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Indirect approach: relevant literature
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The Higgs potenual

A low-energy parametrisation of the Higgs potential

2

|
V(H):mTHH2+!3vH3+fH4+...

In the Standard Model:

VEM(®) = —p*(@TD) + A(@TD)? =>{V i {! I

2
l.e., bxing v and my , uniquely determines both Az and A4 .

That means that by measuring A3 and A4 one can test the SM, yet to interpret
deviations, one needs to Odeform itO, i.e. needs to consider a well-debned BSM
extension. Such extensions will necessarily depend on TH assumptions.
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The Higgs potenual

To go beyond the SM, one can parametrise a generic potential by expanding it in series:

2
VEM(@) = —12(@10) + A(DT®)2 + Y ACQ” Gy —

2n—4 9

D
VS =gl

so that the basic relations remain the same as in the SM: - H 5
My = 2\

| . . A\ ke \OM
while the Az and A4 are modibed with respect to the SM values: S A

SM
2 Ay = AW )‘4

CgU
N A2 l.e., In this casels and A4 are related.
So for example: adding ¢ only
6cgv?
l€>\4:1—|— A :6/46)\—5

Note: to change Azand A4 independently, one needs at least to go up to dim=8.
LHC HXSWG - General Meeting - July 2017 5 Fabio Maltoni



How to probe the trilinear coupling?
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g t W
Tree-level One-loop Two-loop
ODirectO OlndirectO OlndirectO

2H 1H OH

Comments:

1. For all the processes above anchat the corresponding order , SMEFT calculations with
Og or with a rescaling of Azare equivalent (and gauge invariant!).

2. Model depedent assumptions are always implicitly xor explicitly made in interpreting
the experimental constraints.
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Model dependence and max size of the trilinear

Direct measurements are Oby dePnitionO less model dependent than indirect ones. It
IS therefore important to clearly assess what are the issues that impact both direct
and indirect, and what are those impacting only or especially the indirect.

Questions:

1. What are the NP scenarios that can be probed via a given measurement?

2. How large can Az be?
3. Is it possible to have Az signibcantly different from the SM, with all other Higgs

couplings being close to the SM values?

Answers to these questions frame all possible interpretations of direct and indirect
measurements and need to be kept in mind when sensitivity comparisons are made.
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Model dependence and max size of the trilinear

A few recent studies/results (note: each with its own theoretical assumptions):

L. Di Luzio, R. Grsber, M. Spannowsky 1704.02311

hh! hh partial wave unlt_arlty # i
hhh one-loop (A3) 2 corrections
If we start with V SM=0Q, but couple the Higgs with a singlet scalar
S, then CW potential would give (M. Perelstein) :
21,4 2
oW — Ngiif (Iog % | :_2L> # ks < 5/3
Di Vita et al. 1704.01953

Higgs portal with tuning, leaves all H couplings close to the SM and allows |k ;| =6.

Falkowski and Rattazzi (by now famous yet private note):

Validity of a theory with ONLY self-coupling deformations is studied through
unitarity and can be up to several TeV's for deformation of order |k ;| =10.

LHC HXSWG - General Meeting - July 2017 8 Fabio Maltoni


http://arxiv.org/abs/arXiv:1704.02311
http://arxiv.org/abs/arXiv:1704.01953

SM

!

CE/RW
\

HH sensitivity in the SMEF'T
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Sensitivity plot of o(HH) in terms of the bve

-1relevant operators. Coefbcients are rescalec
‘|so that the ranges are comparable. The
| range of ¢s Is commensurate to that of ks .

|1.An accurate measurement of the Higgs

self-couplings will depend on our ability
to bound several (top-related) SMEFT
operators: Og,0$6,01s .

2.Given the current constraints on o(HH),

e 5 10 15 20 the Higgs self-coupling can be constrained

OignoringO the other EFT couplings.
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HH at the LHC

[Frederix et al. 014]
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\/ LHC at (N)LO in QCD *
MSTW2008 (N)LO pdf (68%cl) |

MadGraph5 aMC@NLO

Note: due to shape changes, it is
not straightforward to infer a

D

Many channels, but small cross sections.

Current limits are on oswv (gg! HH) channel Iin
various H decay channels:

CMS : o/losm<19 (bb!!) [EPS2017]
ATLAS : o/ osm < 30 (bbbb)
CMS : of osm <28 (bbtt)

Remarks:

1.Interpretations of these bounds in terms of
BSM always need additional assumptions on
how the SM has been deformed.

