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Higgs property measurements - couplings strengths

e Signal strengths u(i—=>1) as measured by ATLAS & CMS
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(See also Marco's talk on Tuesday)
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From signal strengths to couplings — the K framework

How to interpret observed signal strength u(i->1) in terms of
(modified) Higgs boson coupling strenghts?

Narrow Width Approximation allows factorization of ¢ as follows
oi(kj) - T'g(k;)
I'n(k;)

O'(Z—>H—>f):

Parametrize o, and [, in modified couplings strengths k;
w.r.t. SM couplings, assuming the LO degrees of freedom, e.g.

g W, Z
/S S N e < WW/zZ
H

2

K
g W, Z W

K2

Kczl ~ 1.06- K,z +0.01 -K,% —0.07 - k:kp Z

Expression assumes only SM contributions to loop
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The K framework — the total width

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

| k) - Ty(xy)
ot > H->f)= @

e Since [ is not yet directly measured with a meaningful precision,
must make an assumption on /', to interpret cross-sections in terms
of Higgs couplings.

e |n absence of H decay to invisible particles, can assume SM width,
adjusted by effect of k-rescaled couplings

Ch(kj) = ki (k) - T

f 0.57 - k2 +0.22 - k3, + 0.09 - k2+
K2~ 0.06-k7+0.03- k5 +0.03 - kZ+

0.0023 - k5 +0.0016 - k3 + 0.00022 - & e ML

~N oS



The K framework — results

e Current LHC data allows to fit for six tree-level Higgs couplings
(to Z W, t,b, T,u) probing vector bosons, leptons, and up/down quarks

e Alternatively assume universal scaling for fermions and bosons, for
improved precision (at the expense of additional assumptions)

Fit with 6
fundamental
couplings,

loops resolved
in SM content,

no invisible
decays
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Mass scaling - Does h(125) behave like a Higgs boson?

For SM Higgs boson coupling strength related to mass of particle

19.7fb™" (8 TeV) + 5.1 16" (7 TeV)
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Minimal Composite Higgs models: MCHM

e A possible solution for scalar hierarchy problem is that
H is not elementary particle, but pseudo Nambu Goldstone boson

arising from a higher energy theory (a SO(5)/SO(4) model)
— MCHM4: SM fermions embedded in spinorial representations of SO(5)
— MCHMS5: SM fermions embedded in fundamental representations of SO(5)

e Attractive feature of these models is that Higgs couplings are modified
in a simple form w.r.t. SM and relate to compositeness scale

MCHM4: MCHMB5:
_ _ _ 1 Ky = 1-¢&
K=Ky =Kp= {1 —-¢& e
KF — - .

2 2 . .
& = v7/f7 1s a scaling parameter sy £=0, f=e

\\

MCHM compositeness scale Wouter Verkerke, NIKHEF



Minimal Composite Higgs models: MCHM
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Physics motivated SM extensions — Composite Higgs models

e MCHMA4/5 trajectories (manually) overlaid on new
ATLAS/CMS combined measurement of (k,,k)
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SM extensions with additional H fields — Electroweak Singlet

e The simplest extension of the SM Higgs sector adds
a single EW scalar field to SM doublet field,

— Both have non-zero VEV, Mixing between singlet state and surviving doublet state

— Two CP-even Higgs bosons h and H, assumed to have different masses

e (Coupling properties of h(125) in EWS different from that in SM

. 3 ay, X BRh B K2 -
: (U-h X BRI;)SM ) 2
F K+ =1
oy X BRy )
Hg = = K (1 o BRH,ncw)

(0-11 X BR[“I)SM = SM: k:1, k=0

ATLAS ATLAS
u, =1.187"7 » K?<0.12 (95%C.L) exp<023

(new ATLAS+CMS combined: u, = 1.09 = 0.717) e voreie 1ia 00



SM extensions with additions H fields — 2 Higgs doublets

Models with 2 Higgs Doublet fields
have 5 Higgs bosons h,H,A, H*,H-, with 6 theory parameters

— 4. masses my,M ;M4 My,
— Ratio of VEVs: tan(B) = v,/v, [ with v,2 + v,° = (246 GeV)? ]
— Mixing angle a between h, H:

What limits can we set on q,3 assuming
observed h(125) is light CP-even Higgs of the 2HDM model?

