8TeV

|
§7))
=
o
]
o

(Ciccolini et al arXiv:0707.0381, Denner at al. arXiv:1412.5390 and private communication)

23
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Optimal Observable
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VBF H—TT Fit Model

nNer-»

30 =T T I T T T T I T T T T I T —
Signal Region ATLAS ]

-'% :Tlep‘clep
® Signal strength fitted in binned, maximum likelihood fit R T D o) -
c|>) r - -ggH/VH ]
il _—>.T‘C o
® No constraint on signal strength from CP-odd signal 20- 5 Faice lopon.
. . i _Others
predictions 15/ 777 Uneert
® Control regions enter to constrain nuisance parameters (NPs) '
5
® Top (and Z->Il) CR as single bin to constrain normalization
"0 0 10
® Low-BDT CR binned in BDT score: constrain shape NPs _ ~ Optimal Observable
§ grleprha;Signal Region | ATLAS |
2 355_@:8Tev, 20.3 fb"! :Bgt,? H @) 1
2 30r 7 mPw -
Process Tlep Tlep Tlep Thad w 25;_ / . T:singlo-op
Data D4 68 : o Uneen.
VBF H — 77/WW 9.842.1 | 16.7+4.1 20¢
L =TT 19.6+1.0 | 19.14+2.2 15¢
Fake lepton /T 2.3+0.3 | 24.1+1.5 100
tt +single-top 3.8£1.0 | 4.840.7 :
Others 11.5+1.7 | 5.3+1.6 ° ,
ggH/VH, H = 77/WW | 1.6+0.2 | 2.5+0.7 T 0 ™0
Sum of backgrounds 38.9+2.3 | 55.8£3.3 Optimal Observable

24 involvement by Freiburg, Gottingen



Nep»r->»

arxiv: 1602.04516

GEORG-AUGUST-UNIVERSITAT
GOTTINGEN

VBF H—=TT Fit Interpretation

Reminder pure CP-odd already excluded and high

mixing therefore also unlikely

Focus on small values of d-tilde

Mean of OO consistent with zero

Perform signal strength fit for various d-tilde values

d-tilde outside [-0.11,0.05] excluded at 68% CL

— No sign of CP-violation

25
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2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

II|III|III|III|II1‘

A
Vs

TLAS
=8 TeV, 20.3 "

—e— Combined (Obs.)

TiepThad (Obs.)

*- 11 _ (Obs.)

lep “lep

Fit to Optimal Observable

- -~ - Expected (a'=0, u=1.55)

.
~.

I|II|h|III| II|III|III|III—

Poonnin g : !d.' :
|E 1 * \ 3\- ® I | L 1 1 | E|
-04 -0.2 0 0.2 0.4

(o R
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Comparison with H—Bosons

§25:_'@;'7'+;v','4'_; o' ATLAS -
.. L. . . 8 [ ls=8Tev,2031%" H—ZZ*—4|
® Limits on CP-mixing also extracted from combination of WW P S
w20 Kooy “tan(a) =5 =0 7]

and ZZ channels

® EFT model predictions derived from MadGraph

® Approach for WWV analogous to analysis used to exclude spin
|,2 hypotheses

® |nZZ a matrix element method is used also based on ratios of
CP-odd and even matrix elements

W
O
1
B

©
] O F [s=7Tev, 45 fo! ATLAS .
2 RC( M SM M CP—Odd) 830 (5=8TeV,20.3 1" H—ZZ*—4]
Mam|? B a5 Gl () =55, |
SM L 251 (Kapv/€sp) - tan(a) 5,KHW 0 -
- (Raw/Ksw) -tan(a) =5, =0

® Main difference is inclusion of second order term that grows
quadratically with CP-mixing parameter 5
| Mcp-odd

| Msm|?
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CP-Mixing limits from H—Bosons

® Extraction of limits from DNLL curves

® 95% CL limits given, also on additional CP even coupling

® At 95% CL these limits naturally exceed the VBF production
analysis

® Though 68% CL interval for VBF analysis more narrow

® Production and decay information complementary — combine

Coupling ratio

Best-fit value

95% CL Exclusion Regions

Combined Observed Expected Observed
Ruvy /KsMm —0.48 (—o0, —0.55] [ J[4.80,0) (—o0,—0.73]J]0.63, c0)
(Ravyv/Kksm) - tan « —0.68 (—o0, —2.33] J[2.30,0)  (—o0,—2.18]J]0.83, c0)

Expressed in terms of the
parameters used for the

HWW/HZZ CP analysis
(E.P. J. C75 (2015) 476):

d= —Kz7z = —Kkw = —Rw/kspm tan

27
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30

251

20 B Expected

15

30F

25—

| — Observed

20

H—2Z* — 4l

| 1T { 1T 1T 1T { 1T { 1T { 1T { 1T
| ATLAS H—ZZ* — 4]
B (s =7TeV, 4.5 5’ ]
Expected Combined Vs =8TeV, 20.3 15"
: Expected H— WW* — evuv
C H— WW* — evuv Vs =8TeV, 20.3 5" _]

1
2
(Kan/Kgy ) - tan a

Expected:

"7 signal strength fit to data

------- Expected: SM

H—ZZ* — 4]
Vs=7TeV, 451"
Vs =8TeV, 20.3 15"
H— WW*— evuv -
Vs =8TeV, 20.3 15" 7

involvement by Freiburg, Munich, Mainz
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Run 2Update from H—=ZZ*