2.The current most common assumption is just
a change of A3z which leads to a change ino
as well as of distributions:

bound on A3 from o(HH), even o — USM[l o (/{)\ L ]-)Al -+ (/{g\ - 1)A2]

when ogsm=0(Ag) only is assumed.
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https://arxiv.org/abs/1603.06896
https://arxiv.org/abs/1401.7340
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Indirect measurement in single Higgs production

1) Exploit the dependence of single-Higgs (total and differential) cross
sections and decay rates on the self couplings at NLO (EW) level:

g

2) Combine all the information (rates and distributions) coming from
the relevant single Higgs channels in a global way.

LHC HXSWG - General Meeting - July 2017 17

Fabio Maltoni



Master formula
1607.04251
ONLEC (71%11}1/[() 2
60- = = — (K/)\ = 1)"‘ (/‘/w')\ — 1
LO / \
Process and kinematidependent overall anduniversal
o _ Tig | dmideafi(@n)fj(wn) 2R (MY Mygu ;) 4@ gz,
- > i J dridzs fi(w1) fi(w2) IMG;|2dD T T KEOZK )
+"H —H——{/ }——H—

Similar (but simpler) formula for C ;1 of decay widths.
Note that branching ratios do not depend on C»
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00 = (kx —1)C1 + (lf%\ — 1)Cs

Co
IC2

Results : total cross sections

" 9514410 4 for $ = + 20
" 1536410 3for $ =1
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1607.04251
Ci[%] | ggF | VBF | WH | ZH | tH
8 TeV | 0.66| 0.65 | 1.05 | 1.22 | 3.78
13 TeV | 0.66| 0.64 | 1.03 | 1.19| 3.51

VBF === ZH —— WH ==--
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http://arxiv.org/abs/arXiv:1607.04251

Results: Decay rates

1607.04251
L moncii)t o) Cill |t |2z |ww | ] gg
IBRi,(1) = 1+(# " 1)Cl@ on-shellH | 0.49|0.83]0.73 [0 | 0.66
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Ditferential information

Calculations: 1607.04251.610.057711707XXXX Use in the bt: 1704.01953L707XXXXX

q

- H 1706.09730 U. Haisch

1-loop Az

lllustrative plot

—

The largest effects arenon-local and at threshold : corrections to ttH and HV processes can
be seen as induced by a Yukawa potential. EFT (at LO) givedocal effects andin the tails.
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http://arxiv.org/abs/arXiv:1607.04251
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http://arxiv.org/abs/arXiv:1706.09730

CE/RW
\

0.14

012
0.10
0.08
0.06 |
0.04
0.02

(1/c)do/dpy

0.00

093

20 F
15 F
10 |
05 F

dC,/dp+(%)

0.0
-0.5

0.09

0.08
007 E
0.06 E
0.05 E
004
0.03 E
0.02

(1/c)do/dpt

0.01 F

0g9

06 F
05 F
04 F
03 F
02 F
01 F

dC,/dpy(%)

0.0

Ditferential information

LO — ]
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0 50 100 150 200 250 300
pr(H) [GeV]
. . . Cy(%)=063 ——
0 50 100 150 200 250 300

pr(H) [GeV]

(1/c)doldpy

(1/0)do/dm

W o
o o o

dC,/dm(%)

C,(%)=352

100 200 300 400 500
pr(H) [GeV]

1707 XXXXXX
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Codes to reweight SM events to include the 1-loop A3 in VH,VBF, ttH, tHj available HERE.
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Ditferential information

1707 XXXXXX
Inclusion of the EW corrections:
107 ¢ = M :
NLO(SM) ——— : 10 NLO(SM) —— ]
: NLO(ky=+10) ——— : NLO(3=+10) ——
102 F NLO(x3=-10) - NLO(k5=-10 ]
: : _ 107 5
= .
kS,
S
10
L
B LT e ————————————
= K3:+10 —_—
g 120F T S0
S 100
% 0.80 | _
@ 060 -
S o040} -
C N N N N N N N N N N N N . N 1 . N . N . z 0-20 " " " " | " " " " | " " " " | " " M M | M " " M
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Note: Differential study for H ! 4l also including EW corrections, available.
Differential effects in H! 4l from Aszare very small
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The first global sensitivity study at 8 TeV

ATLAS and CMS -o- Observed 10
LHC Run 1 Th. uncert.
YY -P-
L i :
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= wWw b
| o
YY i —0—
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; T | ——— |
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10
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We have performed a brst sensitivity
study using the 8 TeV data on rates
and projecting on the future LHC
measurements.