Gauge invariants imposes relation between q,3
and 2HDM h,H couplings to bosons and fermions relative to SM

JHDM , SM -
dryv 19wy = sin(B—a)

2HDM , SM
duvv l9gvy = €Os(B — )

Wouter Verkerke, NIKHEF
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SM extensions with additions H fields — 2 Higgs doublets

Imposing Glashow-Weinberg condition to suppress FCNCs,
four solutions are obtained for Higgs boson couplings to

vector bosons (k,), up/down-type quarks (k,, k) and leptons (k)

2HDM ;, SM .
gy 1 9hvy sin(f — @)
2HDM , SM
guvv 9uvy = €os(B —a)
Coupling scale factor Type 1 Type 11 Lepton-specific Flipped
Ky sin( — «) sin(f — «) sin(f — «) sin(B — «)
K, cos(a)/sin(B) | cos(a)/ sin(B) cos(a)/ sin(B) cos(a)/ sin(B)
Ky cos(a)/sin(B) | —sin(a)/cos(B) | cos(a)/sin(B) | —sin(a)/ cos(B)
K cos(a)/ sin(B) | —sin(a)/ cos(B) | —sin(a)/cos(B) | cos(a)/ sin(B)
“fermiophobic” *“MSSM-like”

Wouter Verkerke, NIKHEF
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SM extensions with additions H boson — 2 Higgs doublets

Results — 2HDM type 2

Measured fundamental couplings
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SM extensions with additions H boson — 2 Higgs doublets
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SM extensions with additions H boson — 2 Higgs doublets

Type 2
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Beyond 2HDM-Type 2 — A simplified MSSM (hMSSM)

¢ |In MSSM mixing between h and H is described by

2 B - . 2 _ 0
MS —(mz+51)[ cos™ B co.s,[;’sm,B +m/21 sin ,B cos,Bsm,B 0 s ]
<. —cos,B sm,B sin” 3 —cosfsinf COS ,B sin®

Radiative corrections (primarily involving top/stop quarks)

If sub-leading correction &, is ignored = can express Mg fully in m,, tanS
—> can express coupling scale factors for k,,k,,k,in m,and tang

s (my.tanB)+tan B s, (m,,tan B)

K =
1%
V1+tan’ B
_ 1 b \/1+tan B
T R Sl anf) g
(m%+m124 tan> B- mh(1+tan ﬁ))z ,'// \\\
’ A
gy = (ma+my) anp oo/ Kg=Sg(my,tanp) \/ 1 + tan® B,

m% +m% tanzﬂ—m%(1+tan2ﬁ)
Jter Verkerke, NIKHEF
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Simplified MSSM
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Wouter Verkerke, NIKHEF
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The K framework — dealing with invisible decays

Results shown so far assumed no invisible (BSM) Higgs decays
nor BSM contributions to loops. Now drop these assumptions.

Represent loop processes with effective parameters,
rather than assuming SM loop content

1.06 - /<,+001 Kb 0.07 - k:kp

Allowing invisible decays to contribute to total width

2
K7, (K7)
H\™J SM
rH(K'9BRi ll) —
! | (1-BRju)
If BR(i.u.) >0 then all observed cross-sections o(i — H— f) = ai(kj) - Ty (k)

lowered by common factor

18



Limit on invisible Higgs decays from Higgs couplings

e (Concept: set limit on BR to invisible or undetected decays
BR, .
U.i. K%_I(K]) o

(1-BR;.) "

e When k, is modeled by 6+3 k;'s it has no strong upper bounad
- BRinv not bounded (', due to large k,, or to large BR,,?)
- Must introduce some assumptions to bound k

I'u(kj, BR ) =

e Scenario 1 — Assume 6 tree-level couplings at SM (k=7),
but leaving effective couplings for loops floating

e Scenario 2 — Keep all 6+3 coupling parameters floating,
but bound vector boson couplings Ky, k><1

(Bound k<1 occurs naturally in many BSM physics
models, e.qg. EWS, 2HDM, MCHM...)

(alternatively, use off-shell coupling strength measurements to constrain I, albeit with additional assumptions)
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Limit on invisible Higgs decays from Higgs couplings

e Assuming SM-like
treel-level couplings
(loop couplings profiled)

30 N ! | ¥ | T | T
B ATLAS [x, xox

2In A(BR )

C G=7T 7R’ IZ.BRL";

25 R-stev.203%" " obseved

203—

15F

95 06 04 -02 0 012 ~03 06 08

BR .

ATLAS BR,, <0.27 (95% C.L) exp<0.37
CMS BR,; <0.32 (95% C.L.) exp<0.42

ATLAS observed better than SM expected
due to observed global strength > 1

-2AInL

Assuming kV<1
(loop and fundamental
couplings profiled)
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T T T I T 1 T | 1 ] T I 1 T T .