> g0 T T T T T T ]
. . () L & Data _
®  Analysis using 2015+16 dataset G L ATLAS
2 rH—= 272" =4l -ﬁfv VWV ’
Ny S0 -5 TeV, 36.1 b B Z+jets, 1 ]
..@ L 77 Uncertainty
. . C r
® More events than Runl but split across a lot of categories g 40
30F
14 ”» L
® “Symptom” of STXS trend 2o
L] L] L] L] L] 10: [
® From rate in each category, derive sensitivity to EFT parameters :
0
80 100 120 140 160
. . . . mConstrained [GeV]
® much less sensitive than Run|-style matrix element analysis !
CATLAS s
. o o o I . 4+ Expected SM ]
® to be fair also missing WW* final state still H—2Z 4 o oo
— Reduced Stage 1 —IyHI<2.5 B [fb] ((5'B)SM [fb]_
’2257\““\“\\ L L ::‘“\“‘\““““‘\“‘\“‘\“‘ gi“\“‘\“‘“““\“‘\“‘\‘L ggF-Oj: +' 880j§?g 730&50:
~ L ATLAS ATLAS n +150
8 [ :ZLQZS* ~ a4l — Observed S SO;H — 77" — 4] - Observed % SO?H 77 - 4| - Observed 1 ggF-v..-p?-Low — - T TR
L ] T » r 4 b ggF-1/-pH-Med = 160 o0 120 = 20
20|13 TeV, 36.1 [ ---- SM expected 25713Tev, 36.1fb ---- SM expected [ 13TeV, 36.1fb ---- SM expected ; T — L © —
L k=1, Ky =1 L opgg =1, Kgy =1 25;KHgg=1,KSM=1 { 9gF-Y-pi-High | * 0w 2=
L Observed: K pgq = 0.43 zoiObserved:hAcAWI=2.9 20i0bser\'ed:ﬁm=29 gng-2j — . ZOOt:z R
15jExpecteg:§Agg=o.oo L Expected: &y, =0.0 r Eercted:ﬁHW=0.0 VBF-p’T-LoW | * 260 11% 886227 |
: ' sE 150 VBF-p,-High |- . : j;oéiﬁ az-ziﬁz |
10— r VH-Had G (95% CL) ’ |
i 10 10F VH-Lep % 5 oy e8|
i E ttH 5 <<9;°1/.,OC ) 15.4
57 L | 1 1 1 | | 1 | 1 1 1 | 1 1=
- 5~ 0 2 4 6 8 10
i i oBl(oB),,
ot ol
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arxiv: 1805.10197v| CCA\Z R AU NV ERAITAY
what'’s up in Run 2 ?

® A lot of effort went into “rediscovery” of Higgs at |3 TeV

ner-»

® WW* published only recently on 2015+16 dataset, H=TT
® ATLAS recently combined differential measurements in Yy and ZZ*
® So far only stating combined differential cross sections

® no combined interpretation w.r.t. BSM Higgs theory

® Hope for proper EFT interpretation in combination with further channels

=y 22 - I T T T T ] 3 70 - T T T 1
= o v H>ZZ >4 . - v H-ZZr -4 B
& oF ATLAS ¢ Combined = %’ - ATLAS ¢ Combined ]
o) 18i H—=2ZZ,H—yy b H-—yy = 60— H—>ZZ,H—1>Y\{ 4 :IVEWXH -
o -OF -1 i HRes + XH B C - v + 3
= e BTEVEIT NNLOPS (K = 1)+ XH C 18TeV.38BT NNLOPS (K = 1.1)+XH 1
le_ = W MG5 (K = 1.47) + XH E 50 S MGS5 (K =1.47) + XH .
O 14F ¥ RadISH + XH = C i) STWZ + XH .
B T E 455555 XH = VBF+WH+ZH+ttH+bbH ] C 444444 XH = VBF+WH+ZH+ttH+bbH ]
© 12F = 401 E
1} ’ E 30 + | =
0.8 — C =l * .
oot 17 =Ly L
0.4/ %k; E 1oE- '“W“} nn E
0.2 M . E - A BT
E brrmnrns e s e e S W0, L 3 - PN s e s e e
1.6~ T 1.6 ' ' ]
g 14 : — g 14 —
a 12F + * + N + * - o 12f + -
- L e R (RN S D G o A + ”””” = > 1—-~+ ——————————— + ———————— + ————————————————————— + ffffffffff +—
3 08 ; - g 08F 'R “HE -
= 8-2 - - =  06F . B
4 . . . . . . . . — 0.4 . . . . -

0 10 20 30 45 60 80 120 200 350 29 0 1 2 =1 =2 =3
P? [GeV] Njets
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Summary

® (non-comprehensive and biased) review of Higgs measurements at LHC
® CMS and ATLAS provide fits of some well motivated coupling modifications

® using only rate information, not considering predictions for correlations
® EFT approach provides complete set of possible modifications of rate and shapes
® Runl data has been also interpreted in EFT approach, but in uncoordinated way
® Several theorists using Run | inputs and even making predictions for Run 2

® Should collaborate more closely to ensure valid systematics treatment

® First results appearing for EFT interpretation of Run2 data
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separating production modes by jet
multiplicity