We performed a one-parameter pt,
assuming the other Higgs couplings to
be SM like.

i | ; aB/ = .éﬂf
0 e
pi = 1+ 0d0x,(¢)
u' = 1+ 9BR,(f)
Fabio Maltoni
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Rates: pi'(ky)
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https://dl.dropboxusercontent.com/u/13758136/ecg.mov
http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1607.04251

The first global sensitivity study at 8 TeV

| . 1607.04251
G . 1)$ @
Minimization of &2%(!,)" (i ( f) 2@)
ﬂf..{ﬂf} ( @(I'))
Ay . p" value
10 - == ek =ea goF Sl
y \ i = ooF+VBF = ooF! VBF
5 \ \\ 3 —— gogF+VBF+VH — ggF! VBF! VH
“\‘ \ ‘\ ; === goF+VBF+VH+ttH === ggF! VBF! VH! ttH ',"

KA ';O 10 10 20:"%D
P,: ggF+VBF, st gy e ee A10] - H =[-9A 170]
p-value(";) =11 Fuz (! 2050 "y <! 143 Excluded at more than 2!
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The first global sensitivity study at 8 TeV: inclusion of EWPO

m_and the effective sine are obtained from a, Gp and m_via 1702.01737
. see also
5 - 1/2 A = (Wé('mz)/(\/ﬁGu))l/z
2 pmyz 4A . | _ & 17/02.0/678
my = {1+ [1 — m%ﬁ(l + Afw) &(mz) 1— /_\.&)(mz)
ﬁ L W&(‘mz A
| A2 s Vi T ame A
sin29§§’ ~ g 1—[1— 5~ (1 + Afwy) . 1
Mzp P = 1oV

Ay-dependent contributions appear at two-loop in the W and Z self-energies

(2) 2 (2) "-"I_‘_ . W] f‘.'>|-. e
AP Re Aww (miy) B Aww(0) + N woo W
W o Tn%‘/ m%‘/’ e ““vﬁ‘w.‘_ : ¥l :vrﬁf JNA\'L‘ - ¥ _f/\ﬂ\k ~ ’i}\
0 L S Z S
(2) (.02 (2) ¢, 2 W
Y(2) — Re AWW(mW) Azz(mz ' W
M ;S' o 'mz B m2 o 2. M fj.l
ANAANND A A A A on ) . oW ) ' 1
VAT . — = — — .. * -

Talk by G. Degrassi at EPS
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The first global sensitivity study at 8 TeV: inclusion of EWPO

a1 G 1702.01737
SN =6 | = :
O = OSM [1 + (ky — 1)C1 + (H& B 1)02] .'ngwiep 6.27 X 10_5 lzg X -10_6
0P | —1.56 x 10 4.55 x 10 see also
1/02.07/6/78
, p—value
A‘/ «s ggF+VBF Hor
\ “.' | wew= ggF4+VBF = MytSing ) eeefeennn,

-
-..’
-
-

o M, +Singy == 0gF+VBF+My+Sing ',o'

g == 2eF+VBF+M; +Sing

K5C =05, k)Y =[-4.7,89], k3 =[-8.2,13.7]
p > 0.05 kx> —13.3, k) <20

ggF + VBF Khest = —0.24, Ky = [—5.6,11.2], k37 = [-9.4,17.0]
p>005 ky>—14.3

Talk by G. Degrassi at EPS
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Combining H (total+diff), HH and EWPO

SM Effective Field Theory framework

Write down all the possible operators, let H—h-+v, write lagrangian in mass eigenstates
basis performing field redefinitions and couplings shifts, .. [see HXSWG YR4; Falkowski ‘14]

LDE
v

+

-

+

SM tensor structures

1704.01953

“SM" tensor structures

4 New tensor structures

10 Independent couplings

2 92 2 12y,,2
9 VT o —p (9° +g")v B
[56’” 9 Wu W I+ dc. 4 ZuZ 8 Dependent couplings
g2 o2
qu)-‘lrp?W’j;W—#u + C'll.'[: gz (Wl_‘—ayw-'-#y + h.C.) + é'y'y WA[.LVA#V
2 12 2 /
+ eV + ;
Czz J 4 J Z#VZ“V -+ Czry 927(2 J ZMVAM +H C.O ZZ“BVZ“V + f:,yggg‘Zpa,,A""]
2 2 2
9 (1 @ 7 h @R Y7
(:I{)‘ — I)Aglv’vh?’ b
f=t,b,T