10: o ]
oF CMS —— Observed E
of <r¥o ky=1, ----Exp.for SMH |7

- Ky, Ko, Ky, BRBSM ; ]
7_ -
6;— —
5:— —
4:_ =
3:— =
oF =
1:

O: o '1"” 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 R

0 0.2 0.4 0.6 0.8 1

BRBSM

ATLAS BR,<0.49 (95% C.L.) exp<0.48
CMS BR,; <0.57 (95% C.L.) exp<0.52

Wouter Verkerke, NIKHEF

20



Limit on invisible Higgs decays from Higgs couplings

BSM)

-2 Aln A(BR

8 .
- ATLAS and CMS e Assuming kvV<1
7FLHC Run 1 Preliminary (loop and tree-level
6F " oMl exmactod couplings profiled)
: 19.7 fb' (8 TeV) + 5.1 fb' (7 TeV)
- _|1O_'T'I“‘[“TI"T]"T_
i = 9; CMS —— Observed é
< - Ky, K Ky=T, ----Exp.for SMH |7
i N 8F Ky, Ko K BRsou ; £
: 7 E
: 6 E
: 5 E
- 4c S
0: I T R P PR S R TR R R T 35— —i
0 0.1 0.2 0.3 0.4 0.5 2:_ E
BRasw h:
=02 04 06 o8 1
BRBSM
New combined ATLAS+CMS result ATLAS BR,,;<0.49 (95% C.L.) exp<0.48
BR,; <0.34 (95% C.L.) € CMS BR,, <0.57 (95% C.L.) exp<0.52
assuming kV<1 (all couplings floating)
Wouter Verkerke, NIKHEF
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What about direct limits on H=>inv decays

e Searches for associated (VH) or VBF Higgs productions with
H->invisible decays also set limits on Br;,,

— Experimental signature: associated products plus large missing ET

e |ndividual ATLAS and CMS searches in ZH, WH and VBF channels
set limits between 182% and 28%

R R ohes
- se .
PRL 112, 201802 (2014) Z(-> 1) H ATLAS 75% 62% Dll’eCt SM HiggS
- gsume: !
ERIC 74 (2014) 2080 Z(-> 1) H cMs 83% 86% a duction rate
Z(-> bbar) H cMS 182% 199% pI’O
EPJC 74 (2014) 2980
=S 0, 0,
EPJC (2015) 75:337 V(W/Z -> jets) H ATLAS 78% 86%
V/jet + EJHss CMS 53% 62%
CMS-PAS-EXO-12-055
CMS-PAS-HIG-14-038 VBF H -> inv CMS 57% 40% \/BF Searches
ATLAS-CONF-2015-004 VBF H -> inv ATLAS 28% 31% most powerful...

ATLAS HIGG-2015-03 ATLAS Direct Combined result: BR,,, < 0.25 at 95% C.L. (<0.27 expected)

cms pas HiG-14-038 CMS  Direct Combined result: BR,,, < 0.46 at 95% C.L. (<0.35 expected)
Wouter Verkerke, NIKHER
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Combining direct and indirect measurements

Indirect measurements from couplings measure sum of

invisible decays (

(BR

undet?

BR

nv

) and undetected decays
e.g. BSM H decays to lepton+jets)

Direct searches requiring MET only constrain invisible decays (BR.,)

Can (weakly) constrain BR

by combining direct & indirect

undet
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0.3f e’ \/\\x%\\” ]
- \ BF 2 —
0.2} \‘ 8" 3
- 1k ‘
0.1 = s ]
o ‘\‘ 0_ LI IS A R T S R R SR
O(X; L1 g ! [ \ [ [ . 0 0.2 0.4 0.6 0-8 1
0.0 0. 04 0.6 O-SBR. 1.0 - BE{ ndet NIKHEF
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Combining direct and indirect measurements

e Alternatively, (conservatively) assume BR ,4.=0 = Both direct and
indirect searches measure BR,,

e |n direct searches can release assumption of SM production rate
—> substitute measured rate from couplings fit

* |n coupling fit can release assumption k<1
—> direct limit on BR,,, is sufficiently strong to bound [,

nv

< 10 L B B
Most general result (assumes only BR,;,4,=0) c [ Amas

ATLAS: BR.  <0.23 at 95% C.L. (exp <0.24) —N—gi ' =7 TeV, 4547 0"

inv Is=8TeV, 20.3 fbo

CMS: BR,, < 0.49 at 95% C.L. (exp<0.32) C on.

(assumes kV<1) 6l — Vis. & inv. decay channels
------- Inv. decay channels

Includes VBFHinv+ZIlIHinv

--=-Vis. decay channels
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BR.
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Interpreting H->inv as BSM physics: Higgs portal model

e Higgs portal model: h decays to invisible WIMP pairs
- Can map BR(h->WIMP) to WIMP/nucleon cross-section
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ATLAS: BR,,,<0.22 at 90% C.L
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Summary

e Experimental constraints on Higgs couplings from ATLAS/CMS

run-1 data strongly restrict parameter space of many BSM models
(EW singlet, 2HDM, MCHM, hMSSM, Higgs portal to DM)
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e Both coupling fits and direct searches constrain BR(H-=2>inv).
A combined limit exploiting both sources makes minimal
assumptions and restricts BR(inv)<0.23 at 95% C.L.

e Most (coupling) measurements statistics dominated, additional data

of Run-2 data will allow for significant improvement in precision.

Wouter Verkerke, NIKHEF
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