2-jet categories enriched with VBF

Increase purity with selections on An;;,
m;; and similar variables

Third-Jet veto sometimes used, but
introduces large theory uncertainties

high Higgs-candidate pt improves
sensitivity

Higgs from gluon fusion (ggF) has large
theory uncertainties on pt spectrum

Tagging” Pro

uction Modes

GEORG-AUGUST-UNIVERSITAT
GOTTINGEN

QCD-scale uncertainties on ggF one of 11,

the dominant uncertainties in all
channels

O-jet 1-jet 2-jet
pr™ > 100 GeV
P > m; > 500 GeV | m; > 700 GeV
100 GeV |An;| > 3.5 |An,| > 4.0
i Ui high-p;™
p™ > 45 GeV nghces Uighepy boosted loose
VBF tag
Hh baseline low-p,™ low-p™
""""""""""""""""""""""""""" W . high-p;™
pr™ > 45 GeV Jhe AP | boosted loose
VBF tag
©Th baseline low-p;™ low-p;™
EmRiss 5 30 GeV
b > 35 GeV HigezBre higispr loose
e VBF tag
¥ baseline oA P low;fort
high-py' high-p;
p{ > 35 GeV .
2-jet
ee, uu low-p-! low-p-! J
baseline Pr QWP
highly
@ TeV only) boosted booated VBF tag
baseline
P > pr > P> 100 GeV
100 GeV | 170 GeV | m, > 500 GeV
32 lan,| > 3.5
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® Measured signal strength in units of SM cross section x branching ratio
® Not possible to measure either by itself without theory assumptions
® |n all decay channels signal strength agrees with SM expectation within |-2 G
ATLAS and CMS -o- Observed 10
Channel References for Signal strength [u] Signal significance [O] LHC Run 1 : Th. uncert.
individual publications from results in this paper (Section 5.2) w Y '
ATLAS CMS ATLAS CMS  ATLAS CMS = Wzvs - :
H - vyy [92] [93] 1145077 11159033 5.0 5.6 ol e
(%3%)  (5) @e  Gb Lo =
H - 7Z [94] [95] 1525049 1.04 1932 7.6 7.0 m zZz| ——t
(53) (%) o e 7wy It
H - WW [96,97] [98] 1223032 0.90 3033 6.8 4.8 ;; H:
(%)  (%%) 68 69 T ww| e
H- Tt [99] [100] 1415099 0.88 1039 4.4 3.4 = adl —— |
(83) (%) 63 6o " -
H - bb [101] [102] 0.621037  0.81393 1.7 2.0 ww/
(B3) (@8 @D 25) N N
H - pu [103] [104] 063 09+ bb | -
(55 () E— é
1tH production  [78,105,106]  [108] 1.9 508 2945 2.7 3.6 = sl . :
(%) () ae (13) ob R
6 -4 -2 0 2 4 6 8 10

33
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H — Z/Z*

n>r->

> L o | IR ] [ | L L { | L L L ] | P L l 17T 11 I | R I | N |
& 40  Data2011+2012 ATLAS 24051 & ATLAS
- [l SM Higgs Boson i — s 2012
C R = H—ZZ*—4l S Exp 2012 . x
2 _F m,=124.3 GeV (fit) 3 Q 3 H—>ZZ* -4l =
© 35 \s=7TeV |Ldt=4.61b S 10 Obs 2011 -
: [ Bl Backgroundz,zZ \s=8TeV |Ldt=207b" — T e Exp2011 \s=7 TeV [Ldt =4.6 fo!
kE - [ Background Z+jets, tt - R 10 - — 8 )l()S 80%18]23{[]02
30 1 systne. p Combination  ys-8 TeV |Ldt =20.7 ft5*
25—
20—
15
10 ‘ l ¢
O 1 1 10‘13 J By [ [} [ L) l“‘i“‘nl | = l l =2k l { o ] L.:.::l 2% L B | J ] S )
100 150 200 250 110 120 130 140 150 160 170 180
m,, [GeV] m, [GeV]

e Selection: 2 pairs of isolated, opposite sign leptons, lead pair consistent with Z mass

o Categorization: one each for VBF ggF and VH
¢ Backgrounds: Z7* continuum, Z+jets and ttbar

e Main Results: obs. (exp.) 6.6 (4.4) 0 at 124.3 GeV, corresponding to Y = 1.7%03 94
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URELIRYE Ll IR LR RN TR
....éMH—wy expected p. ATLAS

-l
-
vy
vty
w®)e
vl
T b S
PP Pt g
wr*" e
" -
audn®® _se®
- -
-

Data 2011\1s =7 TeV

Ldt=4.8fb"
J 60
Qata 2012 \1s =8 TeV

Ldt =20.7 fb" 70

| | | |

5 gpoogf= T T T~ v ¥ rPom i o 1 —] o 10°
S - ATLAS . Q 102
- 01| e  Data2011+2012 s 3 106 — Observed p
; B SM Higgs boson mH=126.8 GeV (fit) _ le) 0
c T Negg emeeees Bkg (4th order polynomial) ] — :11
9 6000|— — 10 Y e . . e
- - T H—vy - 1 0:3
4000— — 1 0 Reag
- _1 3 10 P, %
| \s=7TeV ILdt: 4.8f1b _ o<l S T S OD T | e
2000 — R 1 0-6
- \s=8TeVJLdt=20.7 b’ . }07
- . 0 — Obs. 2011
2 wE = 107 Exp. 2011
o) 400~ —= 10_9 ==ss EXP.
g5 gggé_ i 10710 — Obs. 2012
i 1002—l + + + ® = 10-1121 ---- Exp. 2012
2 o + ¢ + . * o ¥§ = 10
2 100 B + = -13
e i = 3 1 O
) 200 E E 14 | | |
> = 1 1 1 1 I 3 1 O
LU 100 110 120 130 140 150 160
m,, [GeV]
ATLAS Preliminary
b3 ias | di-photon selection | s I ° ° 2 h . h E o I d h
) ® election: 2 high Er, isolated photons
One-lepton
W(—= Iv)H, Z(— IhH
| o
ET™ significance
VH enriched —
W(— WH, Z(— vv)H
l °
Low-mass two-jet
W(= ji)H, Z{— j)H
High-mass two-jet < o
VBF enriched
VBF —
i ; to M = 1.65%035939
9 P, conversion
ggF enriched —
ggF 35