Assuming for simplicity: only dim-6 operators, flavor universality, no CP-odd

operators, no dipole operators and no W* operators involving light quarks
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Talk by S. Di Vita in the kick-off WG2 meeting
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https://indico.cern.ch/event/632454/contributions/2557718/attachments/1455712/2246526/divita-wg2-trilinear.pdf
http://arxiv.org/abs/arXiv:1704.01953

Combining H (total+diff), HH and EWPO

17/04.01953
. Incl. single Higgs data
LA L L L L L L L B B L R B 14 1
[ ! -1
10l ‘\‘ -------- K, exclusive fit N e
R \ — — — = K, exclusive CMS I 1’
8l | global fit (Higgs + TGC) x20 |
-
B ,’
- \ 'A
“é( 6-_ ‘\ ,’ I _
[ \\ / ]
4 \ R
Z \ A Z
27 \\\ ,’,_,. ....... x20 | <\rz
ZIZ}O:... LI P / '
-4 =2 0 2 4 6 8 10
OK) ‘

One Rat direction with inclusive observables.

Talk by S. Di Vita in the kick-off WG2 meeting
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Combining H (total+diff), HH and EWPO

1704.01953
10 H & HH all inclusive incl. H & diff. HH
|G [ kexclusive it | i '/" o o [k oxclusive £t ] ¢/ ' '
al : global fit N : - global fit ;
l t | ———- global fit (H data @ LO) | | | . 8 global fit (H data @ LO) |/ )
6: 6: . -
- 5 |
ar 4r " ]
2| 2| /\ :
ob. P B -. ..“. --';.... A R T - 1 3ab:
2 0 2 4 6 8 10
GK,\
Double Higgs drives the bound on Kk Differential m(HH) removes the
while, single-Higgs observables are degeneracy with the second
essential to constrain the other minimum

coefpcients deforming HH production.
Talk by S. Di Vita in the kick-off WG2 meeting
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Impact of diff. H data

Combining H (total+diff), HH and EWPO

H & HH all diff.

1704.01953

B - 12 :
o \ weeeenee diff, H, k) @xclusive fit . [ | meeee—- H & HH all diff., x; exclusive fit
10F = — diff. H, global fit ] 10F |——— H &HH all diff., global fit
L % -- incl. H & diff. HH, k, exclusive fit N incl. H & diff. HH, k, exclusive fit
8l incl. H & diff. HH, global fit ] 8l incl. H & diff. HH, global fit
< 9 1 <8
4t , > 4t
2} . {2
0 l::‘ — —1—‘:.-—___7“{;r:’:::"li 1 3 ab—: : 0 : 1 1
2 4 6 8 10 -4 -2

6KA

The inclusion of differential information in
single-Higgs observables seems promising, but
better experimental estimates are required

Combining differential information
from single- and double-Higgs, the
second minimum is futher lifted.

Talk by S. Di Vita in the kick-off WG2 meeting
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Sentivity study: k, ky.k

1707 XXXXXX
3 ab? 3 ab?
10 _ 10 ;
ggF-like tot
VBF-like dif e =iz
ttH-like,tot tot,mgkt
8 + ttH-like,dif ----- . 8t dif, ngkt ——---
VH-like,tot tot,mgkv
VH-like,dif ----- dibmgke—===
6L 6L tot, mgktkv
dif, mgktkv - ----
Lo s
4 4
2+ Ak
0 0 |
5] —10 ) 10 e
K3 "3
Sensitivity process-by-process to k only Black: Global on k; . Red: only, k ki only.

Blue: k, kv only . Green: all three.

Differential = 5 bins VH in pt(H) , 3 bins ttH in pt(H)
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Summary and Outlook

+ It is one year now that it has been proposed to use precision measurements in single Higgs at the LHC
to gain complementary information on the trilinear self-coupling.

=+ Theory progress has been made on several fronts:

» Understanding whether EFT vs anomalous coupling approaches differ (they donOt for the
calculations considered so far). More studies on going for other observables/computations.

+ Understanding the model dependence and how large | A Jcan be (with the other Higgs couplings
staying close to SM values) in concrete models. Some of the results affect both direct and indirect
Interpretration of the measurements. More studies welcome and on going.

« Covering all the set of single Higgs processes, improving the precision and identifying the most
promising observables. MC codes for VBF, VH, ttH, tHj are now publicly available.

+ Studying the sensitivity of the global bts in the EFT and in simplibed scenarios. Including also
differential information and other measurements allows in principle to lift all degeneracies even in
guite general cases. Justibcation of simplibed scenarios?

+ We are more then ready for experimental studies to kick-in and perform their sensitivity studies.
Dedicated STXS at low p.(H)? Top-down studies?
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