110 115 120 125 130 135 140 145 150

my [GeV]

Categorization: split 14 ways by production mode and sensitivity

Backgrounds: Y-Y, Y-jet, jet-jet and Drell-Yan fit in mass sidebands

Main Results: obs. (exp.) 7.4 (4.1) 0 at 126.8 GeV, corresponding
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H = WW(lvIv)

% 'IA'T'_lI.'A'S‘I"'I"'"‘I"'l"'l"'l"'l"': Q_O 10 LANNL I L N N O L O O L L O O
-@- Data2011+2012
G 800 _ S sarribrant - I ATLAS \s=7TeV JLdt=461b" 3
e \s=7TeV [Ldt=461b" clalsigbkg. o 8 102 " ‘ i
— 700 (6 =8TeV ILdt — - SM Higgs boson — o Z H—)WW —)IV'V \s=8TeV JLdt =20.7 fb =
g 600 x . m, = 125 GeV _E -l L ]
o H->WW —>lv|v.’.+ Q/1 jets ] ww = = 3
"' 500 [ = » ]
400 O.ther vV _E Ooc
[] single Top - 1
300 [] Wijets —;
Z/n* 00 |seesscessssssssscsscscssss==a==- P . - - - - - -
200 . o 3 20
100  paf=m = e
E e e, ; 530
o 100 T =
é 80 + -@- Bkg. subtracted data o —
60 ivw I:] SM Higgs bosonm 125GeVT T Y =
g 40 3 3 5 140
a 20 O '+' = 10
1 AR - = ==
20 -+- 10‘6 L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I | N N D | l
60 80 100 120 140 160 180 200 220 240 260 110 120 130 140 150 160 170 180 190 200

m; [GeV]
m, [GeV]

e Selection: 2 isolated, opposite sign leptons, large EtMiss

o Categorization: VBF and ggF split by jet multiplicity
¢ Backgrounds: VWW continuum, other VYV, top,V+jets

e Main Results: obs. (exp.) 3.8 (3.7) 0 at 125 GeV, corresponding to g = [.01%+031 g3,
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ATLAS-CONF-2013-079
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g - 'A'TL’AIS IP \ |‘ NI R - Datal J SN s 1 4 L L L LU LA LI L L B LB B
E600- LRI . VH(BD) (best i) o’ [ ATLAS Preliminary . ]
GOUO temTTevLdt-47 ZaUncertainy - © {2 VH(bb) \s=8TeV | Ldt=203fb" .
g - \s=8TeV [Ldt=203fb" VH(bb) (1=1.0) Pt - J ' N
5500 0+1+2lep., 2+3 jets, 2 tags = @) - —— Observed (CLs) d P i
i) - i ‘E 10 p— Expected (CLs) \s=7TeV Ldt= 4.7 fb —
Q) il - * -
== 4001 & = N ER i
& : - 8 [J+2 -
*qé; 300 _— = O F i
=> . O\o 6 — - .
L B ] = i -
200 : > | ]

B y 41— e —
100 ] - .
g o i -

O: ' //////%/ ‘ % ’ % i -‘-"-vi-----.—,-.'«-:»f--?-f"“!"f,"f:.'“r’“ -

: | A | I A ) | | | | | I I A A | | I | | ‘. '__ B l ) I - l | - I L1 1 I | I - I | - I | S - l | - I | N - l L—

50 100 150 200 250 110 115 120 125 130 135 140 145 150

m,, [GeV] my [GeV]

Selection: 2 b-tagged jets and either large EtMiss or |-2 leptons

Categorization: split by W/Z decay, jet multiplicity and di-jet system pr
Backgrounds: ttbar,V+heavy flavour,VV, QCD multijet

Main Results: obs. (exp.) 95% CL 1.4 (1.3) x SM at 125 GeV, g = 0.2%0-7 ¢
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H =TT

.E 1 04 __I LI B I B B LI I Y I N O B Y L B B B Y B l_— ATLAS Pre”m. —o(statisﬁtical) Total uncenaimy
0 E_‘__l_._ —e— Data 3 m, = 125.5 GeV — o(syst.incl.theo.) 4 45 on m
o - ] — o(theory)
n 2 = D Background (u=1.4) i H * 023Phys. Letl. B726 (2013) 88 =1
“— R .
- - "'|__L— ------ Background (u=0) - - A 5132 e | e
2 3 n=1.552c :
> 10° B B H(125) st (u=14) ozs|*S1| ; e
L z = . [+ 035[Phys. Lett. B 726 (2013) 88
B H(125)—11 (u=1) - H— 2Z2Z* — 4l gg; :
: : 1 43-0,40 0.13 : =1
E 1 ™t R 4
1 02 Z i T [+ ggt}) Phys LettB726(2013)88 , _k
E E 0.31 . 2;0 : =gt
B N =108 0.28|" 0 %a i | i |
B ¥ i Combined ; 8_13 Phys. Lell; B 726 (2013) 88 [E;
- = 1 H—yy, ZZ*, WW* +0.17 : s
+0.21 0.13 :
105 ATLAS Preliminary = =10 a0 e B
Z _[ L dt=20.3 be - I« 3 ATLAS-CONF-2013-079)
2 |1£0.5 —t -
E i W,Z H— bb | ;
o \S=8TGV =1 “:02073t0.4 ,___4
"“_0.6[<0.1 : :
B — : EX | [
1 T W i s s S ! P i E Vo s W i Y, v s e e B TR W B = 03 |ATLAS-CONF-2013-108
H— tt (8TeV: 20.3fb) | 03 ; T
'3 '2 '1 0 1 n 1 4.05 -gg b
= 1 .03
-0.4 | _ 0.2 ) l ) | l——l—-{
log(S / B)
Selection: 2 opposite sign T lepton decays (all modes) ulins npsinaniiba e o LA e
* PP g P y \s =8 TeV [Ldt = 20.7/20.3 fb ! Signal strength (n)

Categorization: VBF and boosted category, split by decay mode of T lepton

Backgrounds: Z— TT, ttbar,VV Depending on tau decay: Drell-Yan,W+jets, QCD multijet

Main Results: obs. (exp.) 4.1 (3.2) 0 at 125 GeV, corresponding to Y4 = |.4%0594
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Fit Inputs

® Measured signal strength in units of SM cross section x branching ratio

ne»r-»

® Not possible to measure either by itself without theory assumptions

® |n all decay channels signal strength agrees with SM expectation within |-2 G

Channel References for Signal strength [u] Signal significance [O] ATLAS and CMS _e- Observed =16
individual publications from results in this paper (Section 5.2) LHC Run 1 Th. uncert.
ATLAS CMS ATLAS CMS  ATLAS CMS " Y| »
H - yy [92] [93] 1147027 1113023 50 5.6 o 44 18
o WW <
(23)  (33) ¢e 6D -
. . 1T ——
H- 77 [94] [95] 1524040 1,04 +032 7.6 7.0 " Y o
(+532) (239 6 (6.8) m ZZ —e—t
) . 0 I :
H - WW [96,97] [98] 1225023 0.90 0% 6.8 4.8 W‘g i i
(%)  (B&) 68 (5.6) - ,
H - Tt [99] [100] 1413530 0.88 %039 4.4 3.4 % ww | o
(+03) (f53) 33 3.7) | —— |
H - bb [101] [102] 0.62+037  081+045 17 2.0 '35’ +
(%) (85 e (2.5) T wwl .
H - uy [103] [104] -0.613¢  0943¢ N | .
(59 (%) bb ~
: +0.8 +1.0 vy L '
ttH production  [78,105,106]  [108] 1.9 198 29719 2.7 3.6 T ww :
(7)) () ae a3 B . :
bb...I...I...I.ﬂ:ﬁ...l...l...l..

6 4 =2 0 2 4 6 8 10
o - B norm. to SM prediction
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Couplings: Fit Model

Ner=-p»

n,scignal = Z HiT i, SM X Aff X 82} X g X Bfsm X ¥ g

® Ve derive couplings from event yields n in the different analysis channels k
® Parameters of interest are the “signal strengths” H; for production and s for decay modes
® These are defined such that Uis = | represents signal strength consistent with the SM
® Other parameters are:
® (Oism,Bism: standard model production cross section and branching ratios
® Aki:detector acceptance for production mode i, decay mode f and analysis channel k
® ¢ki:selection efficiency for production mode i, decay mode f and analysis channel k

® |k:integrated luminosity analysed in channel k
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Production vs. Decay

® Possible to fit production and decay rates separately, assuming SM values for the other part

ner-»

® Production modes compatible with SM, though large ratio of ttH to for example ggH

® All decay channels signal strength agrees with SM expectation within |-2 O

ATLAS and CMS -- ATLAS+CMS ATLAS and CMS “8- ATLAS+CMS
LHC Run 1 — ATLAS LHC Run 1 - ATLAS
-+ CMS -+~ CMS
B : —_—+10 — '
; ' —=1o
M E —+— — +20 Y . 5
g9 a"’E M _"'.-_: — +20
- : ———————
u i B
VBF ——— !
: 7 —————
_ : u i
: e —t—
; - ]
MWH - — 5
L : WW ————
: u S ——
u o— ——r———
ZH * — — 5
_ T —;*—
n : o U e e
ttH : * - i
' bb —*:—
M e M ¥ :
e =T
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
-1-050 05 1 15 2 25 3 35 4 -1 -05 0 05 1 15 2 25 3 35 4
Parameter value Parameter value
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Production Coupclings
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T L L
7 | ATLAS and CMS Hoyy o
"‘3? 3__LHC Run 1 H— 77 __
i [ JH—-ww
® separately fit couplings in production ! (JH-w

2 H — bb
® fix decay BR to SM values I (m

® simplify production couplings 1:_ %/

e VBF=VH:“VBF+VH” o-

o ttH = ggF: “ggF+ttH”

1+ —
| —68% CL + Bestfit * SM expected |
C 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ]
0 1 2 3
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YY: Spin/CP

1_. 250 —l I LU I LI I LI B B | l LI l I I LI bl LI I L L L

¥ 7\ o - ATLAS H— yy —J = 2+ Expected s
v 1 \ B - +
\ " g ) 2 5ol \s=8TeV det=20.7fb1 ° Jf=2'Data ]
\ y Q — Bkg. syst. uncertainty —
i E ]
B _ro/y
150 (qu_O %) ~
B —— _
100, —é— [ W —
B —‘—_I_—O— _
501 e -
B — _
| ——

oF =+ 4
:l 1 1 I 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 l 11 1 1 I 11 1 1 l 1 1 1 l:

o 01 02 03 04 05 06 07 08 09 1

e*
e Sensitivity: only sensitive to 0* and 2+ [cos 67|

| sinh (A7) | 219%119%2
2
\/ 1+ p /mw

e Unique feature: observation of this decay strongly disfavors spin | (Landau-Yang theor.)

® Variables: Pryy and cos(6%) in Collins-Soper frame ®¢1 =

m
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ZZ*: Spin/CP

I I | I I I I I I I I I I I I I I I |

Al
S gl * Data ATLAS -
- [l Background ZZ* :
@ | IllBackgroun  HoZZ's4l
S [ [ Background Z+jets, ff _
Lﬁ 20_ —rs JP _ Nt ’ =
C Y \s=7 TeV |Ldt=4.6f" ]
- = \s=8 TeV |Ldt=20.7 fo "
10/~ f -
N .
o4 0 . O— -------- :
e Sensitivity: all Jr hypotheses -1 -0.5 0 0.5 1
BDT output

® Variables: full 4 lepton decay kinematics available, combined into BDT

¢ Unique feature: Dominant channel wrt sensitivity to 0- vs 0*
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WW: Spin/CP

B ] | | 1 8 R T ] ]
= 100 ATLAS —4— Data - background | £ 100 ATLAS —t— Data - background |
Lul | \s=8TeV |Ldt=207fb Poots oo L | Vs=8TeV |Ldt=207fb" - ]
~2%f_=100% F=0
- H— WW* - evuv/uveyv + 0 jets e - - H— WW* = evuv/uvev + 0 jets -
S0 + i S0 | ‘r‘
O_;t+| + | |++l |+ _ *H_ e + _ _‘i :+: _
e e
i ! ! ! +I l ! ! + I ! I i ! ! | * ! ! ! | I I I ! | ! |
0 10 20 30 0 10 20 30
BDT output BDT output
® Sensitivity: all Jp hypotheses, but only small separation between 0* and 0-
® Variables: Apt(ll), Ap(ll), pr(ll), m(ll), Eivw and mT, combined into several BDT’s
e Unique feature: higher event yields than ZZ* but difficult due to ExMiss
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' Limits on alternative Spin/CP
Hypotheses

Tested Hypothesis pggp,ﬂzl pgfp,u:ﬂ Pos piL Obs. CL, (%)
0} 25-100 47-10° 085 7.1-107 4.7-107*
0" 1.8-107°  13-100* 088 <3.1-10 <2.6-1072
2% (kg = Ky) 43-10%  29-100* 061 43-107 1.1-1072

2*(k; =0; pr<300GeV)  <3.1-10° <3.1-10° 052 <31-10° <65-107°
2*(k; = 0; pr < 125 GeV) 34-107° 39-100* 071 43-107 1.5-1072
2*(k; = 2k4; pr <300GeV) <3.1-10° <3.1-10° 0.28 <3.1-10° <43-107°
2*(k; = 2k4; pr < 125GeV)  7.8-10°  1.2-10° 080 7.3-107° 3.7-107°

e Channels: Yy, ZZ* and WW

e Signal models: 0- quark-induced, |*- gluon-induced, 2+ different mixtures

e Results: All hypotheses except 0* excluded at >99.9% confidence level
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HVV in Effective Field Theory

® Most general, Lorentz-invariant tensor structure of HVV vertex

TH (g1, g2) = ai1(q1, q2) g"” (SM: CP even)

+ a2(q1, 2) [q1 - q28"" — g5 q7]
(CP even)

+ a3(q1, 92) €""P?q1pq20  (CP odd)
2

. 2m
® With SM values of: a1 = TV a»=0,a3 =0
: : 2m%/
® To add CP violation one needs: a; = —*,a> = 0,a3 # 0
® Yields effective Lagrangian:
Lot = Lsm + GuanHA A" + GuazHAWZR + GuzzHZ,0, 7MY + GuwwH WJVW_“ Y
o : : . o g s, y 5 L , -
with the couplings given by: guaa = ——(dsin” 8w +dpcos™By)  Guaz = 5—— sin20y(d — dp)
w w
Onzz = ZL(Cz cos” By +dpsin*Oyw)  Guww = 34
my My
® assuming d-tilde = d-tilde_b simplifies this to:
1 g - Expressed in terms of the
Omas = 0nzz = =O0uww = ——d and  Qpaz =0 | parameters used for the
2 2my HWW/HZZ CP analysis
(E.P. J. C75 (2015) 476):
48 |d~= —Kz = —Kw = —Rw /KsMm tanar|




The H=TT Decay Channel

Utilize H—=TT due to relatively large VBF sample

But method independent of Higgs decay, so could include more channels in Run2

Based on Runl H—=TT ATLAS analysis (JHEP 04 (2015) 117)

same background (BG) models and multivariate classifier (BDT)

But instead of fitting BDT score distribution, cut on score and fit OO ;o #-=

Prove that BDT score and optimal observable are uncorrelated

—h

0.8
0.6
0.4
0.2

(Optimal Observable)

-0.2
-0.4
-0.6
-0.8

—_ I|III|III|III|I

T I L I 1T
ATLAS

tleprlep

{s=8TeV, 20.3 fb’

I LI I LI I LI
. Background
—4- VBF H (d=0)

N i N N N

v b L b Ly
-0.8 -0.6 -0.4 -0.2

IIIIIIIIIIIIIIIIII
02 04 06 0.8

B DTSCO re
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(Optimal Observable)
n

= o
aa O O,

— |IIII|IIII

1
—

{s=8TeV, 20.3 b

—4- VBF H (d=0)

-E 4 I T 1T I T 17T I 1T 17T I T 1T I T 17T M
o] 10 = —¢— Data E
; E |:| Background (u=1.4) E
% s I T T Background (u=0) |
2 o° = B 25w =)
E H(125)>tr (u=1) 7
10°E E
; ATLAS :
| (s=8TeV,203f6" [
15 (s=7Tev, 451" E
¥ L L1 1 \ 1 —— ‘ 1 ! L1 1 1 ! 1 [ 11 I
-4 -3 -2 -1 0 1
log, (S/B)
10
T T T I I
ATLAS
B Background
Tlepthad
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Generating Signal Models

Generating signals for continuous CP-mixing

parameter is CPU- and disk-intensive

Prefer to re-weight SM signal sample with large

number of events

Use final state kinematics at generator level to
calculate weight based on ratio of CP-odd and SM

matrix elements

Matrix elements calculated at leading order using

HAWK 2.0

Leading-order calculation validated against NLO

calculation with Madgraph 5
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generated/reweighted
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(G S s
Testing for CP Violation

® Define CP odd observable X

ner-»

e <X>!=0 — CPviolation
® Possible Observables:
e "Optimal”’ observable

o Signed ADj = P+ - D.: D, is P of the jet in positive z-direction

:: :l T T T T T T T T T T T T T T T T | T T T T | T T T T : 3: 0.35__I T T T 1T T 17T LI LI T T T T T T | T 17T | T T T | T T |__
© 0.2 —— SMVBFH = @ = —— SMVBFH .
0.18F ATLAS simulation —— CP mixed = 0.3 ATLAS simulation — CP mixed -
s work in progress =~ —— CPodd E 5 work in progress ~ — ¢Podd 5
0.14 - - .
0.12F 4 E 0.2~ E
o1 [T = E 0.15F -
0.08/=— = - .
0.06— _’—L‘_I—'—=|= =|=—'—'_'_|_|_ L —— 0'12_ B
0.04F- Bait BN = 0.05F E
0.02= L . - =
: 1 1 1 1 | | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |:

-3 -2 1 0 1 2 3 10 10

Ad o)

—
=
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this analysis

Large irreducible background from Z—TT decays

Embedding

Feel a bit cheeky talking about embedding in Bonn, just wanted to say it’s important also for

Complex final states (boosted,VBF) want to rely as little as possible on simulation

Cannot select pure Z—TT control region in data, but we can get a very pure Z— Ul

ATLAS

R
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Events /3

Data/Model

300

250f
200F
150}
100}
50F

)

1.5
1
0.5

-15 -10 -5 0 5 10 15

Confirm BG Model

Control Regions:

® Low BDT-score region (Z—TT, Fakes)

® Inverted b-veto (ttbar)

e /-l mass-window (only leplep channel)

TiosTin Top CR ATLAS

- A —e—Data h
- {s=8TeV, 20.31b — VBF H (d=0) 1
- ggH/VH e
r mmZ— T ]

B {T+single-top
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2. Uncert. ]

Optimal Observable

Events /3
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Optimal Observable
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Sighed A®jj Analysis

® Signed AD; = O+ - D.: P, is P of the jet in positive z-direction
® (CP-odd observable proposed previously in Phys. Rev. D74 (2006) 09500 |

® Significantly better performance of optimal observable

—_ T T | T T T | T T T | T T] —_ : T | T T T | T T T | T |_— _I ]__ T | T T T T T T | T T T | T T T | T i
0 [ TiepTiep Signal Region ATLAS : Qli 40: TiepThag Signal Region ATLAS N 2' 09- ATLAS e . E
B L § —e- Data i B - § —e— Data . S IE y 00 Expected (d=0, u=1.0) ]
"g : 9gH/VH - -'g B ggH/VH ] 0.8 - e A¢jsj'g" Expected (d=0, u=1.0) =
) B M Z— ] o 30 B Z— 1t — 07:_ =
> 20+ Bl {t+single-top — > - Il {t+single-top - - —.— 9
L i I Fake lepton L C I Fake t ] - T el o ¢ .
B B Others j 250 B Others e 0.6~ . ‘ =
u 722 Uncert. . B vz Uncert. N - » R .
15+ — - . N A ]
: ] 20F = 0.5E . ._,.r =
- ] s 7 ] 0.4 . J 3
7 B % ] I~ kY ’ =
10;/ 7 - 15; I / % . 035_———.____.._--..\‘ s ,, =
OW 00 JHEE, v N % il ‘-‘ i e T T - __ 1
A, 106717 7 Y, = - bR e 1
0.2 AR L -]
C o i ]
0.1~ 8 3
OI: 1 | 1 1 1 | 1 1 1 \.J'-‘;,I 1 1 | 1 1 1 | 1 :I

-2 0 2 -2 0 2 204  -0.2 0 0.2 0.4
Signed Aq(jj,) Signed Aq(jj,) 3
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Comparison with Decay
Analyses

® Reminder of effective Lagrangian
Lo = Lsm + GuanHAWA" + GruazHAWZY + G1zzH 207" + GuwwHW,, W

® To be compared with:

Ly = {COS(Q’)KSM [%QHZZZ,LLZH +gawwW, WH ]

11 . 5
IR [COS(CL’)KHZZzMVZ'uV + s1n(cv)/<AZZZWZ/“‘V]

—%% [COS(CL/)KHWWvaW_MV + sin(a)KAWWWJvW‘W]} Xo
®  With some simplifications

oy =~ d kgyy = Ly OrAA = OQHzz = !
Kavy = ZXKAVV and Kgyy = ZXKHVV H HZZ 7

® This leads to:

~

HWW = 9 7 and Oraz =0
2mW

[{(®)]

Expressed in terms of the
° parameters used for the

HWW/HZZ CP analysis
(E.P. J. C75 (2015) 476):

d= —Kz7z = —Kkw = —Kw/Ksp tan
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Full LHC Dataset Projections

HH|HZ [ HW | H incl.|H + | H + 2]

H—bb |8 ]25] 40 | 100 | 100 | 150
H—~y | 60|70 30 10 10 20
H— rt77100| 75 | 75 80 80 30
H—4 | 70|30 30 20 20 30
H —212v | 70 |100| 100 | 20 20 30
H — Z~ [100|100| 100 | 100 | 100 | 100
H — ptp~|100]100| 100 | 100 | 100 | 100

B GEORG-AUGUST-UNIVERSITAT
./ GOTTINGEN

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process
production process decay process op — H 14.7 H = bb 6.1
pp — H 10 H — bb 25 pp — H +j 15 H — vy 5.4
pp— H+j 30 H =y 20 op — H + 2j 15 H— 777" 2.8
pp — H + 2] 100 H— 7177~ 15 op— HZ 51 H — 4] 4.8
pp— HZ 10 H = al 20 pp — HW 3.7 H — 2120 48
pp — HW 50 H — 2[2v 15 _
pp — tEH 30 H — Z~ 150 pp — ttH 12 H — Zy 9.4
H — M+M— 150 H — ILL+/,L_ 2.8
TABLE II: Relative systematic uncertainties due to back- TABLE IV: Theoretical uncertainties for each production and
ground processes for each production and decay channel in decay channel in %.

%.
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Comparison with H—Bosons

® Limits on CP-mixing also extracted from combination of WW

ner=»

© [T T T T T T
and ZZ channels S o 15=7Tev, 451" ATLAS

8 [ /s=8Tev,2031b" H—>ZZ*—4|

UCJ 20:_ """ (EAVV/KSM) . tan((x) =5, HVV= 0 -]

® EFT model predictions derived from MadGraph

o
Al _AL
|
o

F - (Raw/ken) tan(a) =

® Approach for WWV analogous to analysis used to exclude spin
|,2 hypotheses

® |nZZ a matrix element method is used also based on ratios of
CP-odd and even matrix elements

2R[ME(ksm#0; kpvy kavy=0; @=0)*-ME(kayy#0; ksm,kpvy=0; a=nr/2)]

O1(kayy, @) =

ME(ksm#0; kpvy kayy =0; a=0)|? ’ © gg[ T T T T T T T T

|1|\/IE(( M 0 avv AVVO /)2|)|2 33 - (s=7TeV, 451" ATLAS

#U; KsM,.kgyvy=0; a=n » AAF 4
Ox(Kayy, @) = S @ 30 /s=8TeV,20.3fb H—>ZZ*—4l -
. ) — 2 = C

IME(ksm#0; kpvy kavy=0; a=0)| £ | ]
W o5L " (Kanv/Kgy) “tan(a) =5,k =0 ]

K
H
Fo (Ravv/ksw) - tan(a) =5, =0

® Main difference is inclusion of second order term that grows
quadratically with CP-mixing parameter

Expressed in terms of the
parameters used for the
HWW/HZZ CP analysis
(E.P. J. C75 (2015) 476):

d= —Kz7z = —kw = —Rw /ksym tan

® Reminder:
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SImplified Template Cross Sections (S TX5)

V)‘H\rm
-SSR
e W

 Evolution of Run | coupling framework CMS 71 Stage-0 analysis: O
- Measure cross sections, instead of signal strengths gn(;rpblrjatlon of main ch%nnels
reliminary 35.9fb" (13 TeV)
. . —— 2 |- gg—H e Observed .
 Allows for global combination g " —ifo satosys)
across all decay modes NE Lol T T SMpedoton
0 é é
9 ‘ HEEW () ttH-+tH
] N 1_— , H+Z(ll/vv) + ‘
Stage-0 categories: C :
Sepal’ated IntO Productlon mOdeS ;_ 10—1§_ Et?g<e£58implifiedTemplate Cross Sections .
(EW qqH) (H + leptonic V) g R
- VH - bbH tH 10°F bb
(Run1-like) _ N i * ww
_ » qq > WH o 10 ' TT
— m E
Ey] L  ZH — ’
>[99 — ZH o0 ! »
o /
[ arxiv:1610.07922 | ok

p ;
| CMS-PAS-HIG-17-031 2327

\—

Karsten Koneke
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sl H — yy and H — /" = 4L

Stage-| ggF categories:

. LI I L l— ™ TE ] I L L l L ' L I B 8 6 N I L
: 99—H (0-jet I-EH ATLAS Preliminary
exclusive phase spaces (s =13TeV, 36.1 b
gg—H (1-jet, p" < 60 GeV) y W
r — H—yy and H—ZZ*—4i
99—~H ,  my,=125.09 GeV, |y |<2.5
(1-jet, 60 < p'T' <120 GeV) = , H
dH , e
e e o 7] e 120 < <0 e [ ==
gg—H (> 2-jet, p" < 200 GeV |_H_|
) ) —7] 9g—H (> 1-jet, p" >200 GeV) l I Ratio aoatesd oo
(o] | [ “or e .
+) +) qq—Hqq (p’r < 200 GeV) l —e— Measurement o]
/qq — HIVHI F i -
e~ Y : % : F Syst. uncertainty D
99/qq —ttH — E == | | Sivl predictilon ll
—1 0 1 2 3 4 5 6
o, X B, normalized to SM
[ arxiv:1610.07922 ]
‘ ( _ ] } ] |
Karsten Koneke \ ATLAS-CONF-2017-047 J 24/27
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